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Abstract 34 

Forest growth and biomass response to environmental change depends upon climatic, 35 

but also upon interactions with biotic drivers, such as insect outbreak activity. In this study we 36 

use tree-rings along a temperature gradient to assess the relative importance of climate versus 37 

altered larch budmoth (Zeiraphera diniana) outbreak cycles for forest biomass accumulation at 38 

high elevations. 39 

We established climate-growth relationships and performed outbreak-growth response 40 

analysis for >500 individuals from host (Larix decidua) and non-host trees (Picea abies) at 41 

different elevations (from 1300 to 2200 m a.s.l.) in the Swiss Alps. We quantified outbreak-42 

induced reductions of absolute biomass increment and modelled effects of the recent absence 43 

of outbreaks. 44 

Our results reveal that average outbreaks reduced biomass accumulation by 1130 kg ha-45 

1 y-1 during the four years after the event, having an equal or even greater impact on carbon 46 

sequestration than climate. Recent growth increases previously observed at the study sites are 47 

largely attributable to the outbreaks absence since 1981, suggesting that regular outbreaks have 48 

hampered host-trees from realising their growth potential for centuries. 49 

The presented impact analysis quantifies the importance of non-lethal insect activity on 50 

forest biomass dynamics, revealing the relevance of including such biotic drivers and their 51 

interactions with climate in models assessing the future productivity and carbon sink capacity 52 

of forests. 53 

Highlights 54 

 High-elevation forest growth responds to climate and insect outbreak activity. 55 

 Biomass reconstructed with tree-rings aids in quantifying insect outbreak impact. 56 

 Outbreaks can reduce forest biomass accumulation by 1130 kg ha-1 y-1. 57 

 Recent outbreak absence explains current growth increase better than climate alone.  58 
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1. Introduction 59 

Forest ecosystems are essential in regulating earth-atmosphere fluxes. By capturing on 60 

average ≈30 % of anthropogenic CO2 emissions within woody biomass, forests play a key role 61 

in dampening global warming (Friedlingstein et al., 2010; Pan et al., 2011). Hence, it is of great 62 

interest to know how climate change will affect the distribution, composition, and productivity 63 

of forest ecosystems and consequently their carbon storage capacity (Frank et al., 2010; 64 

Kirtman et al., 2013; Reitalu et al., 2013).  65 

Forest inventory data, satellite imaging, and model simulations often show non-66 

consistent patterns of forest net primary productivity and biomass responses to climate change 67 

(Fang et al., 2001; Nemani et al., 2003; Etzold et al., 2014; Wu et al., 2014). Some of this 68 

uncertainty is caused by challenges in adequately incorporating various drivers affecting forest 69 

productivity, including: management practises, forest age and structure (Lindner et al., 2010; 70 

Nabuurs et al., 2013; Pretzsch et al., 2014), nutrient and CO2 fertilization (Hyvönen et al., 71 

2007), wind throws and wildfires (Seidl et al., 2011; Trotsiuk et al., 2016), and insect activity 72 

(Hicke et al., 2012; Klapwijk et al., 2013). This array of physiological, ecological, 73 

biogeographical, and environmental controls on tree growth generates uncertainty in predicting 74 

the future role of European forests as a carbon sink (Ciais et al., 2008; Nabuurs et al., 2013). 75 

Tree-ring investigations in European forests at high elevations have shown an increase 76 

in tree growth in the recent decades (Rolland et al., 1998; Büntgen et al., 2008). As tree growth 77 

at these locations is mainly limited by temperature (Büntgen et al., 2007; Babst et al., 2013), 78 

growth increases have usually been attributed to more favourable growing conditions due to the 79 

recent warming. Yet, detailed observations performed on high-elevation forests indicate that 80 

growth of Larix decidua trees has increased more than other species such as Picea abies (King 81 

et al., 2013a, b), questioning whether climate alone is responsible.  82 

The larch budmoth (Zeiraphera diniana Guénée) outbreaks play an important role in 83 

reducing growth of the host L. decidua across the European Alps (Baltensweiler et al., 2008; 84 

Konter et al., 2015). This insect has an annual life cycle, with its larvae hatching in spring and 85 

feeding on the new flushes of needles as well as producing masses of webbing, causing severe 86 

defoliation of its host up to 3 years after an outbreak (Baltensweiler and Rubli, 1999; 87 

Baltensweiler et al., 2008). The outbreaks occurred in more or less regular 9-year cycles over 88 

the past millennium, although they have not been observed after the 1980s (Esper et al., 2007; 89 

Büntgen et al., 2009). This change in outbreak regime has been attributed to changes in forest 90 
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structure and species composition (Battipaglia et al., 2014), changes in nitrogen, water, starch 91 

and sugar content of foliage (Turchin et al., 2003; Asshoff and Hättenschwiler, 2006), but also 92 

to increasing winter temperature (Kress et al., 2009; Johnson et al., 2010; Iyengar et al., 2016). 93 

This raises the question whether changing insect activity competes with the direct physiological 94 

effects of warming as a possible explanatory factor for the recent growth increase of L. decidua.  95 

To assess future productivity of high-elevation forests, we analyse; i) the relative 96 

contribution of climatic and biotic drivers on tree growth and ii) the absolute impact of larch 97 

budmoth outbreaks on aboveground biomass accumulation. To understand the interaction 98 

between climatic and biotic drivers, we take advantage of the well documented outbreak history 99 

(cf. Esper et al., 2007) and the potential for reconstructing aboveground biomass dynamics with 100 

tree rings (cf. Babst et al., 2014a). We sampled co-occurring populations of budmoth hosts (L. 101 

decidua) and non-hosts (Picea abies) species along a steep elevational gradient, which show 102 

different climate sensitivities (cf. Moser et al., 2010; King et al., 2013b). This dataset allows us 103 

to disentangle growth responses caused by insect outbreaks and climate variation. We assessed 104 

climate-growth relationships and performed outbreak-growth response analysis to model their 105 

impact and importance. The quantification of the relative contribution of climate and insect 106 

activity on biomass accumulation offers a unique opportunity to improve our understanding on 107 

the future fate of high-elevation forest productivity. 108 

2. Materials and methods 109 

2.1. Study area and sampling design 110 

 Our study was conducted in the central Swiss Alps (Lötschental, 46°23′40″N 111 

7°45′35″E; Fig. 1a), where the occurrence of budmoth outbreaks (≈9-year cycles; as explained 112 

by Turchin et al., 2003) has been documented over the past millennium until 1981 (Esper et al., 113 

2007; Büntgen et al., 2009). The valley is characterised by steep slopes (>60 %) and covered 114 

by coniferous forests comprised of Larix decidua Mill. (the host species) and Picea abies (L.) 115 

Karst (hence referred to as Larix and Picea). The mean annual temperature in the valley bottom 116 

is approximately 5 °C and mean annual precipitation exceeds 800 mm, where the growing 117 

season temperature from 1975-2009 showed a significant positive trend of 0.6 °C per decade 118 

(data from MeteoSwiss surface observation network; cf. King et al., 2013b). The mean annual 119 

temperature difference between the tree line and valley bottom is ≈2.5 °C (measured at ≈1300 120 

and 2200 a.s.l. from 2008 until 2015). 121 
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 The study uses tree-ring measurements to construct a model of growth responses to both 122 

climate and larch budmoth outbreaks, and assess the development of biomass increment over 123 

time. For growth-response modelling, trees were randomly sampled at four elevations from the 124 

valley bottom to the upper tree-line along both the north- and south-facing slopes near the town 125 

of Ferden (Fig. 1; at ≈1300 m, 1600 m, 1900 m, and 2200 m a.s.l.). In addition, we established 126 

three circular fixed plots (17 m radius) positioned at comparable elevations to address 127 

aboveground biomass increment (ABI), on the south- (Fig. 1; near Blatten, representative for 128 

the conditions at S22) and north-facing slope (near N19 and N13). 129 

2.2. Tree sampling and ring-width measurements 130 

Between 2007 and 2014, we sampled 973 wood cores from 285 Larix and 228 Picea 131 

trees (Table 1). Along the two transects, trees larger than 10 cm diameter at breast height (DBH, 132 

1.3 m) were pseudo-randomly sampled (i.e. irrespective of size and social status). For each site, 133 

trees were selected along the same elevation and within a horizontal distance of approximately 134 

500 m from the research sites described in King et al., (2013a). For the fixed plots, all trees 135 

with a DBH greater than 5.6 cm, including dead trees and stumps, were measured in order to 136 

capture the population characteristics (Babst et al., 2014a; Nehrbass-Ahles et al., 2014). For 57 137 

% of the sampled trees we measured DBH and height (using a Vertex, Haglöf Sweden), while 138 

maximum bark thickness at breast height on two opposing sides of the stem was measured on 139 

24 % of the trees. 140 

We used increment borers (Haglöf Sweden) to collect approximately two radial cores 141 

per tree stem at breast height and perpendicular to the slope to avoid reaction wood. Standard 142 

dendrochronological techniques were used to prepare, measure (cf. Schweingruber, 1996; using 143 

either TSAP Rinntech Inc. or WinDENDRO Regent Instruments) and visually and statistically 144 

cross-date tree-ring width series collected from the transects and fixed plots (cf. Fig. S1; 145 

COFECHA Holmes, 1983).   146 
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2.3. Aboveground biomass assessment 147 

The annual ABI was calculated for the fixed plots by using species and region specific 148 

volume and mass allometric relationships, as applied by the Swiss national forest inventory 149 

(NFI data; Brassel and Lischke, 2001) and DBH-height and -bark thickness relationships 150 

established per elevation with measured data (Fig. S2). Aboveground wood volume was 151 

calculated according to allometric equations (Etzold et al., 2014) that were simplified based on 152 

Kaufmann (2001) to require only DBH and height as input variables (instead of the additional 153 

diameter at 7 m height) by summing stem (Vstem), branches (Vbranch) and twigs (Vtwig) volume: 154 

