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Infestations by the Eurasian spruce bark beetle, Ips typographus have recently caused peaks in Norway spruce mortality in Central European forests. In this study, we examined how temperature conditions, chronic and acute drought stress, and stand characteristics influence forest disturbance by the spruce bark beetle. We investigated bark beetle induced salvage logging in Norway spruce stands of Austrian Federal Forests (ÖBf) as a proxy variable for infestation/attack by I. typographus. Utilizing ÖBf forest inventory data and the monitoring tool PHENIPS-TDEF, a well-proven bark beetle phenology model combined with a forest water balance module, we retrospectively simulated effective temperature sums for bark beetle development and transpiration deficits at forest stand level. We examined forest stand properties and the model output variables as predictors of bark beetle attack in decision trees and binary logistic regression analysis. We found that I. typographus infestation increased with a stand predisposition index indicating high share of Norway spruce, increased stand age, and stand density. Stands subject to bark beetle attack in the previous year were highly prone to subsequent damage, which points to attack pressure from increased population densities due to ample supply of breeding material. While chronically dry soil conditions described as shallow, xeric, and of low moisture, were associated with bark beetle infestation to a lesser degree, acute drought in the form of increases in stand transpiration deficits proved to raise the probability of bark beetle attacks. The previous year's and current year's summer (June to August) TDEF total, in combination with effective thermal sums allowing for at least two bark beetle generations and sister broods, were significant predictors of bark beetle attack. We conclude from our results that in the absence of windthrow, a combination of ample host availability, favorable temperature conditions for bark beetle development, and acute disposition of trees to attack caused by drought stress can intensify population growth and very likely lead to bark beetle mass outbreaks.
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INTRODUCTION

European conifer forests have been subject to frequent and severe abiotic and biotic damage events, a pattern which has been likely driven on the one hand by high disturbance susceptibility due to stand history, forest development stage, and structure (Schelhaas et al., 2003; Schurman et al., 2018), and on the other hand by climate change (Seidl et al., 2015). Extreme weather conditions such as prolonged drought and high wind speeds have co-occurred with peaks in forest mortality in Central European forest landscapes over the past two decades (Senf and Seidl, 2018). The most important biotic disturbance agent of Norway spruce (Picea abies; Pinales: Pinaceae), the Eurasian spruce bark beetle Ips typographus (Coleoptera: Curculionidae), has profited from rising spring and summer temperatures, precipitation deficits and extensive breeding material provided by storm damage (Jönsson et al., 2009; Marini et al., 2013; Netherer et al., 2015). The amount of timber salvaged due to attacks of the Eurasian spruce bark beetle increased after the years 1990 and 2000 in most European countries. The increases in forest damage observed in multi-year records by Marini et al. (2017) were strongly related to climate stressors boosting bark beetle population densities even in the absence of storms. However, the relative importance of specific bark beetle disturbance drivers presumably shifts with environmental conditions depending on geographic location, elevation, and topography of forest sites (Temperli et al., 2013). Bark beetle-induced forest mortality is, hence, expected to be unevenly distributed over heterogeneous forest landscapes such as in Austria, with presumable differences in magnitude between lowland and High Mountain/alpine Norway spruce stands.

Models to simulate bark beetle population dynamics offer the opportunity to predict outbreak hazards and variations in spatial and temporal attack patterns (Logan et al., 1998; Negrón et al., 2008; Coops et al., 2012). Infestations by comparably “aggressive” Ips and Dendroctonus species in a similar manner depend on site and stand related characteristics including tree species composition, host tree volume, stand age structure and density, site productivity, topographical features, temperature, and precipitation (Netherer and Nopp-Mayr, 2005; Dymond et al., 2006; Fettig et al., 2007; Stadelmann et al., 2013). Availability of breeding resources, the most important factor influencing population growth and size, strongly depends on recent abiotic disturbance history, implemented forest management practices, and spatial spreading of attack spots (Okland and Bjørnstad, 2006; Pasztor et al., 2014). The majority of new infestations occur within a radius of 100–500 m from attacked trees, and epidemic conditions going along with high breeding densities even promote short-distance dispersal behavior of I. typographus (Kautz et al., 2011). Salvage cuttings in managed forests can therefore be effective only when performed before offspring emergence and in close vicinity of storm damages and acute infestation spots (Stadelmann et al., 2014). Increased dimensions of salvaged timber indicate both, high attack pressure and colonization densities in preceding years as well as alert forest protection. Pest management should consider population dynamics and predisposition of forest stands to various disturbance agents. The most significant predictors of bark beetle disturbance thus need to be identified and integrated into a universal model framework (Hanewinkel et al., 2010; Seidl et al., 2011). A reliable evaluation of bark beetle outbreak risks on landscape scale can be based on key variables obtained from easily accessible forest data sets in combination with the simulation of insect phenology and tree mortality as demonstrated for D. ponderosae infestations (Robertson et al., 2008; Safranyik et al., 2012).

Ips typographus phenology has been comprehensively investigated with particular regard to the influence of temperature on flight and brood development (Annila, 1969; Lobinger, 1994; Wermelinger and Seifert, 1998, 1999), which has facilitated a robust temperature-based simulation of this bark beetle's life cycle. A warming climate speeds up spring swarming and development from egg to adult, thereby consolidating viable populations even at high elevations and latitudes (Lange et al., 2006; Jönsson et al., 2009). Accelerated generation development in response to above-average temperature conditions further driven by prolonged late summer periods might result in the common establishment of two bark beetle generations in southern Fennoscandia/three generations in lowland areas of Central Europe in the near future (Jönsson et al., 2011; Temperli et al., 2013). The phenological model PHENIPS (Baier et al., 2007) is suited for a refined prediction of bark beetle development at stand/tree level by explicitly considering the strong effects of regional topography as well as stand density on local air and bark temperature. Using records from a local weather station or regionalized climate data, the model simulates the seasonal maximum/minimum number of I. typographus generations by calculating the effective degree-days available for seasonal bark beetle development. PHENIPS, which was repeatedly implemented and validated in bark beetle risk studies (Seidl et al., 2007; Hlasny et al., 2011; Berec et al., 2013; Stadelmann et al., 2013; Temperli et al., 2013; Pasztor et al., 2014; Mezei et al., 2017) remains by now the only phenology model operating as a real-time monitoring instrument in Europe1. However, the ultimate understanding of successful/failed spruce bark beetle attack and brood establishment is still confined by knowledge gaps concerning the effects of environmental stress on Norway spruce susceptibility. Recent simulation approaches such as the ecosystem model LPJ-GUESS by Jönsson and Lagergren (2018) attempt to include effects of different climate scenarios and varying bioclimatic zones and soil conditions in modeling forest drought stress and predisposition to biotic disturbance. The model builds on the hypothesis that a continuous depletion of non-structural carbohydrate stores as a consequence of drought episodes is diminishing the availability of secondary metabolites for tree resistance mechanisms and disposing Norway spruce to bark beetle attack (Bréda et al., 2006). Yet, the challenge remains for such risk assessment systems to translate the occurrence of heat and drought events into meaningful tree stress proxies and infestation probabilities.

