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ABSTRACT 14 
Aim 15 
Whereas many treelines are advancing coincident with climate warming, many other treelines are 16 
stationary. Differential sensitivity to warming trends may be partially accounted for by differences in the 17 
climatic limits associated with distinct treeline forms such as diffuse, abrupt and krummholz treelines. 18 
We tested the hypothesis that only diffuse treelines are strictly growth-limited by low temperatures and 19 
thus should benefit from warming more than abrupt or krummholz treelines. 20 
Location 21 
Colorado Front Range, U.S.A. 22 
Methods 23 
The growth-climate responses of trees growing at different treeline forms were examined. We built tree-24 
ring chronologies from 7 sites covering diffuse, abrupt and krummholz treelines for two conifer species – 25 
Abies lasiocarpa and Picea engelmannii. These chronologies were correlated with climatic variables and 26 
compared in terms of growth trends. 27 
Results 28 
The variance in tree-ring width chronologies was primarily attributed to tree species and secondarily to 29 
treeline form. Tree growth at krummholz sites was limited by the length of the growing season, and ring 30 
widths of trees at abrupt treelines also showed a strong drought signal. The growth-climate response of 31 
diffuse treelines varied by sites and trees, showing mostly a mixed climatic signal. In general, trees 32 
limited by length of the growing season or by the growing season temperatures were characterized by 33 
increasing growth rates during the last three decades, whereas trees limited by other factors displayed 34 
ambiguous growth trends. 35 
Main conclusions 36 
Recent growth increase was most pronounced for Picea engelmannii at the krummholz treeline form.  As 37 
a refinement of the treeline form framework, we suggest that temperature limited tree growth at 38 
krummholz treelines may be important, whereas the main common feature of diffuse treelines is their 39 
population dynamics and not temperature-limited radial growth.  Our results highlight the importance of 40 
considering differences in species and treeline form in projecting future treeline advances under a 41 
warming climate. 42 
 43 
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Alpine treeline is the temperature-limited upper elevation boundary of the tree life form (Körner, 48 
2012).  As such, treeline is defined as a potential line, where tree growth is limited by short growing 49 
season and/or low growing season temperatures; above the treeline, wood production is not sufficient 50 
to sustain the tree life form (Körner, 2012). Many upper tree limits, however are situated at elevations 51 
lower than the potential temperature-limited treeline because of other constraints limiting tree 52 
occurrence (Holtmeier & Broll, 2005). These constraints include biomass-loss due to snow or wind 53 
damage (Kullman, 2005) and insufficient soil moisture or other soil resources for tree seedling 54 
establishment and survival (Germino et al., 2002; Macias-Fauria & Johnson, 2013). It has been suggested 55 
that the spatial distribution of trees of different sizes and shapes, hereafter referred to as treeline 56 
“forms”, reflects the main limiting mechanisms which determine the actual elevation of treelines (Harsch 57 
& Bader, 2011). Among the four commonly recognized treeline forms (i.e. diffuse, abrupt, island or 58 
krummholz) it has been suggested that the temperature control of tree growth is the dominant control 59 
mechanism only for the diffuse treeline form (Harsch & Bader, 2011).  In contrast, at abrupt, island and 60 
krummholz treelines, establishment constraints and biomass loss, respectively, are considered to be the 61 
primary mechanism restricting tree occurrence (Wiegand et al., 2006, Harsch & Bader, 2011). However, 62 
to our knowledge, this conceptual framework linking treeline form to the primary limiting mechanisms of 63 
treeline (hereafter treeline form hypothesis) has not been rigorously tested. 64 

Treeline position results from the interplay between tree growth and population dynamics 65 
(Holtmeier & Broll, 2005). To explain restricted tree growth at low temperatures, two hypotheses have 66 
been recently suggested. The carbon sink limitation hypothesis, also known as the growth limitation 67 
hypothesis, explains low growth through low-temperature limitation on tissue formation (Körner, 2012).  68 
In this view trees are able to assimilate sufficient carbon through photosynthesis but cold temperatures 69 
limit the capacity of trees to utilize the carbon for growth. A competing hypothesis is the source 70 
limitation hypothesis which argues that the growth of treeline trees is restricted by insufficient 71 
photosynthesis reflecting low availability of resources (Susiluoto et al., 2010; Sullivan et al., 2015).  The 72 
prevailing hypothesis is the carbon sink limitation hypothesis (Simard et al., 2013) which is supported by 73 
the global correlation between temperature and treeline position (Körner & Paulsen, 2004) and by the 74 
observation that tissue nonstructural carbohydrate concentration generally does not decline with 75 
greater proximity to treeline (Hoch & Körner, 2012). In comparison to growth, seedling establishment 76 
and survival is more contingent on local conditions including facilitative effects of neighboring trees 77 
(Smith et al. 2003), availability of germination microsites (Dufour-Tremblay et al., 2012), or patterns of 78 
snow distribution (Moir et al., 1999). 79 