Larix 155 

𝑉𝑠𝑡𝑒𝑚 =  0.042 + 0.372 ∙ ℎ𝑒𝑖𝑔ℎ𝑡 ∙ 𝐷𝐵𝐻2 − 0.027 ∙ ℎ𝑒𝑖𝑔ℎ𝑡 ∙ 𝐷𝐵𝐻3          (1) 156 

𝑉𝑏𝑟𝑎𝑛𝑐ℎ = 𝑉𝑠𝑡𝑒𝑚 ∙ 𝑒(−1.934 − 0.017 ∙ 𝐷𝐵𝐻) (1⁄ + 𝑒(−1.934 −0.017 ∙ 𝐷𝐵𝐻))                (2) 157 

𝑉𝑡𝑤𝑖𝑔 =  𝑉𝑠𝑡𝑒𝑚 ∙ 𝑒(−4.940 + 0.062 ∙ 𝐷𝐵𝐻) (1⁄ + 𝑒(−4.940 + 0.062 ∙ 𝐷𝐵𝐻))                  (3) 158 

Picea  159 

𝑉𝑠𝑡𝑒𝑚 =  0.017 + 0.417 ∙ ℎ𝑒𝑖𝑔ℎ𝑡 ∙ 𝐷𝐵𝐻2 − 0.083 ∙ ℎ𝑒𝑖𝑔ℎ𝑡 ∙ 𝐷𝐵𝐻3         (4) 160 

𝑉𝑡𝑤𝑖𝑔 =  𝑉𝑠𝑡𝑒𝑚 ∙ 𝑒(−1.206 − 0.019 ∙ 𝐷𝐵𝐻) 1⁄ + 𝑒(−1.206 − 0.019 ∙ 𝐷𝐵𝐻)                      (5) 161 

Picea does not have an equation for branch volume, as the definition requires branches 162 

to be >7 cm in diameter, otherwise they are classified as twigs. DBH was reconstructed using 163 

the cumulative radial tree-ring increment following Bakker (2005), including pith-offset 164 

estimates using the curvature of the last ring (the concentric circles method, as described in 165 

Pirie et al., 2015). If the curvature was not visible, DBH excluding bark was used to estimate 166 

the missing distance. We used wood density values of 500 g/cm3 for larch and 390 g/cm3 for 167 

spruce to convert wood volume to biomass (Brändli, 2010). Plot level ABI was derived from 168 

the sum of tree-growth increment of all individuals in the fixed plot and scaled up to kg ha-1. 169 

For the analysis of the stand biomass accumulation and stand density developments we only 170 

considered the last ≈50 years of the reconstructed ABI, as we confirm no human intervention 171 

during this period. To address the absolute effect of outbreak absence we compared the mean 172 

ABI for the fixed plots over the periods 1961-1980 with outbreaks and 1990-2009 without 173 

outbreaks. We chose the 1990-2009 period to reduce the effect of the last budmoth outbreak of 174 

1981 on growth and compared it to a period of equal length. 175 
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2.4. Growth-response modelling 176 

We constructed elevation specific chronologies combining the north- and south-facing 177 

slope to perform growth-response modelling and disentangle the importance of climatic 178 

variables and budmoth outbreaks. We applied multiple detrending methods, including; regional 179 

curve standardization (RCS), basal area correction (BAC) and conservative detrending (CD), 180 

to verify that biases related to age/size removal were not artificially altering the tree-ring indices 181 

(Briffa and Melvin, 2011; Bowman et al., 2013; Peters et al., 2015; Groenendijk et al., 2015). 182 

Detrending was performed using the dplR package in R (Bunn, 2008; R software, version 183 

3.2.00, R development core team 2013).  184 

Due to prominent rapid increases in growth indices in RCS and BAC chronologies at 185 

1300 and 1600 m, which might be caused by replication changes of fast and slow-growing trees 186 

(Fig. S3), we decided to use the more conservative tree-specific detrending with linear or 187 

negative exponential curves (CD) to account for tree age/size effects and also correct for 188 

differences in growth level. A bi-weight robust mean chronology was constructed, including 189 

the stabilization of variance to minimize artefacts from changes in sample replication (Osborn 190 

et al., 1997; Frank et al., 2007). To further minimize the effect of possibly retained release 191 

effects and canopy dynamics on trends in tree-growth that might affect the climate-growth 192 

relationship in the CD time-series, we isolated the high-frequency signal of these chronologies 193 

by detrending the series with a cubic smoothing spline, with a 50 % frequency cut-off at 10 194 

years (henceforth spline-detrended; cf. Cook and Peters 1981). 195 

We constructed tree-ring chronologies with an average of 73 individuals per elevation 196 

and species (total of 513). Sample replication ranged from 35 to 118 individual trees and was 197 

greater at higher elevations (Table 1). We found strong common signals between individuals 198 

from the same species and elevation, with a mean inter-series correlation ranging from 0.49 to 199 

0.67. The final chronologies had at least 10 trees covering a period from 1850 till 2011 (Fig. 200 

S1).  201 
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2.4.1. Climate-growth response analysis 202 

Climatic datasets were obtained by interpolating daily values of MeteoSwiss weather 203 

stations from 1930 to 2011 down to a resolution of 100 m and then aggregating them into 204 

monthly mean time-series (Thornton et al., 1997). To extend the downscaled MeteoSwiss data 205 

back to 1850, we adjusted the mean and variance of an additional climate dataset (HISTALP; 206 

Auer et al., 2007) to the elevation specific time-series. For temperature, anomalies were 207 

calculated by subtracting the long-term (1930-2008) monthly means from the entire HISTALP 208 

time-series, while relative anomalies were calculated for precipitation (1930-2003, observed 209 

precipitation divided by monthly means). These anomalies were added to (or multiplied with, 210 

in the case of precipitation) the MeteoSwiss baseline climatology.  211 

To test the short-term inter-annual climate signal of the spline-detrended chronologies 212 

we also spline-detrended the climate time-series, to ensure similarity in their frequency 213 

domains. Pearson correlations were performed over the 1850-2011 period after confirming 214 

normality of the residuals. We included seasonal climate aggregates from 1 to 12 months (from 215 

January prior to the growth year to current October). The climate correlation analysis for Larix 216 

was performed by excluding the years influenced by the budmoth, i.e. the outbreak years and 217 

the two subsequent years (≈1/3 of the data, leaving ≈110 years for the analysis). As outbreak 218 

events, we used the years reported in Esper et al. (2007), who reconstructed the outbreak history 219 

for the Lötschental based on ring width, wood anatomical and density observations from tree 220 

rings. The outbreak years were visually validated on our sampled material by observing narrow 221 

ring widths and thin latewood.  222 

Subsequently, the three-month aggregation of climate (as it supplied the strongest and 223 

most consistent correlations) was used within a stepwise multiple regression using 224 

forward/backward elimination to identify the most important climatic drivers (cf. Venables and 225 

Ripley, 2002). This selection process starts by including the predictor (i.e. the three month 226 

climate aggregate) with the highest goodness of fit and adds predictors, at each step considering 227 

whether the criterion (based on goodness of fit and model complexity) improves by removing 228 

a previously added variable or keeping both previously selected and added variables. For the 229 

multiple regression analysis, we used the spline-detrended ring-width chronologies and 10-year 230 

spline-detrended climate data. We accounted for outbreaks by including an average growth 231 

response curve after an outbreak (see next paragraph) or excluding outbreak years and the two 232 

years after outbreak. Multiple regressions were performed using the R Commander package 233 

(Rcmdr; Hutcheson, 2012). The final model variables were chosen based on Bayesian 234 
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Information Criterion (BIC), as it appeared to be more conservative in selecting independent 235 

variables (Burnham and Anderson, 2003). We addressed multicollinearity by excluding models 236 

with variance inflation factors larger then 10 (cf. Graham, 2003; Chatterjee et al., 2012). With 237 

the individual seasonal climate correlations and the multiple regression analysis, we established 238 

a common set of climate variables relevant across the gradient. 239 

2.4.2. Outbreak-growth response analysis 240 

To model and verify the impact of the budmoth outbreaks on Larix tree growth, we 241 

performed an outbreak-growth response analysis. We aligned the CD individual specific tree-242 

ring series to year since outbreak and divided the post-outbreak annual ring-width indices by 243 

the growth level of the 5 years prior to the outbreak, to reduce overlap with the effect from the 244 

previous outbreak cycle (occurring every ≈9 years). We calculated median outbreak-growth 245 

responses per site and years since outbreak and applied a smoothing (cubic smoothing spline 246 

with a 50 % frequency cut-off at 10 years) to reduce climatically induced inter-annual 247 

variability in the response curves. We chose the cut-off at 10 years, as this spline rigidity 248 

resulted in a good fit of the raw median curve. For the final response curves, the original first 249 

four values after outbreak were used, after which we added the smoothed values until 13 years 250 

after outbreak (with values thereafter replaced by the value of year 13, due to data scarcity and 251 

the possible confounding climate effect of the post 1980 period). Within this analysis, we 252 

included 13 events (cf. Baltensweiler and Rubli 1999; Esper et al., 2007): 1856, 1864, 1880, 253 

1888, 1908, 1915, 1923, 1937, 1945, 1954, 1963, 1972 and 1981 with an exception at 1300 m 254 

elevation, where our tree-ring data did not show signs of outbreaks prior to 1930. 255 

2.4.3. Quantifying growth benefit of outbreak absence   256 

 Additive linear models (cf. Chambers, 1992) were constructed in R to quantify the 257 

importance of climatic variables and budmoth activity on tree-growth variance within the 258 

chronologies. These growth-response models allowed for the simulation of the impact of only 259 

climate, only outbreaks, and of both the components as determined from the previous climate 260 

and outbreak response assessments. In addition to using climatic parameters, we also simulated 261 

