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30 Abstract

31 The transition zone between the northern boreal forest and the arctic tundra, known as the 

32 tundra-taiga ecotone (TTE) has undergone rapid warming in recent decades. In response to this 

33 warming, tree density, growth, and stand productivity are expected to increase. Increases in tree 

34 density have the potential to negate the positive impacts of warming on tree growth through a 

35 reduction in the active layer and an increase in competitive interactions. We assessed the effects 

36 of tree density on tree growth and climate-growth responses of Cajander larch (Larix cajanderi) 

37 and on trends in the normalized difference vegetation index (NDVI) in the TTE of Northeast 

38 Siberia. We examined 19 mature forest stands that all established after a fire in 1940 and ranged 

39 in tree density from 300 to 37,000 stems ha-1. High density stands with shallow active layers had 

40 lower tree growth, higher stand productivity, and more negative growth responses to growing 

41 season temperatures compared to low density stands with deep active layers. Variation in stand 

42 productivity across the density gradient was not captured by Landsat derived NDVI, but NDVI 

43 did capture annual variations in stand productivity. Our results suggest that the expected 

44 increases in tree density following fires at the TTE may effectively limit tree growth and that 

45 NDVI is unlikely to capture increasing productivity associated with changes in tree density. 

46

47 Keywords: larch, boreal, normalized difference vegetation index (NDVI), climate change, 

48 competition, Landsat
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54 Introduction

55 Global climate change is expected to alter the structure and composition of vegetation in 

56 transition zones between biomes via species range shifts (Lenoir and Svenning 2015). The 

57 transition zone between the boreal forest and the arctic tundra, known as the tundra-taiga ecotone 

58 (TTE), is the largest ecotone on earth (Callaghan et al. 2002; Montesano et al. 2020). Across the 

59 TTE, tree height, cover, density, and biomass generally decline in association with decreasing 

60 temperature (Montesano et al. 2020) and a canopy cover <20% is used to delineate the TTE 

61 (Ranson et al. 2011). In recent decades, rapid climate change has occurred throughout the TTE 

62 and this warming trend is expected to continue at twice the rate of the global average for at least 

63 the next century (Arctic Monitoring and Assessment Programme 2017). Vegetation models 

64 predict that with continued warming there will be a significant northward advance of forests and 

65 treeless gaps in the present TTE will become forested (Zhang et al. 2013; van der Kolk et al. 

66 2016). Changes in the extent or location of the TTE will have widespread impacts on Arctic 

67 ecosystems, including wildlife habitat quality, subsistence activities, and infrastructure (Rickbeil 

68 et al. 2018). At a global scale the position of the TTE could have important bioclimatic impacts, 

69 including a decrease in the albedo of areas currently covered by tundra and an increase in 

70 terrestrial carbon sequestration (Pearson et al. 2013; de Wit et al. 2014). 

71 Despite the importance of understanding vegetation change in the Arctic, observations of 

72 range shifts in the TTE have been inconsistent (Harsch et al. 2009; Rees et al. 2020). These 

73 inconsistent responses between climate warming and range shifts suggest that there are 

74 additional non-climatic factors controlling the position of the TTE. Of the non-climatic factors to 

75 consider when making predictions of forest expansion, competitive interactions may be 

76 particularly important (Wang et al. 2016; Liang et al. 2016). In the TTE, coniferous trees rarely 
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77 form closed high density stands and usually occur in scattered groups (Montesano et al. 2020). 

78 However, wildfires throughout the TTE are increasing (Veraverbeke et al. 2017) and their effects 

79 on post-fire tree establishment (Landhausser and Wein 1993; Brown 2010) can result in the 

80 formation of high density stands (Alexander et al. 2012). Increased competition in dense forests 

81 decreases individual tree growth (Assmann 1970) and can alter the growth response of trees to 

82 climate (Gea-Izquierdo et al. 2009). In the TTE, growth has historically been limited by 

83 relatively short, cold, and sometimes dry growing seasons (Nemani et al. 2003). However, as 

84 temperatures increase throughout the northern TTE and high density stands establish post-fire, 

85 competitive interactions for limited resources are likely to increase and could play an important 

86 role in limiting tree growth responses to climate warming. 

87 Increasing productivity associated with warming in parts of the TTE have been identified 

88 by both satellite-derived indicators of productivity (e.g., the normalized difference vegetation, 

89 NDVI) and tree-ring data (Beck and Goetz 2011; Berner et al. 2011; Bunn et al. 2013). However, 

90 there are many complexities with interpreting satellite measures of productivity at high latitudes 

91 (Myers-Smith et al. 2020) and competition can be an even more important factor than 

92 temperature in tree limiting growth (Gomez‐Aparicio et al. 2011). Specifically, competition for 

93 limited resources can modulate the growth response of trees to long-term climate variation 

94 (Linares et al. 2010); where trees with low competition often show a strong climate signal 

95 compared to trees suppressed by competition (Gea-Izquierdo et al. 2009). In the TTE, the 

96 impacts of increased tree density could intensify competitive interactions. Increased shading in 

97 high density stands reduces active layer thickness (i.e., the seasonal depth of soil thaw) and can 

98 subsequently limit access to water and nutrients (Kropp et al. 2019). The effects of shading have 

99 also limited the ability of NDVI to capture increases in forest cover in Siberia (Loranty et al. 
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100 2018).  There is currently little empirical evidence regarding how competitive interactions affect 

101 tree growth responses to climate change or if NDVI captures interannual productivity of trees 

102 experiencing different levels of competition. Understanding these dynamics is imperative for 

103 predicting forest productivity as climate continues to change and for improving the interpretation 

104 of satellite‐observed trends in productivity. 

105 In this study, we assessed the productivity of Cajander larch (Larix cajanderi (Mayr.)) 

106 across a range of tree densities that established following a fire that burned in 1940 in the TTE of 

107 northeastern Siberia (Table 1). This region is predicted to experience pronounced shifts in the 

108 northern boundary of the TTE (Zhang et al. 2013). We used downscaled climate data, 

109 measurements of tree radial growth and stand structure, and Landsat derived NDVI to assess 

110 temporal trends in seasonal climate parameters from 1980-2011, density dependent tree growth 

111 and stand productivity from 1980-2011, and density dependent NDVI from 1999-2011 

112 (Objective 1). We asked if and how tree density impacts: stand and ecosystem characteristics, 

113 individual tree growth, stand productivity, and NDVI (Objective 2), tree growth responses to 

114 climate (Objective 3), and the ability of NDVI to detect annual stand productivity (Objective 4). 

115

116 Methods

117 Study area and field methods

118 Our study was conducted near the Northeast Science Station (NESS) in Cherskiy, Sakha 

119 Republic, Russia in northeastern Siberia (68.74° N, 161.40° E).  From 1938-2009 average annual 

120 temperatures was -13.0 °С and total annual precipitation was 282 mm yr-1, approximately half of 

121 which occurred during summer (Berner et al. 2013). Forests in this region are composed mostly 
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122 of the deciduous needleleaf conifer Cajander larch (Larix cajanderi) (Alexander et al. 2012), 

123 which dominate the permafrost zone of eastern Siberia.

124 In the summers of 2012, 2015, and 2016, we sampled 19 forest stands (Table 1 and Table 

125 S1) across a tree density gradient of Cajander larch located ~ 2 km from the NESS. All stands 

126 originated with the same regional species pool after a fire in 1941, and ranged in tree density 

127 from 300 – 37,000 trees ha-1. Densities are presumed to be driven by differences in soil burn 

128 severity, with higher burn severity promoting higher subsequent tree density (Alexander et al. 

129 2018). The stands are even-aged and show little to no evidence of self-thinning, with little woody 

130 debris and few standing dead trees. The stands are within ~3 km of each other and overlay 

131 carbon-rich yedoma permafrost, have relatively flat relief, and experience the same climate. 

132 They are representative of the greater physiognomy of the typical forested area in the region and 

133 their close proximity to one another presents an ideal situation for assessing the effects of density 

134 on productivity, while holding other ecological variables relatively constant. Each stand 

135 consisted of three plots. All plots were at least 30 m apart and consisted of a 30 m length belt 

136 transect of variable width. The width of the belt transect ranged from 1 m wide in the stands with 

137 the highest tree density to 8 m wide in the stands with the lowest tree density, resulting in total 

138 sample area ranging from 30-240 m2.

