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Cleavitt et al. Beech 2

22 Abstract. Upslope shifts in plant distributions are often attributed to warming climate 

23 and lengthening of the growing season; however, biotic interactions may also contribute.  The 

24 impacts of pests and pathogens are often sensitive to climate change and can vary along the 

25 climatic gradient associated with elevation. American beech (Fagus grandifolia) has moved 

26 upslope throughout the northeastern United States. Meanwhile, beech growth and longevity have 

27 decreased as a result of beech bark disease (BBD), a decline disease caused by the introduced 

28 European felted beech scale insect (Cryptococcus fagisuga) and native fungi from the genus 

29 Neonectria. Within a forested landscape spanning 250-1150 m elevation, we examined the 

30 relationships between elevation, beech demography and BBD to explore whether release from 

31 BBD at higher elevation may contribute to the upslope expansion of beech. Beech has shifted 

32 upslope at a rate of 1m per year coincident with lower mortality, higher recruitment, faster 

33 growth, lower BBD severity and higher sapling densities at higher elevations.  We suggest that 

34 climatic constraints on the beech scale insect at high elevations has led to a lower impact of 

35 BBD, which contributed to higher rates of beech growth, survival, and recruitment and in turn 

36 facilitated the regional upslope shift of beech.

37

38 Keywords: range shift, enemy release, Fagus grandifolia, climate effects, Hubbard Brook 

39 Experimental Forest
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Cleavitt et al. Beech 3

40 Introduction

41 The mechanisms of population regulation and their role in species population shifts are 

42 shared at many scales including expansion of populations at their local edges, species 

43 introductions and invasions, and broader range expansions (Mlynarek et al. 2017). For a plant 

44 species to extend its range, even locally, there must be changes in the various biotic and abiotic 

45 factors that regulate the population.  Changes in climate, avoidance of herbivores, shifts in the 

46 competitive hierarchy, and alterations of the disturbance regime can promote a plant species’ 

47 range expansion (Engelkes et al. 2008; Prasad et al. 2014; Nigro et al. 2022) while limitation by 

48 edaphic conditions and priority effects may impede expansion (Zhu et al. 2012; Solarik et al. 

49 2019). Recent documentation of range expansion by American beech (Fagus grandifolia Ehrh.) 

50 in northeastern North America has been interpreted mainly as a response to climate change (Bose 

51 et al. 2017; Boisvert-Marsh et al. 2019) although land use legacies also have been suggested as a 

52 potential mechanism (Wason and Dovciak 2017). However, throughout northeastern North 

53 America beech has been infested with beech bark disease (BBD), a decline disease that causes 

54 increased morbidity and mortality particularly in large adult trees (Cale et al. 2017). Given the 

55 impact of the disease on survival, growth, and reproduction of beech (i.e., the vital rates), 

56 variation in the prevalence and/or severity of BBD across beech’s distribution may play a role in 

57 the recent range shifts of beech. In this study, we investigated whether a reduction in the 

58 exposure to BBD and its negative impacts contributed to the observed range expansion of beech 

59 through an enemy escape mechanism (Parker and Gilbert 2007).

60 Beech bark disease involves both an exotic insect, the introduced European felted beech 

61 scale (Cryptococcus fagisuga Lind.), and native pathogens, canker fungi of the genus 

62 Neonectria, as well as a native insect Xylococcus betulae (Cale et al. 2015). Typically, the 
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Cleavitt et al. Beech 4

63 invasion of the exotic beech scale insect precedes canker formation by the fungi by a decade 

64 such that limitations to insect dispersal, establishment or growth should stall disease progression 

65 (Dukes et al. 2009). At the landscape scale, a small fraction of beech (<2% of adult stems) 

66 appears resistant to BBD (Houston 1994) though there may be greater resistance with increasing 

67 latitude (Taylor et al. 2013; 2.2% resistance in south and 5.7% in the north). The beech scale 

68 insect is sensitive to cold winter temperatures (Houston and Valentine 1988), which also may 

69 explain increased resistance to BBD with increasing latitude. 

70 To date, BBD has invaded about a third of the range of American beech and over half of 

71 the total beech stems (Garnas et al. 2011; Cale et al. 2017). Disease severity of BBD is 

72 influenced by a complex suite of factors operating at different temporal and spatial scales. Time 

73 since infection is the critical temporal factor (Garnas et al. 2011). At the scale of the individual, 

74 tree size, vigor, canopy position and innate genetic resistance influence BBD severity (Evans et 

75 al. 2005; Cale et al. 2017). At the landscape-scale, BBD severity varies with slope, aspect, and 

76 elevation, but the impact of these landscape features on disease progression is inconsistent 

77 (Griffin et al. 2003; Evans et al. 2005; Mulder et al. 2020).