Assuming broad applicability of the low temperature-induced carbon-sink limitation on the 80 
formation of new biomass, recent increases in temperature should be associated with widespread and 81 
nearly uniform increases in tree growth and seedling survival.  However, a recent synthesis found that 82 
only 52% of the global treelines examined exhibited advance whereas 1% retreated and the remainder 83 
showed no evidence of change (Harsch et al., 2009).  Subsequent studies (e.g., Macias-Fauria & Johnson, 84 
2013; Müller et al., 2015) have further documented the lack of uniform treeline advance which suggests 85 
the significance of factors other than the direct effects of rising temperatures as controls on treeline 86 
position. To explain the considerable proportion of treelines not advancing in response to warming, 87 
several hypotheses have been offered. First, at least at some treelines, tree establishment is an episodic 88 
process with establishment pulses separated by several decades without establishment so that treeline 89 
position lags behind the temperature trend (Körner, 2012). A second hypothesis derives from the 90 
observation that in many regions trends towards warmer temperatures are also associated with 91 
declining moisture availability and reduced snow cover resulting in negative effects on tree seedling 92 
survival (Moyes et al., 2015) as well as reduced growth of mature trees in the treeline zone (Gonzáles de 93 
Andrés et al., 2015; Piper et al., 2016).  A third hypothesis is based on the recognition of different 94 
primary mechanisms controlling the position of treelines according to treeline form.  Harsch & Bader 95 
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(2011) suggested that only diffuse treelines are in equilibrium with growing season temperature and 96 
therefore are more likely to be sensitive to warming than other treeline forms. They argue that increases 97 
in growing season temperatures should increase tree growth rates and seedling survival more in diffuse 98 
treelines than in other treeline forms. In fact, among the 86 treelines examined in Harsch et al. (2009), 99 
over 80 % of the diffuse treelines are advancing in comparison with 22% of the other treeline forms.  100 

In this study we address climate influences on tree growth according to treeline forms defined by 101 
Harsch & Bader (2011).  We recognize that tree growth and seedling survival may respond differently to 102 
warming in the treeline environment (e.g. Camarero & Guitiérrez, 2004; Daniels & Veblen, 2004) and 103 
that our study tests only the tree growth but not the population change component of the Harsch & 104 
Bader (2011) hypothesis.  This study was conducted in the Colorado Front Range, U.S.A., where different 105 
treeline forms exist under the same macroclimate with similar regional climatic trends. However, 106 
mesoclimatic variability caused by different slope exposures to western winds is reflected in presence of 107 
three different treeline forms – diffuse, abrupt and krummholz. We hypothesize that trees at diffuse 108 
treelines should display a stronger positive growth response to growing-season temperature than trees 109 
at the other two treeline forms. Trees at abrupt treelines are expected to be influenced by factors 110 
affecting high seedling mortality, particularly summer droughts (likely well expressed in tree rings of 111 
mature trees), whereas krummholz treelines are governed by winter conditions (less likely expressed in 112 
tree rings of mature trees). To test these hypotheses we built tree-ring chronologies for each treeline 113 
form and two tree species for analysis of their growth-climate relations and growth trends. 114 

 115 
METHODS 116 
Geographical setting 117 

The study area is located at elevations of c. 3400 to 3600 m in the forest alpine ecotone of the 118 
Colorado Front Range which is a north-south trending fault block range in northern Colorado (Fig. 1). The 119 
subalpine and alpine climates of the Front Range at c. 3000 to 4000 m are highly continental with cold, 120 
snowy winters and relatively warm summers.  Most precipitation falls in winter and spring with a 121 
secondary peak in July and August associated with convective thunderstorms. Despite late summer 122 
thunderstorms, summers are relatively dry and availability of moisture restricts tree growth in the 123 
subalpine forests (Villalba et al., 1994; Hu et al., 2010).  In the subalpine zone at an elevation of 3048 m 124 
average annual precipitation is approximately 700 mm, most of which occurs as snow. Mean average 125 
annual temperature is around 1.7 oC (C-1 climate data, 1953–2012; Smith et al., 2015). The plant growing 126 
season typically runs from May through September as defined by initiation of snowmelt in May and the 127 
first series of three consecutive days of frost on average in September (Kittel et al. 2015). 128 