Larix growth as a function of the Picea growth (i.e., the non-host tree) with our budmoth 262 

response curves (cf. Table S1).  263 

When including the outbreak components for the Larix data, we tested multiple response 264 

curves (Table S2) and finally used the elevation specific response curves. After fitting the model 265 

on the 1850-1981 period, a simulation was run until 2011, with and without continued outbreaks 266 
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every 9 years. This simulation was used to quantify the growth “benefit” due to the absence of 267 

outbreaks as the mean percentage differences of the values obtained for the period 1990-2011 268 

between the continued outbreak and the original model. Similarly, the unexplained growth 269 

change was quantified as the average percentage difference between the observed chronology 270 

and the fitted model. 271 

3. Results 272 

3.1. Aboveground biomass increment 273 

We assessed long-term changes in aboveground biomass increment (ABI) for the fixed 274 

plots (Table 2). The plot at 1300 m was younger than the other plots and reached an average 275 

tree age of 150 at the year 2000. Stand density at this plot, as reconstructed from the live trees 276 

per year from the ring-width measurements (Fig. 2), decreased between the early 20th century 277 

and 2011 from 550 to 420 trees ha-1. However, we observed constantly increasing ABI from 278 

1901 (decadal mean: 2716±279 kg ha-1 y-1) to 1980 and a levelling off afterwards (mean: 279 

6205±820 kg ha-1 y-1). After the last reported outbreak in 1981, the plots at 1900 m and 2200 m 280 

showed a strong increase in mean ABI (Fig. 3a), predominantly caused by increased growth of 281 

Larix (Fig. 3b). Between 1950 and 1980 the ABI rates were relatively stable at high elevations, 282 

with 2291±476 kg ha-1 y-1 at 1900 m; and 1632±518 kg ha-1 y-1 at 2200 m (Fig. 2). Until 1960, 283 

stand density was stable at both sites with mean tree ages above 150 years, after which a strong 284 

Picea recruitment occurred at 1900 m, causing an increase in stand density (Fig. 2).  285 

The three budmoth outbreaks in 1954, 1963, and 1972 had a dramatic impact on ABI 286 

for all three plots (Fig. 2). Taking into account the standard deviations (sd) of the five years 287 

prior to the outbreak as a measure of regular inter-annual variability, the 1972 outbreak caused 288 

a > 2 sd growth decrease in the 4 following years at 1300 m (where the stand basal area consists 289 

of 50 % spruce and 50 % larch), reducing ABI to 4347-4908 kg ha-1 (compared to the pre-290 

outbreak mean of 6491 kg ha-1). In 1963, growth reduction exceeded the 2 sd threshold during 291 

the first three years after the outbreak (1100-2000 kg ha-1), whereas in 1954 a strong negative 292 

impact (2.5 sd or 980 kg ha-1) was restricted to the first year after the outbreak. Negative impacts 293 

on ABI could be observed at 1900 m, where in 1972 and 1963 growth was reduced by 1100 kg 294 

ha-1 (mean sd = 485 kg ha-1) in the 3 years following the outbreak. The budmoth outbreak of 295 

1963 caused a 3.5 sd departure at 2200 m, reducing the ABI from 2613 kg ha-1 to 1018 kg ha-1. 296 

The other two outbreaks also reduced growth in the year of outbreak until at least the second 297 
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year following the outbreak by 1000-1600 kg ha-1, which is equivalent to 2-3.5 sd (mean sd = 298 

476 kg ha-1).  299 

3.2. Climate-growth response 300 

 Correlations between growth and temperature were stronger than precipitation 301 

(strongest r = -0.582, p < 0.001 for previous year July-September temperature; and 0.441, p < 302 

0.001 for previous year July-September precipitation; Fig. 4). High-elevation Larix growth was 303 

positively correlated with current year June-August temperature (2200 m: r = 0.413, p < 0.001; 304 

1900 m: r = 0.290, p < 0.001). Towards the lower elevations, summer temperature correlations 305 

decreased notably and even became negative. Additionally, Larix showed to be responsive to 306 

previous year September-November temperature (mean r = 0.227, p < 0.05). For Picea we 307 

found strong negative correlations with previous year July-September temperature (average 308 

across elevations r = -0.486, p < 0.001). We also observed a strong positive relationship with 309 

previous year July-September precipitation across elevations (mean r = 0.306, p < 0.01), 310 

although this variable is negatively collinear with temperature of the same period.  311 

 Climate variables selected according to the BIC (Table 3) within the multiple regression 312 

analysis were similar to the strongest correlations described above (Fig. 4). Considering the 313 

common response across elevations, we selected for Larix current year June-August and 314 

previous year September-November temperature, and current year June-August precipitation. 315 

For Picea, previous year July-September and current year May-July temperature, and previous 316 

year October-December and current year July precipitation were selected. However, 317 

discrepancies are observed for Picea where previous year October-December precipitation was 318 

selected instead of previous year July-September (Fig. 4), which is likely due to co-linearity 319 

with temperature. Additionally, temperature of current year May-July was selected instead of 320 

current year June-August. 321 

3.3. Budmoth impact analysis 322 

 Larix growth decreased on average by 19 % for eight years following a budmoth event 323 

compared to ring-width index (RWI) of the five years prior to outbreak (Fig. 5). When 324 

considering the biomass growth of a 150-year old Larix tree within the valley, this would result 325 

in an annual reduction of 1.6 kg ABI. We observed the strongest growth reductions in the first 326 

year after an outbreak followed by the second and third year (42 %, 29 % and 22 % in RWI, 327 

respectively). Typically, it took eight years for the RWI to return to the pre-outbreak levels.  328 
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Site-specific impacts of budmoth outbreaks revealed strongest growth reductions at 329 

1900 m (57 % relative growth change in the first year following the outbreak), followed by 330 

trees at 1600 m. Outbreak events in 1854 and 1964 caused Larix trees at 1900 to experience the 331 

biggest decrease in growth. Outbreaks at 2200 m usually reduced growth less than at other sites, 332 

although often causing significant impacts at year 0 (23 %; Fig. 5). At 1300 m, growth recovery 333 

in the second year after outbreak was highly dampened compared to other sites, with similar 334 

growth levels as for the year following the outbreak.  335 

3.4. Modelling growth responses 336 

 When considering only climatic variables, the best model fits were found for Picea at 337 

1900 m and Larix at 2200 m (R2 = 0.21 and 0.25, respectively; see Table 4 for slopes and 338 

residual standard errors). The explained variance in the models strongly decreased towards 339 

lower elevations (R2 = 0.03 obtained for Larix at 1300 m; Table 4). In the most recent years 340 

(>1990), the model underestimated Picea growth at 1600 and 1900 m on average by 7 %, when 341 

comparing the difference between the model including only climatic parameters and tree-ring 342 

chronologies (Fig. 6). At 1900 m, the underestimation of Larix growth was even larger and 343 

reached 24 % (Table 4). 344 

Accounting for outbreaks greatly increased the explained variance of the model fit for 345 

Larix (Table 4). Average R2 improved from 0.17 to 0.44 when comparing the climate and 346 

outbreaks scenarios versus climate alone. The smallest model improvement was observed at 347 

1300 m (Table 4), while at 1900 m the best fit was found for the scenario that included outbreaks 348 

and climate (R2 = 0.67).  349 

Including budmoth outbreaks in the models also increased the ability to explain the 350 

growth increase in the most recent decades (1990 to 2011; cf. Table 4 and Fig. 3b). When 351 

simulating continued budmoth outbreaks across elevations, 23 % of the recent growth increase 352 

could be explained (Fig. 6). We observed the strongest growth benefit from the absence of 353 

outbreak at 1900 m, where the continued outbreaks are modelled to reduce growth by 29 % 354 

(Table 4). For 2200 m, unexplained growth was reduced from 9.2 % to 0.4 % when including 355 

estimates for the recent outbreak absence, although this model started to overestimate growth 356 

at lowest elevations (overestimation of growth increase by 14 %; Table 4).   357 
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4. Discussion 358 

4.1. Importance of climate vs. outbreaks and its variation along elevation  359 

In this study we analysed the relative importance of climate and non-lethal insect 360 

outbreaks on tree growth and their impact on forest biomass accumulation. To the best of our 361 

knowledge, no other study has provided empirical data on the above-ground biomass reduction 362 

caused by budmoth outbreaks during the past century, the relative importance of climatic versus 363 

biotic drivers, and the possible beneficial effects due to the absence of outbreaks in recent 364 

decades.  365 

  Our tree-growth model, which includes climate and outbreak responses, was able to 366 

explain up to 67 % of the observed inter-annual growth patterns of high elevation Larix decidua. 367 

The model performed best at 1900 m elevation, while showing weak performance at the lowest 368 

elevation (1300 m; Table 4). Climatic drivers in the growth model alone at best explained 21 369 

% and 25 % of growth variability for Picea abies at 1900 m and Larix at 2200 m respectively. 370 

The strong positive responses to summer temperature at higher elevations match previous 371 

observations for these species (Frank and Esper, 2005; King et al., 2013b; Hartl-Meier et al., 372 

2014), and agree with findings showing the sensitivity of high-elevation trees growing at mesic 373 

sites to increasing temperatures (Jacoby et al., 1996; Körner and Paulsen 2004; Bunn et al., 374 

2005; Salzer et al., 2009, Babst et al., 2013). At the same time, negative correlations with 375 

summer temperature at 1300 m (Fig. 4) support findings of greater drought sensitivity for 376 

forests at sites with higher mean annual temperatures (Barber et al., 2000; Gómez-Guerrero, et 377 

al. 2013; Galván et al., 2015; Qi et al., 2015), although the magnitude will depend upon species-378 

specific responses (Babst et al., 2013).  379 

 Growth response to the reported budmoth outbreak years (cf. Esper et al., 2007) 380 

explained 39 % of the observed Larix growth variability across elevations (Table 4), which is 381 

twice the variance explained by climate. Larix at 1300 m did not show evidence of outbreaks 382 

prior to 1930 and displayed a delayed response to outbreaks (Fig. 5). This absence could be 383 

explained by the more intense land-use at lower elevations during this period, which reduced 384 

host abundance, connectivity between forest stands, and subsequently the outbreak intensity 385 