139 Within each plot, we measured the diameter at breast height (1.4 m above the base; DBH; 

140 cm) of every tree ≥1.4 m tall and basal diameter for trees < 1.4 m tall. We calculated stem 

141 density (stems ha-1) and basal area (m2 ha-1) for each stand and categorized each stand based on 

142 tree density  (low= 300 to 3500 stems ha-1; medium= 4400 to 8500 stems ha-1, and high = 10,800 

143 to 37,000 stems ha-1). Canopy cover, understory composition and biomass, active layer depth, 

144 and soil organic layer depth were measured using the methods outlined in Alexander et al. 2012 
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145 and Paulson et al. in press. Allometric equations were used to calculate C pools of larch trees 

146 (Alexander et al. 2012) and tall shrubs (Berner et al. 2012) and C pools of understory vegetation 

147 was determined through harvest (Paulson et al. in press). The C of trees, shrubs, and understory 

148 vegetation were summed to estimate the total aboveground C pool. 

149 Within each stand, we sampled five to 10 larch trees, obtaining basal cores or disks ~ 30 

150 cm above the forest floor, for tree ring analysis. For stands with 10 trees sampled, we sampled 

151 the closest tree located 5m to the left of the 0, 15, and 30 m mark in each of the three plots. The 

152 10th tree was sampled 5 m to the right of the 30 m location on the last plot sampled. For those 

153 stands with five trees sampled, we used the same methods but at fewer locations. The systematic 

154 sampling of trees ensured that their size and age were representative of the site. Within each 

155 density class the mean (± SE) DBH of trees sampled for radial growth (Table S2; low 

156 density=5.3 ± 0.8 cm, med density =3.1 ± 0.3 cm, high density = 2.7 ± 0.4 cm) was not 

157 significantly different from the mean DBH of all measured trees (Table 2; low density=4.7 ± 0.4 

158 cm, med density =4.0 ± 0.4 cm, high density = 3.0 ± 0.4 cm) (t-value(8.3)=0.81 (low density), t-

159 value(8.6)=-1.56 (med density), t-value(8)=-0.92 (high density);p-value>0.10). 

160 Tree growth and stand productivity

161 All tree disks and cores were sanded with increasingly finer sandpaper (up to 400 grit) to 

162 produce visible rings. Annual ring widths were measured (resolution 0.001 mm) on each core 

163 and two radii per stem disk using WinDENDRO software version 2012c (Regent Instruments 

164 2012). All subsequent sample preparation and analyses were completed using R statistical 

165 software version 3.6.0 (R Development Core Team 2018). We visually and statistically cross-

166 dated each tree-ring times series against master chronologies developed for each stand (Table 

167 S2) using the R package ‘dplR’ (Bunn 2010). Raw ring widths and individual tree measurements 
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168 of DBH were used to estimate annual basal area increment (BAI; mm2 of wood year-1) for each 

169 core or radii using ‘dplR’ (Bunn 2010). Individual tree BAI chronologies were then built by 

170 averaging BAI of the two cores or radii measured for each tree (n=150). We chose to use BAI 

171 because it is a more direct measure of wood production than standardized tree ring width. BAI 

172 accounts for age and size related growth trends while maintaining both the high and low 

173 frequency variation in the tree ring time series (Biondi and Qeadan 2008) and is also a 

174 dependable metric for assessing long term growth trends (Peters et al. 2015). To ensure that we 

175 were not including juvenile growth in our analysis, all tree BAI chronologies were truncated at 

176 1980 (Fig. 1). 

177 To calculate stand BAI (m2 ha-1 year-1) we averaged annual tree BAI (mm2 year-1) for 

178 each stand within each year, converted the average BAI to m2 year-1 and multiplied this by tree 

179 density (stems ha-1) for each stand. Annual data on mortality and recruitment were not available 

180 over the 30-year tree ring record and thus could not be included in our metric of stand 

181 productivity. Supporting the exclusion of tree mortality and seedling recruitment in our metric of 

182 stand productivity, we saw little evidence of larch mortality or recruitment in our study sites. 

183 Furthermore, Alexander et al. (2012) used a chronosequence approach and found that both tree 

184 mortality and seedling recruitment were low in mid- to late succession larch forests across a 

185 range of tree densities in this region. Additionally, mid- to late successional forests have 

186 relatively thick organic soils that limit larch seedling recruitment and survival (Alexander et al. 

187 2018). Our metric of stand productivity begins in 1980 when stands were approximately 40 years 

188 old and as such, both recruitment and mortality would be low to non-existent over this 

189 timeframe. 

190 Climate data
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191 We obtained monthly mean temperature (°C) and total precipitation (mm) from the 

192 Climate Research Unit high resolution time series data set (CRU TS 4.01 (Harris et al. 2013) for 

193 Cherskiy, Russia for the period 1980 to 2011 (Fig. 1). Data were extracted from the 0.5 x 0.5 

194 grid cell containing the study sites. We calculated seasonal climate variables of mean 

195 temperature (°C) and total precipitation (mm) for fall (September, October, November), winter 

196 (December, January, February), spring (March, April, May), and growing season (June, July, 

197 August) (Fig. 1). 

198 Normalized Difference Vegetation Index (NDVI) Data from Landsat

199 We estimated annual maximum summer NDVI from 1999 to 2011 for each site using 30-

200 m resolution measurements of surface reflectance made by Landsat 5 and 7. The NDVI is 

201 derived from spectral reflectance in red and near-infrared wavelengths and ranges from -1 to 1 

202 (Tucker 1979) with higher values typically associated with leafier, more productive vegetation 

203 (Pettorelli et al. 2005). The United States Geological Survey (USGS) recently generated the 

204 Landsat Collection 1 data set that includes Landsat 5 and 7 measurements corrected for 

205 atmospheric and terrain effects using the  LEDAPS processing algorithm (Masek et al. 2006).

206 We used Google Earth Engine (Gorelick et al. 2017) to download all Landsat surface 

207 reflectance data that were acquired May through September from 1999 to 2011 for an 

208 approximate 90 x 90-m window centered on each site. Five stands (HDF1, MDF4, LBR, HDS1, 

209 and DAVY; Table S1) were located within 50 m of a dirt road that suppressed NDVI of some 

210 Landsat pixels in the window around these stands. To avoid the effect of the road, we 

211 systematically shifted these five stands 60 m to the south and west deeper into each stand prior to 

212 extracting the Landsat data. After extracting the data, we then excluded observations that were 

213 flagged as water, snow, cloud, or cloud shadow by the CFmask (Zhu and Woodcock 2014) and 
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214 additionally excluded observations from scenes with high solar zenith angle (> 60°) or cloud 

215 cover (> 80%). Extensive filtering is necessary to identify clear-sky observations suitable for 

216 analysis of vegetation dynamics.

217 We estimated annual maximum NDVI for each stand using the clear-sky observations 

218 and a new phenology-based modeling approach (Berner et al. 2020). For each stand and Landsat 

219 scene, we computed mean surface reflectance of pixels within the 90 x 90-m window, derived 

220 NDVI using mean surface reflectance, and further cross-calibrated NDVI from Landsat 5 to 

221 Landsat 7 using published calibration coefficients (Ju and Masek 2016). We then estimated 

222 annual maximum NDVI using a new approach that helps alleviate issues with irregular timing of 

223 Landsat observations during the growing season, as well as the systematic underestimation of 

224 maximum NDVI if few scenes are available during a growing season (Berner et al. 2020). This 

225 approach involves (1) determining stand-specific land surface phenology during the growing 

226 season using flexible cubic splines fit through available NDVI data and (2) estimating annual 

227 maximum NDVI by adjusting individual growing season observations based on their likely 

228 phenological stage. To capture possible long-term changes in land surface phenology, a separate 

229 cubic spline is fit for each growing season using NDVI data from a multi-year window centered 

230 on that growing season (here ± 3 years). To further guard against observations with poor data 

231 quality, the approach fits a cubic spline, removes observations that differ by >100% from the 

232 spline fit, and then repeats this process until there are no more outliers. The resulting 

233 phenological curves are then used with individual growing season observations to estimate 

234 annual maximum NDVI (Berner et al. 2020). A similar approach was previously used to evaluate 

235 interannual variation in the start and end of growing season using Landsat data across deciduous 

236 forests in parts of eastern North America (Melaas et al. 2013, 2016).  We focused on the period 
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237 from 1999 to 2011 because Landsat data were not consistently acquired in this region until 1999 

238 and the tree-ring data were available through 2011. 