The high elevations of the Front Range encompass a complex elevation gradient from subalpine forest 129 
typically dominated by Picea engelmannii  (Engelmann spruce; PIEN hereafter) and Abies lasiocarpa 130 
(subalpine fir; ABLA hereafter) to treeline formed by the same species at c. 3400 m to alpine and 131 
unvegetated subnival zones (typically over 3700 m).  Instrumental climate records are available since 132 
1953 from Niwot Ridge from a station in the subalpine zone (C1 at 3048m) and the alpine zone (D1 at 133 
3749 m). Mean annual temperature in the subalpine zone has been warming at a rate of 0.20 oC/decade 134 
over the period 1953 to 2008 (McGuire et al., 2012).  Although the mean annual temperature in the 135 
alpine zone does not show a trend over the 1953 to 2008 period, it shows a non-significant warming 136 
trend of 0.41oC/decade over the 20-year period 1989-2008 (McGuire et al., 2012).  Over the 56-year 137 
record there has been a tendency towards higher monthly maxima temperatures in July and August 138 
which is notably stronger in 1989-2008 (McGuire et al., 2012).  Short-term periods (running 5-day 139 
averages) of high summer temperatures (> 24oC) in the subalpine zone have increased markedly since c. 140 
1990 compared to the 1953-1990 period (Smith et al., 2015).  141 

The Niwot Ridge climate stations show contrasting trends in mean annual precipitation over the 142 
period from 1952 to 2010.  The alpine station recorded an increase in mean annual precipitation of 60 143 
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mm per decade whereas the subalpine station recorded a non-significant decline of 11 mm per decade 144 
(Kittel et al. 2015). The trend towards increasing annual precipitation in the alpine zone was driven 145 
primarily by an increase in winter precipitation.  At the subalpine site there was a decrease in warm 146 
season (May-September) precipitation in combination with increased growing season temperatures and 147 
earlier snowpack melt (Kittel et al., 2015). Snowpack (measured as soil water equivalent on April 1) in the 148 
subalpine forest has declined by 6 % per decade at C1 which is consistent with the regional pattern for 149 
subalpine forests in the Front Range (Clow, 2010). 150 
 151 
Representation of individual treeline forms 152 

Seven sites covering the main treeline forms in the Front Range were selected for tree-ring sampling 153 
(Table 1, Fig. 1B). Six sites were located east of the Continental Divide, and one (Rollins Pass) was located 154 
to the west.  Each treeline form was represented by two sites containing both species; a third site of the 155 
abrupt treeline form contained only PIEN. 156 

To evaluate how representative our selected field sites are of treeline forms in the study area,   157 
treeline forms were mapped across the Front Range.  We performed an on-screen visual classification of 158 
orthogonal aerial images with 0.5 m pixel resolution provided by USGS [http://viewer.nationalmap.gov]. 159 
At a 1:1000 scale we classified treeline forms as abrupt, diffuse or krummholz, and determined the 160 
lengths of individual treeline forms using the map calculator implemented in ArcInfo 10.3 (ESRI, 2014). 161 
Diffuse treelines were recognized by a gradual opening of the forest canopy into individual trees or small 162 
tree groups with visible shadows. Abrupt treelines were characterized by abruptly ending stands with 163 
clearly distinguishable individual tree crowns. At abrupt stand margins, shadows of individual trees were 164 
frequently observed. Krummholz treelines were characterized by compact stands lacking distinct tree 165 
crown patterns. Stands often consisted of extensive islands, and stand margins did not cast shadows. 166 
Classification results were cross-validated by field observations. The proportion of each treeline form 167 
was computed for the western and eastern slope of the Continental divide. 168 
 169 
Field sampling and sample processing 170 

At each site 40 individuals each of ABLA and PIEN were cored (Table 1).  One core per tree was taken 171 
in most cases. Two cores were taken from trees with obviously elliptical stem diameters and the final 172 
tree-ring width (TRW) series was derived from averaged TRWs of both cores.  Dominant and co-173 
dominant trees were sampled randomly along two transects across each treeline ecotone. Random 174 
selection was supplemented by intentional selection of old trees – ca 10 for each site/species.  175 

