Supplementary material to “Trade-offs between ecosystem service provision and the predisposition to disturbances: a NFI-based scenario analysis”
Deadwood dynamics
We tracked the average of coarse (>7 cm in diameter) and fine and deciduous and coniferous deadwood volume (m3·ha−1) across production regions and across Switzerland throughout the simulations. The deadwood volume in each of the four pools at the beginning of the simulations (NFI3: 2004/06) encompassed standing deadwood for which allometric relationships were applied to separate the coarse and fine compartments (Kaufmann 2001) and lying deadwood for which only branches and logs >7 cm were sampled and no differentiation between deciduous and coniferous wood could be made. We used the regional conifer/broadleaf proportions in the standing deadwood as an estimate of the conifer/broadleaf proportion in the lying deadwood. 
The decadal accumulation of deadwood consisted of density and wind-induced mortality as well as harvesting residues. Deadwood decomposition was estimated with an exponential model (Mackensen et al. 2003). Decomposition rates for coarse woody deciduous and coniferous litter (Table S 1) were provided by Steffen Herrmann (personal communication), Thünen Institute, Eberswalde, Germany, and are based on measurements in Swiss Natural forest reserves by Lachat et al. (2014) for beech (Fagus sylvatica L.) and spruce (Picea abies (L.) H. Karst), respectively. We assumed fine woody litter to decompose twice as fast based on the relationship between log diameter and decomposition rate found by Mackensen et al. (2003).
[bookmark: decomposition]	Eq. 1
with Vx+t being the deadwood volume at time step x+t (2016, 2026, … , 2106), Vx the deadwood volume at the beginning of the simulations (x = 2006), t being the number years between the beginning of the simulation and the time step x+t (10, 20, …, 100), k the species group- and diameter class-specific decomposition rates (Table S1), Va the deadwood volume that is added to the deadwood pool through tree mortality and management at time step x+t and all preceding time steps x+t−a with a being the years of the preceding time steps.
[bookmark: _Ref529543910]Table S1  Decomposition rates (k) of fine an coarse woody litter for broadleaves and conifers.
	Species group
	Fine (<7 cm)
	Coarse (≥7 cm)

	broadleaves
	0.258
	0.129

	conifers
	0.078
	0.039



Indicators for the predisposition to storm and bark beetle disturbance
The following describes calculations of indicators for bark beetle and storm damage predisposition in the order as in Figure 2 in the main text. Stand-related beetle predisposition indices are combined to PBstand (Eq.5) and site-related scores to PBsite (Eq. 9). PBstand and PBsite are averaged with equal weights to obtain an overall score for predisposition to disturbance by Ips typographus.
Proportion of spruce
We used the same sigmoidal fit as in Temperli et al. (2013) to translate Netherer’s (2003) categorical predisposition indices to continuous values:
	Eq. 2
with PBspruce being the predisposition index for the predisposition to bark beetle attack due to spruce basal area proportion (pspruce), A = 0.08, r = 6.8455438, v = 0.3002734, Q = 0.2674846 and m = 0.375.

Dominant spruce diameter
Netherer (2003) used stand age as a proxy for the size of trees in a stand as this information was readily available from stand maps. From a beetle’s perspective, the size of spruce trees is relevant as it determines the available phloem and thus breeding habitat. For this reason we used the dominant DBH of spruce trees as a predictor for tree size-related predisposition. This variable could be calculated directly from simulated DBH in MASSIMO. We used Netherer’s (2003) predisposition index (termed “hazard score” by Netherer 2003) for stand age and the relationship between field estimates of stand age (tree ring and whorl counts) and the dominant diameters recorded during NFI3 (2004/06) to define the parameters of a logistic function relating dominant spruce diameter to beetle disturbance predisposition due to tree size (PBddomspr):
	Eq. 3
where ddomspr is the dominant diameter of spruce trees, A = 0.2 is the lower asymptote, r = 0.2 the slope parameter and m = 30 the shift of the function with respect to ddomspr. The sigmoidal shape of this relationship corresponds to observations of Opiasa (2016) in a beetle infested forest reserve in the Grisons. There, spruce trees with a DBH of 50 cm were killed by beetles with a probability of 25% to 80%, depending on crown length, fungi infestation and other factors. Hence, a high predisposition index (i.e. 0.99 for a spruce tree of 50 cm DBH) can be interpreted with a relatively high mortality probability during an ongoing beetle outbreak.