78 At the Hubbard Brook Experimental Forest (HBEF) in New Hampshire, BBD arrived 

79 around 1970 (Siccama et al. 2007) and its spread has been tracked since then (Cleavitt et al. 

80 2021). Although research at a single site like the HBEF may limit broader generalization, it 

81 allows elucidation of processes that underlie broader patterns if the patterns also occur within the 

82 site (Fahey et al. 2015). We leveraged results from an intensive landscape-level plot network 

83 where tree population dynamics have been assessed for 20 years to address our overarching 

84 hypothesis that escape from BBD has contributed to range shift of beech. To evaluate this 

85 hypothesis, we answered the following questions: 1) Is the range of beech shifting upslope at the 
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Cleavitt et al. Beech 5

86 HBEF? 2) What is the spatial pattern of BBD severity across the HBEF landscape? 3) How does 

87 beech demography vary with elevation and BBD severity?  4) How does the growth of individual 

88 beech trees vary with BBD severity? 5) Are there tree and plot-level factors associated with 

89 differences in BBD rating for individual beech trees? 

90

91 Methods

92 Study Area. The Hubbard Brook Experimental Forest (HBEF) is a 3,160 ha Long-term 

93 Ecological Research (LTER) site located in the White Mountains of central New Hampshire, 

94 USA (43°56′N, 71°45′W). The soils are primarily well-drained Spodosols (coarse, loamy, mixed, 

95 frigid, Typic Haplorthods) with sandy loam to loamy sand textures. The climate is continental, 

96 characterized by short, warm summers and long, cold winters. However, the climate has been 

97 getting both warmer and wetter over the measurement period (1969-present) particularly at low 

98 elevation south-facing stations (Table S1). Warming has largely been in the winter with growing 

99 season length increasing at lower elevations but not at higher elevations (Table S1). Increased 

100 precipitation has occurred in the growing season with a notable increase in high rainfall events 

101 (Table S1).

102 The HBEF was selectively logged in the late 1800s and then again between 1906 and 

103 1920. By 1920, 40% of the valley was “cutover” (C.V. Cogbill, personal communication). The 

104 1938 hurricane created patches of blowdown; the most accessible patches were subsequently 

105 salvage logged. In 1998, an ice storm caused considerable structural damage to an elevation band 

106 between 600 and 800 m (Rhoads et al. 2002) on the south-facing slopes. The current age 

107 structure of the forest can be described as multi-aged (mainly 60–120 years old), with most of 

108 the present-day trees established after the 1906 and 1920 harvests along with individual trees that 
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Cleavitt et al. Beech 6

109 predate these disturbances. The HBEF is dominated by the northern hardwood forest (71% by 

110 area) with the higher elevations supporting a subalpine conifer forest (20% by area).  American 

111 beech, sugar maple (Acer saccharum Marsh.), and yellow birch (Betula alleghaniensis Britt.) are 

112 the most abundant species in the northern hardwood forest; red spruce (Picea rubens Sarg.) and 

113 balsam fir (Abies balsamea (L.) Mill.) are the two common species in the subalpine conifer 

114 stands found primarily on ridges and rocky areas (van Doorn et al. 2011). The lower reaches of 

115 the HBEF support mixed forest with eastern hemlock (Tsuga canadensis Ehrh.) abundant in the 

116 riparian areas and red maple (Acer rubrum L.) common in the uplands (9% by area). 

117 Forest surveys. The footprint of the HBEF coincides with Hubbard Brook Valley defined 

118 by Mt. Cushman (northwestern flank) and Mt. Kineo (southwestern flank) at the head of the 

119 valley and Mirror Lake at the mouth.  A valley-wide network of permanent plots was installed 

120 over two field seasons (1995 and 1996) and consists of 371 circular plots 0.05 ha in area (Figure 

121 S1; Schwarz et al. 2003, van Doorn et al. 2011).  The plots have been surveyed three times at 

122 ten-year intervals; for simplicity, we designate the year of each inventory by the first year of 

123 measurement (i.e., 1995, 2005, and 2015). Plot descriptions included elevation, aspect, and slope 

124 (Schwarz et al. 2003; Table 1). All live trees ≥10 cm diameter at breast height (1.37 m, DBH) 

125 were permanently tagged, measured to the nearest 0.1 cm DBH, and identified to species. For the 

126 2005 and 2015 surveys, understory tree composition was measured in a 2 m wide transect that 

127 spanned the north–south diameter of each plot. In 1995, the sapling transect width was 1 m.  Tree 

128 saplings (≥2 cm DBH and <10 cm DBH) were measured to the nearest 0.1 cm DBH and 

129 identified to species. See Schwarz et al. (2003) and van Doorn et al. (2011) for details on survey 

130 protocols. For the two resurveys, live trees that had grown into the 10 cm DBH class were tagged 

131 and added to the database as recruits. For all tagged trees, we also assessed vigor and canopy 
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Cleavitt et al. Beech 7

132 position. Vigor is based on a visual evaluation of the canopy health and does not include wounds 

133 to the stem. Canopy position includes four categories: dominant, co-dominant, intermediate, and 

134 suppressed. These categories are judged visually relative to neighboring trees and reflect the 

135 amount of canopy exposure. Of the 371 plots, 294 total contained beech in at least one sample 

136 time as tagged beech trees (286 plots) or saplings (272 plots). 