At abrupt and diffuse treelines, only trees with upright stems were sampled. At krummholz treelines, 176 
sampled PIEN were either specimens with upright basal parts of stems and table-like dense compact 177 
canopies at a height of ~ 2-3 m in the lower part of the ecotone or by vertical stems which had escaped 178 
above mats formed by basal branches and low-stature ramets. Trees sampled in ABLA krummholz stands 179 
were the central (and tallest) specimens in compact stands with mat-like margins where the middle part 180 
of the stand was formed by upright (often dwarfed) stems in the lower part of ecotone; and in the upper 181 
part of the ecotone, sampled stems had escaped above krummholz mats. 182 

Cores were taken at 0.5-1 m stem height. For each tree, stem girth at 0.5 m was measured and tree 183 
height was estimated. Tree-ring cores were attached to wooden mounts, air-dried and sanded (Speer, 184 
2010). Ring widths on 620 tree-ring cores were measured using the WinDendro Regular image analysis 185 
system (Regent Instruments, 2012). 186 
 187 
Growth-climate responses 188 

Tree-ring series were visually cross-dated with the help of statistical indices (t-test, dating index, 189 
Gleichläufigkeit; Speers, 2010). To remove age trends in tree growth, individual TRW series were 190 
standardized using 90-year splines (approximately corresponding to mean segment length) and signal-191 
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free detrending was applied (Melvin & Briffa, 2008). TRW indices were calculated as ratios 192 
(observed/expected TRW), autocorrelation was removed, and final residual chronologies were built 193 
using a bi-weight robust mean (Fritts, 2001). Tree cores from trees younger than ca 40 years were not 194 
included, however each chronology still contained more than 30 trees. To suppress possible effects of 195 
high growth variation in early life stages, growth-climate relations were analyzed over the period 1950-196 
2014, i.e. in the period with sufficient representation of mature individuals in all chronologies. 197 

Climatic data were represented by mean, maximum, and minimum monthly temperatures and by 198 
monthly precipitation from the PRISM database (Daly et al., 2004). We calculated bootstrapped 199 
correlations and response functions over a dendrochronological year from May of the year preceding 200 
tree-ring formation to September of the ring-formation year (Biondi & Waikul, 2004). Variance in TRW 201 
explained by climatic variables was calculated. To cope with multicollinearity and a high number of 202 
variables, principal components for temperature and precipitation were computed and entered into the 203 
linear model of climate and radial growth. The best model was selected based on the Akaike Information 204 
Criterion. Hierarchical partitioning (Walsh & MacNally, 2004; R package hier.part) was applied to 205 
estimate the proportion of variance explained by individual variables. The significance of individual 206 
variables in hierarchical partitioning was tested by a Monte Carlo permutation test with 100 iterations. 207 
Correlations between variance explained by climate and growth rates (indicated by mean TRW) were 208 
computed. Principal component analysis, computation of linear model and hierarchical partitioning were 209 
performed using R (Version 3.1; R Development Core Team, 2014). 210 
 211 
Growth trends 212 

To compare growth trends among sites and species, individual site/species datasets should be similar 213 
in terms of proportions of old and juvenile individuals and mean/median ages. Therefore, subsamples of 214 
~ 30 trees per each site were selected to equalize age representation (Table 1). After detrending using 215 
90yr splines, standard signal-free chronologies were built (Melvin & Briffa, 2008). To emphasize 216 
multidecadal growth variability, chronologies were filtered by 20yr low-pass Gaussian filters. To discern 217 
possible relations between the strength of temperature response of chronologies and recent growth 218 
trends (1990-2014), we calculated Spearman rank correlations between maximum growth responses (i.e. 219 
the highest correlation coefficients of TRW chronologies and monthly temperatures) and the slopes of 220 
the linear fits of chronologies. Slopes of linear fits were computed for the 1990 to 2014 period of 221 
pronounced temperature increase (McGuire et al., 2012). The same analysis was done for precipitation. 222 
In order to determine if there is coherence between climate and tree growth on decadal time scale, TRW 223 
chronologies and climate variables were transformed to have zero means and unit variance and then 224 
smoothed by a 20yr low-pass Gaussian filter. Growth trends were then compared between key climatic 225 
variables and TRW chronologies. 226 

 227 
Differences among chronologies 228 

Redundancy Analysis (RDA; Šmilauer & Lepš, 2014) was applied in order to estimate the effect of 229 
treeline form, tree species and site location on similarity of tree-growth patterns, both for standard and 230 
residual chronologies. Furthermore, differences in growth rates indicated by the mean ring widths 231 
among treeline forms were tested using ANOVA on subsamples of similar aged trees. Cohorts of trees 232 
established in 1930s and 1940s, well represented at all sites, were selected for this purpose. 233 
 234 
RESULTS 235 