Precipitation deficits interpreted as drought have repeatedly proved significant in explaining timber volumes salvaged due to I. typographus attack (Faccoli, 2009; Marini et al., 2013). Expanding the definition of drought into a function of precipitation, temperature, and soil water-holding capacity can enhance the simulation of forest dynamics and biotic disturbance under climate change scenarios (Seidl et al., 2007; Temperli et al., 2013). Such ecosystem modeling approaches have, however, rarely been linked to site conditions and tree/bark beetle interactions actually investigated at local level and, furthermore, have yet to be verified. To address this problem, seasonal variations in the stress status of mature Norway spruce and shifting capability to defend I. typographus attacks were studied in the course of an elaborate drought manipulation experiment performed in a forest stand located in the Eastern Austrian Rosalia Mountains (Netherer et al., 2015, 2016). The “Rosalia Roof experiment” for the first time provided strong empirical evidence of the negative impact of drought stress on Norway spruce defense against I. typographus; yet, distinct differences in attractiveness of stressed and control trees were not observed (Netherer et al., 2015; Matthews et al., 2018). Notably, proportions of prevented attacks were higher among trees exhibiting low water stress and high resin flow, while proportions of successful attacks increased with drought stress (Netherer et al., 2015). Using data from the study site of the “Rosalia Roof experiment,” a process-based water balance model (TDEF), simplified for the purpose of practical application, was parametrized to simulate stand hydrology. Acute and chronic transpiration deficits (i.e., differences between potential evapotranspiration simulated under non-limiting soil moisture and actual evapotranspiration), calculated as proxies for Norway spruce drought stress status, in part explained I. typographus attack success observed in the bioassays performed at the study trees (Matthews et al., 2018). These results were thus behind the rationale for combining the PHENIPS and TDEF models into a single tool, PHENIPS-TDEF, which by simulating both bark beetle phenology and stand hydrology can identify critical periods of coinciding I. typographus flight and Norway spruce drought stress (Netherer et al., 2019).

In this study, we test for the first time the utility of this tool for predicting stand-level bark beetle infestation risk. We hypothesize a non-linear relationship between host susceptibility and drought, with successful bark beetle attack of trees depending on the timing and intensity of stress events, and whether water deficiencies are acute or chronic. In this study we utilize the comprehensive inventory dataset of the Austrian Federal Forests (ÖBf) AG, which allowed us to study important drivers of recent bark beetle disturbance events with focus on predisposing stand characteristics, temperature dependent bark beetle phenology, and chronic as well acute drought episodes. Our main goals were to (1) investigate whether frequencies of bark beetle attack in Norway spruce stands differ with water supply influenced by local site conditions and stand composition and structure (stand predisposition index) as documented in the forest inventory database; (2) parametrize the water balance module TDEF with regard to the various site and stand conditions present in the ÖBf forest enterprises and retrospectively simulate transpiration deficits accumulated in specific observation periods; and (3) examine to what extent stand structural features, temperature dependent potential bark beetle development modeled by PHENIPS, transpiration deficits, and harvesting activities in the preceding year can explain the presence/absence of bark beetle attack in management units of ÖBf forest enterprises.

MATERIALS AND METHODS

This study was based on data related to forest stand and soil conditions, weather, and bark beetle induced salvage logging records (Table 1). The variable set for statistical analyses was either calculated from basic data directly or indirectly, by use of the phenological model PHENIPS and the TDEF module.


Table 1. Used database, parameters derived from these data as input parameters for the models PHENIPS and TDEF, and variables derived either directly from database or by use of the models.
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Study Area and Database

Forest Inventory (FI) Dataset

The data analyzed here was provided by the Austrian Federal Forests (ÖBf) which manage 15% of the Austrian forested area. The ÖBf forest inventory (FI) dataset, the last time revised in 2010, is split to 12 independent forest enterprises that cover 510,000 ha of forests distributed over alpine, mountainous, and lowland areas (Figure 1). Table 2 lists the enterprises with their respective abbreviations used in this publication. The smallest management units within forest districts of each ÖBf forest enterprise are sub-divisions, which represent forest stands. For each of the 81,446 forest stands where Norway spruce was present (331,291 ha), we obtained information on the proportion of tree species (0–100%), tree age (40–400 years for Norway spruce), stand density index, and site index (productivity class). Furthermore, an informal description of site characteristics including geology, vegetation and water supply included in the FI database was referred to in this study.


[image: image]

FIGURE 1. Map showing the geographical distribution of Austrian Federal Forests (ÖBf) forest enterprises (12) and weather stations of the Austrian institution for meteorology and geodynamics (ZAMG) (22).




Table 2. German names and codes of ÖBf forest enterprises, number of sub-divisions (forest stands), and corresponding forest area examined, and period for which logging records were available.
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Salvage Logging Due to Bark Beetle Infestation

We accessed yearly records of salvaged timber in cubic meters (m3) due to bark beetle infestation on ÖBf forest stand level. ÖBf forest enterprises are legally obliged to remove attacked trees and have systematically recorded salvage loggings with regard to even small volumes, dividing bark beetle infested timber from harvests due to other causes (e.g., storm felled trees). Salvage logging datasets relating to month of measurement, and type of harvest (pre- or final harvest) went back 10 years for some forest enterprises but covered 3 years at least (Table 2). Under consideration of the assumed time lag between initial bark beetle attack of stands, detection of infested trees by the foresters, eventual timber harvest and measurements, harvesting activities from January to June in fact belong to the previous year's bark beetle infestation (N-pyr), from July to December to current year's attack (N-yr). As ÖBf stands strongly vary in size (less than one to several hectares), the total amount of bark beetle infested timber in m3 is an inappropriate proxy of attack intensity. We thus considered whether a forest stand was infested at all, and therefore transformed damage data into binary variables (N-factor, N-pyr-factor) describing absence/presence of attack (Table 1).

Climate Data

The Austrian institution for meteorology and geodynamics2 provided climate data of 22 weather stations (Figure 1). For each forest district, the nearest climate station within a maximum distance of 50 km was assigned, using records of temperature, precipitation, relative humidity, wind as well as global radiation for the period 2006–2017. For each forest stand, hourly temperature was adjusted by moist adiabatic lapse rate using 5°C/km (Dodson and Marks, 1997). Hourly global radiation was adapted by means of potential global radiation (Baier et al., 2007) to account for the effects of orographic heterogeneous terrain.

Simulation of Bark Beetle Phenology and Stand Transpiration Deficits by PHENIPS-TDEF

The dual bark beetle phenology-forest water balance simulator PHENIPS-TDEF was developed to help identification of potentially co-occurring beetle flight and tree drought stress in forest stands (Matthews et al., 2018). The PHENIPS tool was originally described by Baier et al. (2007) and can be easily implemented following this publication. Here, we used the model for a direct translation of weather conditions into the potential number of fully developed bark beetle generations per observation year. We retrospectively summed up seasonal effective thermal sums, i.e., degree days (dd) above the developmental threshold for generation development of Ips typographus (i.e., 8.3°C) after the onset of spring flight and first attack of trees, and we furthermore considered sister broods that are produced in the course of a repeated attack of female parental beetles. Simulations were based on daily mean and maximum air temperature and mean global radiation on forest stand level. For the interpretation of temperature thresholds in the section Classification Trees it is important to know that complete development of the first filial generation requires a minimum effective thermal sum (DD-eff, Table 1) of 557 dd (Baier et al., 2007). Thermal sums, DD-eff > 2,228 dd accumulated at forest stand level correspond to more than two filial generations and two sister broods, which potentially results in increased reproduction rates of bark beetle populations.