137 Tracking of Beech Bark Disease. The earliest observations of BBD at HBEF were from 

138 1977 and only indicated the proportion of stems with the scale insect present or with canopy 

139 decline (Cleavitt et al 2021). In 2012, a more detailed rating system for BBD presence and 

140 severity was added to our forest surveys. To better capture gradients in disease presence, we 

141 extended the rating system in the 2015 census to a five-point scale (similar to Rhoads et al. 

142 2002): 0- tree clean of both scales and cankers; 1- scale present but no signs of fungal infection; 

143 2-fungal cankers present but not widespread (cankers discrete and not more than four around the 

144 bole of the tree); 3- fungal cankers present and widespread (cankers often touching and more 

145 than three around the stem of the tree); 4- fungal cankering coalesced and the outline of the tree 

146 completely disfigured. We defined the ratings of 3 and 4 to represent “severe” BBD. There were 

147 few trees with a BBD rating of 0; therefore, for the growth analysis we combined these trees with 

148 category 1 trees.  

149 We sampled Neonectria fungus on 15 of the valley-wide plots in late August of 2015 and 

150 2016 using a chisel to remove a superficial layer of bark containing the fruiting bodies. 

151 Neonectria plots were selected to include beech- dominated plots across the full range of 

152 elevation and aspects (Figure S1). For each plot, we sampled the first five beech trees 

153 encountered with fruiting Neonectria; sometimes we had to sample trees adjacent to the plot. 
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Cleavitt et al. Beech 8

154 Samples were identified under the microscope using both macroscopic and microscopic features 

155 (after Kasson and Livingston 2009). 

156 Analytical Framework: We took a deliberatively conservative approach to detecting 

157 change in beech’s distribution in the HBEF.  Documenting range shifts in plant species is fraught 

158 with challenges particularly the potential to confound differences in space with differences in 

159 time (e.g., Crimmins et al. 2011). The valley-wide plot network is designed to quantify the 

160 landscape-level patterns and processes in community dynamics. We took advantage of this 

161 design and the repeated inventories. Thus, our analysis included an array of models that account 

162 for confounding spatial (e.g., spatial autocorrelation in BBD prevalence) and demographic 

163 processes (e.g., heterogeneity in subpopulations). To select among competing models, we 

164 employed an information theoretic approach but used caution in its application (Richards 2005). 

165 Analyses were limited to consideration of main effects given the ratio of potential variables (max 

166 = 7) to sample sizes (e.g., number of plots ≤ 286). Unless otherwise noted, statistical 

167 programming used R version 4.1.0 (R Core Team 2021). 

168 Spatial analysis. To describe the extent of beech in the HBEF, plots were categorized by 

169 the status of beech in the plot through time. The categories were: 1. plots where beech was 

170 present and tagged in 1995; 2. plots where beech has recruited to tagged tree size since 1995; and 

171 3. plots where beech was absent in all surveys (Figure S2). 

172 To quantify elevational range shifts of the major tree species, we first calculated the 

173 species mean elevation (SME) for each measurement interval (sensu Zhang et al. 2019).  SME 

174 represents the center of each species’ elevational distribution (Chen et al. 2009) and was 

175 estimated as the abundance-weighted mean for a given species across all plots.  For trees, we 
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Cleavitt et al. Beech 9

176 used basal area as the measure of abundance; for saplings, we used density.  Range shifts were 

177 evaluated as the change in SME, specifically: 

178  Eq (1)𝑆𝐸𝑆𝑗 =
∑𝑁
𝑖 = 1 (𝑆𝑀𝐸𝑖,𝑗,𝑡2 ― 𝑆𝑀𝐸𝑖,𝑗,𝑡1)

𝑁  

179 where SESj is the species elevation shift of species j, i is the plot, N is the total number of plots, 

180 t2 represents the year of the remeasurement, and t1 represents the year of the previous 

181 measurement.  To evaluate the statistical significance of observed SESj from 1995 to 2015, we 

182 generated null results by randomly shuffling assignments of plot elevation and calculating SESj 

183 for 1,000 iterations. Observed values that exceeded the 95% confidence interval of the null 

184 distribution were considered significant. 