(Johnson et al., 2004; Battipaglia et al., 2014 ; Hartl-Meier et al., 2017). We hypothesize that 386 

the delay in response may be a result from the fact that a large part of the ring had already been 387 

formed before the outbreak, or that the insect activity and outbreak intensity can be different at 388 

lower elevations. Larix at 2200 m appeared to be least impacted by the outbreaks and recovered 389 
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relatively quickly (Fig. 5), while trees at 1900 m suffered most from the impact. Our 390 

observations for strongest outbreak effects at 1900 m and the decreasing impact towards both 391 

upper and lower elevations confirm previous reports indicating that the optimal outbreak 392 

conditions are present at an elevation of 1700-2000 m (Baltensweiler and Rubli, 1999).  393 

4.2. Consequences due to the absence of outbreaks 394 

 Both Larix and Picea showed increased growth rates at higher elevations (>1600 m) in 395 

recent times. Yet, recent growth increase of Larix since 1981 cannot be explained solely by 396 

climatic variables (Table 4), but rather, can be largely attributed to the absence of budmoth 397 

outbreaks (Fig. 6). Additionally, our outbreak-growth response analysis showed that periods of 398 

outbreak absence longer than eight years result in higher growth compared to the years prior to 399 

outbreak (Fig. 5). Thus, model simulations suggest that the growth of Larix might even over-400 

proportionally benefit from the recent absence of insect outbreaks, as past absence periods could 401 

not explain the recent increase. When simulating continued outbreaks after 1980 we found 402 

strongest benefits from budmoth absence especially at 1900 m (Table 4). 403 

When comparing tree-ring width indices from 1990-2011 to the modelled indices 404 

including outbreaks, it becomes evident that at intermediate elevations simulations 405 

underestimated the growth release that occurred in absence of budmoth outbreaks (Table 4). 406 

This is most prominent for Larix at 1900 m, where the model underestimates growth on average 407 

by 23.67 % per year, compared to only 6.4 % annual offset for Picea. We obtained similar 408 

underestimations when modelling Larix growth based on a non-host species (Picea) and 409 

outbreaks (Table S1 and S2), which does not require the selection of climatic variables (possibly 410 

prone to uncertainties and overfitting). However, considering the amount of the models’ 411 

unexplained deviations throughout the past ≈150 years, the observed underestimation of recent 412 

increased Larix growth is not exceptional (Fig. 6).  413 

We cannot exclude that other drivers might be responsible for the unexplained 414 

deviances, such as management activities, successional processes (e.g. natural thinning and 415 

mortality events) or non-linear climate responses. Yet, at 1900 m and 2200 m there was little 416 

evidence for management in the recent decades, which could have positively influenced 417 

remaining trees. Furthermore, the outermost years of dead trees could be dated back to the 418 

1930s, which would speak against missed successional processes at these two sites. However, 419 

effects from increasing nitrogen deposition or higher CO2 concentrations cannot be easily 420 

excluded (Paulsen et al., 2000; Huang et al., 2007; Camarero et al., 2015) or invoked to explain 421 
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the growth increase (Girardin et al., 2008). Alternatively, our outbreak response curve might 422 

still not capture the true magnitude of increase growth responses. The fact that the response 423 

curves were established with site-specific chronologies renders this variable not fully 424 

independent (Table 4). Furthermore, the absence of outbreak events in three decades represents 425 

an unprecedented state for the past millennium (Esper et al., 2007), which is not included in 426 

our empirical outbreak response estimates.  427 

A defoliation experiment performed on Larix in the Central Alps showed the impact of 428 

defoliation on non-structural carbon storage and its carbon limitation (Handa et al., 2005), 429 

pointing to the mechanistic explanation that carbon available for radial growth was limited. 430 

Although more attention should be given to this mechanistic explanation, our results clearly 431 

show that the regular 9-year outbreak cycle prevented Larix from fully realizing its growth 432 

potential. 433 

4.3. Implications for forest biomass accumulation 434 

 Our quantifications of the aboveground biomass increment (ABI) show that either the 435 

presence or absence of budmoth outbreaks has large consequences for forest biomass 436 

accumulation and carbon storage potential (Fig. 3). On average, budmoth outbreaks reduce tree 437 

individual ABI in the year subsequent to the outbreak by 58 % in comparison to the 5-year 438 

average growth prior to outbreak. Most severe growth reductions could be as high as 80 %, 439 

found for outbreaks at 1600 m in 1908 and 1954. 440 

In terms of aboveground biomass, the three outbreak events occurring between 1950 441 

and 1980 induced an average reduction in ABI of ≈770 and ≈1130 kg ha-1 y-1 in year 0-4 after 442 

the outbreak at 1900 and 2200 m and ≈300 kg ha-1 y-1 at 1300 m. Of the strong post-1980 443 

increase at 1900 m, we can attribute a maximum of 770 kg ha-1 y-1 to the absence of outbreaks 444 

(from a total increase of 1800 kg ha-1 y-1; Fig. 2a). Here we assume that the absence of outbreaks 445 

explains roughly 60 % of the observed increase of Larix growth (Table 4). Similarly, we 446 

observed a twofold ABI increase at 2200 m (from 1500 to 3210 kg ha-1 y-1; Fig. 3a) that is 447 

largely caused by Larix and the absence of outbreaks (1420 of 1710 kg; Fig. 3b).  448 

It is remarkable that despite large differences in age structure, stand density and 449 

recruitment, we observed nearly identical long-term trends in ABI over the last century at 1900 450 

and 2200 m. However, one should be cautious when attributing the increase in plot level ABI 451 

to climate drivers or budmoth outbreak dynamics, as we are aware that stand development and 452 

management cause a constant loss of signal back in time (i.e. the “fading-record” problem; cf. 453 
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Swetnam et al., 1999; Foster et al., 2014). We want to stress that within the context of forest 454 

biomass increment, changes in forest structure, stand dynamics, distribution, and tree growth 455 

should not be overlooked when analysing long-term biomass changes (Etzold et al., 2014; 456 

Pretzsch et al., 2014; Hansen et al., 2015). Therefore, especially for forests at 1300 m, we 457 

refrain from attributing the long-term increase in plot level ABI to climate drivers or budmoth 458 

outbreak dynamics.  459 

Interestingly, plot level ABI at 1300 m shows a quick recovery following the outbreaks 460 

to pre-outbreak level, which could either be due to high carbohydrate reserves or due to a larger 461 

fraction of spruce (≈50 % of the standing biomass in 2011; cf. Table 2) and favourable growing 462 

conditions in the years after the outbreaks. In the light of weak negative tree growth-summer 463 

temperature relationships, recent warmer temperatures might have partially counteracted the 464 

growth benefits expected due to lack of recent budmoth outbreaks. However, it becomes 465 

obvious from Figure 3b that Larix growth still increased in the 1990-2009 period, thus 466 

counterbalancing the slower growth of Picea. 467 

In this study we analysed the impact of a reduced outbreak frequency, however globally 468 

many phytophagous insects show increased activity associated with shifts in distribution range 469 

(Battisti, 2008; Axelson et al., 2015), improved breeding and growing conditions (Battisti et 470 

al., 2000; Pasztor et al., 2014), and increased frequencies and magnitude of outbreaks (Creeden 471 

et al., 2014). Although there is a lack of similar tree-ring data or biomass quantification to 472 

directly compare our values, multiple studies support the relevance of insect outbreaks for tree 473 

growth and forest productivity (Kurz et al., 2008; Medvigy et al., 2012; Moore et al., 2013). 474 

Aerial images for North-America provide evidence for large areas being affected by major 475 

forest insect species (Hicke et al., 2012). Also, eddy covariance flux tower on multiple forest 476 

sites in New Jersey (USA) revealed strong reductions in net annual CO2 exchange changes due 477 

to Gypsy moth (Lymantria dispar L.) defoliation, although wood increment only decreased 478 

slightly (Clark et al., 2010). Although our study focusses on the Lötschental, Larix is an 479 

abundant species in high-elevation forests across the European Alps (EUFORGEN), indicating 480 

that these forests might increase their carbon sink relevance with persistent absence of budmoth 481 

outbreaks.  482 

Tree rings have a huge potential in both reconstructing ABI (Babst et al., 2014b, Klesse 483 

et al., 2016) as well as assessing the absolute impact of insect outbreaks on ABI. As non-lethal 484 

disturbances, such as the larch budmoth outbreaks, are rather under-represented in current 485 

ecological models (Seidl et al., 2011), our study provides valuable input for modelling budmoth 486 
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induced growth reductions. Further tree-ring investigations, from other sites and species that 487 

contain necessary structural data (stand density, tree size and height), will contribute to better 488 

understanding the importance of insect outbreaks and their absence on the carbon source or sink 489 

function of forests in the future (e.g. Bale et al., 2002; McMahon et al., 2010; Medvigi et al., 490 

2012). 491 

5. Conclusion 492 

 Our study provides data on the relative importance of insect outbreaks compared to 493 

climate variation on Larix growth. Both Picea and Larix at high elevations show positive 494 

growth responses to increasing temperature. However, our simulations show that the recent 495 

absence of budmoth outbreaks is crucial to explain the strong growth increase for Larix at 496 

higher elevations, far beyond what can be explained by climate alone. Additionally, the 497 

different magnitude of growth responses to insect outbreaks as a function of elevation suggests 498 

that budmoth activity and its impact are likely temperature dependent. From the biomass 499 

reconstructions it is clear that Larix productivity was severely dampened by regular outbreaks 500 

at higher elevations, preventing these trees from fully realizing their growth potential.  501 

6. Author contributions 502 

 R.L.P. and S.K. conceived and designed the research, collected and analysed the data; 503 

R.L.P. and S.K. wrote the manuscript, with contribution from D.C.F. and P.F. in discussion and 504 

writing. 505 

7. Conflict of interest 506 

The authors declare that they have no conflict of interest. 507 

Acknowledgments 508 

 We thank Stefan Bechet, Daniele Castagneri, Katarzyna Czober, Gregory King, Roger 509 

Köchli, Lenka Mateju, Daniel Nievergelt, Elisabeth Graf Pannatier, Angela Luisa Prendin, 510 