239 Statistical analysis

240 Annual trends in climate, growth, productivity, and NDVI 

241 We examined trends for each of the eight seasonal climate parameters and for tree BAI 

242 (mm2 year-1) and stand BAI (m2 ha-1 year-1) over the period of 1980-2011 and for NDVI over the 

243 period of 1999-2011 (Objective 1). To assess if and how seasonal climate parameters changed 

244 from 1980-2011 we fit simple linear regressions for each of the eight climate parameters as a 

245 function of year. Residuals for each model were checked for normality, homoscedasticity, and 

246 autocorrelation. To assess temporal changes in tree growth (tree BAI; mm2 year-1), stand 

247 productivity (stand BAI; m2 ha-1 year-1), and NDVI we fit linear mixed effects models (LMM) 

248 using the package ‘nlme’ (Pinheiro et al. 2017). We natural log transformed tree BAI and stand 

249 BAI prior to analysis to meet the assumptions of normality. We modelled each of tree BAI, stand 

250 BAI, and NDVI with fixed effects of year, tree density category (low, medium, or high), and 

251 their interaction. For the response variable of tree BAI, we included random intercepts for stand 

252 and tree nested within stand to account for the spatial non-independence of trees within stands 

253 and the non-independence of annual BAI measurements within a tree. For the response variables 

254 of stand BAI and NDVI, we included stand as a random intercept. For each of these models, we 

255 tested if the inclusion of a random intercept of year and an autoregressive structure (AR1, 

256 autoregressive process of order one) improved model fits or changed model results (Appendix 1). 

257 In all cases, the inclusion of a random intercept for year and AR1 substantially increased the 

258 Akaike information criterion (AIC) indicating a reduced model fit (Zuur et al. 2009), but 

259 produced very similar results (Appendix 1). For these and all LMM that follow, we verified that 
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260 the statistical assumption of homogeneity of variance were not violated by visually inspecting 

261 residuals versus fitted values, all explanatory variables, and each grouping level of the random 

262 intercepts (Zuur et al. 2009). We also verified that our models accounted for the non-

263 independence of measurements by examining autocorrelation plots of the residuals (Zuur et al. 

264 2009). The significance of fixed effects were determined using maximum likelihood ratio tests 

265 (LRT) comparing the full model to a reduced model and confirmed using AIC (ΔAIC < 2.0) 

266 (Zuur et al. 2009). Optimal model coefficients were derived using restricted maximum likelihood 

267 estimation. 

268 Impacts of density on stand structure, tree growth, stand productivity, and NDVI

269 To assess the effects of density on stand structure, tree growth, stand productivity, and 

270 NDVI (Objective 2), we first classified each stand into a tree density category (low, medium, or 

271 high). We tested for differences in stand averages of tree density, stand age, average tree 

272 diameter and basal area, canopy cover, active layer depth, soil organic layer depth, and C pools 

273 of larch trees, understory vegetation, and total aboveground vegetation between these categories 

274 using one-way analysis of variance (ANOVA). When differences were detected (p < 0.05), we 

275 completed Tukey adjusted pairwise comparisons between density categories.

276 To assess the effects of tree density on tree growth and stand productivity over the period 

277 1980-2011 and NDVI over the period 1999-2011, we fit a LMM with a fixed effect of density 

278 category. For the response variables of tree BAI, we used random intercepts of stand and year 

279 nested within stand. For the response variables of site BAI and NDVI, we included a random 

280 intercept for year. We natural log transformed tree BAI and stand BAI prior to analysis. Model 

281 assumptions and the significance of fixed effects were assessed as described above. We tested 
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282 for differences in BAI and NDVI between each density class using a Tukey adjusted pairwise 

283 comparisons in the ‘emmeans’ package (Lenth et al. 2019).

284 Density dependent climate growth analyses

285 We assessed individual tree growth responses to climate over the period 1980-2011 

286 (Objective 3) using two methods. We first calculated bootstrapped correlations between 

287 individual tree BAI and mean monthly temperatures and total monthly precipitation over a 17-

288 month climate window, extending from April of the year preceding growth to August of the 

289 current year of growth (Fritts 1976), using the package ‘bootRes, version 1.2.3’ (Zang 2010). 

290 The significance of each of the 34 climate correlations were determined from 95% confidence 

291 intervals (Zang 2010). These monthly correlations were done at the individual tree level in order 

292 to maintain the variation associated with each tree. Because we were interested in the effect of 

293 tree density on climate growth responses, we grouped trees based on tree density category (low, 

294 medium, high). The choice of detrending method can affect climate growth responses (Sullivan 

295 et al. 2016) and pre-whitening to remove autocorrelation is often done but is not recommended 

296 when using previous year climate variables (Zang and Biondi 2013). To assess the sensitivity of 

297 our results to detrending choice, we completed these bootstrapping analyses with raw ring width 

298 data, ring widths that were detrended using a modified negative exponential or the C-method, 

299 and prewhitened BAI chronologies (Appendix). 

300 In addition to the descriptive monthly correlation analysis, we fit LMM to determine the 

301 effects of seasonal climate and tree density on productivity (Objective 3). This approach 

302 accounts for the temporal non-independence of measurements within individual trees and the 

303 spatial non-independence of trees located within stands and allows us to specifically test for the 

304 effects of tree density on growth responses to seasonal climate parameters. Seasonal climate 
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305 parameters were used instead of monthly due to collinearity of monthly variables. Based on 

306 variance inflation factors (VIF<3; Zuur et al. 2009) we did not detect multicollinearity between 

307 our seasonal climate parameters. We used natural log transformed individual tree BAI as the 

308 response variable and fixed effects of seasonal mean temperature, seasonal total precipitation, 

309 tree density category (low, medium, high), and the first order interaction between temperature or 

310 precipitation and tree density category. We scaled and centered all continuous climate predictor 

311 variables prior to model fitting. Since annual BAI represents repeated measures over the same 

312 individual trees located within stands, we included random intercepts for stand and tree nested 

313 within stand. Similar to the analysis described above, we also fit the model with AR1 and 

314 random intercepts of stand and year nested within stand. This increased the AIC but produced 

315 very similar results (Appendix 1). The significance of interaction terms were determined using 

316 maximum likelihood ratio tests comparing the full model to a reduced model without the 

317 interaction and confirmed using AIC (ΔAIC < 2.0) (Zuur et al. 2009). For each of the seasonal 

318 climate parameters that significantly interacted with density class, we tested the significance of 

319 slopes for each density class and used a Tukey adjusted post hoc analysis for pairwise 

320 comparisons of slopes between density classes in the ‘emmeans’ package (Lenth et al. 2019). 

321 Similar to our bootstrapping analysis, we also completed these LMM using response variables 

322 derived from a variety of detrending methods and found that they all had similar results, 

323 supporting the robustness of our conclusions (Appendix 1). 

324 NDVI and stand productivity analysis

325 To assess if annual changes in stand productivity were detected by NDVI at different tree 

326 densities (Objective 4), we first split the data into three tree density categories (low, medium, and 

327 high). For each category, we fit a LMM with a fixed effect of stand BAI and a random intercept 
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328 for stand. Model assumptions and the significance of fixed effects were assessed as described 

329 above. 

330 Results

331 Fall, spring, and growing season temperatures increased over the period 1980-2011 

332 (Objective 1; Table 1 and Fig. 1). Fall temperature increased the most, followed by spring and 

333 growing season temperatures. We found no significant trends in seasonal precipitation over the 

334 study period. In low density stands we found significant increases in tree growth and stand 

335 productivity, but in medium and high density stands both tree growth and stand productivity 

336 decreased from 1980-2011 (Objective 1; Table 1 and Table S3). NDVI increased at the same rate 

337 for all tree density categories from 1999-2011 (Objective 1; Table 1 and Table S3). 

338 Average tree diameter (cm), tree basal area (m2 ha-1), active layer depth (cm), and total 

339 understory C pools (Mg C ha-1) were greater in low density compared to high density stands. In 

340 contrast, canopy cover (%) and tree and total aboveground C pools (Mg C ha-1) were highest in 

341 high density stands and lowest in low density stands (Objective 2; Table 2). Tree growth (mm2 

342 yr-1) was significantly different between density categories, with two and a half times greater 

343 growth in low compared to high density stands (Objective 2; Table 2 and Table S4). Stand 

344 productivity (m2 ha-1 yr-1) was also significantly different between density categories (Objective 

345 2; Table 2 and Table S4). Productivity of high density stands was eight times greater than low 

346 density stands. Despite this greater productivity of high density stands, NDVI was highest in 

347 medium density stands and was not significantly different between low and high density stands 

348 (Objective 2; Table 2 and Table S4). 