185 Spatial gradients in the prevalence of BBD (BBD gradient) were quantified using a 

186 hotspot analysis based on the severity of BBD in each plot. Severity was defined as the percent 

187 of trees in the plot with a severe (category 3 or 4) BBD rating. To account for spatial 

188 autocorrelation in the data (assessed with Moran's I), hotspot analysis was run using the 

189 Optimized Hotspot Analysis tool in ArcGIS Pro. We used the Getis-Ord Gi* statistic (Getis and 

190 Ord 1992) to identify spatial clusters of features that deviated from values (z-scores) that would 

191 be expected to occur by random chance (ESRI 2013). The fixed distance band (817 m) was 

192 defined by the ArcGIS algorithm as the distance where z-scores peaked.  This distance was used 

193 as a threshold for determining whether plots were considered as ‘neighbors’ in the clustering 

194 analysis. 

195 Demographic analysis. To describe the 20-year trends in beech population dynamics, we 

196 calculated annual, per capita (i.e., % yr-1) rates of mortality (m) and recruitment (r)for beech and 

197 compared them to the collective rates for the nine most abundant tree species in the HBEF 

198 (defined as the tree community). The rate of change in species abundance, namely population 
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Cleavitt et al. Beech 10

199 growth (g), was calculated as the difference between mortality and recruitment rates. We applied 

200 a Bayesian analytical framework to account for the non-linear functional forms of these vital 

201 rates and the heterogeneity among subpopulations (size for beech, size and species for the 

202 community analysis, Kohyama et al. 2018, Cleavitt et al. 2021). Statistical relevance was 

203 evaluated using 95% credibility intervals of the posterior distributions.

204 We calculated plot-level, per area rates (i.e., trees ha-1 yr -1) of mortality (Ma) and 

205 recruitment (Ra) of beech trees (Koyhama et al. 2018) to understand how these vital rates varied 

206 with elevation and BBD gradient (as measured with hotspot analysis, above). This analysis was 

207 restricted to plots with at least one live beech tree present in the 1995 survey and 2015 surveys (n 

208 = 249 plots). Given that Ma and Ra represent count data and that our plot-level results had zero 

209 values, we applied negative binomial generalized linear regressions (Martin et al. 2005) with the 

210 dependent variable being the per-area vital rate. Differences in slope and aspect were accounted 

211 for with a single metric: the slope-corrected transformed aspect (TASL, Lookingbill and Urban 

212 2004). Independent variables included TASL, plot elevation and BBD gradient (i.e., high, 

213 neutral, and low BBD) (Table 1).  To account for differences in beech abundance among plots, 

214 we included additional fixed variables: beech basal area for Ma and beech sapling density for Ra. 

215 The best model among all additive combinations was determined using Akaike’s Information 

216 Criterion (AIC) with the correction for small sample sizes (Burnham and Anderson 2002).  

217 Tree-level analyses. Individual tree growth rate was calculated as the relative basal area 

218 increment (rBAI):

219 Eq (2)𝑟𝐵𝐴𝐼 =  
𝐵𝐴𝑡1 ― 𝐵𝐴𝑡0

𝐵𝐴𝑡𝑜
∆𝑡 ∗ 100

220 where rBAI is measured in % yr-1; BAt0 is the basal area of tree at the initial measurement t0 

221 (time 0); BAt1 is the basal area of the tree at the next measurement, t1(time 1); and ∆t is the time 
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Cleavitt et al. Beech 11

222 in years between the measurements (t1-t0). We used a linear mixed model to estimate the 

223 relationships between growth rates for tagged beech trees that survived the most recent ten-year 

224 census period (2005-2015) and fixed terms for both plot-level: plot basal area, elevation and 

225 TASL and tree level: tree diameter (DBH), crown position and BBD ratings (0-4) (Table 1). The 

226 influence of plot was included as random intercept term. The model with the lowest AIC value 

227 was selected.

228 We fit an ordinal regression model to investigate sources of variation in the 2015 BBD 

229 ratings (0-4) of individual trees. The regression model included a random effect of plot, with 

230 fixed terms that included DBH, crown position, plot elevation (rescaled to a mean of 0 and 

231 standard deviation of 1 due to large magnitude), plot basal area, and plot TASL (Table 1). We 

232 used the ‘ordinal’ package within R to estimate the full additive model (Christenson 2019), and 

233 then the dredge function from the ‘MuMIn’ package (Bartoń 2020) to estimate all possible model 

234 variable combinations from the full model. We selected the best-fit model based on AIC values. 