Kerstin Treydte and Anne Verstege for their aid in the extensive field- and labwork performed 511 

throughout the past years at the Lötschental transect. We also would like to thank Georg von 512 

Arx, Flurin Babst, Daniel Balanzategui, Jesper Björklund, Ana Stritih and Volodymyr Trotsiuk 513 

for discussion. This work was funded by two Swiss National Science Foundation projects, 514 

LOTFOR (no. 150205) and iTREE sinergia project (no. 136295).  515 



18 

 

References 516 

  Asshoff, R., Hättenschwiler, S., 2006. Changes in needle quality and larch bud moth 517 

performance in response to CO2 enrichment and defoliation of treeline larches. 518 

Ecological Entomology 31, 84–90. 519 

Auer, I., Böhm, R., Jurkovic, A., Lipa, W., Orlik, A., Potzmann, R., Schöner, W., 520 

Ungersböck, M., Matulla, C., Briffa, K., Jones, P., Efthymiadis, D., Brunetti, M., Nanni, 521 

T., Maugeri, M., Mercalli, L., Mestre, O., Moisselin, J.-M., Begert, M., Müller-522 

Westermeier, G., Kveton, V., Bochnicek, O., Stastny, P., Lapin, M., Szalai, S., 523 

Szentimrey, T., Cegnar, T., Dolinar, M., Gajic-Capka, M., Zaninovic, K., Majstorovic, 524 

Z., Nieplova, E., 2007. HISTALP—historical instrumental climatological surface time 525 

series of the Greater Alpine Region. International Journal of Climatology 27, 17–46. 526 

doi:10.1002/joc.1377 527 

Axelson, J.N., Smith, D.J., Daniels, L.D., Alfaro, R.I., 2015. Multicentury reconstruction of 528 

western spruce budworm outbreaks in central British Columbia, Canada. Forest Ecology 529 

and Management 335, 235–248. doi:10.1016/j.foreco.2014.10.002 530 

Babst, F., Bouriaud, O., Alexander, R., Trouet, V., Frank, D., 2014a. Towards consistent 531 

measurements of carbon accumulation: A multi-site assessment of biomass and basal 532 

area increment across Europe. Dendrochronologia. doi:10.1016/j.dendro.2014.01.002 533 

Babst, F., Alexander, M.R., Szejner, P., Bouriaud, O., Klesse, S., Roden, J., Ciais, P., Poulter, 534 

B., Frank, D., Moore, D.J.P., Trouet, V., 2014b. A tree-ring perspective on the 535 

terrestrial carbon cycle. Oecologia 176, 307–322. doi:10.1007/s00442-014-3031-6 536 

Babst, F., Poulter, B., Trouet, V., Tan, K., Neuwirth, B., Wilson, R., Carrer, M., Grabner, M., 537 

Tegel, W., Levanic, T., Panayotov, M., Urbinati, C., Bouriaud, O., Ciais, P., Frank, D., 538 

2013. Site- and species-specific responses of forest growth to climate across the 539 

European continent: Climate sensitivity of forest growth across Europe. Global Ecology 540 

and Biogeography 22, 706–717. doi:10.1111/geb.12023 541 

Bakker, J.D., 2005. A new, proportional method for reconstructing historical tree diameters. 542 

Canadian Journal of Forest Research 35, 2515–2520. doi:10.1139/x05-136 543 

Bale, J.S., Masters, G.J., Hodkinson, I.D., Awmack, C., Bezemer, T.M., Brown, V.K., 544 

Butterfield, J., Buse, A., Coulson, J.C., Farrar, J., others, 2002. Herbivory in global 545 

climate change research: direct effects of rising temperature on insect herbivores. 546 

Global Change Biology 8, 1–16. 547 



19 

 

Baltensweiler, W., Rubli, D., 1999. Dispersal: an important driving force of the cyclic 548 

population dynamics of the larch bud moth, Zeiraphera diniana Gn. Forest Snow and 549 

Landscape. Research 74, 1: 1-153.  550 

Baltensweiler, W., Weber, U.M., Cherubini, P., 2008. Tracing the influence of larch-bud-551 

moth insect outbreaks and weather conditions on larch tree-ring growth in Engadine 552 

(Switzerland). Oikos 117, 161–172. doi:10.1111/j.2007.0030-1299.16117.x 553 

Barber, V.A., Juday, G.P., Finney, B.P., 2000. Reduced growth of Alaskan white spruce in the 554 

twentieth century from temperature-induced drought stress. Nature 405, 668–673. 555 

doi:10.1038/35015049 556 

Battipaglia, G., Büntgen, U., McCloskey, S., Blarquez, O., Denis, N., Paradis, L., Brossier, 557 

B., Fournier, T., Carcaillet, C., 2014. Long-term effects of climate and land-use change 558 

on larch budmoth outbreaks in the French Alps. Climate Research 62, 1–14. 559 

doi:10.3354/cr01251 560 

Battisti, A., 2008. Forests and climate change - lessons from insects. iForest 1, 1-5. 561 

Battisti, A., Boato, A., Masutti, L., 2000. Influence of silvicultural practices and population 562 

genetics on management of the spruce sawfly, Cephalcia arvensis. Forest Ecology and 563 

Management 128, 159–166. 564 

Bowman, D.M.J.S., Brienen, R.J.W., Gloor, E., Phillips, O.L., Prior, L.D., 2013. Detecting 565 

trends in tree growth: not so simple. Trends in Plant Science 18, 11–17. 566 

doi:10.1016/j.tplants.2012.08.005 567 

Brändli, UB., 2010. Schweizerisches Landesforstinventar. Ergebnisse der dritten Erhebung 568 

2004-2006. Swiss Federal Institute for Forest, Snow and Landscape Research (WSL), 569 

Birmensdorf, Switzerland. Swiss Federal Office for Environment, Bern, Switzerland. 570 

312 pp.  571 

Brassel, P., Lischke, H., 2001. Swiss national forest inventory: methods and models of the 572 

second assessment. WSL Swiss Federal Research Institute, Birmensdorf.  573 

Briffa, K.R., Melvin, T.M., 2011. A closer look at regional curve standardization of tree-ring 574 

records: justification of the need, a warning of some pitfalls, and suggested 575 

improvements in its application, in: Dendroclimatology. Springer, pp. 113–145. 576 

Bunn, A.G., 2008. A dendrochronology program library in R (dplR). Dendrochronologia 26, 577 

115–124. doi:10.1016/j.dendro.2008.01.002 578 



20 

 

Bunn, A.G., Waggoner, L.A., Graumlich, L.J., 2005. Topographic mediation of growth in 579 

high elevation foxtail pine (Pinus balfouriana Grev. et Balf.) forests in the Sierra 580 

Nevada, USA. Global Ecology and Biogeography 14, 103–114. 581 

Büntgen, U., Frank, D., Liebhold, A., Johnson, D., Carrer, M., Urbinati, C., Grabner, M., 582 

Nicolussi, K., Levanic, T., Esper, J., 2009. Three centuries of insect outbreaks across 583 

the European Alps. New Phytologist 182, 929–941. doi:10.1111/j.1469-584 

8137.2009.02825.x 585 

Büntgen, U., Frank, D., Wilson, R., Carrer, M., Urbinati, C., Esper, J., 2008. Testing for tree-586 

ring divergence in the European Alps. Global Change Biology 14, 2443–2453. 587 

doi:10.1111/j.1365-2486.2008.01640.x 588 

Büntgen, U., Frank, D.C., Kaczka, R.J., Verstege, A., Zwijacz-Kozica, T., Esper, J., 2007. 589 

Growth responses to climate in a multi-species tree-ring network in the Western 590 

Carpathian Tatra Mountains, Poland and Slovakia. Tree Physiology 27, 689–702. 591 

Burnham, K.P., Anderson, D.R., 2003. Model Selection and Multimodel Inference: A 592 

Practical Information-Theoretic Approach. Springer Science & Business Media. 593 

Camarero, J.J., Gazol, A., Tardif, J.C., Conciatori, F., 2015. Attributing forest responses to 594 

global-change drivers: limited evidence of a CO 2 -fertilization effect in Iberian pine 595 

growth. Journal of Biogeography 42, 2220–2233. doi:10.1111/jbi.12590 596 

Chambers, J.M., Freeny, A., Heiberger, R.M., 1992. Analysis of variance; designed 597 

experiments. Chapter 5 of Statistical Models in S, in: J. M. Chambers and T. J. Hastie 598 

(Eds.), Wadsworth & Brooks/Cole.  599 

Chatterjee, S., Hadi, A.S., 2012. Regression Analysis by Example. John Wiley & Sons, 600 

Hoboken, New Jersey, 424 pp.  601 

Ciais, P., Schelhaas, M.J., Zaehle, S., Piao, S.L., Cescatti, A., Liski, J., Luyssaert, S., Le-602 

Maire, G., Schulze, E.-D., Bouriaud, O., Freibauer, A., Valentini, R., Nabuurs, G.J., 603 

2008. Carbon accumulation in European forests. Nature Geoscience 1, 425–429. 604 

doi:10.1038/ngeo233 605 

Clark, K.L., Skowronski, N., Hom, J., 2010. Invasive insects impact forest carbon dynamics. 606 

Global Change Biology 16, 88–101. doi:10.1111/j.1365-2486.2009.01983.x 607 

 Cook, E.R., Peters, K., 1981. The smoothing spline: A new approach to standardizing forest 608 

interior tree-ring width series for dendroclimatic studies. Tree-Ring Bulletin 41, 45-53. 609 



21 

 

Creeden, E.P., Hicke, J.A., Buotte, P.C., 2014. Climate, weather, and recent mountain pine 610 

beetle outbreaks in the western United States. Forest Ecology and Management 312, 611 

239–251. doi:10.1016/j.foreco.2013.09.051 612 

Esper, J., Büntgen, U., Frank, D.C., Nievergelt, D., Liebhold, A., 2007. 1200 years of regular 613 

outbreaks in alpine insects. Proceedings of the Royal Society B: Biological Sciences 614 

274, 671–679. doi:10.1098/rspb.2006.0191 615 

Etzold, S., Waldner, P., Thimonier, A., Schmitt, M., Dobbertin, M., 2014. Tree growth in 616 