The module TDEF indicates drought stress of potential bark beetle host trees by calculating a transpiration deficit (difference between potential and actual transpiration). The basic ecosystem water balance model was written and run using the open source programming environment R (R Core Team, 2014). As described in detail by Matthews et al. (2018), TDEF transforms the hourly weather data depending on inter alia the elevation of the weather station and the forest stand to be simulated, and the slope and aspect of the stand. The calculation starts when the snow-free period, estimated for each year as the first of day of 5 consecutive days when the daily mean temperature exceeds 5°C, begins. Simulations follow a two-bucket approach, with one reservoir representing the soil water storage in the rooting zone, the other reservoir the interception of water by the forest canopy. Initially, soil volumetric water content at field capacity is solved by the Brooks-Corey equation (Brooks and Corey, 1964) and is multiplied by the rooting depth to give the starting total soil water storage in mm. Required input parameters (Table 3) are the saturated water content (SWC), the residual water content (RWC), the air entry pressure head (α), and the unimodal pore size distribution (λ). These variables can be determined from soil physical properties using pedo-transfer functions (comp. section Soil Characteristics). The derived SWC is reduced with increasing volumetric stone content of the rooting depth. Consecutive simulation steps comprise hourly calculations of the radiation balance at the forest floor and canopy, and time-series of potential evaporation of intercepted water by solving a form of the Penman-Monteith equation for potential evaporation (Monteith and Unsworth, 2008). Interception and throughfall are inter alia influenced by the canopy's dryness, the maximum amount of intercepted water the canopy can store, and the proportion of forest floor covered by the canopy calculated as functions of the leaf area index (LAI). Iteratively, hourly potential and actual transpiration, soil evapotranspiration, and soil water storage is simulated. The final output is a time-series of daily transpiration deficits (TDEF) per forest stand, which were aggregated to variables representing drought stress of stands in particular periods (Table 1).


Table 3. Default and site specific (bold) input parameters for PHENIPS-TDEF simulations according to the overview of Matthews et al. (2018).
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Calculation of Forest Stand Related Indices

The input parameters required by PHENIPS-TDEF are listed in Table 3. The necessary forest stand related indices, top height and leaf area index, cannot be directly obtained from the FI dataset and have to be calculated from functional relationships. Stand predisposition index was derived in order to test for the influence of stand characteristics on salvage cuttings due to bark beetle attack.

Top Height of Norway Spruce (TH)

Top height of Norway spruce is a variable in the water balance module TDEF necessary to simulate aerodynamic resistance to water vapor exchange at the canopy. Given the site index, and stand age as defined in the FI dataset, the parameter was calculated for each forest stand based on the yield functions published by Marschall (1988). The equation is as follows:

[image: image]

where i indicate a specific site index class, j a specific Norway spruce stand, and β is a constant derived from the biometric relationships within a specific growth area.

Leaf Area Index (LAI)

Leaf area significantly influences interception and transpiration dynamics in the canopy (Köstner et al., 2002). As an exact determination by sampling of twigs, use of hemispherical photography or plant canopy analyzers (Gower and Norman, 1991) for all the simulated stands was not possible, proxy variables had to be used instead, e.g., derived from forest crown measures (Laubhann et al., 2010). Here, we estimated canopy variables based on the relationship between tree/stand age (years) and leaf area index (m2/m2) as described by Yu et al. (2014) for Norway spruce monoculture stands in the western Czech Republic. We fitted the function to an expanded dataset which included data used to fit the original Yu et al. (2014) model as well as LAI records for European Norway spruce stands of different stand age listed in the “LAI_Woody_Plants” dataset3 of Nasa Earth Data (Iio and Ito, 2014).

According to Yu et al. (2014), the LAI of Norway spruce stands can be described by a second-degree polynomic function:

[image: image]

where j indicates a specific Norway spruce stand.

The fitted function includes the following parameter values to calculate LAI: α = 4.21, β1 = 9.85 × 10−2, β2 = 6.0 × 10−4 (n = 100; R2 = 0.355; Figure S1a). The measures derived from this curve increase with stand age up to 80 years with a maximum value of 8.25, then decrease again to reach negative values for spruce stands ≥200 years. Due to a lack of empirical data for Norway spruce stands older than 160 years necessary for a better fit of the function, and excluding significant needle losses, the LAI of four at 165 years stand age was assumed also for stands aged above 165 years. Furthermore, variation in LAI records from the Nasa Earth dataset was particularly high for spruce stands ≤ 40 years, an age class that was however excluded from the ÖBf FI for the present study. We calculated LAI for each forest stand, also taking into account admixture of tree species other than Norway spruce. Relationships between conifer and deciduous tree stand age and LAI were summarized by Iio and Ito (2014) and Breuer et al. (2003). To take the other main tree species into account, we used allometric functions for Pinus sylvestris, and the deciduous tree species beech (Fagus sylvatica) and oak (Quercus spp.) (Figures S1b,c). LAI values of deciduous stands however only slightly change with age but reach maxima in early summer.

Stand Predisposition Index (P-Index)

We calculated a simple index based on the proportion of Norway spruce, stand age, and stand density to evaluate stand related predisposition (P-index) to I. typographus. Relative weighting of the indicators and index calculation follows the concept of PAS presented by Netherer and Nopp-Mayr (2005). When applying the assessment system to FI data, the relative indicator weightings for each of the included parameters, e.g., proportion of Norway spruce, are aggregated (Table 4). The resulting sum is related to the maximum value achievable within the system, and the final index is interpreted as the relative predisposition level of the assessment unit. Generally, probability/hazard of I. typographus infestation increase with the dominance of Norway spruce and stand age (Wermelinger, 2004). In case Norway spruce was present in more than one stand layer, we derived indices for each layer and considered the maximum values for statistical analyses.