235

236 Results

237 Plot-level demographic patterns and change. Total tree basal area (mean ± standard 

238 error) was remarkably stable over the 20 years (1995: 29.5±0.1 m2 ha-1; 2005: 29.6±0.1 m2 ha-1; 

239 2015: 30.8±0.1 m2 ha-1) while sapling density (mean ± standard error) decreased (1995: 

240 1,695±25 saplings ha-1; 2005: 1,413±24 saplings ha-1; 2015: 1,399±18 saplings ha-1). Species 

241 composition was also stable through time. As measured by relative dominance, defined as 

242 relative basal area for trees and relative density for saplings, most species maintained their 

243 abundance in the community, although conifer species increased at the expense of birch species 

244 (Table S2). 
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Cleavitt et al. Beech 12

245 The extent of beech in the valley-wide plots has increased 5% (26 plots) for newly tagged 

246 trees (recruits) and 7.5% (28 plots) for saplings in 20 years (1995-2015) (Figure S2). Beech was 

247 present in the sapling layer in more than half of the valley-wide plots over the 20 years (N=272 

248 plots). Beech was the most demographically dynamic tree species with higher median 

249 recruitment, mortality, and population growth than the overall community (Table S3). 

250 Spatial patterns. Beech shifted upslope from 1995 to 2015 (Figure 1). Mean elevation of 

251 saplings had a significant upslope shift (21.0±9.8m; Table 2a; Figure S3), and beech trees 

252 exhibited the largest upslope shift of any species (24.9±13.6m; Table 2b; Figure S4) although the 

253 shift was not significantly different from the null value. 

254 Elevation and BBD gradient were highly correlated (Pearson’s r = 0.70; p < 0.0001) 

255 (Table 3). For every 100m increase in elevation, the BBD severity percent (percent of trees with 

256 BBD rating of 3 or 4) decreased overall by 7%. BBD was not significantly related to other plot 

257 variables but showed a pattern of greater severity at the eastern mouth of the valley where all the 

258 high BBD plots were located (Figure 2). We found 32 BBD high spots and 27 BBD low spots 

259 (95% confidence) out of the 246 plots containing tagged and rated beech trees. All Neonectria 

260 collections regardless of elevation or aspect were identified morphologically from sporocarps as 

261 N. faginata.

262 Elevation or BBD gradient category were included in the best models (Δ AICc <2) for 

263 per-area vital rates (Tables S4-5).  Recruitment decreased in BBD high spots and increased at 

264 higher elevations (Figure 3a). Mortality declined with increasing elevation (Figure 3b) and 

265 increased with TASL (i.e., warmer, southwest facing slopes).  For example, from 400 m to 800 

266 m in elevation, mortality decreased by half (4 to 2 trees ha-1yr-1) and recruitment more than 

267 doubled (13 to 32 trees ha-1yr-1; Figure 3).
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268 Tree-level patterns and change. Beech growth rate (relative basal area increment) was 

269 best predicted by tree DBH, plot elevation, tree crown position, plot basal area in 1995, and BBD 

270 rating (Figure 4; Table S6). Beech tree growth rate increased with elevation and decreased with 

271 increasing tree diameter, plot basal area and higher BBD rating (Figure 4; Table S6). 

272 Surprisingly, trees with intermediate crown position were growing the fastest (Figure 4). 

273 The best-fit model (lowest AIC value) of all possible combinations of the full ordinal 

274 regression model for BBD rating included tree DBH, plot elevation and TASL (Table S7). 

275 Elevation captured large effects on the BBD ratings, with lower BBD ratings at higher 

276 elevations. No ‘clean’ beech (BBD rating = 0) and only a small percentage (11%) of lightly 

277 affected (BBD = 1) beech were found below 450 m. Tree DBH had a significant (p < 0.05), but 

278 small impact on BBD rating with bigger trees tending toward worse BBD ratings (Table S7b). 

279 While TASL improved model fit and decreased with BBD rating (lower ratings on cooler 

280 northeast facing slopes), it was not a significant parameter for BBD rating (Table S7b).

281

282 Discussion 

283 In the HBEF, both the extent of BBD and its impact on beech population dynamics were 

284 inversely correlated with elevation. The consistency of these patterns and processes suggests that 

285 the differential impact of BBD along the elevation gradients is important among the drivers of 

286 the documented upslope population shift of beech. Previous reports of beech advancing upslope 

287 in the region have posed climate change and land use history as explanations (Wason and Doviak 

288 2017; Bose et al. 2017). Escape from enemies has not been previously considered as an 

289 explanation for this range expansion. Although our observations are correlative, our results 

290 suggest that release from BBD plays a role in the regional pattern of beech expansion upslope.  
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291 Impact of a changing climate on beech elevation shift. In general, dominant tree species 

292 in montane forests are expected to shift their range uphill in response to warming (Frei et al. 

