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A B S T R A C T   

A novel methodological framework is presented for climate-sensitive modeling of annual radial stem increments 
using tree-ring width time series. The approach is based on a hierarchical Bayes model together with a distributed 
time lag model that take into account the effects of a series of monthly temperature and precipitation values, as 
well as their interactions. By using a set of random walk priors, the hierarchical Bayes model allows both the 
detrending of the individual time series and the regression modeling to be performed simultaneously in a single 
model step. The approach was applied to comprehensive tree-ring width data from Austria collected on sample 
plots arranged in triplets representing different mixture types. Bayesian predictions revealed that European larch 
(Larix decidua Mill.), Norway spruce (Picea abies (L.) H. Karst.), and Scots pine (Pinus sylvestris L.) show positive 
climate-related growth trends throughout higher elevation sites in Tyrol, and these trends remain unchanged under 
a mixed-stand scenario. At the lower Austrian sites, Norway spruce was found to show a severely negative growth 
trend under both the pure- and mixed-stand scenario. The increment rates of European beech (Fagus sylvatica L.) 
were found to have a negative climate-related trend in pure stands, and the trend diminished through an admixture 
of spruce or larch. The trends of European larch and sessile oak (Quercus petraea (Matt.) Liebl.) showed stationary 
behavior, irrespective of the mixture scenario. Scots pine data showed a positive trend at the lower elevation sites 
under both the pure- and mixed-stand scenario. These findings indicate that species mixing does not lower the 
climate-related increment fluctuations of beech, oak, pine, and spruce at lower elevation sites.   

1. Introduction 

Single tree productivity rates are influenced by a complex array of 
intrinsic and extrinsic factors (Fritts, 1976). Presently, climate has come 
into special focus in tree productivity research, especially in the context 
of recent discussions on the outcomes of global warming. Although 
evidence has been found that productivity rates in Central European 
forest ecosystems have generally increased during the last century 
(Pretzsch et al., 2014), it is very likely that these trends will not con-
tinue in the future. This is mainly because climate projections suggest 
there will be higher frequencies and intensities of heat waves (Beniston 
et al., 2007) together with rainfall shifts from summer to winter months 
(Rajczak et al., 2013; Gobiet et al., 2014). Given these climate projec-
tions, higher frequencies and longer durations of drought periods be-
come very likely (Jacob et al., 2014). Because transpiration and net 
photosynthesis exhibit severe declines as a consequence of drought 
(Leuzinger et al., 2005; Bréda et al., 2006; Timofeeva et al., 2017), 
productivity losses are rather expected for future periods (Vitali et al., 

2018a; Vitasse et al., 2019). Hence, an in-depth understanding of the 
climate-growth relationships nowadays is crucial to providing credible 
long-term prognoses of potential forest growth. 

Forest growth models have been traditionally built by using data 
from repeated measures inventories with long intervals of several years 
between two consecutive surveys; an example of such a successful im-
plementation can be seen in the work of Monserud and Sterba (1996) in 
Austria. In fact, seasonal xylem formation and annual productivity rates 
are determined by short-term climate fluctuations (e.g., Oberhuber and 
Gruber (2010), and references therein). Hence, it is hardly possible to 
reveal the climate-growth relationships by using repeated measures 
survey data, and tree-ring analysis is nowadays preferred instead (van 
der Maaten-Theunissen et al., 2016). 

The xylem formation is not only influenced by the current year’s 
climate conditions, but also by time-lagged effects of longer climate 
sequences in the past (Castagneri et al., 2018). Consequently, “drought 
legacy effects” of the precedent year lower the tree-ring width incre-
ments by 10%, according to the findings in Kannenberg et al. (2019). 
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Prior to death, trees show more drastic growth decreases after drought 
and frost (Vanoni et al., 2016). However, the possible symptoms of 
growth decline can even lag several years behind the extreme climate 
event (Bréda and Badeau, 2008). 

The growth reactions of trees to such climate extremes generally 
differ among tree species; for example, the growth of larch and spruce is 
more influenced by spring droughts than that of oak and silver fir 
(Vitasse et al., 2019). In addition, a mixing situation in the neighbor-
hood can likewise modify productivity rates in drought years. This was 
demonstrated in Vitali et al. (2018b), in which a mixed-species con-
stellation in the neighborhood was found to be favorable for silver fir 
but not for Douglas fir, and it had either a positive or negative effect for 
Norway spruce, which was dependent on the stem density and the other 
species in the neighborhood. 

Furthermore, drought reactions and possible legacy effects are 
preconditioned by other forest site characteristics. It was found in  
Trouvé et al. (2017) that trees at dry sites showed faster recovery rates 
than those at moister sites. For ponderosa pine and trembling aspen in 
the southwestern USA, a higher level of water stress and stronger 
growth decline was observed at lower elevation sites (Anderegg and 
HilleRisLambers, 2016). 

In this study, novel methodology is presented for the quantification of 
climate influences on the radial stem increments of single trees. Based 
upon the fundamentals presented in Nothdurft and Vospernik (2018) and  
Nothdurft and Engel (2020), a distributed lag model was used to consider 
time-lagged climate effects on annual increment rates. Thus far, I have 
approached the statistical inference from a frequentist perspective by 
using a generalized additive model (GAM) setting. In fact, the GAM ap-
proach with penalized smoothing splines has proven to be very flexible, 
as it allows for the consideration of interactions of nonlinear effects. 
However, this approach presents major drawbacks, e.g., model fitting is 
computationally costly, model behavior is sensitive to the degree of 
smoothing, and uncertainty quantification is not straightforward. Hence, 
a novel statistical framework was constructed here in the form of a 
hierarchical Bayes model. In this respect, my work was inspired by Foster 
et al. (2016) and Itter et al. (2017, 2019), who have presented Bayesian 
inferential techniques for the analysis of dendrochronological data. 

Fully Bayesian inference from the posterior is traditionally derived 
via Markov chain Monte Carlo (MCMC) simulation techniques 
(Metropolis et al., 1953; Hastings, 1970; Gelfand and Smith, 1990). 
However, this is computationally expensive and hinders an iterative 
model building process, which necessarily implies the re-running, 
checking, and exploration of alternative model candidates. To circum-
vent these problems, I used the Integrated Nested Laplace Approxima-
tions (INLA) (Rue et al., 2009; Martins et al., 2013) method as an 

alternative to MCMC, which allowed for both fast and accurate com-
putations. For the computations, I used routines that were implemented 
in the R-INLA package (Lindgren and Rue, 2015). 

Tree-ring width data for different tree species were derived from 
sample plots in Austria to examine whether climate-related growth 
trends differ between pure and mixed stand situations as well as be-
tween low and high elevation sites. It was hypothesized that growth 
trends at lower and higher elevation sites will show opposite signs, with 
clear positive trends at the high elevation sites. More specifically, I 
assumed that spruce would show negative trends at low elevations sites, 
whereas other more drought tolerant species would at least display 
stationary trends. It was expected that a mixed species neighborhood 
would weaken the growth trends and also reduce the climate-related 
fluctuations of the annual stem diameter increments. 