Stand-related factors for predisposition to storm damage
The stand-related factors for the predisposition to storm damage include spruce share and dominant tree height. We implemented spruce share-related storm predisposition (PSspruce) as in Netherer (2003) with spruce share ≥90% being rated with 1 and <90% with 0. Storm predisposition related to tree size was assessed based on the dominant tree height. We derived tree height from DBH using the tariff- (species- and production region-) specific allometric function used in the NFI (Kaufmann 2001). Following Netherer (2003) we related dominant height linearly to storm hazard (PShdom).
	Eq. 4
To obtain the stand-related predisposition to storm damage (PSstand) wo combined PSspruce and PShdom additively with weights 0.6 and 1, respectively.

Combination of predisposition indices to stand-related predisposition
Predisposition indices on spruce proportion, spruce size and to storm damage were combined to an indicator of predisposition to beetle disturbance based on stand-related parameters as follows:
[bookmark: PBstand]	Eq. 5

Radiation
Radiation (as well as slope position, topex and slope) was calculated using the Spatial Analyst toolbox in Esri ArcGis 10.1 based on the 25 by 25 m digital elevation model (DHM25) by Swisstopo dhm25 © 2018 swisstopo (5704 000 000). Radiation values were linearly scaled between 0.1 and 1 to obtain radiation-related scores (PBrad) with 0.1 representing minimal and 1 maximum global solar radiation (direct and diffuse radiation).

Slope position
The topographic position index (TPI) with a neighborhood size of 200 m was used to asses slope position (valley, slope, ridge) and was calculated as described in Wilson et al. (2007) and Stadelmann et al. (2014). TPI values between ‒1.47 (valley bottom) and 1.34 (ridge/peak) were scaled between 0 and 1 to values of the predisposition index PBslope by linear interpolation.

Topographic exposure
The topex-to-distance indicator (topex) measures the exposure to potential storm corridors (Quine and White 1998). We used the following sigmoidal function to derive predisposition index values from topex values:
	Eq. 6
where PStopex is the predisposition index related to topographic exposure, r = 2.5 the slope parameter and m = 1 the shift of the function with respect to topex values (i.e. topex value where the slope of the function is maximal).

Slope
As proposed by Netherer (2003), we assigned an index value (PSslope) of 0.07 for slope values >100% and for values between 0 and 100% we linearly related predisposition index values between 0.4 and 0.07. PSslope is used as a site-related factor to assess predisposition to storm disturbance.

Soil coarse matter content
The content of coarse matter in the top 50 cm was derived from a digitized soil map of Switzerland (Digitale Bodeneignungskarte BEK, Federal Office of Agriculture FOAG 2012). The percentage of mineral soil components >2 mm was available in the classes <5, [5, 10), [10, 20), [20, 50), >50. We related the following index values (PScoarse, PBcoarse) to the percentage classes: 0.025, 0.075, 0.15, 0.35, 0.8.

Soil pH
Based on the finding of increasing probability for storm damage with decreasing pH on acidic soils by Mayer et al. (2005) we assigned the following index values to the pH values measured during the first Swiss NFI (1983/85).
	Eq. 7

Combination of site-related indices for predisposition to storm damage
PStopex, PSslope and PScoarse were additively combined with weights 1, 0.4 and 0.4, respectively, analogously to Eq. 9 to an index for site factor-related predisposition to storm disturbance (PSsite).

Soil depth
The depth of soil that is accessible to plant roots was available from the digitized soil map (Federal Office of Agriculture FOAG 2012) in 5 classes ranging from 30 to >120 cm. Following Jakoby et al. (2015) and Netherer et al. (2003) we assigned the following index values to these classes: 0.4, 0.5, 0.6, 0.9 and 1.

Water supply
We used a water balanced-based drought index (DRI) as it has been used in the forest landscape model LandClim (Schumacher 2004) as an index for water supply. In combination with a drought tolerance threshold for Norway spruce this and similar indices have previously been used to model the predisposition to bark beetles due to drought (Seidl et al. 2007; Temperli et al. 2015; Temperli et al. 2013). The calculation of DRI requires monthly temperature, latitude, slope and aspect to calculate potential evapotranspiration (PET) as per Thornthwaite and Mather (1957). PET is then related to actual evapotranspiration which is a function of PET, available water capacity, precipitation and an assumption on infiltration by the vegetation. We calculated yearly drought-indices for years 1982–2011 using gridded temperature and precipitation data (Remund et al. 2016) and available water capacity (Federal Office of Agriculture FOAG 2012) and averaged over the 30 yearly values to obtain an estimate of potential drought stress under average climatic conditions. Predisposition due to drought in spruce trees (PBdr) was then derived with a sigmoidal relationship assuming that predisposition is maximal when drought reduced the growth of spruce to 20% of its potential maximum (Seidl et al. 2007; Temperli et al. 2013).