293 2010). Warming trends at the HBEF during the last 20 years (1995-2015, Table S1) follow the 

294 regional pattern, namely annual mean air temperature has increased with more warming in the 

295 winter than in the summer. However, we did not detect a consistent uphill shift of the other 

296 common tree species (Figures S3-4). Of the three northern hardwood species that share 

297 dominance at the HBEF (Table S2), only beech moved uphill. Yet based on a regional analysis, 

298 the distribution of beech is less sensitive to climate drivers in comparison to co-occurring species 

299 (Wason and Dovciak 2017). This regional result is consistent with species-wide traits: American 

300 beech is relatively insensitive to climate based on dendroclimatic analyses (Tardif et al. 2001; 

301 Nolet and Kneeshaw 2018) and its expected migration in response to climate change is modest 

302 compared to other tree species (Prasad et al. 2014). American beech has the widest thermal range 

303 of any congeners globally (Fang and Lechowicz 2006), and although growing season warmth 

304 may be important to northward expansion most of the annual increase in temperature at the 

305 HBEF has been for the dormant season and not the growing season. Moreover, the growing 

306 season has only lengthened in the lowest elevations (Table S1); a pattern also found on a broader 

307 elevational gradient in the White Mountains of NH (Seidel et al. 2009). Unless the warming 

308 results in increased growing season length it has very limited benefit to winter deciduous trees.

309 Climate change can differentially affect members of a pathosystem (Jactel et al. 2018, 

310 Dudney et al. 2021), and BBD is particularly complex because the impact on the host beech tree 

311 is the result of an interaction between an invasive insect and native fungi. However, both 

312 members of the BBD system appear to be sensitive to cold temperatures at higher elevations. In 

313 particular, beech scale insects are vulnerable to winterkill from low temperatures (-25°C; 
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314 Houston and Valentine 1988; Kasson and Livingston 2011), and while warming winters could 

315 potentially allow the scale to extend its range upslope, the number of very cold (< -20°C) days 

316 has remained relatively greater at higher than lower elevations (Table S1).  Similarly, the 

317 Neonectria fungus involved in BBD at the HBEF, N. faginata, is less cold tolerant than related 

318 species (Morrison et al. 2021). Thus, at the HBEF both the invasive scale insect and the 

319 dominant fungus are constrained from moving upslope into colder conditions. 

320 Another aspect of the changing climate at the HBEF Hubbard Brook is the increase in 

321 annual precipitation and the frequency of heavy rainfall events (Table S1). Although beech 

322 upslope expansion has been associated with increasing precipitation (Bose et al. 2017), this 

323 explanation seems unlikely for the HBEF. In temperate mountain climates precipitation typically 

324 increases with elevation within the HBEF (Bailey et al. 2003); thus, because higher elevation 

325 sites already receive more precipitation than lower elevation sites, increasing precipitation would 

326 be unlikely to favor beech expansion upslope. However, heavy rain events in late summer and 

327 early autumn may wash beech scale insects from the tree stems in their exposed crawling stage 

328 (Kasson and Livingston 2011). At the HBEF, precipitation has increased most in summer with 

329 significantly more days with heavy rain events and a significant increase in maximal 24-hour 

330 rainfall amounts during August-October window most relevant to decreasing scale populations 

331 (Table S1). The increase in the intensity of summer and early autumn rain events may suppress 

332 the buildup of scale populations (Dukes et al. 2009; Kasson and Livingston 2011). 

333 Other explanations for the beech elevation shift. As Wason and Dovciak (2017) note, 

334 disturbance legacies and edaphic factors can confound simple climate-envelope predictions of 

335 species range shifts. In their study, beech expansion was best explained by the extent of past 

336 logging. However, the most recent logging in HBEF was a limited salvage operation that 
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337 followed the 1938 hurricane (Peart et al. 1992). The possible role of soil nutrient availability and 

338 soil acidification in the upslope expansion of beech is hard to evaluate, but beech is clearly less 

339 sensitive to base-poor soil than its associated species (Lee et al. 2005; Cleavitt et al. 2021). 

340 The role of spatial constraints on spread of BBD in explaining the observed pattern 

341 within the HBEF deserves attention. The valley-wide plots were established in the mid-1990s, 

342 about 20 years into the local progression of BBD (Cleavitt et al. 2021). Thus, at the time of the 

343 2015 inventory, BBD had been present throughout valley for about 40 years. Regional spread is 

344 predicted to be 14.7-16 km per year (Cale et al. 2017), which is about twice the length of the 

345 Hubbard Brook Valley. Moreover, as noted earlier, there were very few beech trees in 2015 that 

346 were clean of the scale. Therefore, despite its ubiquity in the HBEF, severe BBD impacts remain 

347 concentrated in the lower elevation forests near the mouth of the valley (Cleavitt et al. 2021; 

348 Figure 2). 

349 Conclusion. Given the severe effects of BBD on growth and survival of beech (Gavin and 

350 Peart 1993; Gove and Houston 1996), advantages for beech in escaping these impacts would be 

351 exactly those we report here: improved growth, increased recruitment, and decreased mortality. 