2. Materials and methods 

2.1. Survey plots 

Sample plots were established in a triplet design to study the effects of 
species mixing on the increment rates and tree resistance to climate ex-
tremes. That is, a particular triplet was comprised of a single sample plot in 
a mixed stand with two species and two further plots that were placed in 
pure stand situations for both species. Data were analyzed from in total six 
triplets in Austria. Hereof, four triplets were located at lower elevation 
sites in the federal state of Lower Austria nearby Kreisbach (487m above 
sea level, a.s.l.) and Maissau (436 and 388m a.s.l.), and two triplets were 
located at higher elevations in the state of Tyrol nearby Aschau (1570m 
a.s.l) and Nassereith (973–1055m a.s.l.); see Fig. 1 and Table 1. 

Two triplets were installed at the Maissau site, both with the same 
tree species combination of sessile oak (Quercus petraea (Mattuschka) 
Liebl.) and Scots pine (Pinus sylvestris L.). Given that usual forest man-
agement activities will be conducted at Maissau1, the Maissau2 triplet 
was treated as an unmanaged control variant in the future. At the 
Kreisbach site, one triplet was for the combination of European beech 
(Fagus sylvatica L.) and European larch (Larix decidua Mill.) and the other 
triplet was for European beech and Norway spruce (Picea abies (L.) 
H.Karst.). European larch and Norway spruce also grew at the Aschau 
triplet, and Scots pine and Norway spruce grew at the Nassereith triplet. 
Measurement campaigns on the Maissau and Nassereith triplet plots were 
initiated within the European-wide project “REFORM” (http://www. 
reform-mixing.eu/). REFORM’s major goal is to formulate mixed-species 
forest management options that increase the resilience of forest ecosys-
tems and lower the risk of possible climate change impacts.  

Fig. 1. Locations of the triplet plots in Austria.  
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2.2. Climate data 

The climate data were derived from the HISTALP dataset (Böhm 
et al., 2009). For each triplet location, monthly averages of atmospheric 
temperature and monthly totals of precipitation were obtained via 
spatiotemporal interpolations with generalized additive models; see  
Nothdurft and Vospernik (2018) and Nothdurft and Engel (2020) for 
further details. The long-term average annual temperature during 
1950–2017 was lower at the Tyrolean sites Aschau (2.0 °C) and Nas-
sereith (5.5 °C) than that at the Lower Austrian sites Kreisbach and 
Maissau, where a value of 7.4°C was observed at both sites (see  
Table 2). The interquartile range (IQR), i.e., the difference between the 
3rd and 1st quartile, of the average annual temperature was wider in 
Tyrol (2.1kelvin (K) in Aschau, 1.9K in Nassereith) than that in Lower 
Austria (1K). At all four sites, the average monthly temperatures were 
hottest in July with values of 11.6 °C in Aschau, 15.1 °C in Nassereith, 
and 17.0 °C in Kreisbach and Maissau. January had the coldest average 
temperature with values of −7.9°C in Aschau, −4.4°C in Nassereith, 
and −2.5°C in Kreisbach and Maissau. 

The average total monthly precipitation was higher at the Tyrolean 
sites (1072mm in Aschau and Nassereith 1038mm) than that at the 
Lower Austrian sites (see Table 3). The average total annual pre-
cipitation was 812mm in Kreisbach and 551mm in Maissau. While 
temperatures were similar at both sites in Lower Austria, the climate in 
Kreisbach was more humid than that in Maissau. The IQR of the 
average total annual precipitation was similarly high at the Aschau, 
Kreisbach, and Nassereith sites (132, 146, and 144mm), and it was 
lower at the Maissau site (108mm). The highest monthly rainfall gen-
erally occurred in July, but precipitation at the Maissau site was highest 
in June. The lowest precipitation occurred in February throughout all of 
the study sites. 

2.3. Tree-ring data 

Tree-ring cores were generally collected from 30 trees per species in 
the sample plots, of which 20 randomly selected trees had a dominant 
social status and 10 trees had a subdominant status. However, a few 
sample cores were irreparably damaged; thus, extra trees were sampled 

as a reserve. Ultimately, tree-ring measurements from a minimum 
number of 28 and a maximum number of 32 trees per species in the 
sample plots were available (see Table 4). In fact, two wood cores were 
extracted per sample tree at breast height (1.3m above ground) by 
using an increment borer. The cores were drilled in the radial direction 
toward the pith, one from the north direction and the other from south 
direction. The tree-ring width measurements of both cores were finally 
averaged per calendar year. On average, between 42 and 122 tree-ring 
width observations were available per sample tree, species, and plot. 
The average number of observations on the Aschau, Maissau2, and 
Nassereith plots was higher than that on the plots in Kreisbach and 
Maissau1. This was because tree ages on the former plots were older 
than those on the latter plots. 

2.4. Model construction 

In accordance with my prior experiences, I assumed that the re-
sponse variable tree-ring width y was gamma-distributed with density 

= > > >y b
a

y by a b y( )
( )

exp( ), 0, 0, 0
a

a 1

having the expectation = =y µ a b( ) / and variance 
= =y a bar( ) 1/ /1

2. Parameter 1, the inverse variance, is termed the 
precision, and the R-INLA package used 

= s µ( )/1
2

for its parameterization. With the new precision parameter and fixed 
scaling =s 1, the reformulated gamma density became 

=y
µ

y y
µ

( ) 1
( )

exp .1

The precision parameter was a hyperparameter, which was re-
presented as = exp( )1 . A diffuse log-gamma prior was defined on 1. 

It was further assumed that the linear predictor i for the ring-width 
measurements yi of tree i was linked to the mean µ via a logarithmic 
link 

= =y µlog[ ( )] log( ) .i i

Table 1 
Summary characteristics of the sample plot data. Elevation above sea level in meter units (elev.), sample plot area in hectares (area, ha), stem density as the number 
of trees per hectare (N), basal area in m2/ha (BA), DBH is the diameter at breast height in centimeter units, and height is the tree height in meter units.                            