349 The response of tree growth to climate parameters varied with tree density. High and 

350 medium density stands generally responded negatively to temperature, whereas low density 
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351 stands responded positively to temperature (Objective 4; Fig. 3). Specifically, tree productivity in 

352 low density stands was positively correlated to previous fall (September through November) and 

353 current summer (June, July, August) temperatures, whereas tree productivity in high and medium 

354 density stands was negatively correlated to previous spring and summer (April through July) 

355 temperatures. Correlations to precipitation were more variable than correlations to temperature in 

356 low density stands, but growth generally increased with higher previous fall precipitation (Fig. 

357 3). Growth of trees in high and medium density stands was positively correlated to precipitation 

358 in July of the previous year. 

359 We observed similar growth responses to climate using a mixed-model approach. The 

360 effects of climate on growth differed between density categories for most climate parameters, but 

361 not for winter and current growing season temperatures (Objective 4; Table 3 and Table S5 and 

362 Table S6). In general, high and medium density stands exhibited negative growth responses to 

363 temperature, whereas low density stands exhibited positive growth responses to temperature, 

364 with previous fall temperature exhibiting the strongest positive effect on growth (Table 3). 

365 Similar to the bootstrapping results, effects of precipitation were more variable. We observed 

366 both negative and positive effects of precipitation on productivity in low density stands and 

367 positive or neutral effects on growth in high and medium density stands.  

368 NDVI captured annual variation in stand productivity (m2 ha-1 yr-1) in all stand density 

369 categories (Objective 5; Fig. 3 and Table S7). 

370 Discussion

371 As climate continues to warm, the northern extent of the boreal forest is expect to shift 

372 northward, leading to increased tree density throughout the present TTE (Holtmeier and Broll 

373 2007; Larsen et al. 2014). In this study, we examined stands that established following a 1940 
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374 fire in Northeast Siberia and represent a large range in Cajander larch tree densities. We assessed 

375 the potential impacts of increased tree density on tree growth responses to climate and 

376 determined if patterns of stand productivity are captured by NDVI. We found that high density 

377 stands with shallow active layers had lower individual tree growth and more negative growth 

378 responses to growing season temperatures compared to low density stands with deep active 

379 layers. This suggests that increased tree density in the TTE can lead to increased competition for 

380 moisture and suppress the ability of trees to increase growth in response to climate warming. 

381 NDVI was able to capture annual variability in stand productivity within stand density categories 

382 but did not capture differences in productivity associated with changes in tree density.   

383 In low density stands, we observed increases of both individual tree growth and stand 

384 productivity from 1980-2011, whereas both growth and productivity in medium and high density 

385 stands decreased. These density dependent trends suggest that competition for resources is 

386 limiting the ability of trees to respond positively to the increases in temperature we observed in 

387 this region. However, declines in larch productivity have also been observed in older (98 -234 

388 years) low to medium density stands in the same region since the 1940s (Berner et al. 2013), 

389 suggesting that the increase in productivity we observed in younger (~75 years) low density 

390 stands might not continue as stands mature.

391 Tree growth is often suppressed in higher density stands compared to lower density 

392 stands due to increased competition for water, nutrients, and light (Fritts 1976). However, when 

393 scaled to overall stand productivity, increased density can more than compensate for the reduced 

394 growth of individual trees. This compensatory response is well established and commonly used 

395 in forest growth yield models (Assmann 1970), but these dynamics have not been assessed at the 

396 latitudinal limit of the boreal forest where stand densities have historically been low but are now 
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397 increasing (Kharuk et al. 2013b; Lantz et al. 2019). In fact, only the low density stands (300 to 

398 3500 stems ha-1) had canopy covers (<20%) consistent with the delineation of the TTE (Ranson 

399 et al. 2011) despite the high latitude (~68.74° N) of all study sites. Our findings support this 

400 compensatory response with tree growth being lowest and overall stand productivity being 

401 highest in high density stands compared to medium or low density stands. High density stands 

402 also had significantly thinner active layers, indicating lower soil volume for water and nutrient 

403 uptake (Kropp et al. 2019), which can reduce tree growth (Kirdyanov et al. 2020). A shallow 

404 active layer and canopy shading in high density stands also corresponds to lower soil 

405 temperatures (Kropp et al. 2019), which could limit soil organic matter decomposition and the 

406 availability of nitrogen and other nutrients required for boreal tree growth (Tamm 1991). 

407 However, there is no evidence of increased density resulting in lower nitrogen supply or greater 

408 intraspecific competition for nitrogen in these forest stands (Hewitt et al. in prep). Taken 

409 together, these results suggest that competitive interactions for water or light might be limiting 

410 individual tree growth in high density stands. 

411 We observed the effects of competitive interactions on the ability of trees to respond 

412 positively to increasing temperatures. The climate-growth responses of larch trees in high and 

413 medium density stands differed from those in low density stands and from previous research in 

414 this region (Berner et al. 2013). In low density stands, we saw a positive effect of previous fall 

415 temperature on tree growth which has also been observed in larch forests of North America 

416 (Girardin et al. 2005). These growth responses suggest that a lengthening of the growing season 

417 delays leaf senescence and increases photosynthetic activity, allowing trees to store more 

418 carbohydrates for the subsequent growing season. An earlier spring snowmelt via increased 

419 spring temperatures and reduced spring precipitation that falls as snow can also increase the 
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420 growing season length. Although earlier snowmelt can reduce growth (Girardin et al. 2005), it 

421 can also enhance wood production in the growing season due to an earlier onset of xylogenesis 

422 (Kirdyanov et al. 2003). This explains the positive effect of current spring temperature and 

423 negative effect of current spring precipitation on growth in low density stands. Our results 

424 concur with previous work that showed positive growth response to early summer temperature in 

425 low to moderately dense larch stands over the period 1938 to 2007 in this region (Berner et al. 

426 (2013), while also highlighting that growth response to early summer temperatures is strongly 

427 affected by tree density.

428 The tree growth responses to climate that we observed in high and medium density stands 

429 are consistent with a drought stress response that has been reported for larch and pine trees in 

430 central and southern Siberia (Sidorova et al. 2009; Kharuk et al. 2013a) and black spruce (Picea 

431 mariana) and white spruce (Picea glauca) throughout Alaska (Wilmking et al. 2004; Walker and 

432 Johnstone 2014). Our results also support conclusions based on larch transpiration and stomatal 

433 conductance (Kropp et al. 2019) that productivity in high density stands with a shallow active 

434 layer might be limited by water availability. Negative responses of productivity to previous 

435 spring and growing season temperatures, positive responses to both previous and current spring 

436 and growing season precipitation, and positive responses to winter precipitation are indicative of 

437 drought stress. Drought stress in these high density stands can occur through: (i) increased 

438 competition for soil water (Wilmking et al. 2004); (ii) low snow depths during the winter 

439 delaying spring soil thaw, which if combined with warm temperatures result in insufficient water 

440 transport from roots to support evaporative demands (Berg and Chapin III 1994); and (iii) low 

441 albedo and high thermal absorption increasing leaf temperatures and transpiration rates and 

442 suspending photosynthesis (Brooks et al. 1998). A shallow active layer that limits the rooting 
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443 depth of trees and makes them less effective at water uptake has also been proposed as a drought 

444 stress mechanism (Walker and Johnstone 2014). However, larch rooting depth did not differ 

445 between tree density categories and was primarily constrained to the organic layer (Kropp et al., 

446 2019), the depth of which did not differ between tree densities (Table 2). Although we cannot 

447 definitively conclude the mechanism for this drought stress response, we expect that if air 

448 temperatures continuing increasing without an increase in precipitation, the productivity of trees 

449 in high density stands with a thin active layer could become progressively limited by water 

450 availability. 