Number of potential beetle generations
While the original predisposition assessment system by Netherer (2003) used temperature as a proxy for beetle reproduction rate we used the number of potential beetle generations that were estimated with a Swiss-specific, temperature driven phenology model for Ips typographus (Jakoby et al. 2015) for each NFI plot. We averaged the number of generations for the historic climate from 1982–2011 and derived the predisposition index values with a sigmoidal function that reflects the scoring of Netherer (2003):
	Eq. 8
where r = 4, ngen being the average number of potential Ips typographus generations and m = 0.9.

Combination of predisposition indices to site-related predisposition
Predisposition to bark beetle disturbance due to site-related factors (PBsite) was calculated as follows:
	
[bookmark: PBsite]Eq. 9
Validation of disturbance predisposition indices
Methods
We validated the storm and bark beetle predisposition indices with records of the storms Vivian (1990) and Lothar (1999) (Federal Office for the Environment FOEN 2010; Federal Office for the Environment FOEN 1992) and NFI2 (1993/95) to NFI4 (2009/17) records of insect damages (Keller 2013). Spruce bark beetles (Ips typographus, L.) caused most of these damages (Wohlgemuth et al. 2015). We used logistic regression models to evaluate the power of the site- and stand-related predisposition indices to discriminate between disturbed and undisturbed sample plots. NFI1 data (9456 sample plots) were used to calculate the stand-related predisposition indices for the prediction of the occurrence of damage from Vivian and NFI2 data (5538 sample plots) were used to predict Lothar damage occurrences. Insect damages were predicted with predisposition indices calculated from NFI2 data, for which 4396 sample plots contained tree records from NFI2 and insect damage records from NFI2 to NFI4. We calculated simple (single variable) logistic regression models (SLRM) for each predisposition index (PBspruce, PBddomspr, etc., see Figure 2 and supplementary material), the composite indices for site-and stand predisposition (PSstand, PSsite, PBstand and PBsite) and the combined predisposition indices (PStorm and Pbeetle). We also calculated multiple logistic regression models (MLRM) that included all predisposition indices and others that included the composite indices for site- and stand-related predisposition only. We considered the odds ratios calculated from the model coefficients as relative measures of the importance of the predisposition indices. We assessed the discriminatory power of the MLRM and the SLRM with PStorm and Pbeetle as predictors by calculating area under the receiver operator curves (AUC) and true positive rates (TPR). We determined TPR via simulation based on the predicted storm probabilities for each sample plot whereby we replicated 1000 times.

Results
All indicators were significantly associated with either storm Vivian or Lothar or insect damage at least in one of the simple or the multiple logistic regression models (Table S2). Unexpectedly, drought (PBdr) was negatively associated with the occurrence of insect damages in SLRM. The number of generations (PBgen) was only significant in the MLRM. Odds ratios were generally larger for stand-related factors than for site-related factors in the MLRM. This conforms with the weighting scheme suggested by Netherer (2003) to calculate Pstorm and Pbeetle that also assigns higher importance to stand-related variables.


[bookmark: _Ref517426765]Table S2  Estimated effects expressed as odds ratios† in logistic regression models relating predisposition indicators to observed storm (Vivian and Lothar) and insect damages. Predisposition indices were evaluated individually with simple logistic regression models and in combination in multiple logistic regression models. Significance levels of effects (chi-squared test) are indicated as follows: p-value = 0 < *** < 0.001 < ** < 0.01 < * < 0.05 < . < 0.1 < ns < 1.
	Storm Vivian (1990)
	Storm Lothar (1999)
	Insect damage (NFI2–4)

	Indicator
	Simple
	Multiple
	Simple
	Multiple
	Indicator
	Simple
	Multiple

	PSspruce
	8.9***
	8.2***
	1.7**
	2.1***
	PBspruce
	13.4***
	6.0***

	PShdom
	13.8**
	29.7**
	277.2***
	62.4***
	PBddomspr
	24.5***
	8.6***

	PStopex
	2.8*
	2.3ns
	0.7ns
	4.2***
	PBrad
	1.7*
	0.9ns

	PSslope
	0.04.
	0.005*
	25734.6***
	7950.0***
	PBslPos
	4.00***
	3.1***

	PScoarse
	1.5ns
	3.8ns
	90.6***
	3.4ns
	PBcoarse
	9.5***
	4.0*

	PSpH
	2.2ns
	2.5ns
	3.3**
	1.5ns
	PBdepth
	2.8***
	0.9ns

	
	
	
	