DBH (cm) height (m) species 1 species 2 

site plot elev. area N BA mean sd min max mean sd min max Sp 1 N BA Sp 2 N BA   

mixed 1570 0.62 691 74.7 34.4 13.9 3.4 77.5 27.1 8.3 2.6 36.6 larch 176 24.1 spruce 509 50.1 
Aschau la–sp larch 1570 0.82 465 39.4 29.9 13.6 5.6 72.5 25.8 8.6 1.2 34.4        

spruce 1570 0.50 773 78.7 33.5 13.3 5.6 85.3 26.4 7.8 3.1 42.9        

mixed 487 0.54 514 51.1 33.9 10.9 6.5 63.3 35.4 5.9 3.4 43.5 beech 431 39.7 larch 64 9.5 
Kreisbach be–la beech 487 0.19 695 51.1 29.3 9.0 14.1 65.9 33.3 4.5 19.5 37.3        

larch 487 0.36 959 52.6 24.3 10.3 5.8 55.9 27.8 6.6 7.0 34.4        

mixed 487 0.67 512 42.3 32.0 10.7 9.1 68.0 24.4 5.4 4.4 38.5 beech 307 20.9 spruce 150 15.9 
Kreisbach be–sp beech 487 0.19 734 40.0 27.3 8.1 8.0 50.3 25.7 5.2 10.7 35.5        

spruce 487 0.22 478 54.7 38.4 8.6 13.4 62.3 25.8 3.0 15.7 34.3        

mixed 436 0.21 623 31.8 24.1 8.5 6.2 57.4 21.3 4.2 5.1 25.1 oak 258 16.0 pine 311 14.3 
Maissau 1 ok–pi oak 436 0.22 441 25.6 23.0 14.5 5.1 48.9 21.4 7.5 4.2 28.2        

pine 436 0.14 1178 40.6 20.2 5.4 5.1 34.5 20.1 3.4 4.2 24.9        

mixed 388 0.55 428 30.3 28.3 9.9 5.5 61.4 20.3 4.5 2.0 26.7 oak 183 16.1 pine 210 13.3 
Maissau 2 ok–pi oak 388 0.29 285 26.5 33.5 8.2 11.3 51.6 19.4 2.9 8.3 25.4        

pine 388 0.22 728 39.6 25.8 5.3 7.0 42.3 20.7 3.3 2.0 25.9        

mixed 973 0.51 410 47.0 34.5 16.4 5.4 73.0 30.7 10.4 3.4 40.3 pine 96 16.9 spruce 271 19.1 
Nassereith pi-sp pine 889 0.34 1088 42.4 21.6 5.5 5.9 37.5 18.9 3.2 4.0 24.9        

spruce 1055 0.15 565 44.7 30.3 9.6 5.9 54.3 26.3 6.8 4.1 34.8       
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The linear predictor was constructed as follows 

= + + + + +
= = =

uf (Age ) ·Temp ·Prec ·Temp ·Prec .i i i
k

l

k ik
k

l

k ik
k

l

k ik ik i i
1 1 1

(1) 

Its first component f (Age )i i performed an individual detrending of each 
tree-ring width series. The following three sum terms represented a 
distributed lag model and accounted for the effect of climate in terms of 
monthly average temperatures and monthly total precipitation amounts 
as well as their interactions. The last term among the relevant com-
ponents was ui, a tree-level random effect. 

The individual detrending was achieved with second-order random 
walks (RW2) 

= + = …f f f f j n(Age ) (Age ) 2 (Age ) (Age ), 3, ,i i j i i j i i j i i j i
2

, , , 1 , 2

across the ni ring-width measurements of tree i. By doing so, it was 
assumed that the n 2i second-order differences of each tree-ring series 
were independently and normally distributed 

f N(Age )~ (0, )i i j
2

, 2
1

across the ordered age sequence. The density for the smooth function 
values f (Age )i i of each tree-ring series followed a multivariate Gaussian 
distribution 

{ }Qf f f( (Age )| ) exp 1
2

(Age ) (Age ) ,i i
n

i i
T

i i2 2
( 2)/2

2i

where =Q R2 2 2 and 

Table 2 
Summary statistics of the average annual (year) and the average monthly temperature (Jan–Dec) in °C units at the study sites during 1950–2017 in terms of the 
minimum (min), 1st quartile (1st quart), mean, 3rd quartile (3rd quart), and maximum (max).                   

year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec   

min −4.0 −17.9 −17.1 −9.0 −3.2 0.4 4.9 6.5 4.7 2.3 −3.9 −8.4 −15.0  
1stquart 1.1 −9.1 −8.1 −4.8 0.3 4.9 8.6 10.3 9.6 6.3 1.7 −4.2 −8.2 

Aschau mean 2.0 −7.9 −6.4 −2.9 1.8 6.3 9.8 11.6 10.8 7.4 2.3 −2.6 −6.7  
3rdquart 3.2 −6.4 −4.3 −0.7 3.3 8.0 11.3 13.1 12.0 9.0 3.5 −0.9 −4.9  
max 5.6 −2.6 −1.5 2.4 6.1 10.1 14.4 16.9 15.5 11.4 7.4 2.7 −1.5  

min 5.9 −7.8 −9.6 −1.8 3.9 7.1 12.0 14.4 13.6 9.9 4.0 −0.3 −5.7  
1stquart 6.8 −3.5 −2.5 1.1 6.2 10.7 14.4 15.9 15.3 12.2 6.9 1.8 −2.5 

Kreisbach mean 7.4 −2.5 −0.9 2.6 7.2 11.7 15.3 17.0 16.2 12.8 7.8 2.8 −1.2  
3rdquart 7.8 −1.2 1.1 4.3 8.2 12.6 15.8 18.0 16.9 13.5 8.7 3.7 0.1  
max 9.5 2.5 3.5 6.2 10.6 14.9 19.3 21.0 19.8 15.0 11.3 6.5 2.6  

min 5.6 −7.6 −9.7 −1.9 4.2 7.1 12.2 14.0 13.8 9.5 3.6 −0.4 −6.0  
1stquart 6.8 −3.7 −2.6 1.1 6.3 10.7 14.5 16.2 15.3 12.2 6.9 1.7 −2.4 

Maissau mean 7.4 −2.5 −1.0 2.5 7.2 11.7 15.2 17.0 16.2 12.8 7.7 2.8 −1.3  
3rdquart 7.8 −1.3 1.2 4.2 8.1 12.6 16.0 17.8 17.0 13.5 8.5 3.7 0.0  
max 9.3 2.4 3.6 6.0 10.5 14.6 18.8 20.9 20.5 14.9 11.2 6.3 2.5  

min −3.5 −17.4 −16.6 −8.5 −2.4 1.4 5.5 7.1 6.8 2.8 −1.4 −5.1 −14.5  
1stquart 4.4 −5.7 −4.6 −1.3 3.9 8.2 12.0 13.8 13.4 9.9 5.1 −0.7 −4.6 

Nassereith mean 5.5 −4.4 −2.9 0.6 5.3 9.7 13.3 15.1 14.3 10.9 5.8 0.9 −3.2  
3rdquart 6.3 −3.2 −0.9 2.8 6.7 11.4 14.8 16.6 15.3 12.2 6.9 2.6 −1.4  
max 10.0 1.8 2.9 6.8 10.0 13.9 18.8 21.0 19.6 15.3 11.3 7.1 2.6 

Table 3 
Summary statistics of the total annual (year) and the total monthly precipitation (Jan–Dec) at the study sites in mm units during 1950–2017 in terms of the minimum 
(min), 1st quartile (1st quart), mean, 3rd quartile (3rd quart), and maximum (max).                   

year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec   

min 750 3 6 8 6 10 67 49 74 33 1 0 8  
1stquart 1003 33 23 37 50 75 112 124 112 69 38 40 38 