We compiled 13 tree-ring width chronologies including 520 trees and covering 6 sites for ABLA and 7 236 
sites for PIEN (Table 1). Our sampled sites are representative of the treeline forms in the Colorado Front 237 
Range which include diffuse (40 %), krummholz (31%) and abrupt treelines (29 %) (Fig. 1). West of the 238 
Continental Divide the most extensive treeline form was the diffuse form whereas east of the Divide the 239 
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krummholz form predominated (Fig. 1, Appendix S1). The oldest trees were PIEN from krummholz sites 240 
with several individuals established in 17th and 18th centuries. PIEN chronologies from abrupt and diffuse 241 
treelines extended back to the late 19th century (Table 1). The oldest ABLA samples dated to 1860-70s 242 
uniformly for almost all sites. 243 

Mean TRWs of PIEN were well differentiated by treeline form. PIEN at diffuse treelines exhibited the 244 
highest growth rates, whereas PIEN trees from krummholz treelines had the lowest growth rates (p < 245 
0.05; Fig. 2). Growth rates of PIEN at abrupt treelines were intermediate between krummholz and diffuse 246 
treelines. ABLA growth rates showed no significant differences among treeline forms (Fig. 2). For each 247 
treeline form and species, between-site differences in mean TRW were not significant (p>0.05, Tukey 248 
post-hoc test). The only exception was ABLA at diffuse treeline with significantly higher growth rates at 249 
the Niwot-diffuse site in comparison to the Rollins Pass site (p<0.05, Tukey post-hoc test). 250 

Variance in tree-ring chronologies was attributed particularly to tree species (Fig. 3). The first axis of 251 
the RDA explained 18 % of the variance, and correlations of ABLA and PIEN with Axis 1 were 0.82 and -252 
0.84, respectively (Fig. 3). Additional variance was explained by Axis 2 (16 %) which was particularly 253 
correlated with the krummholz treeline form.  A relatively low portion of variance (5 %) captured 254 
differences between the abrupt and diffuse treelines along axis 4 (not shown). 255 

Standard TRW chronologies at all treeline forms and for both species show two common decadal-256 
scale patterns (Fig. 4A). First, radial growth was above average in the 1940s. Second, a pronounced 257 
growth depression occurred in 1970s and 1980s.  Growth trends of krummholz PIEN sites display strong 258 
growth increases since the 1990s.  PIEN at abrupt treelines increased its growth less than at the 259 
krummholz treelines. The growth of PIEN at diffuse treelines since the early  1990s was site-dependent – 260 
the Rollins Pass site, located west of the Continental Divide, showed a pronounced growth increase 261 
whereas the diffuse treeline form at the Niwot site did not show any trend.  The recent growth increase 262 
of ABLA chronologies was generally much less than that of PIEN across all the treeline forms. There were 263 
no consistent differences in recent growth trends among treeline forms for ABLA. Variability in decadal 264 
trends of TRW chronologies for both species and all three treeline forms was highest during the last 10 265 
years (2005-2014) (Fig. 4B). 266 

Growth-climate relationships common to both species and all treeline forms include a positive 267 
relation of TRW to preceding October temperatures (mean, maximum and minimum), to maximum May 268 
temperature of the current growing season, and to preceding July precipitation (Fig. 5). Krummholz 269 
treelines showed the strongest response to May temperature of the current growing season among all 270 
treeline forms. Correlation coefficients between May mean temperature and TRW of PIEN chronologies 271 
were 0.51 and 0.46 for south and north-facing Niwot krummholz sites, respectively. Furthermore, the 272 
krummholz treeline sites showed consistent negative responses to April and May precipitation.  Radial 273 
growth at abrupt treelines displayed relatively higher correlation coefficients with preceding July 274 
precipitation than other treeline forms (0.38, 0.44, and 0.36 for ABLA Crater lake, ABLA Berthoud Pass 275 
and PIEN Niwot-abrupt, respectively). Tendencies towards negative correlations of tree growth with 276 
maximum temperatures of the preceding July and August were strongest for the abrupt treeline form 277 
and especially so for ABLA. Compared to PIEN across  all treeline forms, ABLA was more limited by 278 
precipitation and maximum temperature in the year preceding tree-ring formation (i.e., positive 279 
correlation with July precipitation, and negative correlation with July maximum temperature) as well as 280 
precipitation in June of the year of ring formation (i.e. positive correlation). Growth-climate responses of 281 
trees at diffuse treelines differed among sites (Fig. 5). While Rollins Pass PIEN and ABLA showed a strong 282 
climate signal driven mainly by temperature, the climatic signal in the chronologies from the Niwot-283 
diffuse site was weaker and driven mainly by precipitation (Fig.  5). 284 

