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Abstract 

Shifts in tree species distributions caused by climatic change are expected to cause severe 

losses in the economic value of European forestland. However, this projection disregards 

potential adaptation options such as tree species conversion, shorter production periods, or 

establishment of mixed species forests. The effect of tree species mixture has, as yet, not been 

quantitatively investigated for its potential to mitigate future increases in production risks. For 

the first time we use survival time analysis to assess the effects of climate, species mixture 

and soil condition on survival probabilities for Norway spruce and European beech. 

Accelerated Failure Time (AFT) models based on an extensive dataset of almost 30,000 trees 

from the European Forest Damage Survey (FDS) – part of the European-wide Level I 

monitoring network – predicted a 24% decrease in survival probability for Norway spruce in 

pure stands at age 120 when unfavorable changes in climate conditions were assumed. 

Increasing species admixture greatly reduced the negative effects of unfavorable climate 

conditions, resulting in a decline in survival probabilities of only 7 %. We conclude that 

future studies of forest management under climate change as well as forest policy measures 

need to take this, as yet unconsidered, strongly advantageous effect of tree species mixture 

into account. 
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Introduction 

In Central European forests, long production periods prevail, and thus, the success of 

forest management depends to a great extent on tree survival. It has long been assumed that 

tree survival is also influenced by tree species mixture (Gayer, 1886), and several scientific 

studies have provided evidence for this assumption (Griess & Knoke, 2011). However, the 

increase in stand resistance resulting from the admixture of broadleaves in coniferous stands 

has only recently been quantified (Griess et al., 2012). While Griess et al. (2012) based their 

analysis on current climate conditions, our goal was to investigate the resistance of mixed 

forests under climatic change. 

 

The consequences of climate change for biodiversity, forests and mortality of tree 

species have been intensively investigated at the global level (Allen et al., 2010; Araújo & 

Williams, 2000; Blennow et al., 2010; Hanewinkel et al., 2010; Hanewinkel et al.,  2012; 

Hansen et al., 2001; Iverson & Prasad, 2001; Rigling et al., 2013; Seidl et al., 2007; Seidl et 

al., 2011; Yang et al., 2003). Difficulties in modeling these consequences are caused by the 

fact that forests are complex ecosystems that are affected not only by gradually changing 

climatic conditions, but also by a change of the regime of extreme weather and also biotic 

events.  

 

In southern-Germany, potential effects of climate change on the dominant tree species 

have mainly been assessed using species distribution models (Falk & Mellert, 2011; 

Hanewinkel et al., 2010; Mellert et al., 2011), models describing disturbances such as storms 

(e.g. Albrecht et al., 2012; Schindler et al., 2009), or models offering climate-dependent 

hazard-functions (Nothdurft, 2013). These models, however, have not distinguished between 

mixed-species and pure forest stands.  A
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A dataset that is particularly appropriate for modeling tree survival in pure and mixed 

forest stands are mortality data of single trees from the Forest Damage Survey (FDS) that are 

part of the European-wide Level I monitoring network (Fischer et al. 2010), due to the very 

high temporal resolution of data collection; surveys are done every 1 to 2 years (Augustin, et 

al. 2009). However, up to now, studies using FDS data for survival analysis have been based 

on small datasets and have not included climate variables (Griess et al., 2012; Staupendahl & 

Zucchini, 2011). Here, for the first time, survival analysis was done using FDS data from 

three different federal states in southern Germany - Baden-Württemberg (BW), Bavaria (BV) 

and Rhineland-Palatinate (RP) - representing 4.6 M ha of forest land and covering a broad 

spectrum of climate conditions. We have augmented the previously published method of 

assessing age-dependent survival probabilities of Norway spruce (Picea abies Karst.) and 

European beech (Fagus sylvatica L.) using FDS data (Griess et al., 2012; Staupendahl & 

Zucchini, 2011) by including the consideration of climate variables in order to answer two 

questions: 

 

 Do climate variables such as precipitation and temperature have an effect on the age-

dependent survival probability of Norway spruce and European beech? 