Aschau mean 1072 63 50 62 71 101 138 153 142 92 71 65 63  
3rdquart 1135 88 66 82 92 122 161 175 163 112 94 87 79  
max 1464 180 167 176 130 202 259 323 260 181 200 211 193  

min 559 6 4 12 3 23 24 28 36 11 1 0 5  
1stquart 742 28 24 34 36 57 69 72 67 44 30 36 35 

Kreisbach mean 812 44 42 54 58 86 103 108 94 70 52 53 48  
3rdquart 888 58 54 68 75 105 128 134 114 84 73 68 57  
max 1170 118 120 138 159 242 312 254 255 212 154 115 100  

min 359 2 1 6 1 12 22 16 13 3 1 1 5  
1stquart 495 15 13 19 20 46 50 51 41 28 17 23 18 

Maissau mean 551 26 25 34 40 65 78 74 66 46 34 36 29  
3rdquart 603 34 37 46 55 80 96 89 79 56 45 44 39  
max 774 59 72 102 99 142 164 167 221 136 102 90 81  

min 760 4 9 10 7 11 60 48 42 28 1 0 5  
1stquart 961 37 27 37 49 71 113 115 107 64 38 43 36 

Nassereith mean 1038 58 50 59 70 99 130 142 141 92 68 67 61  
3rdquart 1105 79 63 74 94 126 146 159 161 119 95 87 75  
max 1362 168 170 172 137 185 229 242 236 193 161 157 148 
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=R
1 2 1

1 2 1

1 2 1
2

being a matrix reflecting the second-order neighborhood structure. In 
R-INLA, the precision parameter 2 was represented as = log( )2 2 , and 
a diffuse log-gamma prior was defined on 2. Please note that only a 
single prior was required for the simultaneous smoothing of the ap-
prox. 30 tree-ring width series per sample plot. 

Similar to Nothdurft and Vospernik (2018) and Nothdurft and Engel 
(2020), it was assumed that the effects of the monthly climate variables 
were inter-correlated. This was modeled with first-order random walks 
(RW1) for the coefficients ,k k, and k across the l lags and Gaussian 
i.i.d. assumptions for their increments between two consecutive lags 

=
=
=

= …

N
N
N

k l

~ (0, ),
~ (0, ),
~ (0, ),

2, , .

k k k

k k k

k k k

1 3
1

1 4
1

1 5
1

The density of the l 1 increments followed a multivariate Gaussian 
distribution, and for example it was 

{ }Q( | ) exp 1
2

l T
3 3

( 1)/2
3

in case of the k coefficients. The precision matrix of , , and reads as 
=Q Rr r r with r {3, 4, 5} where 

= = =R R R R
1 1

1 1

1 1
andr 3 4 5

is the constant matrix reflecting the first-order neighborhood structure. 
Diffuse log-gamma priors were defined on the representations 

= =log( ), log( )3 3 4 4 , and = log( )5 5 of the precision parameters 
,3 4, and 5. 

By using the R-INLA defaults, the RW1 components were con-
strained to a sum-to-zero assumption. In this context, it was helpful to 
rescale the monthly climate measures. For this purpose, long-term 
monthly averages of both climate variables were calculated for the 
period 1971–2000. Consequently, the actual monthly temperatures 
were centered to the respective long-term monthly temperatures, and 
the monthly precipitation amounts were standardized by the respective 
long-term monthly precipitation values. Various candidate models were 
fitted that differed in their maximum number of lags l. 

Because the sum-to-zero constraints were also applied to the RW2 
smooths f (Age )i i , it was further necessary to introduce u N~ (0, )i 6

1 , an 
independent Gaussian random intercept for each tree. Its precision 
parameter was represented as = log( )6 6 , for which a log-gamma prior 
was used. Finally, R-INLA internally added a tiny amount of extra 
noise 1 to the linear predictor to avoid the situation where the joint 
distribution of became singular. 

Computations were performed in R (R Core Team, 2020) by using 
the R-INLA package (Lindgren and Rue, 2015). A short overview of the 
methodological fundamentals, further information on the program 
settings, and references to the seminal subject literature can be seen in 
the electronic supplementary material. 

2.5. Excursion sets with uncertainty quantification for climate effects 

Special effort was made for the quantification of uncertainty in the 
posterior estimates of the , , and parameters, which were modeled 
with RW1 priors across the l lags. The goal was to test at which of the l 
lags these parameters were different from zero. Vice versa, the interest 
lay in testing the null hypotheses 

=
=
=
…

H
H
H

k l

: 0,
: 0,
: 0,

{1, , },

k

k

k

0
( )

0
( )

0
( )

Table 4 
Summary characteristics of the sample trees.                          

No. of obs. age DBH (cm) height (m) 

site mixture species trees mean sd min max mean sd min max mean sd min max mean sd min max  

Aschau la–sp mixed larch 28 101 14.8 75 130 101 15 75 130 40.0 12.1 8.4 58.7 30.6 5.3 9.3 35.9  
mixed spruce 31 77 16.4 44 117 77 16 44 117 35.9 10.3 17.3 65.2 22.2 4.5 12.0 31.8  
pure larch 30 122 18.1 82 160 122 17 96 160 39.6 10.3 13.4 63.4 26.7 4.3 15.3 34.4  
pure spruce 28 71 7.2 56 92 71 7 56 92 41.9 8.7 28.9 64.2 26.8 3.0 20.2 32.5 

Kreisbach be–la mixed beech 32 79 4.1 71 89 79 4 71 89 39.6 10.3 16.9 63.3 34.7 3.9 22.4 39.3  
mixed larch 29 78 3.6 69 86 78 4 68 86 41.7 7.1 29.4 54.0 36.3 3.2 29.8 41.6  
pure beech 30 71 7.5 41 77 71 7 41 77 35.8 8.2 15.2 46.4 33.3 4.0 19.5 37.3  
pure larch 30 67 1.9 61 70 67 2 61 70 33.6 3.6 25.8 40.7 29.4 2.0 24.8 33.0 

Kreisbach be–sp mixed beech 32 68 4.2 50 73 68 4 50 73 35.9 9.1 15.4 54.4 29.8 3.1 20.9 33.8  
mixed spruce 28 64 4.7 53 70 64 5 53 70 35.5 7.4 21.8 54.2 30.6 2.2 25.2 35.3  
pure beech 30 72 5.8 46 82 72 6 46 82 32.1 6.0 18.9 43.6 31.8 1.8 26.4 35.0  
pure spruce 30 61 4.8 48 71 61 5 48 71 42.9 8.3 28.4 62.3 31.7 1.9 27.6 34.3 

Maissau 1 ok–pi mixed oak 29 55 13.0 41 81 56 13 41 81 22.6 8.9 9.4 38.4 19.2 3.9 8.4 25.1  
mixed pine 31 49 3.6 34 54 49 4 34 54 21.4 3.1 10.9 29.6 19.8 2.0 13.6 23.2  
pure oak 30 84 12.5 33 95 84 12 34 95 29.5 9.2 9.3 40.3 18.9 5.2 4.4 26.6  
pure pine 30 42 6.5 31 57 66 7 56 84 22.1 4.1 12.9 29.5 20.4 1.9 14.5 24.7 