451 We found that Landsat NDVI did not differ between low and high density stands despite 

452 an approximate eight-fold difference in stand-level tree productivity. The NDVI scales near 

453 linearly with the fraction of incident photosynthetically active radiation (PAR) absorbed by the 

454 land surface (Myneni and Williams 1994), which is a key determinant of total absorbed PAR and 

455 subsequent primary productivity (Goetz and Prince 1999; Glenn et al. 2008). We suspect the 

456 similarity in NDVI irrespective of tree density or productivity arose because Landsat NDVI 

457 integrates contributions from both overstory and understory vegetation, whereas the field 

458 measurements captured only the overstory component of primary productivity. Our results 

459 suggest that understory vegetation productivity exerts strong influence on remotely-sensed NDVI 

460 in areas with low tree density, potentially compensating for lower tree productivity. These results 

461 are consistent with there being little correlation (r ≈ 0.33) between Landsat NDVI and larch 

462 aboveground biomass in this region (Berner et al. 2012), as well as with the observation that 

463 understory NDVI can exceed overstory NDVI in larch stands due to canopy structure and 

464 shadows (Loranty et al. 2018). Overall, these findings highlight that remotely-sensed NDVI may 

465 not detect expected warming-induced increases in tree density in the TTE.  
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466 Our analysis showed that Landsat NDVI detected inter-annual variability in stand-level 

467 tree productivity regardless of tree density. Prior studies have report a positive relationship 

468 between coarse resolution AVHRR (~8 km) and MODIS (~1 km) NDVI and tree ring width at 

469 sites around the globe (Vicente-Serrano et al. 2016). However, the strength of relationship has 

470 varied from not significant or very weak at treeline sites in North America (Beck et al. 2013; 

471 Brehaut and Danby 2018) to moderate and strong at some sites in Russia, Interior Alaska, and 

472 the Northwest Territories (Beck et al. 2011; Berner et al. 2011; Bunn et al. 2013). We observed a 

473 positive relationship between inter-annual variability in Landsat NDVI and stand-level tree 

474 productivity across the density gradient stands. These results corroborate with previous research 

475 showing that forest cover (%) had no impact on the relationship between NDVI and ring width in 

476 northwestern Canada or northeastern Russia (Berner et al. 2011; Brehaut and Danby 2018). 

477 Whether in the TTE or elsewhere, it is currently unclear if moderate resolution Landsat NDVI 

478 better tracks stand-level tree growth than far coarser resolution AVHRR and MODIS NDVI. 

479 Landsat NDVI time series are increasingly being used to infer forest and tundra response to 

480 climate change at northern high latitudes (e.g. Ju and Masek 2016; Sulla-Menashe et al. 2018; 

481 Berner et al. 2020). Future efforts should therefore focus on evaluating links between Landsat 

482 NDVI and field measurements of plant productivity and other biophysical characteristics in the 

483 TTE and surrounding regions. 

484 A potential limitation of our study is that we only sampled 5 to 10 trees per stand. These 

485 trees were randomly sampled and representative of tree size within the stand but could fail to 

486 capture important individual tree growth dynamics. Scaling to the stand level based on a 

487 relatively low sample size could exacerbate the effects of these potentially missing growth 

488 dynamics. We were also unable to include recruitment or mortality in our metric of stand 
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489 productivity over the 30-year tree ring record. A single post-fire cohort dominates these stands 

490 and Cajander larch trees are relatively long-lived (Alexander et al. 2012). Therefore, both 

491 mortality and recruitment are low to non-existent and so their contribution to stand productivity 

492 would be unlikely to affect our results or conclusions. The short period of overlapping tree-ring 

493 and satellite data (13 years) also constrains interpretation of our results linking productivity to 

494 NDVI. Despite these potential limitations, our data and analyses still provide valuable insights 

495 into the impacts of tree density on tree growth responses to climate and the ability of NDVI to 

496 capture annual variation in stand productivity. 

497 Conclusions

498 In this study, we show that increases in tree density can suppress the positive response of 

499 individual tree growth to climate warming, but results in an overall higher stand productivity. 

500 Landsat NDVI did not detect this higher stand productivity. The expected increase in tree density 

501 in the TTE is therefore unlikely to be captured by NDVI in this region. We emphasize that 

502 increased density and a shallow active layer in the TTE have the potential to enhance 

503 competitive interactions and result in growth reductions and temperature induced drought stress 

504 with continued climate warming. Landsat NDVI has the potential to capture these interannual 

505 variations in stand productivity within density categories. We conclude that there is a need to 

506 incorporate changes in tree density and the resulting density dependent responses of trees to 

507 climate into models and predictions of changes at the northern limit of the boreal forest. 
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744 Table Legends

745 Table 1. Trends in climate, tree growth, stand productivity, and NDVI over time. Values 

746 represent the annual estimated change in the response variable over the period 1980 to 2011, 

747 except for NDVI which covers the period from 1999 to 2011. Tree growth and stand productivity 

748 were natural log transformed prior to analysis but effect sizes are on the original scale. For tree 

749 growth and stand productivity (mixed model results in Table S3) superscript letters represent 

750 significant (P<0.05) differences between the slopes of the three density categories as determined 

751 by Tukey post-hoc pairwise comparisons. For NDVI, there was no interaction between year and 

752 NDVI, thus only one value is presented (Table S3). For all models, red text indicates a negative 

753 trend, black indicates a positive trend, and shaded cells represent a significant effect. See Fig. 1 

754 for raw data plotted over time.

755

756 Table 2. Average (± standard error) variables summarized by density category. Bolded variables 

757 were significantly different (P<0.05) among density categories. Superscript letters represent 

758 differences between categories. See Table S4 for linear mixed effects model results of the effect 

759 of density category on tree growth, stand productivity, and NDVI.

760

761 Table 3. Marginal mean estimates of the effect of seasonal climate variables on tree growth 

762 (basal area increment; mm2 year-1). Letters represent significant differences between density 

763 categories based on Tukey adjusted post-hoc pairwise comparisons (P<0.05). Note that model 

764 was fit on centered and scaled predictor variables and a natural log transformed response 

765 variable, but the estimated effect sizes presented here are on the original scale. Shaded cells 

766 represent a significant slope (P <0.05); red indicates a negative effect and grey indicates a 

767 positive effect. See Table S5 for the full model and Table S6 for reduced model results (marginal 

768 R2=0.16; conditional R2=0.83). 
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769
770 Table 1. Trends in climate, tree growth, stand productivity, and NDVI over time. Values 

771 represent the annual estimated change in the response variable over the period 1980 to 2011, 

772 except for NDVI which covers the period from 1999 to 2011. Tree growth and stand productivity 

773 were natural log transformed prior to analysis but effect sizes are on the original scale. For tree 

774 growth and stand productivity (mixed model results in Table S3) superscript letters represent 

775 significant (P<0.05) differences between the slopes of the three density categories as determined 

776 by Tukey post-hoc pairwise comparisons. For NDVI, there was no interaction between year and 

777 NDVI, thus only one value is presented (Table S3). For all models, red text indicates a negative 

778 trend, black indicates a positive trend, and shaded cells represent a significant effect. See Fig. 1 

779 for raw data plotted over time.

780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

795

796

Model Effect ± st.error t-value R2 p-value

Fall 0.11 ± 0.03 4.67 0.38 <0.001
Winter -0.01 ± 0.03 -0.66 0 0.52
Spring 0.10 ± 0.02 3.49 0.25 <0.01

Te
m

pe
ra

tu
re

Growing Season 0.06 ± 0.02 3.68 0.28 <0.001
Fall 0.24 ± 0.25 0.97 0 0.34
Winter -0.24 ± 0.14 -1.63 0.05 0.11
Spring 0.01 ± 0.09 0.18 -0.03 0.86

Pr
ec

ip
ita

tio
n

Growing Season 0.09 ± 0.38 0.25 -0.03 0.80
Low 2.76 ± 0.58 4.75 <0.001a

Medium -0.54 ± 0.10 -5.38 <0.001b

Tr
ee

 B
A

I

High -0.47 ± 0.09 -5.00 <0.001b

Low 0.002 ± 0.001 4.05 <0.001a

Medium -0.005 ± 0.001 -4.57 <0.001b

St
an

d 
B

A
I

High -0.009 ± 0.002 -4.03 <0.01b

Low 

Medium 0.003 ± 0.001 5.36 <0.001N
D

V
I

High
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797 Table 2. Average (± standard error) variables summarized by density category. Bolded variables were significantly different (P<0.05) 

798 among density categories. Superscript letters represent differences between categories. See Table S4 for linear mixed effect model 

799 results of the effect of density category on tree growth, stand productivity, and NDVI.