 Is Norway spruce in mixed forests more or less affected by changing climate 

conditions than in pure stands? 
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Materials and methods 

Data 

Established in 1983/84, FDS is a program that monitors forest damages in Germany in 

order to provide annual assessments of the condition of Germany’s forests, especially in light 

of previous observations of increasing damages (Augustin et al., 2009). The monitoring 

program is part of the ’Data on Crown Condition of the systematic grid’  (Level I) from the 

’International Co-operative Programme on Assessment and Monitoring of Air Pollution 

Effects on Forests’ (ICPF) in Europe (Fischer et al 2010). Based on the data collected in these 

surveys, national-level reports are released which contain mainly assessments of defoliation 

and discoloration of tree crowns. In addition to observations of damage to individual trees, 

information about the characteristics of the surrounding stand is recorded at every sample 

plot.  

 

While data collection methods do vary slightly across the different German federal 

states, all FDS plots are located based on a systematic grid (4x4 km, 8x8 km or 16x16, 

depending on year and state); a sample plot is established at each grid point that falls within 

land designated as forest. In BW and RP, data from 24 sample trees are gathered at each 

point. The trees are located in four clustered subplots, each of which is centered on a point at 

a specific distance from the original grid point in each of the four cardinal directions, i.e. the 6 

trees nearest to this point are recorded (Augustin et al., 2009; Griess et al., 2012). In Bavaria, 

an average of 45 sample trees, each with a minimum age of 60 years, are chosen at every 

sample point. In general, only dominant trees are selected as sample trees. By this 

Staupendahl & Zucchini (2011) showed that the percentage of dominant trees (computed from 

stem numbers) represented the percentage of area occupied by the regarding trees species 

quite appropriately. Furthermore, dominant trees are more important for the future A
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development of more or less even-aged stands and thus form the economically important 

stand layer (Staupendahl & Zucchini, 2011). The analysis of mortality rates for lower social 

tree classes being mainly affected by light-induced competition was not goal of our study. 

 

In each subsequent survey, the trees from the previous survey are located and their new 

measurements recorded. In the event of the death of a sample tree, the next nearest tree to the 

subplot center is chosen as a replacement. Since 1994, a “survival status” code which includes 

information as to the cause of death of each individual tree has been documented as well. 

These data are available from 1995 on for each of the three states studied here. The 

development of the sample trees since that time was analyzed in our study in accordance with 

the study by Griess et al. (2012). In BV, beginning in 2005, the grid was changed in order to 

directly correspond to the plots of the soil condition survey, unfortunately leading to a 

discontinuation of the individual tree tracing. Table 1 contains a summary listing of the 

survival status codes for each tree (spruce and beech) recorded from 1995-2005 in the three 

federal states.  

 

The survival analysis described here was based on information from 2334 plots 

containing a total of 64356 trees, of which 27804 are spruce (43 %) and 11702 are beech (18 

%). We focused our study on these two species as the most important hardwood and softwood 

species in the studied area. Other tree species showed comparatively low amount of death 

trees during the analyzed time period. The causes of individual tree failure (death) between 

1995 and 2005 were separated into reasons considered ‘relevant’ for our survival analysis 

(failures due to abiotic or biotic reasons) and ‘non-relevant’ reasons (failures due to 

competition, felling or unknown reasons) (Table 1). During this time period, an average of 6 

% of spruce trees across all sites died due to relevant reasons - 5 % in BW, 7 % in BV and 9 A
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% in RP. Beech showed lower failure rates, with a 2 % average over the entire data set, as 

well as in both BW and BV, and an average of 3 % in RP. 

 

In addition to the development of the tree status, variables describing stand 

characteristics were gathered at each plot: This information was used here to assess the 

influence of tree species mixture and soil conditions on survival (Table 2). In order to 

consider mixture, a ratio was calculated depending on how many trees of other species were 

found among the sample trees of each plot (spruce-other species (mainly beech) and beech-

other species). Three classes were defined for spruce in accordance to Griess et al. (2012) and 

also for beech balancing the occupancy of classes with the analyzed trees (Table 2). Soil 

conditions were integrated into the analysis in two ways.  First, water supply was considered 

by grouping each of the plots into one of 5 classes (wet & moist, fresh, mesic fresh, (mesic) 

dry, periodically wet), whereby the class size regarding the number of plots could be balanced 

Then, nutrient supply was considered, as defined by 3 groups: rich, medium, and poor.  