352 The overall population shift reflects higher mortality in lower elevation plots, higher recruitment 

353 in higher elevation plots and some expansion of beech into plots where it was not previously 

354 present. We suggest that climatic constraints on the beech scale insect at high elevations has led 

355 to a lower impact of BBD, which contributed to higher rates of beech growth, survival and 

356 recruitment and facilitated the overall regional upslope shift of beech. The role of release from 

357 pests and pathogens in population shifts with climate has recently been highlighted (Urli et al. 

358 2016) and our study adds to this emerging field of research that extends the enemy release 

359 hypothesis as a potential mechanism for local upslope expansions.
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531 Table 1. Description of plot and tree level variables for plots containing American beech in the Hubbard Brook valleywide plot 

532 network (N=286 plots and 1263 trees included in this study).

533

Variable Measurement Measurement 

taken

Range in dataset Mean in dataset

Plot-level:

Elevation Elevation above sea level of plot center in meters 

taken with a calibrated altimeter

Original survey 245 – 860m 570m

TASL Slope corrected transformed aspect (-1 *cos (ɑ - 

45) * sin(s))

Original survey -0.3684 (steep NE) to 

+0.3106 (steep SW)

0.0216

Plot BA Total basal area of tagged trees (>10cm) in 500m2 

plot area

All surveys 

1995 6.33 – 58.93 m2 ha-1 17.10 m2 ha-1

BBD gradient Based on spatial analysis of BBD severity (% of 

trees with most severe (rating 3 and 4) rating)

2015 High, neutral, low NA

Sapling density Species and size for all tree stems (2.0-9.9 cm 

DBH) in a 50m2 transect (2005 and 2015) and 24 

m2 transect (1995)

All surveys 

1995

2015

1 – 26 stems 

1 – 19

6.2 stems

5.2

Tree 

recruitment

Per area rate of trees reaching the 10cm DBH size 

class

1995-2015 0 – 180 trees ha-1 yr-1 5 trees ha-1 yr-1

(median)

Tree mortality Per area rate of trees that died All re-surveys 0 – 80 trees ha-1 yr- 1 tree ha-1 yr-1 

(median)

Tree-level:
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Tree growth Relative change in basal area increment (rBAI) 

between surveys for live trees >10cm DBH 

All re-surveys 0 – 1.77% yr-1 0.32% yr-1

BBD rating Five-point scale used to rate extent of BBD on tree Most recent 

survey

0,1,2,3,4 2 (median)

Crown position Position of the tree canopy in relation to its 

neighbors, four classes

All surveys Sup, Int, CoD, Dom NA

DBH Diameter of the tree at breast height (1.37m from 

ground surface on the upslope side of the tree)

All surveys

1995

2015

10-55.1 cm

10-66.0 cm

18.5 cm

21.1 cm
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535 Table 2. Species elevation shifts (SES in m) over 20 years (1995-2015) for the nine most 

536 common species (98% of the basal area) in 371 plots throughout the Hubbard Brook 

537 Experimental Forest, NH, USA. The observed shifts are compared to null model from 1000 

538 permutations.

539 a. Saplings (stems 2-9.9cm in diameter). Note white ash had no saplings.

Mean ElevationSpecies

1995 (m) 2005 (m) 2015 (m)

SES 

Observed

SES null 

Mean (95% CI)

American beech 557.3 592.1 578.2 21 -0.1 (-19.9-18.6)

Balsam fir 788.8 781.0 776.0 -12.9 0.6 (-37.7-40.4)

Eastern hemlock 331.1 362.7 393.5 62.4 -1.4 (-118.7 – 119.5)

Paper birch 769.0 802.1 800.2 31.2 4.9 (-120 – 140.7)

Red maple 576.7 525.0 490.0 -86.7 -2.9 (-328.4 – 310.0)

Red spruce 678.4 695.1 684.0 5.6 0.5 (-30.6 – 33.6)

Sugar maple 565.9 575.3 571.2 5.3 0.7 (-60.7 – 58.6)

Yellow birch 618.4 651.6 669.2 50.8 -0.2 (-65.5 – 64.9)

540

541 b. Trees (stems ≥10cm in diameter).