Table 4. Scheme for the calculation of the stand predisposition index (P-index) following the PAS approach of Netherer and Nopp-Mayr (2005) to relate accumulated stand-specific relative indicator weightings for parameters a-c to the maximum sum (MS) achievable within the assessment system.
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Soil Characteristics

The water balance module TDEF requires input data that describe the physical properties of the soil with regard to water storage capacity (Table 3). While the FI dataset of ÖBf includes a site description related to each forest stand with specific regard to geology (flysch, limestone, silicate, sediment), water supply (five categories from xeric to water-logged), and soil depth (five categories from very low to high), information on soil texture and stone content is only qualitative. To provide an example, WW “steep and rocky, xeric, shallow, siliceous sites” typically describes forest stands at extreme locations in the mountainous and alpine area. The FI database describes 19.2% of all forest stands as shallow, xeric or of low moisture soil condition. We categorized xeric and low moisture sites with shallow soils as chronically dry, and moist sites with deeper soils as well water-supplied forest stands. Note that these static descriptions refer to water supply from the potential soil water storage point of view and are independent from precipitation. The key soil characteristics necessary for modeling, i.e., volumetric stone content (VSC), rooting depth (RD), soil texture class for SWC, RWC, α, and λ, were derived from qualitative FI information by expert interpretation and following the manual for soil mapping of the Austrian Research Center for Forests (BFW, 2014). We assigned soils described in the FI database as skeleton-rich a mean proportion of stones in the soil layer of 70%, i.e., VSC of 0.7. Soils of increased, moderate and low skeleton were interpreted to hold 45, 20, and 6% stones per soil depth, respectively. RD ranged from 300 mm for soils described as shallow in the FI dataset to 900 mm assumed for deep-rooted sites. Each of the 98 different categories of site description in the ÖBf FI dataset relating to the soil texture classes defined for Austrian soil mapping (BFW, 2014) were assigned to one of the main soil texture classes sand, silt, loam, and clay according to the USDA textural classification triangle (Soil Survey Division Staff, 1993). Under consideration of the differences between the two classification systems regarding particle size, we averaged estimates from the pedo-transfer functions presented by Rawls and Brakensiek (1989), which are listed in Table 5.


Table 5. Estimates for saturated water content (SWC), relative water content (RWC), air entry pressure of the soil (α), and unimodal soil pore size distribution (λ) from pedo-transfer functions of Rawls and Brakensiek (1989) used in TDEF.
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Statistical Analyses

Based on the full dataset of 81,446 records (stands of all 12 forest enterprises) we used Pearson's Chi-squared test to examine the null hypothesis of an even distribution of salvage cuttings due to I. typographus attacks (bark beetle attacks in the following) among forest stands of differently high P-index as well as between chronically dry and well water-supplied forest stands. We used classification trees and binary logistic regression to analyze separate datasets of 10 ÖBf forest enterprises (except for FGT and KLG) including seven forest stand-, temperature-, and drought-related parameters (Table 1); and a merged dataset (forest stands of nine ÖBf forest enterprises except for FGT, KLG, and STY) regarding bark beetle attacks from 2014 to 2016.

Classification Trees

Using presence/absence of bark beetle salvage loggings as the grouping variable (N-yr), we analyzed the hierarchical interactions of the explanatory parameters in classification trees (CTs). We built CTs based on the Exhaustive CHAID (Chi-squared Automatic Interaction Detection) algorithm (IBM SPSS Statistics 21), which at each step chooses the independent predictor variable that has the strongest interaction with the dependent variable. The algorithm examines all possible splits for each predictor and merges categories in case they are not significantly different with respect to the dependent variable. We determined a maximum tree depth of three, and a minimum number of cases in super- and subordinate knots of 1,000 and 500, respectively. Higher misclassification costs of two were fixed for the case that presence of bark beetle attacks was incorrectly classified as absence in the model. We chose 10-fold cross-validation to test how well tree structure generalizes to a larger dataset. Accuracy of classification was measured by percentage of correct classifications, percentage of correct classification of attack, and the area under the receiver operating characteristic curve (AUC). An AUC of 0.5 stands for random models, while higher values indicated classification trees that predict correctly both, absence and presence of attack. AUC of 0.7 indicates good classification, >0.9 excellent classification.

Binary Logistic Regression

To analyze the effect of environment on bark beetle infestation, we developed generalized linear models (GLM) and specified a binomial error distribution and a logit-link function (Hosmer and Lemeshow, 2000). Continuous explanatory variables were centered (mean subtraction) and scaled (division by standard deviation). Model simplification was carried out using an automated stepwise backward model selection procedure based on the Akaike information criterium (AIC) using the function “stepAIC” from the R package “MASS” (v. 7.3–50, Venables and Ripley, 2002). As a measure of model calibration and refinement, we used R[image: image] (Nagelkerke, 1991) which allows to distinguish between observed and predicted values and ranges between zero and one. To further evaluate the model fit, scaled residuals simulated from fitted models using the DHARMa R package (v. 2.0.2, Hartig, 2018) were calculated. We visualized the generated predictions of new bark beetle incidences using wireframe surface plots which were rendered using the R-package “lattice” (v. 0.20–35). This graphical representation allows to visual the combined effect of multiple predictors (everything else hold constant) on the response variable and is commonly used in ecology (Panassiti et al., 2013).

RESULTS

Incidence of Bark Beetle Attack Depending on Site Water Supply and P-Index

Yearly amounts of salvaged timber followed different trends in the various ÖBf forest enterprises, but clearly increased since 2015 (Figure 2), when 12.7% of all Norway spruce stands were affected by bark beetles. In the forest enterprises TIV and WV, a maximum of 40.8 and 29% of forest stands, respectively, were infested in 2015. Proportions of attacked stands on the other hand remained low in western- and easternmost forest districts (UIT and OIT, 5.6%; WW, 6.8%). While almost 20% of all forest stands are described in the FI database as shallow, xeric or of low moisture soil condition, the share of such chronically dry sites lies above average in high mountain and alpine regions (e.g., STM, 28.7%; POG, 26.5%), and below average for enterprises which cover lowland areas to a large part (e.g., STY, 6.5%; TIV, 8.7%). Forest stands growing on well water-supplied sites were more often subject to bark beetle attack in 2015 and 2016 than chronically dry stands. This pattern was obvious across all forest enterprises (Chi-squared = 567.96, df = 1, p < 0.001), but most significant in forest enterprises showing highest amounts of bark beetle induced salvage loggings (TIV, Chi-squared = 185.28, df = 1, p < 0.001; WV, Chi-squared = 159.78, df = 1, p < 0.001) (Figures 3A–C).
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FIGURE 2. Drought stress and bark beetle attack in eight Austrian Federal Forests (ÖBf) forest enterprises (2008–2016): mean transpiration deficits in mm per periods January–May (TDEF1-5), June–August (TDEF6-8), September–December (TDEF9-12), and amount of timber salvaged due to bark beetle attack in m3/1,000 ha Norway spruce stands examined.
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FIGURE 3. Proportions of forest stands attacked/not attacked by I. typographus in the period 2015–2016 within site categories dry and better water supplied with regard to (A) total study area (i.e., all examined Austrian Federal Forests (ÖBf) forest enterprises), (B) forest enterprise WV, and (C) forest enterprise TIV. The width of bars along the x-axis represents the relative share of site categories among examined forest stands.