800

801

802

803

804

805

Density Category
Variable Low Medium High d.f. F-value P-value
Age (years) 53 ± 5.3 57 ± 4.0 60 ± 1.2 2,16 0.63 0.53
Density (stems ha-1) 1316.67 ± 468.63a 5857.14 ± 613.68a 21416.67 ± 4469.93b 2,16 17.32 <0.001
Tree Diameter (cm) 4.72 ± 0.39a 4.03 ± 0.39ab 3.04 ± 0.37b 2,16 4.51 0.03
Basal Area (m2 ha-1) 3.19 ± 1.01a 10.98 ± 1.47b 18.75 ± 1.30c 2,16 33.71 <0.001
Canopy Cover (%) 18.11 ± 5.58a 41.48 ± 5.28b 70.17 ± 5.67c 2,16 21.25 <0.001
Active Layer Depth (cm) 72.79 ± 8.01a 52.96 ± 3.24b 53.65 ± 2.06b 2,16 5.02 0.02
Soil Organic Layer Depth (cm) 11.15 ±1.15 10.67 ± 0.74 10.17 ± 0.86 2,16 0.27 0.77
Total Tree (Mg C ha-1) 3.44 ± 1.11a 11.61 ± 1.68b 19.90 ± 1.31c 2,16 31.54 <0.001
Total Understory (Mg C ha-1) 4.23 ± 0.74a 2.46 ± 0.41ab 1.23 ± 0.23b 2,16 8.66 0.002
Total Aboveground (Mg C ha-1) 7.67 ± 1.34a 14.07 ± 1.39 b 21.13 ± 1.31c 2,16 23.33 <0.001
Tree growth (BAI; mm2 year-1) 96.2 ± 2.84 a 68.6 ± 1.88 a 31.00 ± 0.97 a - - <0.05
Stand productivity (BAI; m2 ha-1 y-1) 0.08 ± 0.005 a 0.35 ± 0.01 b 0.63 ± 0.03 c - - <0.001
NDVI 0.73 ± 0.002 a 0.74 ± 0.001 b 0.72 ± 0.001 a - - <0.001
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806 Table 3. Marginal mean estimates of the effect of seasonal climate variables on tree growth 

807 (basal area increment; mm2 year-1). Letters represent significant differences between density 

808 categories based on Tukey adjusted post-hoc pairwise comparisons (P<0.05). Note that model 

809 was fit on centered and scaled predictor variables and a natural log transformed response 

810 variable, but the estimated effect sizes presented here are on the original scale. Shaded cells 

811 represent a significant slope (P <0.05); red indicates a negative effect and grey indicates a 

812 positive effect. See Table S5 for the full model and Table S6 for reduced model results (marginal 

813 R2=0.16; conditional R2=0.83). 

814

Density Class

Season Climate Variable Low Medium High

Previous Spring 2.25 a -2.38 b -1.21 b

Previous Growing Season -1.02

Previous Fall 10.96 a -0.20 b -1.20 b

Winter 0.82 a 2.03 a 1.21 a

Current Spring 0.34 a -3.25 b -1.35 cTe
m

pe
ra

tu
re

Current Growing Season 8.34 a 3.12 b 0.20 c

Previous Spring -1.83 a -0.12 b 0.06 b

Previous Growing Season -0.23 a 0.15 b 0.13 b

Previous Fall 0.33 a 0.10 b 0.05 b

Winter -0.13 a

Current Spring -1.84 a 0.44 b 0.38 bPr
ec

ip
ita

tio
n

Current Growing Season 0.03

815
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816 Figure Legends

817 Fig. 1. Averages over the study period (1980-2011) in a) tree productivity (mm2 year-1) measured as 

818 annual basal area increment (BAI), b) stand level productivity (m2 ha-1 year-1) calculated as mean 

819 annual BAI per stand multiplied by tree density, c) annual maximum normalized difference 

820 vegetation index (NDVI) obtained from Landsat, and seasonal d) average temperature (°C) and e) 

821 total precipitation (mm) (represented by different colors). In a), b), and c) lines and large points 

822 represent means associated with each density category (low=light green, medium=green, and 

823 high=dark green), and smaller points represent individual tree (a) or stand (b, c) values. See Table 1 

824 and Table S3 for the statistical results of trends in these parameters over the study period.

825

826 Fig. 2. Tree growth (mm2 year-1), measured as annual basal area increment (BAI), correlations to 

827 monthly temperatures and precipitation in low, medium, and high density stands. Months in 

828 lowercase represent the year prior to ring formation and uppercase represent the year of ring 

829 formation. Large points represent the mean correlation and small points represent individual tree 

830 correlation. All colored points are significant (P<0.05).

831

832 Fig. 3. Annual maximum normalized difference vegetation index (NDVI) from Landsat as a 

833 function of stand productivity (m2 ha-1 year-1), calculated as mean basal area increment per stand 

834 multiplied by density, over the time period 1999-2011. Lines represents model fitted 

835 relationships with shading over the 95% confidence interval from a linear mixed effects model 

836 with stand as a random effect. Solid lines represent a significant (P<0.05) effect. See Table S7 

837 for model results.
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838

839 Fig. 1. Averages over the study period (1980-

840 2011) in a) tree productivity (mm2 year-1) 

841 measured as annual basal area increment 

842 (BAI), b) stand level productivity (m2 ha-1 year-

843 1) calculated as mean annual BAI per stand 

844 multiplied by tree density, c) annual maximum 

845 normalized difference vegetation index (NDVI) 

846 obtained from Landsat, and seasonal d) average 

847 temperature (°C) and e) total precipitation 

848 (mm) (represented by different colors). In a), 

849 b), and c) lines and large points represent 

850 means associated with each density category 

851 (low=light green, medium=green, and 

852 high=dark green), and smaller points represent 

853 individual tree (a) or stand (b, c) values. See 

854 Table 1 and Table S3 for the statistical results 

855 of trends in these parameters over the study 

856 period. 

857

858  

Page 34 of 46Canadian Journal of Forest Research (Author?s Accepted Manuscript)

© The Author(s) or their Institution(s)

C
an

. J
. F

or
. R

es
. D

ow
nl

oa
de

d 
fr

om
 c

dn
sc

ie
nc

ep
ub

.c
om

 b
y 

A
ub

ur
n 

U
ni

ve
rs

ity
 - 

D
ra

ug
ht

on
 L

ib
ra

ry
 o

n 
02

/0
5/

21
Fo

r p
er

so
na

l u
se

 o
nl

y.
 T

hi
s J

us
t-I

N
 m

an
us

cr
ip

t i
s t

he
 a

cc
ep

te
d 

m
an

us
cr

ip
t p

rio
r t

o 
co

py
 e

di
tin

g 
an

d 
pa

ge
 c

om
po

si
tio

n.
 It

 m
ay

 d
iff

er
 fr

om
 th

e 
fin

al
 o

ff
ic

ia
l v

er
si

on
 o

f r
ec

or
d.

 



859  

860 Fig. 2. Tree growth (mm2 year-1), measured as annual basal area increment (BAI), correlations to 

861 monthly temperatures and precipitation in low, medium, and high density stands. Months in 

862 lowercase represent the year prior to ring formation and uppercase represent the year of ring 

863 formation. Large points represent the mean correlations and small points represent individual 

864 tree correlations. All colored points are significant (P<0.05).

865

866

867
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868  

869 Fig. 3. Annual maximum normalized difference vegetation index (NDVI) from Landsat as a 

870 function of stand level productivity (m2 ha-1 year-1), calculated as mean basal area increment per 

871 stand multiplied by density, over the time period 1999-2011 for each density category (low, 

872 medium, high). Lines represents model fitted relationships with shading over the 95% confidence 

873 interval from a linear mixed effects model with stand as a random effect. Solid lines represent a 

874 significant (P<0.05) effect. Note the difference in x-axes between panels. See Table S7 model 

875 results.