The amount of variance explained by climatic variables was highest for krummholz treelines, with the 285 
dominant effect being temperature PCs for PIEN and both temperature and precipitation PCs for ABLA 286 
(Fig. 6). At abrupt treelines, a major part of the variance was explained by precipitation PCs both for PIEN 287 
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and ABLA with the exception of the Berthoud Pass PIEN chronology. For diffuse treelines, a prevailing 288 
influence of precipitation PCs (Niwot-diffuse site), or importance of both precipitation and temperature 289 
PCs was observed. 290 

Comparison of tree growth and decadal scale climatic variation showed that PIEN chronologies are 291 
coherent particularly with May temperature (both krummholz sites, Niwot-abrupt, Crater-abrupt, Niwot-292 
diffuse; Appendix S2). This is less apparent for ABLA, although there is coherency between TRW and July 293 
precipitation and/or preceding October temperature for some sites (Niwot Krum-N, Berthoud Pass, 294 
Rollins Pass, Niwot-diffuse). The recent growth increase of PIEN at abrupt treelines follows an increase in 295 
July precipitation. 296 

To explain the high variability of slopes of TRW chronologies between 1990 and 2014, we correlated 297 
the slope of the linear growth trend (i.e. regression coefficient) with the strongest climate response for 298 
each site chronology as represented by the correlation coefficient between TRW and temperature or 299 
precipitation. There is a significant correlation (Spearman r = 0.69, p < 0.01) between the slopes of recent 300 
growth trends (1990 - 2014) and maximum temperature responses of chronologies (Appendix S3).  The 301 
relation of trend slopes to precipitation correlation coefficients was negative (Appendix S3), but not 302 
statistically significant (Spearman r = -0.45, p = 0.11). 303 

 304 
DISCUSSION 305 

As predicted by the treeline form framework (Harsch & Bader, 2011), we expected that the growth-306 
climate responses of trees growing at diffuse, abrupt and krummholz treelines would differ and, hence, 307 
their climatic limitations would not be identical.  Indeed, we observed distinct treeline form-specific 308 
growth-climate responses, but also responses that were common among treeline forms.  The latter 309 
involves a positive response of radial growth to temperature in the October preceding the ring formation 310 
season, to May temperature of the current growing season, and to precipitation in the preceding July.   311 

In contrast to our expectation that only the diffuse treeline would show a favorable response to 312 
warming of growing season temperatures, the growth-climate response of diffuse treelines was highly 313 
variable and not stronger than the response at krummholz sites. While the Rollins Pass site showed a 314 
rather strong temperature response to the preceding fall and to the first half of the growing season, the 315 
Niwot-diffuse treeline site exhibited a rather weak mixed climatic signal.  Both diffuse treeline sites were 316 
similar in their age structures (with a substantial proportion of young trees) and in high growth rates of 317 
PIEN, but differed in climate signals. The major common attribute of diffuse treelines was the 318 
unconstrained seedling establishment, survival and growth to tree size, which, in some cases (Rollins 319 
Pass) allowed tree stands to approach their temperature limit. Considering radial growth, we did not find 320 
much support for growth limiting conditions at diffuse treelines because tree rings were as wide or wider 321 
(PIEN) than at other treeline forms (ABLA). However, we did not measure height growth which could be 322 
more sensitive to limiting conditions compared to radial increment (Paulsen et al., 2000).  323 