	
	PBdr
	0.01**
	0.3ns

	
	
	
	
	
	PBgen
	0.7ns
	4.0**

	PSstand
	250.0***
	245.1***
	26.5***
	25.2***
	PBstand
	50.4***
	56.66***

	PSsite
	19.1**
	18.8*
	6.4**
	5.6*
	PBsite
	13.7***
	30.86***

	Pstorm
	13311.3***
	‒
	264.3***
	
	Pbeetle
	489.1***
	‒


†Reading example: Given all other factors held constant, the odds for the occurrence of Vivian damage for a sample plot with PSspruce = 1 over the odds for Vivian occurrence for a sample plot with PSspruce = 0 is 8.9/1. That is, the odds (not to be confused with probability) for Vivian occurrence is 7.9 times higher if PSspruce is 1 as if PSspruce was 0.

The mean true positive rates for storm events are <6% (Table S3), reflecting that only 2.1% and 0.5% of sample plots were affected by Lothar or Vivian, respectively (observed rate in Table S3). The AUC estimates were >0.71 for all models indicating acceptable (0.7–0.8) to excellent (0.8–0.9) predictive power (Hosmer et al. 2013).
[bookmark: _Ref517695347]Table S3  True positive rate and area under receiver operator curve for simple logistic regression models relating composite predisposition indices for storm (Pstorm) and bark beetle disturbance (Pbeetle) and multiple logistic regression models relating single predisposition indices to observed occurrences of storm (Vivian and Lothar) and insect damage. The observed rate is the number of disturbed sample plots (N disturbed) divided by the total number of sample plots (N plots).
	
	N plots
	N disturbed
	Observed rate
	True positive rate
	Area under curve

	
	
	
	
	simple
	multiple
	simple
	multiple

	Storm Vivian (1990)
	9456
	43
	0.005
	0.014
	0.015
	0.82
	0.86

	Storm Lothar (1999)
	5538
	118
	0.021
	0.03
	0.06
	0.71
	0.80

	Insect damage (NFI2–4)
	4396
	275
	0.063
	0.12
	0.13
	0.80
	0.81



Discussion
The validation of the disturbance indicators shows that stand-related variables such as dominant height, spruce proportion and dominant spruce diameter are better than site-related predictors for single storm events (Vivian in 1990 and Lothar in 1999) and recordings of NFI2–4 insect disturbances. Climate variables such as drought or temperature were less influential or even negatively related to observed insect disturbances (Table S2). The reason for this unexpected result may be the high degree of aggregation. We used averages of the drought index and the temperature-driven number of beetle generations over a 29-year period (1982–2010) to relate to the NFI2–4 observations. Thus, the year-to-year variations, or even longer-term trends within that period were masked. Instead, the averaged climate variables better reflected the spatial distribution of cold- and moist-adapted Norway spruce, the host tree species of the most common bark beetle species Ips typographus. This may explain the negative association between the drought index (PBdr) and the probability of insect damage in the simple logistic model. While the climate variables where of limited use in this application, they are highly valuable to quantify the effects of climate variability on the seasonal and year-to-year dynamics of bark beetle and other insect populations and associated disturbances (Hart et al. 2014; Mezei et al. 2017).
Additional graphs
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[bookmark: _Ref519184168][bookmark: _GoBack]Figure S1  Development of growing stock by management scenario and NFI production region. Error bands indicate standard error of means resulting from variation among NFI sample plots and scenario simulations.
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[bookmark: _Ref519234371]Figure S2  Development of dominant tree height (average height of 100 largest tree per ha) by management scenario and NFI production region. Error bands indicate standard error of means resulting from variation among NFI sample plots and scenario simulations.
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[bookmark: _Ref519181777]Figure S3  Development of proportion of NFI sample plots with spruce presence by management scenario and NFI production region.
[image: ]
[bookmark: _Ref519687414]Figure S4  Development of old-growth components by management scenario and NFI production region. Error bands indicate standard error of means resulting from variation among NFI sample plots and scenario simulations.
[image: ]
[bookmark: _Ref522259647]Figure S5  Development of variables on stand structure used to calculate rockfall and avalanche protection indices. Solid lines show averages across the 469 NFI sample plots in the protection forest perimeter and error bands standard errors of means resulting from variation among NFI sample plots and scenario simulations.
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[bookmark: _Ref521400193]Figure S6  Development of average storm and bark beetle disturbance predisposition by management scenario (columns) and in sample plots in the protection forest perimeter with high (≥0.95) and low rockfall and avalanche protection indices. Error bands indicate standard error of means resulting from variation among NFI sample plots and scenario simulations.
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