 

To assess the influence of climate variables on survival, monthly data on precipitation 

and temperature at each inventory point were collected from the climate normal period (1950-

2000) of the WorldClim-database (Hijmans et al., 2005). The climate variables considered 

were accumulated precipitation (P) and mean temperature (T) during the vegetation period 

(from the beginning of May through the end of September - shortened to ‘5to9’). In 

subsequent models, we tested whether the variable, ‘mean temperature in winter’ (from 

January to March - abbreviated to ‘T_1to3’) or the variable ‘mean temperature in January’ 

(T_1) were better predictors of failure. For each of the climate variables, three sub-groups 

were defined by locating breakpoints in the data, which resulted in an equal distribution of the 

total of 2334 plots across three groups (Table 2).  A
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The spatial distribution of precipitation and temperature was different across the three 

states (Fig. 1). High precipitation levels were found mainly in the south - for example, in the 

Black Forest (BW), in the area of Bavaria just north of the Alps where clouds are retained, 

and in the Bavarian Forest (BV). RP received only low to medium amounts of precipitation. 

High temperatures occurred mostly in BW and RP, whereas plots in BV were primarily in the 

‘cold’ and ‘medium’ groups.   

 

Kaplan-Meier survival analysis 

The focus of the survival analysis was on time T - the age of a tree at the time of its 

death or failure. The distribution of T is described by the density function f(t), the distribution 

function F(t), the hazard function h(t) or the survival function S(t), whereby t is a specific 

value of T (Griess et al., 2012; Staupendahl & Zucchini, 2011). While h(t) focuses on failure 

in terms of the current potential to fail or die, S(t) represents the probability that an individual 

survives the time, t (Kleinbaum & Klein, 2012). In the Kaplan-Meier survival analysis, as an 

example of a non-parametric approach, S(t) was defined as follows (Kleinbaum & Klein, 

2012; Staupendahl & Zucchini, 2011): 

 

Wherein di stands for the individuals that die during period ti, and ni represents the total 

of analyzed subjects at the beginning of each period i. The Kaplan-Meier estimator, which 

maximizes the likelihood of S(t), offers a first overview of the development of the survival 

probability based on age.  
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Accelerated Failure Time Analysis 

In parametric survival models, survival time follows a specific distribution. We chose 

the Weibull distribution (Weibull, 1951) and the corresponding survival function S(t) defined 

as (Staupendahl & Zucchini, 2011): 

 

The Weibull distribution is, therefore, only described by two parameters - the scale-

parameter β and the shape-parameter α. The latter parameter is often accentuated showing 

age-related risk denoting increasing (α > 1), decreasing (α < 1) or constant (α = 1) hazard 

rates (Griess et al., 2012; Staupendahl & Zucchini, 2011).  

 

The influence of covariates was analyzed using AFT models. The calculation was done, 

using the ‘survreg’ function in R (R Core Team, 2013) which parameterizes the Weibull 

distribution via a location-scale model and uses a log transformation that leads to the AFT 

model (Therneau, 2013). In the AFT model, the effects of covariates that cause either a 

contraction or an extension of survival time are represented by a baseline survival function 

(Kleinbaum & Klein, 2012; Staupendahl & Zucchini, 2011).  

 

Whether or not a covariate had a significant effect on survival was tested beforehand 

using R-code, according to Glomb (2007). This analysis
 
(Collett, 2003) contained three steps 

where the likelihood-ratio test was used to compare the fit of the models tested. In our study, 

this comparison was done between a complex and a simple model with a critical value of 

0.01. Initially, the covariates were tested solely. Then, the significant variables from step 1 

were analyzed as to whether or not they still had a significant effect on survival time in 

combination with the other covariates. Finally, the variables which were not found to be 

significant in step 1 were tested together with those remaining from step 2 (for an example of A
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this progress see
 
Griess et al., 2012). Only the covariates which showed a significant effect in 

combination with other significant covariates were later used in the AFT model. 