876

877

878

879
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Appendix: Sensitivity analysis of linear mixed model correlation structures and detrending method 

Annual trends in growth, productivity, and NDVI with modeled autocorrelation 

To assess temporal changes in tree growth (mm2 year-1) and stand productivity (m2 ha-1 
year-1) from 1980-2011 and NDVI from 1999-2011 we fit linear mixed effects models (LMM) 
using the package ‘nlme’ (Pinheiro et al. 2017). LMM can account for hierarchical sampling, 
temporal autocorrelation, and unbalanced sampling design (Zuur et al. 2009). The use of LMM 
for tree ring analyses is becoming increasingly common because they can account for the 
variance in growth between years within individual trees, the variance between individuals 
within sites, as well as the variance in growth over time for trees located in the same site. 

In the main text we modelled each of tree BAI, stand BAI, and NDVI with fixed effects of 
year, stand density category (low, medium, or high), and their interaction. We natural log 
transformed tree BAI and stand BAI prior to analysis. For the response variable of tree BAI, we 
included random intercepts for site and tree nested within site to account for the spatial non-
independence of trees within sites and the non-independence of annual BAI measurements 
within a tree. For the response variables of stand BAI and NDVI, we included stand as a random 
intercept to account for the non-independence of measurements within a site. To confirm that our 
choice of random intercepts was accounting for the temporal non-independence of measurements in time 
series of BAI and NDVI we compared these models with models that included an autocorrelation 
structure. For the response variable of tree BAI, we included random intercepts for site and year nested 
within site and an autocorrelation structure (AR1, autoregressive process of order one) to account for the 
temporal non-independence of annual BAI measurements within a tree and the spatial non-independence 
of trees within sites. For the response variable of stand BAI and NDVI, we included the random intercept 
of year and an autocorrelation structure (AR1) to account for the temporal non-independence of 
measurements. We could not include random intercepts of tree nested within site (for the tree BAI model) 
or site (for site BAI and NDVI) in addition to a random intercept of year and AR1 because this results in 
only one observation per hierarchical random effect and as such models failed to  converge. We compared 
models using Akaike information criterion (AIC), where a lower AIC indicates a better model fit. 
In all cases, the inclusion of a random intercept for year and AR1 substantially increased AIC 
(Table A1), but produced very similar results (Table A2) to the models we present in the main 
text (Table 1). 
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Table A1. Akaike information criterion (AIC) for models that included an autoregressive 
structure (AR1, autoregressive process of order one) and random intercepts for site and year 
nested within site (for the tree BAI model) or year (for site BAI and NDVI model) compared to 
AIC for models with random intercepts for site and tree (for the tree BAI model) or random 
intercepts for site (for site BAI and NDVI).

Table A2. Modeled slope estimates and standard errors of tree growth, site productivity, and 
NDVI as a function of year for low, medium, and high density sites. Tree growth and stand 
productivity were natural log transformed prior to analysis but effect sizes are on the original 
scale. Group letters represent significant (P<0.05) differences between the slopes of the three 
density categories as determined by Tukey adjusted post-hoc pairwise comparisons. For NDVI, 
there was no interaction between year and NDVI, thus only one value is presented. Red text 
indicates a negative trend and black indicates a positive trend. Shaded cells represent a 
significant effect.

AR1 included AR1 not included 
(models in main text)

Tree BAI 12899.56 7037.14
Site BAI 1017.75 362.12
NDVI -1001.13 -1033.51

Model Effect ± st.error t-value p-value group

Low 2.68 ± 0.55 4.86 <0.001 a
Medium -0.55 ± 0.13 -4.40 <0.001 b

Tr
ee

 g
ro

w
th

High -0.48 ± 0.10 -4.66 <0.001 b
Low 0.002 ± 0.0003 6.52 <0.001 a
Medium -0.004 ± 0.001 -3.03 <0.05 b

St
an

d 

pr
od

uc
tiv

ity

High -0.009 ± 0.003 -3.26 <0.05 b
Low 

Medium 0.003 ± 0.002 1.70 0.12N
D

V
I

High
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Climate growth analysis with modeled autocorrelation

To assess the effects of seasonal climate and stand density on tree growth we fit LMM. We used 
natural log transformed individual tree BAI as the response variable and fixed effects of seasonal mean 
temperature and total precipitation and the first order interaction with tree density category (low, medium, 
high). We scaled and centered all continuous climate predictor variables prior to model fitting. In the 
main text, we included random intercepts for stand and tree nested within stand. Here, we fit the model 
with AR1 and a random intercept of site and year nested within site. This substantially increased the AIC 
of the full model (13379 with AR1 vs. 7311 without), but produced very similar results (Table A3).

Table A3. Marginal mean estimates of the effect of seasonal climate variables on tree growth (BAI; mm2 
year-1) based on a linear mixed effects model with the random effects of stand and year nested within 
stand and an autocorrelation structure (AR1, autoregressive process of order one). Letters indicate 
differences (P <0.05) between density classes based on Tukey adjusted post-hoc pairwise comparisons. 
Note that model was fit with centered and scaled predictor variables and a natural log 
transformed response variable, but the estimated effect sizes presented here are on the original 
scale. Shaded cells represent a significant slope (P <0.05); red indicates a negative effect and grey 
indicates a positive effect (marginal R2=0.16; conditional R2=0.35).

Density Class

Season Climate Variable Low Medium High

Previous Spring 1.98 a -2.36 b -1.20 b

Previous Growing Season -1.02

Previous Fall 10.84 a -0.29 b -1.25 b

Winter 1.64 

Current Spring -0.23 a -3.16 a -1.26 aTe
m

pe
ra

tu
re

Current Growing Season 9.66 a 2.76 ab -0.10 b

Previous Spring -1.65 a -0.17 b 0.03 b

Previous Growing Season -0.23 a 0.15 b 0.14 b

Previous Fall 0.13 

Winter -0.13 

Current Spring -1.84 a 0.46 b 0.39 bPr
ec

ip
ita

tio
n

Current Growing Season 0.03 
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Climate growth analyses with different detrending methods

In order to assess the effects of climate on tree growth, age related trends need to be removed 
from raw ring width series. There are a variety of methods that can be used to complete this detrending 
process. Here, we detrended our raw ring width series using the C-method and a modified negative 
exponential approach.  We also prewhitened basal area increment (BAI) chronologies to remove 
autocorrelation.  This is acommon practice for climate growth analyses but can distort the information 
content of the time series (Razavi and Vogel 2018) and is not recommended when assessing correlations 
with previous year climate(Zang and Biondi 2013). Detrending and prewhitening was completed in the R 
package ‘dplR’ (Bunn 2010). The full length of each individual tree ring series was detrended or 
prewhitened.  We present chronologies for stand density categories of low, medium, and high (Figure A1) 
and chronology statistics (Table A4) during the period in which we assessed productivity responses to 
climate (1980-2011). Analyses were completed on individual trees. 

For each of the detrended or prewhitened chronologies we assessed productivity responses to 
climate over the period 1980-2011 using two methods. We first calculated bootstrapped correlations 
between individual tree chronologies and mean monthly temperatures and total monthly precipitation over 
a 17-month climate window, extending from April of the year preceding growth to August of the current 
year of growth (Fritts 1976), using the package ‘bootRes, version 1.2.3’ (Zang 2010). The significance of 
the 34 climate correlations were determined from 95% confidence intervals (Zang 2010). These monthly 
correlations were done at the individual tree level in order to maintain the variation associated with each 
tree. Because we were interested in the effect of stand density on climate growth responses, we grouped 
trees based on stand density category (low, medium, high) and created plots showing the mean correlation 
and its significance based on a 95% confidence interval for each of the 34 monthly climate variables. 

In addition to the descriptive monthly correlation analysis, we fit LMM to determine the effects 
of seasonal climate and stand density on tree productivity. Seasonal climate parameters were used instead 
of monthly due to collinearity of monthly variables. We used natural log transformed individual tree BAI 
chronologies as the response variable and fixed effects of seasonal mean temperature, total 
precipitation, stand density category (low, medium, high), and the first order interaction between 
temperature or precipitation and stand density category. We included stand and tree nested within 
stand as random effects. For each of the seasonal climate parameters that significantly interacted with 
density class, we tested for the significance of each density class slope and used a Tukey adjusted post 
hoc analysis for pairwise comparisons of slopes between the density classes in the ‘emmeans’ package 
(Lenth, Singmann, Love, Buerkner & Herve, 2019).

We found that raw ring widths (Figure A2 and Table A5), pre-whitened BAI (Figure A3 and 
Table A6), the C-method (Figure A4 and Table A7), and the modified negative exponential approach 
(Figure A5 and Table A8) produced similar results to the BAI chronologies we present in the main text. 
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Figure A1. Raw ring width, prewhitened BAI (BAI with AR), and detrended raw ring width chronologies 
using the C-method and a modified negative exponential approach over the study period (1980-2011). 
Lines and points represent means associated with each density category (low=light green, medium=green, 
and high=dark green). 