Although we focused this study exclusively on forest stands where Norway spruce was present, stand predisposition patterns with regard to share of tree species, stand age, and stand density were not entirely homogeneous over the study area (comp. Supplementary Material, Figure S2). We found clearly right-skewed distributions toward stand predisposition index (P-index) classes in the range of 0.58–0.78 and 0.79–1.0, representing dense Norway spruce dominated stands of increased age in the enterprises located in High Mountain and alpine forest areas. Yet, comparably higher proportions of low to moderate predisposition categories (P-indices ranging between 0.15–0.36 and 0.37–0.57, respectively) documented the increased presence of tree species other than Norway spruce and lower age classes in forest stands of WW, WV, STY, and TIV. Apart from these stand structural differences between forest enterprises, the observed proportions of attacked forest stands within predisposition classes overall differed significantly from an even distribution (Chi-squared = 590, df = 3, p < 0.001). The relative increase in infested forest stands from 7.4% <8.9% <12.5% <15.5% in the categories of low < moderate < high < very high stand predisposition (Figure 4) underlines the significance of P-index in the variable set.
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FIGURE 4. Proportions of forest stands with/without salvage loggings due to I. typographus attacks in the period 2015–2016 within P-index categories “low,” “moderate,” “high,” and “very high” with regard to total study area (i.e., all examined Austrian Federal Forests (ÖBf) forest enterprises). The width of bars along the x-axis represents the relative share of predisposition index classes among examined forest stands.



Simulation of Bark Beetle Development and Transpiration Deficits by PHENIPS-TDEF

The effective thermal sums DD-eff for bark beetle development clearly differed with topographical characteristics of the forest stands, particularly in elevation and parameters influencing potential global radiation, and the weather conditions of the observed season. As an example, thermal conditions at the mountainous (M) and lowland (LL) forest stands described in Table 3 ranged from DD-eff of 915 dd and 2690 dd in 2010 to DD-eff of 1413 dd and 2785 dd in 2015, respectively. On average, DD-eff were lowest across all forest stands of forest enterprises located in alpine areas such as OIT, UIT, PIG, and POG (Figure 5). Similarly, water balance showed high variability with regard to climate, geographical location and topography of sites, soil and stand structural characteristics. Yearly precipitation maxima of 1,706 and 1,862 mm were for instance recorded for TIV (2009) and PIG (2013), and minima of 455 and 499 mm for WW and WV (2015). Accordingly, mean yearly transpiration deficits simulated for management units ranged between a minimum of 1.06 mm (TIV, 2016) and a maximum of 96.5 mm (WW, 2015). Seasonal patterns of TDEF point to only minor drought events in earlier years (2008–2012) without pronounced transpiration deficits in any period of the season (Figure 2). From 2013 on, summer drought became more important than water deficits in spring and fall. This trend was particularly obvious for the forest enterprises WV and STM with 86–90% of deficits occurring from June to August in 2015.
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FIGURE 5. Climatic conditions at ÖBf forest enterprises with regard to effective thermal sums available for I. typographus development (upper graph) and yearly sums of precipitation (lower graph) averaged over forest stands.



Environmental Drivers of Bark Beetle Attack

Classification Trees

We built classification trees (CTs) for each ÖBf forest enterprise separately, taking into account observation periods of various length (Table S3). While not all of the CTs were significant (i.e., showing an AUC > 0.5), CTs built for PIG, POG, STM, TIV, WW, and WV (period 2014–2016, Figure 6) classified attacked and non-attacked stands correctly. Classification trees built for UIT, OIT and ISG predicted non-attack correctly, but not attack. In summary, the various CTs based on datasets of single forest enterprises explained an absence of infestation in 98.2–99.5%, and presence of attack in 8.5–32.7% of forest stands correctly (comp. Table S3). Linking the datasets of several ÖBf forest enterprises, presence of bark beetle attack was predicted correctly by 5.8% (absence by 99.5%) with regard to the year 2015 (Figure 7) despite highly variable stand and climate-related parameters and attack trends across the study areas.
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FIGURE 6. Classification tree “Waldviertel-Voralpen” (WV) built for the period 2014–2016 and including the variables: salvage loggings in the previous year (N-pyr), transpiration deficits accumulated in the previous year and June to August of the actual season (TDEF-pyr+TDEF6-8), and stand predisposition index (P-index). Total number of examined stands x observation years =22,560; proportions of correct predictions: 84.7% in total, 32.2% presence, 93.4% absence of attacks.
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FIGURE 7. Classification tree for the merged dataset of forest enterprises built for the year 2015 and including the variables: salvage loggings in the previous year (N-pyr), effective thermal sums for bark beetle development (DD-eff), stand predisposition index (P-index), transpiration deficits accumulated from June to August of the actual season (TDEF6-8), and transpiration deficits accumulated from January to December of the actual season (TDEF-yr). Total number of examined stands x observation years =60,912; proportions of correct predictions: 93.1% in total, 5.8% presence of attacks, 99.5% absence of attacks.



The variable N-pyr (i.e., timber salvaged due to bark beetle attack in the previous year) was consistently ranked first in the hierarchical structure of all CTs (Figures 6, 7; Table S3). In the collective of forest stands subject to infestations, the proportion of continued bark beetle attacks in the following year was 26.6–42.7% higher than for novel attacks in previously unaffected forest stands across the observation period 2009–2016 (Table S3). Stand predisposition index was ranked second in the hierarchy of most CTs. For thresholds of P-index >0.7–0.8, proportions of both, new and continued attacks were up to 9.7% higher compared to the less predisposed stands. This relationship was particularly significant at the forest enterprise WW, where salvage loggings due to bark beetle infestation were continued in 44.2% of highly predisposed but only in 28.4% of less predisposed stands. The variables N-pyr and P-index alone explained 95.6/23.5% of absent/present bark beetle attack in Norway spruce rich stands of WW.

Transpiration deficits accumulated in the preceding year were identified as important predictors of bark beetle attack within CTs built for WV and STM since 2009 (Table S3). Compared to collectives of forest stands without transpiration deficits in the previous year, novel and continued attacks occurred in 1.7 and 9.1% more of the stands when TDEF-pyr thresholds of 5 mm were exceeded. Looking at the shorter observation period 2014–2016, the variable TDEF-pyr was also relevant in CTs of PIG, POG, and TIV, with 9.9–33.9% more continued attacks in drought-affected forest stands. Late season transpiration deficits (TDEF9-12) were relevant only for TIV. Acute summer transpiration deficits (TDEF6-8) turned out to be more significant in forest enterprises geographically located in lowland areas, such as WV. Here, proportions of infested forest stands ranged 8.2% <14.2% <35.0% within TDEF6-8 categories “below 20 mm” < “20–40 mm” < “above 40 mm” in the period 2009–2016. Consideration of the sum of TDEF-pyr and TDEF6-8 in CTs of WV and STM improved prediction accuracies, with proportions of correctly associated attacked stands of 32.7 and 16.2%, respectively (Table S3). Thresholds for this combined parameter indicating a probability of increased attack were identified at >10.9 mm (STM) and >38.7 mm (WV, Figure 6) within the observation period 2014–2016.