At krummholz treelines by far the strongest correlation was with warmer May temperatures in the 324 
year of tree-ring formation (i.e. when most of these treeline stands may still be covered by snow pack). 325 
We suggest that this observed climate signal is indicative of a favorable influence of earlier initiation of 326 
the growing season associated with earlier snowmelt due to high May temperatures (Clow, 2010).  327 
Negative correlations of growth and spring precipitation (April, May) are consistent with this 328 
interpretation; April and May precipitation falls mostly as snow and thus delays snowmelt. Treeline trees 329 
in the study area are characterized by a growing season of approximately 100 days inferred from the 330 
date of snowmelt and the date of the decline of mean daily temperature below 0.9°C at the growing 331 
season end (following Paulsen & Körner, 2014). However, krummholz sites are mostly situated in snow 332 
accumulation areas and their growing season is therefore even shorter than for the average treeline in 333 
the study area, with complete snowmelt as late as during July (Cline, 1997; Harpold et al., 2015).  334 
Growing season length at krummholz sites thus approaches the lower limit of the growing season 335 
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duration for conifers which has been estimated in the range from 86 to 90 days (Paulsen & Körner, 2014; 336 
Rossi et al., 2016).  Snowmelt is a very important driver of the beginning of wood formation (Treml et al., 337 
2015). It is well known that the later the wood formation starts the shorter the growing season and the 338 
lesser the amount of wood formation (Rossi et al., 2016). An extremely short growing season thus results 339 
in low amounts of tree growth and reduced probability that the stem height is sufficient to lift foliage 340 
above the ice-blasted layer above the snow surface.  Consequently, upright tree stems are not formed in 341 
the krummholz treelines.  Strong growth inhibition by mechanical damage is important for the formation 342 
of krummholz treeline (Cairns, 2005; Wiegand et al., 2006), but according to our results this inhibition 343 
results from the interaction of mechanical damage and very low growth. Enhanced growth at krummholz 344 
treelines was not related to either winter warming or to increases in winter precipitation as reported for 345 
some sites with advancing krummholz treelines (Lescop-Sinclair & Payette, 1995; Harsch et al., 2009). 346 
The substantial radial growth increase recorded in our study reflects the presence of some upright stems 347 
protruding above low krummholz mats.   348 

The TRW chronologies from abrupt treelines showed that drought stress is an important limitation to 349 
tree growth in this treeline form.  This finding is in agreement with the hypothesis that abrupt treelines 350 
are more likely to be limited by moisture availability. The drought signal observed in tree rings of mature 351 
trees in our study is consistent with findings of high seedling mortality in open grasslands adjacent to 352 
treeline attributed to drought or excessive radiation (Weisberg & Baker, 1995; Germino et al., 2002). 353 

Since there were both different and common growth-climate responses among the three treeline 354 
forms, we considered the climate sensitivity of TRW chronologies at individual sites.  The principal 355 
common decadal-scale pattern for both species across all 7 sites was the growth depression in 1970s and 356 
1980s. This period was characterized by relatively low May temperatures as well as by low July 357 
precipitation. Low May temperature coincides with growth depression most consistently for the PIEN 358 
chronologies.  The patterns for the ABLA chronologies are more complex and include apparent effects of 359 
cooler preceding October as well as May temperature and summer precipitation during the 1970s-1980s. 360 
After 1990 growth trends varied substantially between the two tree species and among treeline forms 361 
resulting in the highest variability across the 13 chronologies after 2005.  Overall there was a strong 362 
relationship between positive growth trends and rising temperatures after 1990.  The most consistent 363 
recent increase in growth was for PIEN and its greatest magnitude was for the krummholz treelines. 364 
Indeed, there were significant increasing trends in maximum spring and summer temperature in the 365 
study area since 1950s (McGuire et al., 2012) as well as earlier snowmelt (Clow, 2010).  In addition, 366 
recent increases in tree growth (e.g. for PIEN at the abrupt treeline sites and at the Rollins Pass diffuse 367 
site) coincide with increases in July precipitation.  Species differences as well as site differences in 368 
sensitivity to summer precipitation contribute to the high degree of variability in recent growth trends. 369 

Growth-climate analyses in the current study revealed sensitivity of radial growth to temperatures  at 370 
the beginning of the growing season (e.g. May) which implies a limitation of growing season length on 371 
the ability of trees to form xylem cells (Cuny et al., 2014). Furthermore, growth of treeline trees was 372 
positively correlated with temperature during the growing season which is associated with temperature-373 
affected rate of xylogenesis (Cuny et al., 2014).  We also observed a positive correlation of radial growth 374 
with temperature in the fall (October) preceding the ring-formation year. This is usually interpreted as an 375 
early-growing season utilization of carbon reserves stored at the end of the preceding season when 376 
there is no growth (i.e. no carbon sink; Oberhuber, 2004; Körner, 2012).  Some of the treeline 377 
chronologies were negatively correlated with maximum temperatures in the preceding growing season 378 
implying either drought limited resource accumulation or low foliage area on smaller shoots affecting 379 
growth during the following season. 380 

In addition to temperature influences on growth, we identified positive responses to growing season 381 
precipitation which may directly affect the rate of xylogenesis (Deslauriers et al., 2016). The positive 382 
correlation with precipitation during the preceding growing season may be the consequence of resource 383 
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accumulation, foliage surface or plant organ mortality (either individually or in combination) affected by 384 
the climate in the year preceding to tree ring formation (Oribe et al., 2003; Brunner et al., 2015). The 385 
strong effect of the growing season duration as well as availability of resources at the beginning of the 386 
growing season may be particularly important in controlling growth of trees in environments with an 387 
extremely short growing season such as at treeline in the Front Range. 388 