Maissau 2 ok–pi mixed oak 29 87 15.0 67 111 87 15 67 111 28.2 10.1 9.4 48.0 18.7 4.7 5.8 24.9  
mixed pine 30 103 15.4 78 130 103 15 78 130 28.1 9.7 8.4 47.1 19.1 4.6 9.6 26.1  
pure oak 30 97 10.4 77 108 97 10 77 108 35.1 7.9 20.6 49.1 19.5 2.0 14.8 23.9  
pure pine 31 122 11.8 79 148 122 12 79 148 27.2 4.3 18.8 36.2 20.3 2.4 13.2 23.9 

Nassereith pi–sp mixed pine 32 122 3.4 108 127 122 3 108 127 47.5 5.6 35.8 58.3 30.6 3.5 22.8 37.0  
mixed spruce 30 105 15.7 72 126 105 16 72 126 38.6 9.2 22.8 53.1 28.8 5.0 20.3 38.4  
pure pine 30 58 3.0 51 64 58 3 51 64 28.1 4.8 15.4 36.1 19.3 1.7 15.0 22.8  
pure spruce 31 104 7.6 83 120 104 8 83 120 32.0 6.5 23.4 49.2 25.5 3.8 17.7 33.3 
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Fig. 2. WAIC of candidate models with different numbers of maximum lags in the climate-sensitive distributed lag model terms. Per each site, species, and mixture 
type, the absolute WAIC values were transformed to the percentage scale. That is, the model with the maximum WAIC represented 100%, and the model with the 
lowest WAIC represented 0%. 
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stating that all parameters across the entire set of lags had zero values 
throughout. In fact, if these tests would have been performed sequen-
tially, a total number of l tests for each of the three aforementioned 
parameters would have been necessary. Thus, analogous to the fre-
quentist perspective, a multiple testing problem was present. That made 
it necessary to consider a “family-wise” -error rate, which quantified 
the uncertainty of the corresponding H1-assumptions that the para-
meters were actually different from zero. 

To perform such tests for the parameters of the climate-sensitive 
distributed lag model, I used the methods that were implemented in the 
R package brinla (Faraway et al., 2020). The computations in brinla 
work on the latent Gaussian field and use parametric assumptions for 
the excursion sets in combination with sequential importance sampling 
for the joint probabilities; see Bolin and Lindgren (2015) for further 
details. The brinla package offers five different methods for the 
handling of the latent Gaussian structure, of which I used the “nu-
merical integration with quantile correction” method (NIQC). 

2.6. Prognoses with Bayesian predictive functions 

To examine whether a long-term climate related growth trend ex-
isted, Bayesian predictions were made with a posterior predictive 
function. In this predictive function, only a subset of the linear pre-
dictor (Eq. 1) was used that comprised the three climate-sensitive terms 
of the distributed lag model, but that omitted the RW2 smooth com-
ponent f (Age )i i and the tree-level zero-mean Gaussian offset ui. Pre-
dictions with R-INLA do not need a posterior predictive simulation, 
such as with traditional MCMC-based approaches. They were achieved 
as part of the model fitting itself instead. 

Posterior uncertainty of the long-term climate-related predictions 
was assessed by using the highest posterior density (HPD) intervals. A 
HPD interval spans the region of values that contains 100(1 )% of the 
posterior probability. Simultaneously, the density within that region is 
never lower than outside. Consequently, the HPD interval is the shortest 
among all possible 100(1 )% intervals and represents the collection 
of most likely parameter values; for further details on HPD intervals, 
the reader is referred to standard textbooks on Bayesian data analysis, 
e.g., Gelman et al. (2004). 

Post-hoc linear models were used to assess whether climate-related 
long-term growth trends existed, and to compare whether the possible 
trends differed between both the pure- and mixed-stand scenario. Post- 
hoc F-tests were used to examine whether the climate-related fluctua-
tions of the Bayesian predictions in summary showed wider oscillations 
under the pure-stand scenario than under the mixed-stand scenario. 

3. Results 

3.1. Maximum number of lags 

For each tree species and mixture type per site, candidate models 
were fitted that differed in their maximum number of lags l of the cli-
mate sensitive terms in the linear predictor (Eq. 1). More precisely, 
models were tested that had a maximum number of lags corresponding 
to all integers within the sequence from 5 to 65 lags. According to the 
recommendation in Gelman et al. (2014), I preferred the Watanabe 
Akaike information criterion (WAIC) (Watanabe, 2010) against the 
deviance information criterion (DIC) (Spiegelhalter et al., 2002) when I 
compared the performance of the different models. 

To achieve a clear presentation and an easy comparison, the WAICs 
of the models were transformed to the percentage scale. In so doing, the 
model with the lowest absolute WAIC represented a relative WAIC of 
0% and the model with the highest absolute WAIC had a relative WAIC 
of 100% (Fig. 2). It became obvious that the WAIC sharply decreased 
with an increasing number of considered lags. However, under further 
model extensions beyond approximately 36 lags, the decreases in WAIC 
became relatively small, and the WAIC reached nearly a steady level. 

Such behavior was similar across all sites, species, and mixture types. 
Thus, the decrease occurred equally rapidly for any of the examined 
species or mixture types. In consequence, final models were re-fitted 
having a constant maximum number of =l 36 lags and by using the 
simplified Laplace approximation strategy, instead of a Gaussian ap-
proximation. That means, throughout all sites, species, and mixture 
types, monthly climate measures were considered at earliest for Oc-
tober three years prior to the current season, in which a tree-ring was 
built. Inference on the posterior of the hyperparameters and the latent 
field was only derived from these final models having =l 36. 

3.2. Hyperparameters 

Summary statistics of the posterior densities for the gamma dis-
persion parameter and the precision parameters 2 – 6 are reported in 
Tables S1–S3 in the electronic supplementary material. This informa-
tion could also guide others in their choices of appropriate priors. 

Whereas, 6 was a tree-level offset random parameter and accounted 
for the inter-tree variance among the tree-ring width times series, 2
determined the roughness of the RW2 smooths and represented the 
intra-tree variance of the series. In 13 out of a total of 20 cases 
(models), the posterior mean of precision parameter 6 was higher than 
the posterior mean of precision parameter 2. That means the within- 
tree increment variance ( 2

1) was in most cases higher than the be-
tween-tree intercept variance ( 6

1). 
In the climate-sensitive distributed model terms, 3 determined the 

precision of the RW1 smooth for the time-lagged temperature effects, 4
determined that for the precipitation effects, and 5 determined that for 
the interaction between both monthly climate measures. In all cases, 
the posterior mean of the precision parameter 3 was higher than the 
posterior mean of 4. From this it follows that the effects of deviations 
from long-term monthly average temperatures had a lower variance 
across the lags than the time-lagged precipitation effects. In 7 out of 20 
cases, the posterior mean of the precision parameter 5 was higher than 
the posterior mean of 3, which means that in most cases the RW1 
smooth for the time-lagged effects of temperature deviations reflected a 
higher variance than that for the climate interaction effects. Evidence 
was lacking that this happened more frequently at lower or higher 
elevation sites, or for coniferous or deciduous tree species, or in pure or 
mixed stands. 