Swiss forests between 1995 and 2010 in relation to climate and stand conditions: Recent 617 

disturbances matter. Forest Ecology and Management 311, 41–55. 618 

doi:10.1016/j.foreco.2013.05.040 619 

Fang, J., Chen, A., Peng, C., Zhao, S., Ci, L., 2001. Changes in Forest Biomass Carbon 620 

Storage in China Between 1949 and 1998. Science 292, 2320–2322. 621 

doi:10.1126/science.1058629 622 

Foster, J.R., D’Amato, A.W., Bradford, J.B., 2014. Looking for age-related growth decline in 623 

natural forests: unexpected biomass patterns from tree rings and simulated mortality. 624 

Oecologia 175, 363–374. doi:10.1007/s00442-014-2881-2 625 

Frank, D., Esper, J., 2005. Characterization and climate response patterns of a high-elevation, 626 

multi-species tree-ring network in the European Alps. Dendrochronologia 22, 107–121. 627 

doi:10.1016/j.dendro.2005.02.004 628 

Frank, D., Esper, J., Cook, E.R., 2007. Adjustment for proxy number and coherence in a 629 

large-scale temperature reconstruction. Geophysical Research Letters 34, n/a-n/a. 630 

doi:10.1029/2007GL030571 631 

Frank, D.C., Esper, J., Raible, C.C., Büntgen, U., Trouet, V., Stocker, B., Joos, F., 2010. 632 

Ensemble reconstruction constraints on the global carbon cycle sensitivity to climate. 633 

Nature 463, 527–530. doi:10.1038/nature08769 634 

Friedlingstein, P., Houghton, R.A., Marland, G., Hackler, J., Boden, T.A., Conway, T.J., 635 

Canadell, J.G., Raupach, M.R., Ciais, P., Le Quéré, C., 2010. Update on CO2 636 

emissions. Nature Geoscience 3, 811–812. doi:10.1038/ngeo1022 637 

Galván, J.D., Büntgen, U., Ginzler, C., Grudd, H., Gutiérrez, E., Labuhn, I., Julio Camarero, 638 

J., 2015. Drought-induced weakening of growth–temperature associations in high-639 

elevation Iberian pines. Global and Planetary Change 124, 95–106. 640 

doi:10.1016/j.gloplacha.2014.11.011 641 

Girardin, M.P., Raulier, F., Bernier, P.Y., Tardif, J.C., 2008. Response of tree growth to a 642 

changing climate in boreal central Canada: A comparison of empirical, process-based, 643 



22 

 

and hybrid modelling approaches. Ecological Modelling 213, 209–228. 644 

doi:10.1016/j.ecolmodel.2007.12.010 645 

Gómez-Guerrero, A., Silva, L.C.R., Barrera-Reyes, M., Kishchuk, B., Velázquez-Martínez, 646 

A., Martínez-Trinidad, T., Plascencia-Escalante, F.O., Horwath, W.R., 2013. Growth 647 

decline and divergent tree ring isotopic composition (δ 13 C and δ 18 O) contradict 648 

predictions of CO 2 stimulation in high altitudinal forests. Global Change Biology 19, 649 

1748–1758. doi:10.1111/gcb.12170 650 

Graham, M.H., 2003. Confronting multicollinearity in ecological multiple regression. Ecology 651 

84, 2809–2815. 652 

Groenendijk, P., van der Sleen, P., Vlam, M., Bunyavejchewin, S., Bongers, F., Zuidema, 653 

P.A., 2015. No evidence for consistent long-term growth stimulation of 13 tropical tree 654 

species: results from tree-ring analysis. Global Change Biology 21, 3762–3776. 655 

doi:10.1111/gcb.12955 656 

Handa, I.T., Körner, C., Hättenschwiler, S., 2005. A test of the treeline carbon limitation 657 

hypothesis by in situ CO2 enrichment and defoliation. Ecology 86, 1288–1300. 658 

Hansen, M.C., Potapov, P.V., Moore, R., Hancher, M., Turubanova, S.A., Tyukavina, A., 659 

Thau, D., Stehman, S.V., Goetz, S.J., Loveland, T.R., Kommareddy, A., Egorov, A., 660 

Chini, L., Justice, C.O., Townshend, J.R.G., 2013. High-Resolution Global Maps of 661 

21st-Century Forest Cover Change. Science 342, 850–853. 662 

doi:10.1126/science.1244693 663 

Hartl-Meier, C., Dittmar, C., Zang, C., Rothe, A., 2014. Mountain forest growth response to 664 

climate change in the Northern Limestone Alps. Trees 28, 819–829. 665 

doi:10.1007/s00468-014-0994-1 666 

Hartl-Meier, C., Esper, J., Liebhold, A., Konter, O., Rothe, A., Büntgen, U., 2017. Effects of 667 

host abundance on larch budmoth outbreaks in the European Alps. Agricultural and 668 

Forest Entomology. doi:10.1111/afe.12216 669 

Hicke, J.A., Allen, C.D., Desai, A.R., Dietze, M.C., Hall, R.J., Ted Hogg, E.H., Kashian, 670 

D.M., Moore, D., Raffa, K.F., Sturrock, R.N., Vogelmann, J., 2012. Effects of biotic 671 

disturbances on forest carbon cycling in the United States and Canada. Global Change 672 

Biology 18, 7–34. doi:10.1111/j.1365-2486.2011.02543.x 673 

Holmes, R.L., 1983. Computer-assisted quality control in tree-ring dating and measurement. 674 

Tree-Ring Bulletin 43, 69–78.  675 



23 

 

Huang, J.-G., Bergeron, Y., Denneler, B., Berninger, F., Tardif, J., 2007. Response of Forest 676 

Trees to Increased Atmospheric CO 2. Critical Reviews in Plant Sciences 26, 265–283. 677 

doi:10.1080/07352680701626978 678 

Hutcheson, G., 2012. Data analysis in R and the R-commander (Rcmdr). Manchester 679 

University.  680 

Hyvönen, R., Ågren, G.I., Linder, S., Persson, T., Cotrufo, M.F., Ekblad, A., Freeman, M., 681 

Grelle, A., Janssens, I.A., Jarvis, P.G., Kellomäki, S., Lindroth, A., Loustau, D., 682 

Lundmark, T., Norby, R.J., Oren, R., Pilegaard, K., Ryan, M.G., Sigurdsson, B.D., 683 

Strömgren, M., van Oijen, M., Wallin, G., 2007. The likely impact of elevated CO 2 , 684 

nitrogen deposition, increased temperature and management on carbon sequestration in 685 

temperate and boreal forest ecosystems: a literature review: Tansley review. New 686 

Phytologist 173, 463–480. doi:10.1111/j.1469-8137.2007.01967.x 687 

Iyengar, S.V., Balakrishnan, J., Kurths, J., 2016. Impact of climate change on larch budmoth 688 

cyclic outbreaks. Scientific Reports 6, 27845. doi:10.1038/srep27845 689 

Jacoby, G.C., D’Arrigo, R.D., Davaajamts, T., 1996. Mongolian Tree Rings and 20th-Century 690 

Warming. Science 273, 771–773. doi:10.1126/science.273.5276.771 691 

Johnson, D.M., Bjørnstad, O.N., Liebhold, A.M., 2004. Landscape geometry and travelling 692 

waves in the larch budmoth. Ecology Letters 7, 967–974. doi:10.1111/j.1461-693 

0248.2004.00659.x 694 

Johnson, D.M., Buntgen, U., Frank, D.C., Kausrud, K., Haynes, K.J., Liebhold, A.M., Esper, 695 

J., Stenseth, N.C., 2010. Climatic warming disrupts recurrent Alpine insect outbreaks. 696 

Proceedings of the National Academy of Sciences 107, 20576–20581. 697 

doi:10.1073/pnas.1010270107 698 

Kaufmann, E., 2001. Estimating standing timber, growth and cut, In: Brassel, P., Lischke, H. 699 

(Eds.), Swiss National Forest Inventory: methods and models of the second assessment. 700 

Swiss Federal Institute for Forest, Snow and Landscape Research (WSL), Birmensdorf, 701 

Switzerland, pp. 162–196.  702 

King, G., Fonti, P., Nievergelt, D., Büntgen, U., Frank, D., 2013a. Climatic drivers of hourly 703 

to yearly tree radius variations along a 6°C natural warming gradient. Agricultural and 704 

Forest Meteorology 168, 36–46. doi:10.1016/j.agrformet.2012.08.002 705 

King, G.M., Gugerli, F., Fonti, P., Frank, D.C., 2013b. Tree growth response along an 706 

elevational gradient: climate or genetics? Oecologia 173, 1587–1600. 707 

doi:10.1007/s00442-013-2696-6 708 



24 

 

Kirtman, B., Power, S.B., Adedoyin, A.J., Boer, G.J., Bojariu, R., Camilloni, I., Doblas-709 

Reyes, F., Fiore, A.M., Kimoto, M., Meehl, G., others, 2013. Near-term climate change: 710 

projections and predictability. 711 

 Klapwijk, M.J., Csóka, G., Hirka, A., Björkman, C., 2013. Forest insects and climate change: 712 

long-term trends in herbivore damage. Ecology and Evolution 3, 4183–4196. 713 

doi:10.1002/ece3.717 714 

Klesse, S., Ziehmer, M., Rousakis, G., Trouet, V., Frank, D., 2015. Synoptic drivers of 400 715 

years of summer temperature and precipitation variability on Mt. Olympus, Greece. 716 

Climate Dynamics 45, 807–824. doi:10.1007/s00382-014-2313-3 717 

Konter, O., Esper, J., Liebhold, A., Kyncl, T., Schneider, L., Düthorn, E., Büntgen, U., 2015. 718 

Tree-ring evidence for the historical absence of cyclic larch budmoth outbreaks in the 719 

Tatra Mountains. Trees 29, 809–814. doi:10.1007/s00468-015-1160-0 720 

Körner, C., Paulsen, J., 2004. A world-wide study of high altitude treeline temperatures. 721 