We further analyzed causal relationships for the increase in bark beetle-induced salvage loggings in 2015 for 60,912 forest stands in 10 ÖBf forest enterprises, and identified the following thresholds and hierarchical positions of parameters (Figure 7): (1) N-pyr (>0 m3 timber), (2) DD-eff (>2111 dd), (3) P-index (>0.73), (3) TDEF6-8 (>7.88 mm), (3) TDEF-yr (>11.34 mm). Novel infestation by I. typographus in 2015 ranged from a proportion of only 2.0% in the collective of forest stands characterized by comparably lower P-index and DD-eff to a proportion of 10.7% for stands subject to increased temperatures and acute summer drought (left path of Figure 7). Continued bark beetle attack was most probable (44.4%) for forest stands already subject to salvage harvests in the previous year, when effective thermal sums allowed for the development of at least two bark beetle generations and sister broods (DD-eff > 2,111 dd), and when transpiration deficits accumulated from January to December exceeded 11.3 mm.

Binary Logistic Regression

All parameters relevant in the classification trees except for TDEF9-12 were also significant in binary logistic regressions (Table 6). Using the merged dataset of ÖBf forest enterprises, the amount of salvage loggings due to bark beetle infestation was most influenced by the variables P-index, DD-eff, TDEF6-8, and N-pyr-factor within the period 2014–2016. The same parameter set also explained trends of salvaged timber since 2009 for WV. The binary logistic model for STM did confirm the important role of transpirations deficits accumulated in the previous year but not of actual summer drought as indicated in the CT. No serious residual problems were identified in the qq-plot or residuals vs. predicted plot. Likewise, Kolmogorov-Smirnov tests to explore overall scaled residual uniformity and the overdispersion test based on those residuals were not significant.


Table 6. Binary logistic regression models for predicting the absence/presence of bark beetle attack (N-yr-factor) for ÖBf forest enterprises: merged dataset (AUC = 0.720; R[image: image] = 0.137), “Waldviertel-Voralpen” (WV) (AUC = 0.723; R[image: image] = 0.157), and “Steiermark” (STM) (AUC = 0.720; R[image: image] = 0.132) with regard to the observation period 2014–2016.
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Visualization of causal relationships by use of 3D plots underline interactions between the most important environmental parameters in the models (Figure 8; Figures S4, S5). We found that increases in both temperature (DD-eff) and summer drought (TDEF6-8) or transpiration deficits accumulated over the previous year (TDEF-pyr) enhance the probability of bark beetle attack. Bark beetle infestation in the previous year (N-pyr) and high levels of P-index, either individually or in combination, further predispose forest stands to infestation by I. typographus.
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FIGURE 8. Probability of bark beetle attack for “Waldviertel-Voralpen” (WV) (2014–2016) as a function of effective thermal sum for I. typographus attack (DD-eff), transpiration deficits from June to August (TDEF6-8) accumulated in the current year, the occurrence of salvage loggings in the preceding year (N-pyr) and category of stand predisposition index (smallest/ medium/ highest P-index). The remaining, scaled variables of the binary logistic regression function were set to their means (=zero).



DISCUSSION

Salvage logging due to bark beetle infestation since the year 2008 followed differential trends in the examined ÖBf enterprises; however, a distinct increase in intensity since 2015 was observed across the whole study area. The absence of major storm damage events in the observation period allowed us to focus on the climatic, non-windthrow drivers of bark beetle disturbance, in particular drought episodes. As underlined by Bentz et al. (2019), cross-regional drought stress associated with warm temperature conditions can initiate mass-attack of host stands by I. typographus and D. ponderosae, both bark beetle species showing high reproductive capacity. This assumption is supported by this study of spatially explicit simulations of bark beetle phenology and stand transpiration deficits using the novel model combination PHENIPS-TDEF (Matthews et al., 2018). The relevance of drought stress for infestation was mediated by population dynamics as indicated by salvage logging trends and stand predisposition index. Although stand transpiration deficits were most strongly related to I. typographus infestation in lowland areas outside natural Norway spruce habitats such as the forest enterprise WV, TDEF variables were still found to be significant in classification trees and binary logistic regression built to explain recent outbreaks for the whole study region. The diverging influence of acute drought (in terms of recent transpiration deficits) and chronic drought conditions (naturally given by shallow forest sites of low soil moisture) on infestation probability, might explain why drought was previously found to be less relevant in the study area (Pasztor et al., 2014).

Incidence of Bark Beetle Attack Depending on Site Water Supply and P-Index

Chronically dry forest stands, described in the ÖBf forest inventory as growing on shallow, xeric, and low moisture soil conditions, were significantly less prone to bark beetle attack across all forest enterprises (Figures 3A–C). This at first sight unexpected trend was most pronounced for forest enterprises with a majority of low elevation Norway spruce stands such as TIV and WV, and is possibly due to an adaptation of spruce trees to soils of limited water storage. Long-term but moderate drought stress has been hypothesized to increase tree resistance to phloem feeding insects as more energy resources are invested in the synthesis of defensive, secondary metabolites (Ayres and Lombardero, 2000; Jactel et al., 2012). Vice versa, enhanced tree growth due to restoration measures aiming at a reduction of tree competition and change in tree species composition of secondary pure Norway spruce stands has been shown to be associated with reduced defense capability against bark beetles (Baier et al., 2002). Similarly, stands growing on fertile sites were found to be most susceptible to severe infestation as found in a Finnish study (Blomqvist et al., 2018). While a high number of primary beetle attacks is required to overcome resistance of vital Norway spruce (Christiansen et al., 1987), the nutrient rich phloem of these trees eventually promotes brood development (Lindenthal and Führer, 1993). I. typographus in fact prefers vigorously growing trees that suffer from sudden drought stress (Führer et al., 1997). Acute water deficits of Norway spruce stands where soil conditions are usually moist is reported to trigger infestation by I. typographus, especially in lowland areas (Holuša et al., 2018). ÖBf forest stands situated in precipitation rich, natural distribution areas of Norway spruce were most of the time well water supplied and therefore less exposed to severe drought periods leading to acute tree stress.

Distribution of predisposition index (P-index) classes proved to be biased toward high values indicating closed Norway spruce stands of increased age in High Mountain/alpine forest enterprises in particular. Despite comparably low amounts of timber salvaged due to bark beetle attack in higher elevation forest stands over the entire observation period, the more recent increase in I. typographus infestation was still significantly concentrated in forest stands of elevated stand-related predisposition (Figure 4). These results underline the general importance of the considered stand properties as indicators of stand susceptibility for Norway spruce forests in and outside their natural habitat (Netherer and Nopp-Mayr, 2005; Hilszczanski et al., 2006). Correspondingly, standing volume of Norway spruce, a variable aggregating several stand parameters similar to P-index, strongly affected the occurrence of infestation spots in forest districts all over Switzerland (Stadelmann et al., 2013). Spruce abundance has furthermore been demonstrated to be positively correlated with frequency of bark beetle attack in the Bavarian Forest National Park (Lausch et al., 2011).