3.3. Detrending 

It was examined whether the detrending with f (Age )i i was not too 
wiggly on the one hand but flexible enough to consider medium-term 
oscillations on the other hand. For this purpose, the posterior mean and 
95% credible intervals were derived from the marginal predictive dis-
tribution based on a subset linear predictor that contained only the tree- 
level offset ui and the RW2 smooth component f (Age )i i . Comparisons of 
the smooths with the observations (see Figs. S1–S24 in the electronic 
supplementary material) showed that the flexibility of the former was 
appropriate throughout. 

3.4. Climate effects 

The posterior estimates of the effects of the monthly climate vari-
ables considered by the distributed lag model terms were presented in  
Fig. 3. The posterior mean of the climate effects was indicated by line 
plots across the lag sequence. When reading the plots from left to right, 
the lines start at the first lag ( =l 1) for the most recent month, and they 
end at the last lag ( =l 36) for the earliest month in the past. Credible 
intervals and family-wise hypothesis tests for excursion sets were used 
to evaluate the significance of the effects of monthly climate variables 
in the distributed lag model terms. 

Larch in Aschau. Higher temperatures in the current year’s early 
summer and spring had positive effects. Warm temperatures during the 
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Fig. 3. Effect curves (posterior mean) for the monthly climate variables modeled with first-order random walk priors across the lags (solid lines), 90% credible 
intervals (shaded areas), and significant effects under family-wise = 0.05 (solid circles) and = 0.1 (empty circles) error rates. 
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late summer and autumn of the preceding year had negative effects. 
Two years back, warm autumn temperatures were favorable, but a 
warm summer was unfavorable. Meanwhile, higher precipitation 
during the current as well as the past growing seasons had negative 
effects, and higher precipitation during the springs and winters was 
positive. The interaction effect of higher temperature and higher pre-
cipitation was negative for the summer, but it was positive for the last 
autumn. Monthly climate measures during the spring two years ago had 
a positive interaction effect. The patterns of the climate effects were 
similar under the pure and mixed scenario, but their magnitude was 
slightly stronger under the former. 

Spruce in Aschau. Higher temperatures during the current growing 
season had positive effects throughout, but higher summer tempera-
tures in the past growing seasons had negative effects. Such as for larch, 
higher precipitation during the current as well as the past growing 
seasons was unfavorable, but higher precipitation during the current as 
well as the past spring and winter periods had positive effects. The 
interaction effect of high temperature and precipitation in the current 
growing season was negative, and it was positive for the past growing 
seasons. The climate effects were similar between both mixture sce-
narios, but they were slightly stronger in the pure stand. 

Beech in Kreisbach (beech–larch triplet). Higher temperatures in 
the current growing season had negative effects throughout. A warm 
spring and warm summer in the preceding year as well as a warm late 
summer two years back had positive effects. Higher precipitation during 
the spring in the preceding year and two years before were favorable. A 
strong positive interaction effect existed between warmer temperatures 
and higher precipitation for the current growing season. That means, a 
hot and dry climate during the current growing season was unfavorable, 
but hot temperatures associated with high precipitation provided fa-
vorable growth conditions. The climate effects were similar under both 
mixture scenarios, but they were stronger in the pure stands. 

Larch in Kreisbach (beech–larch triplet). A warm winter temperature 
was counterproductive. However, the effects of the other average monthly 
temperatures were undifferentiated. The role of precipitation was also less 
relevant. A slightly positive interaction existed between warmer tempera-
tures and higher precipitation amounts in the current early summer. The 
temperature effects were more clear under the mixed-stand scenario, but the 
interaction effects were more relevant in the pure stand. 

Beech in Kreisbach (beech–spruce triplet). All three RW1 climate 
effect curves for the beech trees from the beech–spruce triplet plots 
were similar to those from the beech–larch triplet plots. 

Fig. 3.  (continued)  
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Fig. 4. Bayesian predictions and 95% highest posterior density intervals for past climate-sequences achieved with the distributed lag model terms of the linear 
predictor. Post-hoc linear models for long-term growth trends (dashed lines). 
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Spruce in Kreisbach (beech–spruce triplet). High temperatures 
during the current growing season had negative effects, but those of the 
preceding growing season had positive effects. While higher precipita-
tion in the current as well as the preceding growing season was fa-
vorable, higher late winter precipitation, especially of the preceding 
year, was unfavorable. Warm temperatures and high precipitations had 
positive interaction effects during the current growing season and ne-
gative effects during the summer months of the preceding season. The 
temperature as well as interaction effects were less significant under the 
mixed-stand scenario. 

Oak in Maissau. Warm temperatures in the current year’s late 
spring and early summer had negative effects. Under the pure-stand 
scenario, warm spring temperatures during the preceding growing 
season likewise had negative effects. Warmer winter temperatures two 
years back had positive effects. Higher precipitation during the growing 
seasons was always favorable, but higher precipitation during the 
winter two years ago had negative effects. A positive interaction existed 
between higher temperatures and precipitation during the current and 
the preceding spring; this was especially observed for the pure-stand 
scenario. That means, a hot climate during the growing season was 
favorable if precipitation was high; otherwise hot temperatures were 
unfavorable. 

Pine in Maissau. A hot climate in the current growing season had 
strong negative effects, such as the mild mid-winter temperatures had. 
However, warmer summer temperatures two years back had positive 
effects. Higher precipitation was beneficial during a longer period in 
the current year reaching from February until the end of summer, and 
likewise for last year’s early spring and mid-summer, and for the mid- 
summer two years ago. Higher precipitation had negative effects during 
the preceding autumn and the mid-winter periods of the last two years. 
Temperature and precipitation showed strong positive interaction ef-
fects during the current year’s growing season. Hence, a hot and dry 
climate during the current growing season was counterproductive, but 
warmer temperatures in conjunction with a higher precipitation were 
beneficial. In summary, climate effects were stronger under the pure 
than the mixed-stand scenario. 

Pine in Nassereith. In the pure stand, temperature effects were 
mostly insignificant, but in the mixed stand warmer spring tempera-
tures had positive effects. Higher precipitation had positive effects 
during the summer two years ago, and in the same year’s spring it was 
unfavorable in the mixed stand. Interaction effects were less relevant 
for the mixed stand. A warm and humid climate in spring was favorable 
for the pure stand, but it was unfavorable during the preceding growing 
season. 