Journal of Biogeography 31, 713–732. 722 

Kress, A., Saurer, M., Büntgen, U., Treydte, K.S., Bugmann, H., Siegwolf, R.T.W., 2009. 723 

Summer temperature dependency of larch budmoth outbreaks revealed by Alpine tree-724 

ring isotope chronologies. Oecologia 160, 353–365. doi:10.1007/s00442-009-1290-4 725 

Kurz, W.A., Dymond, C.C., Stinson, G., Rampley, G.J., Neilson, E.T., Carroll, A.L., Ebata, 726 

T., Safranyik, L., 2008. Mountain pine beetle and forest carbon feedback to climate 727 

change. Nature 452, 987–990. doi:10.1038/nature06777 728 

Lindner, M., Maroschek, M., Netherer, S., Kremer, A., Barbati, A., Garcia-Gonzalo, J., Seidl, 729 

R., Delzon, S., Corona, P., Kolström, M., Lexer, M.J., Marchetti, M., 2010. Climate 730 

change impacts, adaptive capacity, and vulnerability of European forest ecosystems. 731 

Forest Ecology and Management 259, 698–709. doi:10.1016/j.foreco.2009.09.023 732 

McMahon, S.M., Parker, G.G., Miller, D.R., 2010. Evidence for a recent increase in forest 733 

growth. Proceedings of the National Academy of Sciences 107, 3611–3615. 734 

doi:10.1073/pnas.0912376107 735 

Medvigy, D., Clark, K.L., Skowronski, N.S., Schäfer, K.V.R., 2012. Simulated impacts of 736 

insect defoliation on forest carbon dynamics. Environmental Research Letters 7 (4), 737 

045703. doi:10.1088/1748-9326/7/4/045703 738 

Moore, D.J.P., Trahan, N.A., Wilkes, P., Quaife, T., Stephens, B.B., Elder, K., Desai, A.R., 739 

Negron, J., Monson, R.K., 2013. Persistent reduced ecosystem respiration after insect 740 

disturbance in high elevation forests. Ecology Letters 16, 731–737. 741 

doi:10.1111/ele.12097 742 



25 

 

Moser, L., Fonti, P., Buntgen, U., Esper, J., Luterbacher, J., Franzen, J., Frank, D., 2010. 743 

Timing and duration of European larch growing season along altitudinal gradients in the 744 

Swiss Alps. Tree Physiology 30, 225–233. doi:10.1093/treephys/tpp108 745 

Nabuurs, G.-J., Lindner, M., Verkerk, P.J., Gunia, K., Deda, P., Michalak, R., Grassi, G., 746 

2013. First signs of carbon sink saturation in European forest biomass. Nature Climate 747 

Change 3, 792–796. doi:10.1038/nclimate1853 748 

Nehrbass-Ahles, C., Babst, F., Klesse, S., Nötzli, M., Bouriaud, O., Neukom, R., Dobbertin, 749 

M., Frank, D., 2014. The influence of sampling design on tree-ring-based quantification 750 

of forest growth. Global Change Biology 20, 2867–2885. doi:10.1111/gcb.12599 751 

Nemani, R.R., Keeling, C.D., Hashimoto, H., Jolly, W.M., Piper, S.C., Tucker, C.J., Myneni, 752 

R.B., Running, S.W., 2003. Climate-driven increases in global terrestrial net primary 753 

production from 1982 to 1999. Science 300, 1560–1563. 754 

Osborn, T.J., Briffa, K.R., Jones, P.D., 1997. Adjusting variance for sample size in tree-ring 755 

chronologies and other regional mean timeseries. Dendrochronologia 1, 89–99.  756 

Pan, Y., Birdsey, R.A., Fang, J., Houghton, R., Kauppi, P.E., Kurz, W.A., Phillips, O.L., 757 

Shvidenko, A., Lewis, S.L., Canadell, J.G., Ciais, P., Jackson, R.B., Pacala, S.W., 758 

McGuire, A.D., Piao, S., Rautiainen, A., Sitch, S., Hayes, D., 2011. A Large and 759 

Persistent Carbon Sink in the World’s Forests. Science 333, 988–993. 760 

doi:10.1126/science.1201609 761 

Pasztor, F., Matulla, C., Rammer, W., Lexer, M.J., 2014. Drivers of the bark beetle 762 

disturbance regime in Alpine forests in Austria. Forest Ecology and Management 318, 763 

349–358. doi:10.1016/j.foreco.2014.01.044 764 

Paulsen, J., Weber, U.M., Korner, C., 2000. Tree Growth near Treeline: Abrupt or Gradual 765 

Reduction with Altitude? Arctic, Antarctic, and Alpine Research 32, 14. 766 

doi:10.2307/1552405 767 

Peters, R.L., Groenendijk, P., Vlam, M., Zuidema, P.A., 2015. Detecting long-term growth 768 

trends using tree rings: a critical evaluation of methods. Global Change Biology 21, 769 

2040–2054. doi:10.1111/gcb.12826 770 

Pirie, M.R., Fowler, A.M., Triggs, C.M., 2015. Assessing the accuracy of three commonly 771 

used pith offset methods applied to Agathis australis (Kauri) incremental cores. 772 

Dendrochronologia 36, 60–68. doi:10.1016/j.dendro.2015.10.003 773 



26 

 

Pretzsch, H., Biber, P., Schütze, G., Uhl, E., Rötzer, T., 2014. Forest stand growth dynamics 774 

in Central Europe have accelerated since 1870. Nature Communications 5, 4967. 775 

doi:10.1038/ncomms5967 776 

Qi, Z., Liu, H., Wu, X., Hao, Q., 2015. Climate-driven speedup of alpine treeline forest 777 

growth in the Tianshan Mountains, Northwestern China. Global Change Biology 21, 778 

816–826. doi:10.1111/gcb.12703 779 

Reitalu, T., Seppä, H., Sugita, S., Kangur, M., Koff, T., Avel, E., Kihno, K., Vassiljev, J., 780 

Renssen, H., Hammarlund, D., Heikkilä, M., Saarse, L., Poska, A., Veski, S., 2013. 781 

Long-term drivers of forest composition in a boreonemoral region: the relative 782 

importance of climate and human impact. Journal of Biogeography 40, 1524–1534. 783 

doi:10.1111/jbi.12092 784 

Rolland, C., Petitcolas, V., Michalet, R., 1998. Changes in radial tree growth for Picea abies, 785 

Larix decidua, Pinus cembra and Pinus uncinata near the alpine timberline since 1750. 786 

Trees 13, 40–53. 787 

Salzer, M.W., Hughes, M.K., Bunn, A.G., Kipfmueller, K.F., 2009. Recent unprecedented 788 

tree-ring growth in bristlecone pine at the highest elevations and possible causes. 789 

Proceedings of the National Academy of Sciences 106, 20348–20353. 790 

Schweingruber, F.H., 1996. Tree Rings and Environment. Dendroecology. Birmensdorf, 791 

Swiss Federal Institute for Forest, Snow and Landscape Research. Berne, Stuttgart, 792 

Vienna, Haupt. 609 p. 793 

Seidl, R., Fernandes, P.M., Fonseca, T.F., Gillet, F., Jönsson, A.M., Merganičová, K., 794 

Netherer, S., Arpaci, A., Bontemps, J.-D., Bugmann, H., González-Olabarria, J.R., 795 

Lasch, P., Meredieu, C., Moreira, F., Schelhaas, M.-J., Mohren, F., 2011. Modelling 796 

natural disturbances in forest ecosystems: a review. Ecological Modelling 222, 903–797 

924. doi:10.1016/j.ecolmodel.2010.09.040 798 

Swetnam, T.W., Allen, C.D., Betancourt, J.L., 1999. Applied historical ecology: using the 799 

past to manage for the future. Ecological Applications 9, 1189–1206. doi:10.1890/1051-800 

0761(1999)009[1189:AHEUTP]2.0.CO;2 801 

Thornton, P.E., Running, S.W., White, M.A., 1997. Generating surfaces of daily 802 

meteorological variables over large regions of complex terrain. Journal of Hydrology 803 

190, 214–251.  804 

Trotsiuk, V., Svoboda, M., Weber, P., Pederson, N., Klesse, S., Janda, P., Martin-Benito, D., 805 

Mikolas, M., Seedre, M., Bace, R., Mateju, L., Frank, D., 2016. The legacy of 806 



27 

 

disturbance on individual tree and stand-level aboveground biomass accumulation and 807 

stocks in primary mountain Picea abies forests. Forest Ecology and Management 373, 808 

108–115. doi:10.1016/j.foreco.2016.04.038 809 

Turchin, P., Wood, S.N., Ellner, S.P., Kendall, B.E., Murdoch, W.W., Fischlin, A., Casas, J., 810 

McCauley, E., Briggs, C.J., 2003. Dynamical effects of plant quality and parasitism on 811 

population cycles of larch budmoth. Ecology 84, 1207–1214. 812 

Venables, W.N., Ripley, B.D., 2002. Modern Applied Statistics with S. Springer, New York, 813 

498 pp.  814 

Wu, C., Hember, R.A., Chen, J.M., Kurz, W.A., Price, D.T., Boisvenue, C., Gonsamo, A., Ju, 815 

W., 2014. Accelerating Forest Growth Enhancement due to Climate and Atmospheric 816 

Changes in British Colombia, Canada over 1956-2001. Scientific Reports 4. 817 

doi:10.1038/srep04461  818 



28 

 

Figure legends 819 

Figure 1. a) Map indicating the centre of the Lötschental sampling area and the distribution 820 

range of the studied species (source: EUFORGEN). The north- and south-facing slope are 821 

presented with an N and S, while the elevation is specified with the numbers (e.g. 22 indicated 822 

the site at ≈2200 m in elevation). Fixed plots are indicated with black dots, where the direction 823 

to the Blatten plot on the south-facing slope at 2200 m is provided. b) Examples of the wood 824 

structure for both species. 825 

Figure 2. Stand level aboveground biomass increment for (a) the two high elevation plots at 826 