Mean ElevationSpecies

1995 (m) 2005 (m) 2015 (m)

SES 

Observed 

SES null 

Mean (95% CI)

American beech 532.7 544.8 557.7 24.9 -0.1 (-25.6 -26.6)

Balsam fir 767.5 762.4 770.0 2.5 0.0 (-25.0 – 23.3)

Eastern hemlock 422.8 422.2 422.7 -0.1 0.1 (-59.2 – 63.5)

Paper birch 763.7 768.3 784.5 20.8 0.0 (-31.7 – 32.7)

Red maple 507.2 506.5 507.8 0.5 -0.4 (-39.3 – 43.9)

Red spruce 660.5 659.0 671.6 11.2 0.7 (-29.9 – 30.5)

Sugar maple 590.6 591.7 588.5 -2.1 0.1 (-24.4 – 24.3)

White ash 459.1 460.3 459.6 0.5 -0.9 (-66.7 – 63.3)

Yellow birch 596.3 593.7 594.0 -2.3 0.3 (-19.2 – 20.3)
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542 Table 3. Impact of beech bark disease (BBD) on beech demographic rates, recruitment and 

543 mortality, and correspondence with plot elevation for plots within the Hubbard Brook 

544 Experimental Forest, NH. The BBD gradient is derived from hotspot analysis of spatial 

545 patterning of severity of BBD ratings across the valley (Figure 2). Statistical results from 

546 negative binomial regression modeling (Tables S4-5) include the sample size (n), the mean, and 

547 the standard error of the mean (se). 

Recruitment

(trees ha-1yr-1)

Mortality

(trees ha-1yr-1)

Elevation 

(m)

BBD Gradient n mean se mean se mean se

Low BBD 27 4.0 6.1 1.0 0.5 602.7 10.4

Neutral 190 6.0 2.5 1.0 0.6 592.4 8.1

High BBD 32 2.5 3.8 4.5 0.7 361.4 10.0

548

549
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550 Figure Legends

551

552 Figure 1. Change in mean species elevation for American beech saplings (2-9.9cm diameter) 

553 and tagged trees (≥ 10cm diameter) over 20 years at Hubbard Brook Experimental Forest, NH. 

554 Error bars represent the standard error of the mean. Statistical analysis for the data is given in 

555 Table 2. 

556

557 Figure 2. Valley-wide plot network in the Hubbard Brook Experimental Forest, NH showing the 

558 gradient in severe beech bark disease (BBD) with high BBD (red), low BBD (blue) and neutral 

559 (black) from the optimized hotspot analysis (p<0.05). The gradient was based on the percent of 

560 trees with severe (category 3 and 4) individual tree ratings in each plot. Open dots represent plots 

561 where beech is absent.

562

563 Figure 3. Relationship of tree vital rates to elevation over 20 years at Hubbard Brook 

564 Experimental Forest, NH. Black lines represent the predicted value; grey shading denotes the 

565 95% confidence interval of the predictions. A. Predicted tree recruitment as a function of 

566 elevation (Model R ~ Elevation; Table S4). B.  Predicted tree mortality as a function of elevation 

567 (Model: M ~ Elevation+TASL; Table S5). TASL was assigned the mean value for these 

568 predictions.

569

570 Figure 4. Impact on beech tree growth rate as basal area increment (mean ± standard error) 

571 between 2005-2015 by canopy position: S – suppressed, I – intermediate, C- co-dominant and D 
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572 – dominant and beech bark disease (BBD) rating: 0 - 4 from least to worst beech bark disease 

573 presence.
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Figure 1. Change in mean species elevation for American beech saplings (2-9.9cm diameter) and tagged 
trees (≥ 10cm diameter) over 20 years at Hubbard Brook Experimental Forest, NH. Error bars represent the 

standard error of the mean. Statistical analysis for the data is given in Table 2. 
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Figure 2. Valley-wide plot network in the Hubbard Brook Experimental Forest, NH showing the gradient in 
severe beech bark disease (BBD) with high, low and neutral from the optimized hotspot analysis (p<0.05). 

The gradient was based on the percent of trees with severe (category 3 and 4) individual tree ratings in 
each plot. Open dots represent plots where beech is absent. 
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Figure 3. Relationship of tree vital rates to elevation over 20 years at Hubbard Brook Experimental Forest, 
NH. Black lines represent the predicted value; grey shading denotes the 95% confidence interval of the 
predictions. A. Predicted tree recruitment as a function of elevation (Model R ~ Elevation; Table S4). B. 
 Predicted tree mortality as a function of elevation (Model: M ~ Elevation+TASL; Table S5). TASL was 

assigned the mean value for these predictions. 
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Figure 4. Impact on beech tree growth rate as basal area increment (mean ± standard error) between 
2005-2015 by canopy position: S – suppressed, I – intermediate, C- co-dominant and D – dominant and 

beech bark disease (BBD) rating: 0 - 4 from least to worst beech bark disease presence. 
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