Spruce in Nassereith. Higher winter temperatures during the last 
winter had negative effects, but these had positive effects two years 
ago. Higher precipitation during the current and the preceding growing 
season increased the single tree productivity rates. However, higher 
precipitation during the early spring of the last two years had negative 
effects. Higher temperatures and precipitation showed strong negative 
interaction effects for the winter time two years ago. Stronger positive 
interaction effects occurred during late summer two years ago. The 
climate effects under the pure-stand scenario were stronger throughout 
than under the mixed-stand scenario. 

3.5. Prognoses with predictive functions 

Bayesian predictions were made with posterior predictive functions 
to evaluate the climate-related long-term growth trends on the sample 
plots (Fig. 4). Summary statistics of the post hoc trend analysis with 
linear models and the diagnostics of the variance tests are reported in 
Table S4. 

For the larch trees in Aschau, the annual increment rates showed 
equally strong positive trends in both the pure and mixed-stand sce-
nario. The post hoc variance test revealed that single-tree productivity 
rates under the mixed-stand scenario had a lower climate-related 

sensitivity than that under the pure-stand scenario. The increment rates 
of spruce likewise showed a positive trend, with a steeper increase in 
the mixed-stand. The climate-related oscillations were wider in the pure 
spruce stand. 

On the beech–larch triplet plots, productivity of beech showed a 
slightly negative trend in the pure stand and a neutral trend (i.e., nei-
ther positive or negative) in the mixed stand. The climate-related os-
cillation was equally high under both mixture scenarios. The incre-
ments of larch did not show a significant trend, neither in the pure nor 
in the mixed stand. Climate-sensitivity of the larch increments was 
significantly lower in the mixed stand. 

On the beech–spruce triplet plots, productivity of beech had trends 
that were similar to the beech–larch triplet, slightly negative in the pure 
stand and neutral in the mixed stand. Climate-related oscillations of the 
Bayesian predictions were almost equally high under both mixture 
scenarios. Productivity of spruce on the beech–spruce triplet plots in 
Kreisbach had an equally strong negative trend in the pure and mixed 
stands. Climate-sensitivity was higher in the mixed stand. 

Productivity of oak did not show a significant long-term climate- 
related trend in Maissau, neither under the pure nor the mixed scenario. 
The climate-related oscillations were likewise similar under both sce-
narios. In contrast, productivity of the pine trees had a weak positive 
trend under both scenarios. The climate-related oscillations of the pine 
trees were similar under both mixture scenarios. 

Such as in Aschau, the pine trees also showed a positive long-term 
growth trend in both stands at the other Tyrolean site in Nassereith. The 
climate-related oscillations of the pine trees were significantly lower 
under the mixed-stand scenario. The productivity of the spruce trees in 
Nassereith also had a positive trend under both scenarios, and climate- 
sensitivity was likewise reduced by the species mixture. 

3.6. Key model results 

At the low elevation sites Kreisbach and Maissau, the annual radial 
stem increment of beech, oak, pine, and spruce was generally reduced 
by warmer temperatures during the current growing season. In con-
trast, the productivity of larch was relatively resistant against hot 
summer temperatures. At these low elevation sites, higher precipitation 
during the current growing was always favorable, and higher pre-
cipitations during the past growing seasons additionally had positive 
time-lagged effects. A hot and dry climate had a negative effect, in 
general. However, if warmer temperatures were associated with high 
precipitation the effect became clearly positive. The climate effects 
showed similar trends under both the pure- and mixed-stand scenario, 
but they were milder under the latter scenario. 

At both Alpine sites Aschau and Nassereith, warmer temperatures 
during the growing season had positive effects. These effects were 
stronger in Aschau than in Nassereith, as the elevation in Aschau was 
higher and the average climate was colder. The increment rates of larch 
also showed positive reactions to warmer temperatures during the 
growing season, but these were weaker than the reactions of spruce. 
Temperature was less relevant for pine in Nassereith. While the winter 
precipitation had positive effects for larch and spruce in Aschau, the 
precipitation during the growing seasons was more relevant for pine 
and spruce in Nassereith. These respective precipitation patterns also 
had strong positive time-lagged effects. The interaction between a 
higher temperature and higher precipitation during the past growing 
season was generally positive on both sites. However, the interaction 
effect was negative during the preceding year for the pine trees in 
Nassereith, and it was also negative during the current growing season 
for spruce in Aschau. 

The coniferous tree species larch, pine, and spruce showed positive 
trends at the high elevation sites in Aschau and Nassereith, irrespective 
of the pure/mixed-stand scenario. In addition, the presence of a species 
mixture lowered the climate-related increment oscillations of larch and 
pine at these sites. At the lower elevation sites in Kreisbach, spruce 
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showed severe negative growth trends under both scenarios, and beech 
showed only a (milder) negative growth trend in the pure stand. While 
the productivity of oak and larch remained constant on the lower ele-
vation sites in Maissau and Kreisbach, pine may have even benefited 
from the climate changes in the past. The latter trends remained nearly 
unaffected by a mixture situation. At the lower elevation sites, the 
presence of a species mixture reduced the climate-related increment 
oscillations of larch and enhanced the oscillations of spruce. The cli-
mate-sensitivity of beech and pine was not influenced by a species 
mixture on these sites. 

3.7. Diagnostics of the Bayesian predictions and residuals 

Line plots for the time-series of the Bayesian predictions and the 
observations per tree showed that the Bayesian hierarchical models 
provided a good fit to the data throughout; see Figs. S25–S48 in the 
electronic supplementary material. The models were obviously able to 
represent the medium-term oscillations considered by the RW2 smooths 
as well as the short-term fluctuations modeled with the climate-sensi-
tive distributed lag model. Scatter plots of the Bayesian predictions 
versus the observations (Fig. S49 in the electronic supplementary ma-
terial) showed that the points were independently and closely dis-
tributed around the reference lines with zero intercepts and slopes of 
one. In summary, the models were regarded as well specified and 
provided proper fits to the data. 

4. Discussion 

4.1. Empirical findings 

The detected climate effects at higher elevation sites were similar to 
those reported in Nothdurft and Vospernik (2018), in that growth at 
these sites is constrained by thermal limitations during the growing 
season (Körner, 1998), and in that winter precipitation in the form of 
snowfall is relevant (Oberhuber, 2004) as it builds a snow pack that 
serves as a water reservoir and functions as a protection layer. Such as 
formerly presented in Nothdurft and Vospernik (2018), I also observed a 
positive long-term growth trend at these higher elevation sites. By using 
other data, I could confirm this trend especially for spruce, and I could 
show that this trend is also present for larch and pine. It is a novel finding 
that these trends obviously remain unaffected by a mixture scenario. 

By using a different inferential framework, I could confirm the 
findings in Nothdurft and Engel (2020) for the lower elevation sites, in 
that hot temperatures during the current growing season lower the 
productivity, and in that precipitation during the growing season is ra-
ther favorable. However, larch trees obviously behave differently. The 
increment rates of spruce particularly show a strong negative climate- 
related growth trend, which is not changed by the admixture of beech. 
This seems contrary to the findings in Pretzsch et al. (2014) of a general 
positive growth trend throughout Central European forest ecosystems. 
However, I assume that hidden climate-related increment losses (Hartl- 
Meier et al., 2014) could have already existed in the past but they were 
so far overcompensated by a higher nitrogen supply (Braun et al., 2017). 