N19 (full lines) and Blatten (dashed lines) and (b) the low elevation plot N13. The panels below 827 

represent reconstructed stand density (mid panel) and stand age (lower panel). Stand age is 828 

defined as the mean age of all trees at a given year. Note the different y-axes in (a) and (b). The 829 

vertical dashed lines denote the reported budmoth outbreaks from the literature. 830 

Figure 3. a) Mean aboveground biomass increments (ABI) for the fixed plots over the periods 831 

1961-1980 with outbreak and 1990-2009 without outbreaks for both species together and b) 832 

separated.  833 

Figure 4. Pearson correlation coefficients (r) of chronologies along different elevations of Picea 834 

(P) and Larix (L) with temperature and precipitation. A three-month moving window was used, 835 

with monthly labels indicating the last month of the window. Lowercase month abbreviations 836 

represent previous year correlations with climate, while uppercase represents the current year. 837 

Black boxes indicate the windows selected as common climatic drivers along the elevational 838 

gradient, according to the multiple regression analysis.  839 

Figure 5. Mean impact of budmoth outbreaks occurring between 1850 and 1980 on annual 840 

growth of Larix and Picea derived from ring-width indices. Relative growth increment is 841 

defined as the current growth divided by the mean growth of 5 years prior to the outbreak. To 842 

provide an indication on the reduction magnitude, the relative growth changed was multiplied 843 

with the mean biomass increment of a 150 year old Larix tree from the fixed plots (as Picea 844 

does not show a response). 845 

Figure 6. Modelled ring width index compared to the chronologies from Picea and Larix along 846 

the elevational gradient. For Picea only climatic drivers are included, while for Larix the 847 

outbreaks are added and simulated to continue after 1981 (cf. Table 4 for more model fitting 848 

statistics).  849 
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Tables 850 

Table 1. Main characteristics of the species and elevation specific tree-ring chronologies. 851 

*Mean inter-series correlation and mean sensitivity as produced by the program COFECHA 852 

(Holmes, 1983). **Expressed population signal calculated for the CD standardized individual 853 

series by the R package dplR (Bunn et al., 2008). 854 

Elevation 2200 1900 1600 1300 

Species Larix decidua Picea abies Larix decidua Picea abies Larix decidua Picea abies Larix decidua 

Individuals (radii) 101 (204) 118 (224) 72 (133) 67 (121) 77 (144) 43 (82) 35 (65) 

Time span 1515 – 2014 1683 – 2014 1693 - 2014 1657 - 2014 1629 - 2014 1825 - 2013 1795 - 2012 

Mean series length  

(min/max) 

225  

(25/497) 

127  

(19/331) 

185  

(23/322) 

137 

(25/358) 

128 

(19/379) 

123 

(22/187) 

130 

(55/213) 

Mean DBH  

(min/max) 

43.34 

(13.4/76.7) 

37.68 

(5.8/74.0) 

50.72 

(8.4/80.4) 

42.25 

(16.4/79.5) 

45.81 

(11.5/85.4) 

47.24 

(14.0/92.0) 

48.81 

(17.6/76.6) 

Mean age  

(min/max) 

257 

(26/551) 

144 

(20/331) 

213 

(24/326) 

168 

(31/461) 

149 

(24/379) 

140 

(22/187) 

142 

(68/213) 

Mean inter-series correlation* 0.60 0.59 0.66 0.49 0.61 0.54 0.54 

Mean sensitivity* 0.35 0.18 0.30 0.17 0.25 0.19 0.27 

Mean EPS (1850-2011)** 0.98 0.96 0.99 0.92 0.98 0.90 0.91 

 855 

Table 2. Characteristics of the fixed plots. 856 

Site 

code 

Coordinates 

°N 

Coordinates 

°E 

Plot radius 

(m) 

Plot size 

(m2) 

Basal area 

(m2 ha-1) 

Stem density 

(trees ha-1) 

Dominant species 

# 1 (%) 

Dominant species 

# 2 (%) 

N13 46.39022 7.76325 17.0 907.92 76.70 420 Larix decidua (52) Picea abies (48) 

N19 46.38631 7.77371 17.0 907.92 47.27 540 Larix decidua (66) Picea abies (34) 

BLA 46.428609 7.823441 16.5 855.30 56.74 420 Larix decidua (87) Picea abies (13) 

  857 
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Table 3. Selected climatic variables based on the forward/backward multiple regression 858 

analysis. Three-month average climate data was correlated with the elevation-specific 859 

chronologies of Picea and Larix. Outbreaks were included into the analysis by either removing 860 

the outbreak year and subsequent two years after outbreak or using an average negative growth 861 

response curve after an outbreak. For the three-month average, the last month is presented. 862 

Commonly occurring climatic variables where selected. *Selected climate variables and 863 

#highly overlapping with selected month in the final model.  864 

Species Outbreak Elev. (m) Selected variable (slope) 

Picea 

abies 
None 

1300 
Int.  

(0.92) 

Tsep  

(-0.04)* 

Pdec  

(0.05)* 

PJUL  

(0.09)* 

Tmar  

(-0.01) 

TJAN  

(0.02) 

POCT  

(-0.05) 

 

1600 
Int.  

(0.88) 

Tsep  

(-0.04)* 

Pdec  

(0.05)* 

TJAN  

(0.01) 

TJUL 

(0.02)* 

PJUL  

(0.08)* 

POCT  

(-0.04) 

PAPR  

(0.04) 

1900 
Int.  

(0.81) 

Tsep  

(-0.05)* 

TJUL 

(0.04)* 

Tdec  

(0.02) 

PMAY  

(0.04) 

Poct 

(0.06) 

PJUL  

(0.06)* 

PFEB  

(0.03) 

Larix 

decidua 

Removing up to 

two years after 

outbreak 

1300 
Int.  

(0.91) 

Tnov  

(0.03)* 

PJUL  

(0.11)# 
    

 

1600 
Int.  

(1.12) 

Tnov  

(0.03)* 

TSEP  

(0.04) 

Psep  

(-0.09) 
   

 

1900 
Int.  

(1.05) 

TAUG 

(0.07)* 

Tnov  

(0.04)* 

TAPR  

(-0.02) 
   

 

2200 
Int.  

(0.95) 

TAUG 

(0.10)* 

Tnov  

(0.04)* 

TAPR  

(-0.03) 

PMAR 

(0.078) 

TNOV  

(-0.03) 
 

 

Including 

negative 

outbreak 

response curves 

1300 
Int.  

(0.71) 

Outbreak  

(0.24) 

PAUG  

(0.13)* 

Toct  

(0.03) # 
   

 

1600 
Int.  

(0.43) 

Outbreak  

(0.63) 

Toct  

(0.04) # 
    

 

1900 
Int.  

(0.28) 

Outbreak  

(0.79) 

Tnov  

(0.05)* 

Tmar  

(0.03) 
   

 

2200 
Int.  

(0.54) 

TAUG  

(0.13)* 

Tnov  

(0.05)* 

Outbreak  

(0.43) 

TAPR  

(-0.03) 

TSEP  

(-0.05) 

PFEB 

(0.07) 

 

 865 



31 

 

Table 4. Model fits for Picea and Larix chronologies along different elevations. Three month 866 

average climate variables for precipitation (P) and temperature (T) from previous and current 867 

year (capital letters) are presented (last month is shown). Three different types of scenarios are 868 

included; climatic variables alone, climate in combination with outbreak response curves and 869 

outbreak response curves alone. Budmoth absence growth change describes the average annual 870 

percentage of modelled ring width index gained compared to the model where outbreaks would 871 

have continued with a 9-year frequency from 1990 onwards. Unexplained growth change is the 872 

average annual percentage growth increase of observed ring width indices over the modelled 873 

Larix series without outbreaks. For Picea this value reflects the average annual percentage 874 

difference between observation and climate model. Significance codes: p > 0.001 = **, 0.001 875 

< p > 0.05 = *, 0.05 < p > 0.1 = . .  876 

Species Scenario Elevation 

(m) 

Variables (slope) Residual 

standard 

error 

Adjusted 

R2 

 

Budmoth 

absence 

growth 

change (%) 

Unexplained 

growth 

change (%) 
Intercept Tsep Pdec TJUL PJUL 

Picea 

abies 

Climate 1300 1.30** -0.0344* 0.0002 -0.0060 0.0005* 0.134 0.11** - -2.45 

1600 0.89** -0.0378** 0.0002* 0.0299* 0.0005** 0.115 0.18** - 7.63 

1900 1.07** -0.0515** -2.48e-06 0.0441** 0.0002 0.101 0.21** - 6.40 

 Intercept TAUG Tnov PAUG Outbreak   

Larix 

decidua 

Climate 1300 0.59* 0.0099 0.0196 0.0005* - 0.158 0.03. - 0.27 

1600 -0.48 0.1122** 0.0278 0.0003 - 0.247 0.14** - 15.16 

1900 -0.88* 0.1664** 0.0501* 0.0004 - 0.283 0.24** - 23.67 

2200 -0.22 0.1311** 0.0364* 0.0002 - 0.221 0.25** - 9.16 

Climate 

+ 

Outbreak 

1300 0.42. -0.0041 0.0187 0.0005* 0.3761** 0.151 0.11** 19.32 -14.29 

1600 -0.51* 0.0512* 0.0168 0.0002 0.8534** 0.190 0.49** 23.44 6.60 

1900 -0.81** 0.0841** 0.0314* 0.0003 0.9087** 0.187 0.67** 28.91 19.49 

2200 -0.56* 0.0835** 0.0246. 0.0002 0.8191** 0.180 0.50** 18.83 0.43 

Outbreak 1300 0.62** - - - 0.3623** 0.154 0.08** 18.17 -9.76 

1600 0.14. - - - 0.9349** 0.194 0.47** 25.13 11.40 

1900 0.08 - - - 1.0248** 0.202 0.61** 31.19 25.43 

2200 0.06 - - - 0.9921** 0.195 0.41** 22.49 10.44 

 877 

  878 
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Figure 1 879 
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Figure 6 894 
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