Simulations by PHENIPS-TDEF

Here, we present for the first time results based on the combined simulation of bark beetle phenology and stand transpiration deficits by PHENIPS-TDEF performed for a multitude of forest stands on a regional scale which were diverse in forest composition, structure and site conditions. At the original study site where the TDEF model was demonstrated, the model reproduced measured soil water potential, volumetric soil water content and tree transpiration (Matthews et al., 2018). Although the water balance module would certainly benefit from further calibration and validation against hydrological datasets of other mature Norway spruce stands, in our present work we assumed applicability of the process-based model for a general comparison of various site conditions. As PHENIPS simulations have repeatedly been demonstrated to correspond to bark beetle flight and development observed in a number of studies (Baier et al., 2007; Berec et al., 2013; Netherer et al., 2015; Fleischer et al., 2016), the calculated effective thermal sums DD-eff can be regarded as reliable indicators of maximum potential bark beetle generation development. Geographic location of each forest enterprise influencing the altitudinal range of forest stands within had clear impact on thermal conditions for bark beetle development. At low elevation, sun-exposed sites, a third filial generation potentially developed in all years of the period 2014–2017. Such thermally favored lowland and sub-mountainous forest stands clearly predominated in the forest enterprises WW, WV, TIV, and STY as shown by seasonal DD-eff above 2,000 dd accumulated on average across all management units (Figure 5). Quite contrary, the harsh climatic conditions at some high elevation forest stands of PIG, POG and OIT did at times not even allow for the termination of one filial generation. It is noteworthy that the calculated effective temperature sums for filial and sister brood establishment remained more or less stable within regions, pointing to the fact that there was no distinct warming trend over the period 2006–2017 that would allow for the establishment of further generations. Although positive temperature fluctuations in the observation period did not always come along with precipitation deficits, high DD-eff were principally associated with low precipitation sums at forest enterprises of lower altitudes and vice versa in the alpine regions. While 2015 was one of the driest years, mean yearly amounts of rainfall strongly varied between drought prone areas of WW and WV (572, 787 mm) and precipitation-rich PIG or TIV (1,114, 1,119 mm).

The water balance module TDEF used for the simulation of stand transpiration deficits relies on coupled atmosphere and soil hydrological processes; yet, was intentionally kept simple to facilitate practical application in risk assessment of I. typographus infestations in Norway spruce forests (Matthews et al., 2018). Neither snow dynamics nor water fluxes according to differentiated soil horizons, which are standard procedures in complex soil-plant-atmosphere systems such as the COUP model (Jansson and Karlberg, 2011) and Brook 90 (Federer et al., 2003), were considered. The straightforward concept of the model, however, allowed us to derive the necessary coarse above-ground and below-ground description of forest stands of interest from forest inventory datasets originally not established for scientific analyses. The constraints of the present approach lie in the uncertainty of how accurately TDEF input variables describe actual stand parameters. Although heterogeneity of site and stand characteristics is likely to increase with forest stand size, such diversity was not expressed in the ÖBf forest inventories, which only summarize the predominant tree species composition, stand age and structure, and soil parameters of a management unit. A further concern, similar for all studies based on forest inventory data, is the continuous change in the spatial arrangement of stand polygons and stand structural features due to planned and unplanned forest management activities, which is recognized through revision of the dataset every 10 years only (Pasztor et al., 2014; Mezei et al., 2017). Furthermore, not all parameters important for simulating transpiration deficits by TDEF, for instance LAI, were directly available from the forest inventory database but had to be deduced based on functional relationships or by interpretation of qualitative information. In the TDEF model the amount of precipitation intercepted, evaporated and falling through, respectively, is influenced by the canopy's dryness and the maximum amount of water the canopy can store, which depends on the proportion of the forest floor covered by the canopy (Matthews et al., 2018). Up to 60% of precipitation is potentially intercepted by a spruce stand, whereby interceptive and transpiration surface and thus, potential dryness of soil increases with leaf area and stand density (Alavi et al., 2001). By considering a range of LAI values between 4 and 8 depending on forest stand age, we took into account the non-constant vegetation/evapotranspiration processes over time important in a hydrologic model (Yu et al., 2014), also including a continuous decrease in leaf area with advanced stand age due to needle loss and forest gaps (Pokorný and Stojnic, 2012).

The simulation of forest stand water supply and potential drought stress requires essential knowledge on principal relationships between soil water potential and volumetric soil-water content influenced by soil physical properties (Rehschuh et al., 2017; Novak and Hlavacikova, 2019). Availability of accurate soil hydraulic properties on a larger scale is generally limited across Europe, in particular with regard to forest soils, but is commonly compensated in models by the use of pedo-transfer functions (Wösten et al., 1999). Pedo-transfer functions are empirical, regression-type relationships developed from local and/or regional datasets to estimate coefficients of hydrologic equations, most often those of Brooks and Corey (1964) and Van Genuchten (1984). We derived the necessary variables “saturated water content,” “residual water content,” “air entry pressure head,” and “unimodal pore size distribution” from the functions of Rawls and Brakensiek (1989) with the limitation that soil texture, rooting depth and volumetric stone content had to be interpreted from qualitative ÖBf site descriptions. While we strongly recommend parametrization of TDEF or other hydrologic models with site-specific input parameters in the case of small-scale studies, we regard this approximation adequate for this comparison of water supply/deficits of the >80,000 forest stands distributed across highly diverse site conditions. A set of point-related soil mapping data available for the forest enterprises UIT and OIT (Waldtypisierung Tirol, 2019) was used for a first validation of texture classes (Table S6). Simulated transpiration deficits strongly differed between forest enterprises, observation years and spring, summer or fall season. Despite substantial amounts of yearly precipitation, distinct spring and in particular summer drought episodes repeatedly stressed Norway spruce stands even in cooler/wetter High Mountain or alpine regions. From 2013 onwards, summer deficits (TDEF6-8) overall increased, amounting to over 90% of yearly transpiration deficits in several ÖBf forest enterprises.