 

Results 

Kaplan-Meier survival analysis 

 Kaplan-Meier survival analysis was used to get a first overview of the development of 

survival probability in each of the three groupings within each climatic variable (Fig. 2a-dFig. 

2). Higher survival probabilities were found for spruce trees in plots with high precipitation 

levels and low temperatures. Furthermore, trees reached more advanced ages under these 

conditions. One exception to this finding was in the temperature range, T_5to9, where spruce 

trees in the ‘warm’ plots had a higher survival probability, even though they did not live as 

long as those in the other classes (Fig. 2b). The survival probability for spruce trees was 

between 0.8 and 0.9 at the age of 100. This was higher than the value of around 0.7 found by 

Griess et al. (2012) who analyzed only data from RP where a higher percentage of trees failed 

(Table 1).  

 

The situation was different and more complex for beech. Differences in precipitation 

and temperature in the vegetation period (Figs. 3a and b) showed similar survival curves 

across the three classes, and differences among them were only found at an age of about 150, 

when low precipitation levels and medium temperatures led to a higher survival probability. 

Temperature T_1to3 and T_1 showed a low survival probability at younger ages in the warm 

group but at an age of approximately 150, beech seemed to be more negatively affected by 

cold temperatures.   
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AFT Models  

As mentioned above, the parametric AFT models used to assess the influence of 

different covariates on survival time were formed and all covariates (see Table 2) - water, 

nutrient supply, spruce ratio, precipitation and temperature - were analyzed with regard to 

their effect on the survival of spruce. The same multi-step analysis proposed by Collett (2003) 

was used here (Griess et al., 2012). Three AFT models were run – one for each of the three 

different temperature variables; T_5to9, T_1to3 and T_1. In all cases, nutrient supply was the 

only covariate that showed no significant effect on survival time (p-value > 0.01) and, 

therefore, it was not included in the AFT models. The log-likelihood was used to compare the 

model fit among the three AFT models – the higher this value, the better the model fit. The 

AFT model containing covariate, T_5to9, showed a log-likelihood of -12972.9, the model 

with T_1to3, -12937.5, and the model with T_1, -12939.7. Following the results of a log-

likelihood analysis, we decided to present the results of the AFT model for T_1 here, because 

this model most clearly shows the main results which were consistent across all of the model 

variants we tested. The covariates that in the end were integrated in the model are listed in 

Table 3.  

 

Table 3 shows the coefficient values of the covariates which were integrated into the 

AFT model. Positive values denote an extension of survival time (i.e. an increase in survival 

probability) and negative values indicate the contrary. The reference value is always the 

‘Intercept’, which contains medium characteristics of the tree species ratio, water supply, 

P_5to9 and T_1; for spruce, namely, a spruce ratio of 81-99 %, fresh soil conditions, medium 

precipitation during the vegetation period, and medium temperature in January (see also Table 

2). When a similar situation was considered, but with a spruce ratio <= 80%, the value of the 

intercept was raised by 0.1771 (Table 3). Also, the acceleration factor (calculated by A
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exp(0.1771) = 1.1936) shows that the survival time would increase by this factor (Kleinbaum 

& Klein, 2012).  

 

The AFT model for beech with T_1 contained only water supply and temperature as 

significant covariates. The analysis showed only small differences in survival probabilities for 

the different temperature classes, as evidenced by the low number of failed trees. 

Furthermore, the soil condition had a stronger effect on the survival probability of beech than 

the amount of accumulated precipitation in the vegetation period, which, as previously 

mentioned, was found to be statistically insignificant. Wet and dry soil conditions were 

especially disadvantageous for the survival of beech trees (Table 4). Under the current 

climatic situation in the study area, the well-known sensitivity of beech to low temperatures, 

and especially to drought (Pretzsch et al., 2012; Rötzer et al., 2013),
 
is not (‘yet’ in terms of 

drought) clear enough to have a noticeable effect on survival probability of beech. 

 

The importance of tree species mixture 

Using the calculated coefficients from the AFT model of spruce, the survival probability 

at age 120 (S120) was computed for different combinations of climate and soil conditions 

(Table 5). High precipitation levels and low temperatures (T_1) were merged to form a class 

referred to as ‘favorable’ climate while ‘unfavorable’ climate was used to indicate low 

precipitation levels and high temperatures. In addition, the different classes of water supply 

were combined to create ‘good’ (‘fresh’ and ‘mesic fresh’) and ‘bad’ soil condition classes 

(‘wet & moist’, ‘(mesic) dry’ and ‘periodically wet’). 