For the lower elevation sites, I also found that beech showed a ne-
gative growth trend in the pure stand, but in coexistence with spruce or 
larch, the trend diminished. This is certainly because the strong com-
petitive intra-species stress of beech is reduced through the admixture of 
other tree species (Pretzsch et al., 2010) and is especially evoked by 
modified crown allometries (Dieler and Pretzsch, 2013; Pretzsch, 2014). 

Simultaneously, I could not find negative growth trends for larch and 
oak on the lower elevation sample plots, and even a positive trend was 
observed for pine. Furthermore, none of these latter phenomena were 
obviously changed by a mixture scenario. The high drought-stress toler-
ance of oak mainly results from manifold ecophysiological mechanisms, 
among them a sustained stomatal conductance under low water potentials 
(Bahari et al., 1985), a fine-root biomass productivity that is insensitive to 

drought (Leuschner et al., 2001), and dynamic adaptations through a re-
duction of leaf/root ratios and via the production of second flushes and 
buds (Thomas, 2000). The distinct drought tolerance of pine relies on the 
wax-lined epidermis structure and the enhanced stomata control of the 
needles (Krakau et al., 2013). Because of the aforementioned physiological 
characteristics and the empirical evidence for their stationary growth 
patterns, oak and pine are broadly termed as being well-adapted to future 
climate changes that will be very likely associated with an increased se-
verity and a longer duration of drought periods. Furthermore, the mixture 
of both species of oak and pine obviously does not change their suitability, 
because complementary effects occur through reduced competition and 
facilitation (Ammer, 2019). The constant productivity rates of larch are 
likewise manifested by a high resistance against dehydration, which has 
been confirmed in experiments (Plesa et al., 2018). The high water-use 
efficiency of larch has an epigenetic foundation (Zhang and Marshall, 
1994), which also determines memory (carry-over) effects in terms of an 
invariable spring phenology (Gömöry et al., 2015). 

In conformance with prior results in Nothdurft and Engel (2020), I 
found that the mixture can reduce climate-related increment fluctua-
tions (Pretzsch et al., 2013; Metz et al., 2016), but not for beech, spruce, 
oak, and pine growing at lower elevation sites. Even higher increment 
fluctuations in mixed oak–pine stands were indicated by others (Merlin 
et al., 2015; Toïgo et al., 2015; Bonal et al., 2017), and higher incre-
ment oscillations of spruce in mixed stands were formerly suggested in  
Dănescu et al. (2018). 

4.2. Methodology 

Thus far, hierarchical Bayes models have been also introduced to 
dendrochronological analyses in other studies (Foster et al., 2016; Itter 
et al., 2017; Itter et al., 2019). However, the utilization of INLA is novel. 
The construction of the hierarchical Bayes models with R-INLA was 
straightforward. A sparse model formulation was achieved that re-
quired only a total number of six hyperparameters. The novel Bayesian 
framework provides a sound technique for uncertainty assessment from 
the marginal posteriors, including credible intervals, HPD intervals, and 
family-wise hypothesis tests on excursion sets. The computations with 
R-INLA were fast and required, on average and per model, 30 min with 
the simplified Laplace approximations and only 4 min with the Gaus-
sian approximations when using a modern standard desktop computer. 

In my hierarchical Bayesian approach, the climate sensitive terms of 
the distributed lag model were formulated as a linear model. This was 
much simpler but also less flexible than in my formerly applied GAM 
approaches (Nothdurft and Vospernik, 2018; Nothdurft and Engel, 
2020) that were based on penalized regression splines. In fact, I also 
made some trials with B-spline basis functions and two-dimensional 
random-walk priors in R-INLA. However, model fitting became com-
putationally demanding, prediction was no longer straightforward, and 
the effect curves were often implausible. 

The simultaneous modeling of the ring-width increments from both 
the pure and the mixed stand data was tested. The idea was to consider 
the differences in the distributed lag models by extra priors for random 
walks that should have acted as offset terms. However, such simulta-
neous modeling was computationally not feasible. 

Another initial idea was to use the Bayesian model framework for 
the explicit exploration of an optimum number of lags. However, the 
number of effective parameters, which is used as penalty in the WAIC to 
adjust for overfitting, did not change much for different l, the maximum 
number of lags. Hence, the WAIC curves in Fig. 2 showed a con-
tinuously declining trend, and the choice of a constant l for all models 
was guided rather by heuristics than by a statistical hypothesis test. 

5. Conclusions 

In summary, I was able to verify my initially formulated hypothesis, 
in that climate-related growth trends at lower and higher elevation sites 
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generally had opposite signs, with clear positive trends at the high 
elevation sites. Furthermore, the climate-related productivity rates of 
the drought tolerant species larch, oak, and pine actually behaved 
stationary at the lower elevation sites, such as was initially expected. I 
must generally reject my hypothesis that a mixed-species neighborhood 
weakens the growth trends, as this occurred only for the growth trend 
of beech at the lower elevation sites. Finally, evidence is lacking that 
species mixing generally lowers the climate-related increment fluctua-
tions. In fact, species mixing did not change the increment fluctuations 
of beech, oak, and pine, and it even increased those of spruce at lower 
elevation sites, in particular. 

Consequently, oak, pine, and larch can be considered as well 
adapted to future climate changes on lower elevation sites in Austria. 
These tree species will certainly provide an unchanged productivity 
level under such circumstances. However, severe increment losses are 
rather expected for spruce at the lower elevation sites, and cultivation 
in mixed-stands with beech will not hinder the expected productivity 
decreases of spruce. The admixture of beech is even unfavorable for 
spruce and would increase the climate-related increment fluctuations of 
the latter tree species. 

Vice versa and as seen from a different perspective, the cultivation 
of spruce as an admixture to beech could have positive effects because it 
will buffer the productivity losses, which would otherwise occur in pure 
beech stands. Hence, the cultivation of mixed beech–spruce stands is 
recommended in place of pure beech or pure spruce stands, but sig-
nificant benefits can be expected only for the beech trees. The ad-
mixture of larch to beech stands would have a similar effect. However, 
silvicultural management of mixed beech–larch stands is more com-
plicated than the management of mixed beech–spruce stands is, as both 
species of the former mixture type have a completely different light 
demand. Spruce, larch, and pine will certainly show further increased 
productivity levels in future periods on alpine sites, and the expected 
gains will not be changed when these species are cultivated in a joint 
mixture type. 

Thanks to R-INLA, the implementation of the hierarchical Bayes 
models is straightforward and these models can be easily used to build 
modern statistical forest growth models. The novel methodology offers 
versatile techniques for uncertainty assessments that can be also ap-
plied to complex model formulations and to challenging test problems 
in the context of other climate change impact studies. 
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