Table A4. The number of trees within each density category and statistics of mean series intercorrelation 
(IC), autocorrelation (AR), effective signal (Rbar eff), expressed population signal (EPS), and the signal-
to-noise ratio for each detrending method. 

Detrending 
Method

Density 
Class

# 
trees

IC
(st.dev) AR (st.dev)

Rbar 
eff EPS SNR

Low 40 0.63 (0.15) 0.49 (0.19_ 0.291 0.942 16.28
Med 63 0.69 (0.15) 0.58 (0.16) 0.547 0.987 76.14

Raw Ring 
Widths

High 47 0.48 (0.25) 0.61 (0.16) 0.487 0.978 44.53
Low 40 0.67 (0.18) -0.13 (0.15) 0.499 0.975 39.19
Med 63 0.67 (0.16) -0.14 (0.13) 0.468 0.982 55.24

BAI with 
Auto-
regressive

High 47 0.48 (0.29) -0.14 (0.14) 0.228 0.933 13.87
Low 40 0.65 (0.15) 0.52 (0.19) 0.334 0.950 19.93
Med 63 0.69 (0.13) 0.56 (0.16) 0.484 0.983 59.07

C-method

High 47 0.49 (0.25) 0.59 (0.16) 0.422 0.972 34.28
Low 40 0.65 (0.14) 0.47 (0.21) 0.352 0.956 21.52
Med 63 0.64 (0.14) 0.41 (0.20) 0.333 0.969 31.41

Modified 
Negative 
Exponential

High 47 0.46 (0.26) 0.52 (0.19) 0.222 0.931 13.41
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Figure A2. Raw ring width correlations to monthly temperatures and precipitation in low, medium, and high-
density stands. Months in lowercase represent the year prior to ring formation and uppercase represent the year 
of ring formation. Large points represent the mean correlation and small points represent individual tree 
correlations. All colored points are significant (p<0.05).

Table A5. Marginal mean estimates of the effect of seasonal climate variables on raw ring width (mm) 
based on a linear mixed effects model with the random effects of stand and tree nested within stand. 
Letters indicate differences (p <0.05) between density classes based on Tukey adjusted post-hoc pairwise 
comparisons. Note that model was fit on centered and scaled predictor variables and a natural log 
transformed response variable, but the estimated effect sizes presented here are on the original 
scale. Shaded cells represent a significant slope (p <0.05); red indicates a negative effect and grey 
indicates a positive effect (marginal R2=0.34; conditional R2=0.76).

Density Class
Season Climate Variable Low Medium High
Previous Spring 0.00 a -0.02 b -0.01b

Previous Growing Season -0.01
Previous Fall 0.03 a -0.02 b -0.02 c
Winter 0.02
Current Spring -0.02 a -0.03 b -0.02 b

Te
m

pe
ra

tu
re

Current Growing Season 0.05 a 0.01 b -0.15 c
Previous Spring -0.01 a 0.002 b 0.002 b
Previous Growing Season -0.00 a 0.002 b 0.001 b
Previous Fall 0.004 a 0.00 b 0.00 b
Winter 0.00 a -0.001 a 0.00 a

Current Spring -0.004 a 0.01 b 0.004 bPr
ec

ip
ita

tio
n

Current Growing Season 0.001
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Figure A3. Prewhitened basal area increment correlations to monthly temperatures and precipitation in low, 
medium, and high-density stands. Months in lowercase represent the year prior to ring formation and 
uppercase represent the year of ring formation. Large points represent the mean correlation and small points 
represent individual tree correlations. All colored points are significant (p<0.05).

Table A6. Marginal mean estimates of the effect of seasonal climate variables on prewhitened basal area 
increment chronologies based on a linear mixed effects model with the random effects of stand and tree 
nested within stand. Letters indicate differences (P <0.05) between density classes based on Tukey 
adjusted post-hoc pairwise comparisons. Note that model was fit on centered and scaled predictor 
variables, but the estimated effect sizes presented here are on the original scale. Shaded cells represent a 
significant slope (P<0.05); red indicates a negative effect and grey indicates a positive effect (marginal 
R2=0.20; conditional R2=0.20).

Density Class
Season Climate Variable Low Medium High
Previous Spring -0.01
Previous Growing Season -0.05
Previous Fall 0.06 a 0.003 b 0.01 b
Winter 0.03
Current Spring -0.01 a -0.05 b -0.03 ab

Te
m

pe
ra

tu
re

Current Growing Season 0.18 a 0.12 b 0.08 c
Previous Spring -0.01
Previous Growing Season -0.001 a 0.002 b 0.001 b
Previous Fall 0.002
Winter 0.01 a 0.002 b 0.0002 b

Current Spring -0.01 a 0.001 b 0.003 bPr
ec

ip
ita

tio
n

Current Growing Season -0.001 a 0.001 ab 0.002 b
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Figure A4. Correlations between detrended ring width series using the C-method to monthly temperatures and 
precipitation in low, medium, and high-density stands. Months in lowercase represent the year prior to ring 
formation and uppercase represent the year of ring formation. Large points represent the mean correlation and 
small points represent individual tree correlations. All colored points are significant (p<0.05).

Table A7. Marginal mean estimates of the effect of seasonal climate variables on detrended ring width 
series using the C-method based on a linear mixed effects model with the random effects of stand and tree 
nested within stand. Letters indicate differences (P <0.05) between density classes based on Tukey 
adjusted post-hoc pairwise comparisons. Note that model was fit on centered and scaled predictor 
variables and a natural log transformed response variable, but the estimated effect sizes presented here are 
on the original scale. Shaded cells represent a significant slope (P<0.05); red indicates a negative effect 
and grey indicates a positive effect (marginal R2=0.29; conditional R2=0.47).

Density Class
Season Climate Variable Low Medium High
Previous Spring 0.01 a -0.05 b -0.04 b
Previous Growing Season -0.03
Previous Fall 0.08 a -0.04 b -0.06 b
Winter 0.06
Current Spring -0.03 a -0.08 b -0.05 cTe

m
pe

ra
tu

re

Current Growing Season 0.10 a 0.03 b -0.02 c
Previous Spring -0.02 a 0.003 b 0.005 b
Previous Growing Season -0.001 a 0.01 b 0.01 b
Previous Fall 0.01 a 0.001 b 0.001 b
Winter 0.00 a -0.003 b -0.00 ab

Current Spring -0.01 a 0.01 b 0.02 bPr
ec

ip
ita

tio
n

Current Growing Season 0.002
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Figure A5. Correlations between detrended ring width series using the modified negative exponential 
method to monthly temperatures and precipitation in low, medium, and high-density stands. Months in 
lowercase represent the year prior to ring formation and uppercase represent the year of ring formation. 
Large points represent the mean correlation and small points represent individual tree correlations. All 
colored points are significant (p<0.05).

Table A8. Marginal mean estimates of the effect of seasonal climate variables on detrended ring width 
series using the modified negative exponential method based on a linear mixed effects model with the 
random effects of stand and tree nested within stand. Letters indicate differences (p <0.05) between 
density classes based on Tukey adjusted post-hoc pairwise comparisons. Note that model was fit on 
centered and scaled predictor variables and a natural log transformed response variable, but the estimated 
effect sizes presented here are on the original scale. Shaded cells represent a significant slope (p <0.05); 
red indicates a negative effect and grey indicates a positive effect (marginal R2=0.16; conditional 
R2=0.40).

Density Class
Season Climate Variable Low Medium High
Previous Spring 0.001 a -0.03 b  -0.02 ab

Previous Growing Season -0.03
Previous Fall 0.08 a 0.02 b -0.001b

Winter 0.05
Current Spring -0.04 a -0.05 b -0.03 ab

Te
m

pe
ra

tu
re

Current Growing Season 0.10 a 0.06 a -0.001b

Previous Spring -0.01 a -0.01 ab -0.01 b
Previous Growing Season -0.001 a 0.00 b 0.004 b
Previous Fall 0.004
Winter -0.001
Current Spring -0.01 a 0.004 b 0.004 bPr

ec
ip

ita
tio

n

Current Growing Season 0.001
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