 

Using the scale and shape parameters of the Weibull function, curves of survival 

probabilities for both the worst-case (unfavorable climate, bad soil) scenario and the best 

situation (favorable climate, good soil) displayed separately for mixed and pure spruce stands 
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are shown in Fig. 4. The effect of tree species mixture was as indicated by the lower survival 

probabilities of spruce in pure stands. Furthermore, we were able to show that rotation periods 

in pure stands would have to be shortened to 85 years (under unfavorable climate and bad soil 

conditions) or 90 years (under favorable climate and good soil conditions) to achieve survival 

probabilities similar to those of mixed stands of spruce at age 120. 

 

The total results depicted in Table 5 show primarily an increase in survival probability 

(by a minimum of 5 % and a maximum of 27 %) with an increase in the proportion of 

admixed broadleaved tree species which is consistent with the results of previous research 

(Griess et al., 2012). A change in climate to conditions with low precipitation levels and 

warm temperatures, however, caused significant reductions from 6 % to 24 % in the survival 

probabilities for spruce at age 120. The well-documented vulnerability of spruce to high 

temperatures and especially, to low levels of precipitation (Lindner et al., 2010) was, 

therefore, supported by our model.  

 

Ultimately, spruce in mixed stands was much less affected than that in pure stands, thus 

illustrating the possibility for mitigation of the adverse effects of climatic change through 

forest management. Compared to the decrease in S120 of 24% found in pure spruce stands on 

bad soil conditions under possible future changes in climate the survival of spruce in mixed 

forests was only moderately reduced under climatic change (-7%) (Table 5). 
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Discussion 

We wanted to answer two questions with our analysis of the FDS data: With regard to the first 

question, namely 

 Do climate variables such as precipitation and temperature have an effect on the age-

dependent survival probability of Norway spruce and European beech?, 

 

we were able to show that climate variables (here precipitation and temperature) clearly 

have a larger impact on survival probability of spruce than soil conditions. These results 

contradict those of Griess et al. (2012) who showed that bad soil conditions have a clear 

positive effect on survival time, which can be explained by the resulting decrease in tree 

heights and therefore lower level of risk due to potential damage from storms.  

 

In Central Europe Norway spruce is expected to be negatively affected by changing 

climate conditions such as a shift of precipitation to winter and, as a result, occurrences of 

drought during the vegetation period and an increase in annual mean temperature (Lindner et 

al., 2010). Due to that a conversion of the forests in southern Germany to a lower proportion 

of spruce mainly in favor of beech has taken place in the recent years (Hanewinkel et al., 

2010). The sensitivity of spruce to higher temperatures and particularly to low levels of 

precipitation was illustrated in the results of the current study, as indicated by a decrease in 

survival probabilities of up to 24 % at age 120. Pure stands and bad soil conditions 

strengthened the vulnerability to unfavorable climatic conditions.  

 

As mentioned above, in terms of adaptation to climate change, beech is often thought to 

be more suitable than spruce in southern Germany. In actuality, the range of beech is mainly 

limited by low temperatures, for example, in the Alps, and the correspondingly shorter 

vegetation period (Bolte et al., 2007). This sensitivity to low temperatures in January (T_1) or 
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January to March (T_1to3) was only shown in the results of the Kaplan-Meier analysis, where 

older trees seemed to be more affected by cold temperature than younger trees. The 

parametric AFT model though, did not display this effect. This could be due to the low total 

number of failed beech trees in the dataset.   

 

In contrast to temperature, precipitation was not significant for the survival of the beech 

trees in the dataset used for this analysis. However, drought is also a condition which has been 

shown to limit the growth of beech (Bolte et al., 2007; Pretzsch et al., 2012; Rötzer et al., 

2013). Under the current climatic situation in the study area, this factor has not yet been 

critical enough to have a noticeable effect on the survival probability of beech.  