Environmental Drivers of Bark Beetle Attack

We decided for the statistical methods applied to explain bark beetle infestation in management units of ÖBf forest enterprises for several reasons. Non-parametric classification trees (CT) have proved as practical tools for testing habitat suitability of protected species (Zohmann et al., 2014) and I. typographus infestation risk (Zolubas et al., 2009) due to their robustness concerning variable distributions, scale levels, and multi-collinearities of predicting variables (De'ath and Fabricius, 2000). They are suited to select a significant subset of predictors from a larger set of variables for use in building a formal parametric model. The method allows for the creation of rules, i.e., thresholds of the chosen predictors, to predict future events such as bark beetle attack of forest stands, thereby identifying homogeneous groups with higher or lower risk. All variables relevant in the here established CTs also proved to be significant in the binary logistic models, which corroborated the importance of selected predictors for the assessment of infestation probabilities. Both models, however, have their limitations. Similar to modeling habitat suitability for desired species, not all environmental and intraspecific parameters playing a role in the predisposition of forests to bark beetle attack can be covered (Schweiger et al., 2011), e.g., because data are not available or the relationships are just unknown. In our study, we lacked direct information on I. typographus population dynamics, for instance indicated by pheromone trap catches, number or density of infested trees or offspring. Reliable representation of beetle abundance by traps would require long time series and a dense net of records (Okland and Berryman, 2004; Schroeder, 2013), not feasible to be established area-wide; yet, the amount of salvage logged timber considered here can at least provide a rough estimate of attack densities. We furthermore did not take into account stand structural features within management units that acutely increase the risk of bark beetle attacks, such as sun-exposed stand edges and gaps newly created by harvesting activities or abiotic damage events, due to the limitations of the forest inventory dataset discussed previously. The probability of wind damage is strongly affected by topography, elevation, slope, and aspect (Stadelmann et al., 2014), not considered here, as well as by stand characteristics. In the High Tatra Mountains, about 75% of variation in wind and bark beetle induced mortality in the course of a severe outbreak could be explained by site characteristics also including global radiation and pH of soil on the one hand, and stand age, height and diameter (Mezei et al., 2014) on the other hand. Analyzing an alternative Austrian forest disturbance database, Thom et al. (2013) related 18.7% of variation in bark beetle damage records (2002–2010) to wind disturbance and infestation observed in the previous 2 years. Pasztor et al. (2014) investigated drivers of bark beetle infestation in the ÖBf forest enterprises TIV, STY, WV, and STM for the period 1992–2010, which provided the opportunity to compare composition and relevance of parameter sets. While the earlier study considered a more comprehensive list of site and stand related attributes but similarly took into account the variables examined here (including a simple soil moisture index for evaluating stand water supply), predictions were comparably accurate. Values of R2 in equal measure ranged 0.13–0.16 and 0.05–0.17 in our and earlier models, respectively. Such “weak” linear relationships might be inter alia due to relevant predictors still unknown or the high frequency of zero valued observations indicating an absence of salvage logging activities in the majority of forest stands independent from predisposing environmental parameters. Nevertheless, sensitivity, i.e., power to identify positive predictions, reached a maximum of 32.7% cases correctly identified by CTs established for WV in the present study as compared to 29% in the logistic regression model of Pasztor et al. (2014). Analogous to their results, we found susceptibility of stands to bark beetle attack increase with the share of Norway spruce, stand age and density (high P-index), and follow-up damages becoming much more likely with precedent infestation.

P-Index and N-pyr were the main predictors of bark beetle attacks in each of the established CTs (Figures 6, 7; Table S3) and binary logistic regression models (Table 4). Salvage logging performed in the previous year was consistently ranked highest priority, resulting in maxima of >40% more attacks compared to hitherto unaffected forest stands in years of increasing bark beetle disturbance. In this respect, outbreak patterns do not seem to differentiate so much from protected Norway spruce rich forests such as the High Tatras national park, where progressive tree mortality has mainly been driven by distance to previous-year infestation, particularly during peak epidemic phases (Potterf et al., 2019). Favorable environmental conditions further trigger mass propagation of beetles, promoting fast and repeated attack of new trees within one season, and thereby posing a challenge to forest managers in timely detection and removal of infested timber. The remaining positive relationship of N-pyr and presence/probability of infestation over the entire observation period of almost a decade points to the high availability of susceptible trees in the study area that still enables population growth far below the threshold of resource depletion and rapid population decline (Okland and Bjørnstad, 2006; Marini et al., 2017). I. typographus outbreaks have resulted in landscape level mortality of Norway spruce (Kautz et al., 2011), especially when triggered by storm damage, but are driven to a high degree by tree health status in case of other inciting factors such as increased temperature and drought (De Groot et al., 2019).

Stand transpiration deficits clearly turned out to be decisive predictors of recent years' bark beetle infestation in Austrian Norway spruce stands with particular importance for forest enterprises geographically located in warmer and drier areas of the country. The sum of previous year and actual summer deficits was classified second highest priority in CT WV, the region most severely affected by the ongoing calamity, independent from salvage loggings, and in CT STM with relevance for stands where previous year attacks have continued. Regarding the clear increase in salvaged timber since 2015 for the majority of ÖBf forest enterprises, this trend was explained best (apart from N-pyr) by thermal conditions allowing for at least two filial and two sister brood generations as well as transpiration deficits accumulated over the entire year. TDEF-yr ≥11 mm and TDEF6-8 ≥ 8 mm separating less from more strongly affected management areas are not regarded as universally valid thresholds but suggest that infestation risks might rise at even low yearly or summer transpiration deficits. Generalized linear models substantiated the relative importance of predictors by indicating a rising relevance of effective thermal sums and summer drought (TDEF6-8) for the probability of I. typographus infestation with increasing P-index and N-pyr across all forest enterprises, but particularly in regions sensitive to drought (Figure 8). At WV, proportions of salvaged stands considerably increased with summer transpiration deficits ≥40 mm, which reflects the potential relevance of drought with respect to future disturbance regimes, but also the importance of geographical region and weather conditions.

CONCLUSIONS

We found that a combination of ample host availability, favorable temperature conditions for bark beetle development, and acute disposition of trees to attack caused by drought stress can intensify population growth and most likely lead to bark beetle mass outbreaks in the absence of severe abiotic disturbance. This is alarming in view of the projected increased exposure of temperate climate zones to drought events and associated sensitivity of conifer forests to biotic disturbance (Lindner et al., 2010). Despite high vulnerability to water deficits in terms of cavitation risks, northern populations of Pinus spp., and P. abies seem to lack adequate strategies of xylem and stomatal control in order to protect against hydraulic constraints (Isaac-Renton et al., 2018; Peters et al., 2018). For the first time directly relating tree transpiration deficits to attack by I. typographus, Matthews et al. (2018) found clear hints for compromised tree defense. Building upon this finding, we took a step forward toward identifying specific thresholds of drought stress, being fully aware of study limitations with regard to methods, geographic area and observation period. We therefore consider further, broad experimental research on relationships between I. typographus infestation risk and the transpiration deficit or other drought stress proxies indispensable in order to complement and refine systems for a reliable monitoring and assessment of I. typographus infestation risks in Norway spruce stands. Such monitoring can strongly support forest managers in the prioritization and scheduling of pest control measures with particular regard to detection of susceptible stands and timely removal of infested trees. In areas likely to be subject to increased incidence of acute drought, adaptive and prophylactic measures such as promotion of alternative tree species is strongly recommended.
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Inneres Saizkammergut ISG 7,955 40,530 2007-2017
Karnten-Lungau KLG 7,085 23500  2015-2017
Oberinntal o 5,321 31,369 2007-2017
Pinzgau PIG 8,376 25,936  2006-2017
Pongau POG 6599 25202 2012-2017
Steiermark ST™ 10,371 45,140 2007-2017
Steyrtal STY 639 21,017 2015-2017
Traun-innviertel ™ 4,803 23,523 2012-2017
Unterinntal urr 7.329 35,697 2007-2017
Waldviertel-Voralpen WV 7,520 22,266 2008-2017
Wienerwald ww 2,638 11,758 2008-2017
Total sum 81,446 33,1291
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Variable description

Amount of bark bestle infested timber salvage in m® in the current year
Amount of bark bestle infested timber salvage in m® in the previous year
Bark beetle induced salvage cuttings no (0) or yes (1) in current year
Bark beetle induced salvage cuttings no (0) or yes (1) in previous year
Effective thermal sum from spring fight to end of reproduction period
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