 

The AFT models for the temperature variables T_1to3 and T_1 provided a better 

explanation of survival time for spruce and beech than the model with T_5to9. This can be 

explained by several factors. With reference to spruce and young beech trees, warmer 

temperatures in winter most likely support the development of pathogens and an increase in 

the level of browsing by herbivores (Ayres & Lombardero, 2000; Lindner et al., 2010). The 

temperature in the vegetation period, in contrast, is not as important for survival as, for 

example, the level of precipitation during this time period, which directly affects the health of 

individual trees, especially spruce trees.  

 

 With regard to the second question we addressed with our analysis: 

 Is Norway spruce in mixed forests more or less affected by changing climate 

conditions than in pure stands?  

our results clearly show that spruce in mixed stands was much less affected by changing 

climate conditions than spruce in pure stands. Compared to the dramatic decrease in S120 of A
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24% found in pure spruce stands on bad soils under predicted future changes in climate, the 

survival of spruce in mixed forests was reduced only moderately under climatic change (-7%). 

 

Further, Weibull-distributed curves of survival probability for both the worst-case 

(unfavorable climate, bad soil) scenario and the best situation (favorable climate, good soil) 

when differentiating between mixed and pure spruce stands clearly showed the advantageous 

effect of tree species mixture through the resulting higher survival probabilities. Therefore, 

rotation periods in pure stands would have to be shortened to 85 years (under unfavorable 

climate and bad soil conditions) or 90 years (under favorable climate and good soil 

conditions) in order to achieve survival probabilities similar to those found in mixed stands at 

age 120.  

A naturally higher variation in tree ages may also be a structural property, which may 

have contributed to a higher stand resistance (e.g. Hanewinkel et al. 2014) of spruce in mixed 

stands. However, the majority of stand situations analyzed have been largely even-aged 

showing a difference between maximum and minimum tree age of 20 to 30 years. This age 

difference does not form a significant structural diversity. Beech trees are usually regenerated 

earlier than spruce to create mixed stands because beech grows slower than spruce. This type 

of timing is designed to form mixed stands where tree species achieve similar heights in the 

older stands so that neither species is outcompeted. It is thus unlikely that age structure is a 

dominating factor to explain higher resistance of spruce in mixed stands against natural 

hazard. Even if a greater age difference was in part responsible for higher resistance of spruce, 

we argue that this is inherent in mixed forests and very hard to be achieved in pure forests. 
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Using Level-I-Data for mortality analysis 

The appropriateness of the FDS data for survival time analysis has already been shown 

in several studies (Griess et al., 2012; Staupendahl, 2011; Staupendahl & Zucchini, 2011). 

Especially the indication of reasons for the death of a tree is an important advantage of FDS 

compared to other forest inventory data. Here we extended the approaches of these studies to 

include the effects of climate covariates and to cover a larger spatial range. The use of data at 

the level of German federal states facilitated this high spatial resolution and allowed us the 

opportunity to integrate varying conditions in forests to a satisfactory extent. A further 

expansion of the study area would be desirable but is aligned with a high time effort of data 

preparation and intensive contact to data collectors. Furthermore it is yet still uncertain 

whether or not the information contained in the expanded data set on the reasons why a tree 

has disappeared is actually complete enough and sufficient to carry out survival time analysis. 

However, the promising results of the actual study will certainly stimulate new research in 

this direction. 

 

It should be further mentioned here that survival-relevant data are only collected for 

trees of at least 60 years of age in Bavaria. The survival probabilities for the tree species 

analyzed here are, therefore, slightly overestimated. Also, the relatively short observation 

period of 11 years is a constraint of our study which was a direct result of using the FDS 

dataset, as the grid points of the FDS in Bavaria were slightly changed in 2005 in order to 

match the National Soil Survey, as previously mentioned. Although the FDS is still in 

operation, the individual trees identified in 1995 could not be tracked after 2005. However, 

several significant events such as the storm event known as Lothar (1999) and the extremely 

dry conditions which occurred in 2003 were included in this time series. 
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Consideration of climate change in forest management 

The coefficients calculated using the AFT model can be used to get age-dependent 

curves of survival probabilities under different climate and soil conditions and for various 

species mixtures. It would, therefore, be possible to draw conclusions by analogy and, by 

using climate change scenarios, to help project changes in the future development of managed 

forests in order to provide support for the decision making of forest owners. Taking our 

results into account in forestry research about climate change is essential - especially the 

consideration of adaption options such as mixing tree species to mitigate risks. 

 

In comparison to the option of shortened rotation periods (Köhl et al., 2010), increasing 

stand resistance by mixing species allows for more moderate or even longer production 

periods while still limiting production risks to an acceptable level. This offers various 

additional advantages such as the opportunity to utilize low-cost natural regeneration, a 

greater amount of flexibility in terms of timing of timber harvests (Jacobsen & Thorsen, 2003; 

Knoke & Wurm, 2006), and ultimately, a higher level of C storage in forest enterprises 

(Knoke & Weber, 2006), which means a net mitigation effect on climatic change. Also, the 

level of provision of other ecosystem services such as recreation and protection will increase 

through the use of near-natural, mixed and longer-living forests (Edwards et al., 2012). Thus, 

forest policies should further support conversion of European forests from those dominated by 

spruce monocultures into mixed forests, and future studies of the economic effects of climatic 

change on forestry should include mixed forests as an effective adaptation option. 
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Tables 

Table 1: Survival status/cause of death of the trees recorded from 1990 to 2005 during the European 

Forest Damage Survey (FDS) in Baden-Württemberg (BW), Bavaria (BV) and Rhineland Palatinate (RP).  

(N: number; SD: standard deviation) 

Status 
N  

BW 

N  

BV 

N  

RP 

N 

total 

Mean 

Age 

[years] 

SD  

Spruce       

0 Existing and living 8791 12176 1961 22928 93,67 35,02 

1 
Existing and living but changed to 

suppressed status 
141 102 26 269 67,75 35,72 

2 
Existing and living but substantially 

damaged 
63 89 23 175 82,21 35,52 

3 Existing but dead or thrown 170 42 69 281 84,43 36,23 

4 Nonexistent due to calamity 255 841 169 1265 96,79 30,87 

5 
Nonexistent due to planned thinning or 

harvest 
538 1068 367 1973 88,24 33,41 

6 Nonexistent due to unknown reasons 354 360 199 913 86,65 41,46 

 Total 10312 14678 2814 27804   

Beech       

0 Existing and living 5497 3079 1695 10271 98,91 43,00 

1 
Existing and living but changed to 

suppressed status 
129 40 47 216 73,31 41,16 

2 
Existing and living but substantially 

damaged 
15 10 11 36 105,50 40,56 

3 Existing but dead or thrown 35 7 17 59 104,63 46,00 

4 Nonexistent due to calamity 46 42 40 128 98,05 49,65 

5 
Nonexistent due to planned thinning or 

harvest 
221 250 192 663 107,27 42,63 

6 Nonexistent due to unknown reasons 103 48 178 329 87,12 55,57 

 Total 6046 3476 2180 11702   
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Table 2: Covariates considered in the survival analysis of spruce and beech under differing climate and 

soil conditions, and the number of plots falling within each value category 

Covariate Group Data area Number of plots 

Tree species ratio 1 
Spruce: = 100 % 

Beech: = 100 % 

280 

69 

 2 
Spruce: 81 % - 99 % 

Beech: 55 % - 99 % 

316 

268 

 3 
Spruce: <= 80 % 

Beech: < 55 % 

967 

928 

Water supply Wet & moist 1 372 

 Fresh 2 627 

 Mesic fresh 3 719 

 (mesic) dry 4 450 

 Periodically wet 5 166 

Nutrient supply Poor 1 495 

 Medium 2 1203 

 Rich 3 636 

P_5to9 Low < 363 mm 783 

 Medium 363 – 457 mm 766 

 High > 457 mm 785 

T_5to9 Cold <14.50 °C 774 

 Medium 14.50 – 15.21 °C 787 

 Warm > 15.21 °C 773 

T_1to3 Cold < 0.33 °C 774 

 Medium 0.33 – 1.26 °C 769 

 Warm > 1.26 °C 791 

T_1 Cold < (-1.60) °C 812 

 Medium (-1.60) – (-0.70) °C 743 

 Warm > (-0.70) °C 779 
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Table 3: Coefficients obtained for each variable retained in the AFT model used to assess survival 

probabilities for spruce in pure stands (SD = standard deviation, z = standard score, p = p-value). 

 Coefficients SD z p 

(Intercept) 5.3318 0.0282   189.3846 0.0000 

Spruce ratio 1 - 0.1689 0.0179 - 9.4086 5.03E-21 

Spruce ratio 3 0.1771 0.0188   9.4161 4.68E-21 

Water supply 1 - 0.0610 0.0194 - 3.1469 0.0017 

Water supply 3 - 0.1145 0.0223 - 5.1311 2.88E-07 

Water supply 4 - 0.0258 0.0308 - 0.8362 0.4031 

Water supply 5 - 0.0872 0.0300 - 2.9061 0.0037 

P_5to9 1 - 0.0303 0.0235 - 1.2897 0.1971 

P_5to9 3 0.1277 0.0179   7.1458 8.95E-13 

T_1 1 0.1932 0.0179  10.7696 4.79E-27 

T_1 3 0.0665 0.0265  2.5121 0.0120 

Log(scale) - 1.1984 0.0181 - 66.1072 0.0000 

 

 

 

Table 4: Coefficients obtained from the AFT model including T_1 for beech (SD = standard deviation, z = 

standard score, p = p-value) 

 Coefficients SD z p 

(Intercept) 6,4782 0,1169 55,4303 0,0000 

Water supply 1 -0,2248 0,0865 -2,5984 0,0094 

Water supply 3 0,0463 0,0708 0,6532 0,5136 

Water supply 4 -0,0490 0,0760 -0,6439 0,5196 

Water supply 5 0,2374 0,1657 1,4328 0,1519 

T_1 1 -0,0509 0,0862 -0,5911 0,5545 

T_1 3 -0,4061 0,0758 -5,3566 
8,48E-08 

Log(scale) -0,9542 0,0542 -17,5976 2,57E-69 
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Table 5: Survival probability for spruce at age 120 (S120), calculated using the coefficients of the AFT 

model. (Percentages in brackets refer to the percentage change in relation to the pure spruce stand. 

Percentages of differences between climate and soil conditions are shown in relation to the bad 

specification.) 

S120 
Favorable climate 

(wet & cold) 

Unfavorable climate 

(dry & warm) 

Decrease by 

worsened climate 

Good soil  

Spruce ratio  100% 0.8865  0.7339  0.1526  21 %  

Spruce ratio 81-99% 0.9334 (+ 5 %)  0.8379 (+ 14 %)  0.0955 11 %  

Spruce ratio <= 80% 0.9624 (+ 9 %)  0.9063 (+ 23 %)  0.0561  6 %  

Bad soil  

Spruce ratio  100% 0.8728  0.7052  0.1676 24 %  

Spruce ratio 81-99% 0.9252 (+ 6 %)  0.8190 (+ 16 %)  0.1062 13 %  

Spruce ratio <= 80% 0.9576 (+ 10 %)  0.8949 (+ 27 %)  0.0627  7 %  

Decrease by  

worsened soils  

Spruce ratio  100% 0.0137  2 %  0.0287  4 % 

  
Spruce ratio 81-99% 0.0082  1 %  0.0189  2 % 

  

Spruce ratio <= 80% 0.0048  0 %  0.0114  1 % 
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Figure legends 

 

 

 

 

 

 

 

 

  

 

 

Fig. 1: Spatial distribution of the climatic variables (a) P_5to9, (b) T_5to9, (c) T_1to3, (d) T_1 across the 

three federal states RP (north-west), BW (south-west), BV (south-east) 

Fig. 2: Survival probability of spruce based on Kaplan-Meier analysis for covariates (a) P_5to9, (b) 

T_5to9, (c) T_1to3 and (d) T_1  

Fig. 3: Survival probability of beech based on Kaplan-Meier analysis for covariates (a) P_5to9, (b) T_5to9, 

(c) T_1to3 and (d) T_1  

Fig. 4: Weibull-distributed survival probabilities for spruce for favorable/unfavorable climate and 

good/bad soil conditions  
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