In addition to showing that trees growing at different treeline forms respond differently to climate 389 
variation, our results also identified consistent differences between PIEN and ABLA.  We found a stronger 390 
drought signal in the growth of ABLA compared to PIEN.  The reduced abundance of ABLA at abrupt 391 
treeline sites may also be related to a greater sensitivity to drought.  These results are consistent with 392 
previous research showing a greater sensitivity of the growth of ABLA compared to PIEN to precipitation 393 
limitation in nearby subalpine forests (Villalba et al., 1994).  Our results suggest that the tree species has 394 
a greater impact on tree growth response to climate variation than do mechanisms underlying variability 395 
in treeline form, yet both types of variables affected tree growth response to climate.  396 

Overall, our findings imply that the regional response of treeline to warming temperatures is unlikely 397 
to consist of a uniformly rising treeline.  Instead, tree-growth responses to warming near treeline are 398 
contingent on species, treeline form, and site factors affecting moisture availability. The strongest 399 
differences in growth patterns were between the krummholz treeline form and the remaining treeline 400 
forms - diffuse and abrupt.  Growth of krummholz treelines was particularly limited by the length of the 401 
growing season.  Tree growth at abrupt treelines showed a consistent drought signal whereas growth at 402 
diffuse treelines was more site-specific revealing either a growing season temperature signal or a mixed 403 
climatic signal including both temperature and precipitation.  Treeline chronologies showing positive 404 
correlations with temperatures were characterized by increased radial growth since c. 1990 in 405 
conjunction with warming temperatures, whereas treeline chronologies with a drought signal revealed a 406 
smaller or no increase in growth since the early 1990s.  Recent warming has been more beneficial to the 407 
growth of PIEN compared to ABLA in the treeline ecotone. These results highlight the importance of 408 
considering differences in species and treeline form in projecting future treeline advances under a 409 
warming climate. 410 
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SUPPORTING INFORMATION 543 
Appendix S1 Length of individual treeline forms east and west of the Continental Divide. 544 
Appendix S2 Time-series of TRW chronologies and climate variables (temperature, precipitation derived 545 
from PRISM for the sites sampled). We show only climatic variables that were highly correlated with 546 
TRW considering high-frequency variability. TRW indices and climatic variables were z-transformed 547 
(mean of zero and unit variance) and are smoothed by 20yr low-pass Gaussian filter to highlight 548 
coherence of decadal-scale trends. 549 
Appendix S3 Relationship between the slope of linear fits of TRW chronologies for 1990-2014 and 550 
maximum correlation coefficients of TRW chronologies and temperature (A) or precipitation (B).  Solid 551 
dots are Abies lasiocarpa and empty circles are Picea engelmannii. 552 
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 569 
 570 
TABLES 571 
Table 1. Site and ring-width chronology characteristics. Note that tree ages in the last column apply for subsamples used for the trend analyses. 572 

Site 
Elevation 

(m asl) 
Aspect 

Slope 
(o) 

Treeline 
form 

Species 

Tree height 
PIEN 
ABLA 

(m±SD) 

Chronology 
start  

(PIEN, ABLA) 

EPS > 
0.85 
PIEN 

 ABLA 

Mean 
sensitivity 

PIEN 
ABLA 

Mean/ 
median 
tree age 

PIEN 
 ABLA 

Niwot Krum-
S 

3410 S 12 Krummholz PIEN,ABLA 
5.1± 0.1 
5.2± 0.1 

1681,1807 
1900 
1915 

0.229 
0.211 

80/74 
84/81 

Niwot Krum-
N 

3420 N 6 Krummholz PIEN,ABLA 
5.3±0.1 
5.3±0.1 

1722,1828 
1880 
1920 

0.231 
0.196 

80/72 
82/80 

Niwot-
diffuse 

3405 NW 17 Diffuse PIEN,ABLA 
6.6±0.1 
6.8±0.2 

1860,1881 
1915 
1925 

0.181 
0.211 

76/72 
80/78 

Rollins Pass 3520 W 16 Diffuse PIEN,ABLA 
5.5±0.1 
5.3±0.1 

1892,1886 
1930 
1925 

0.213 
0.241 

76/72 
83/79 

Niwot-
abrupt 

3410 SW 15 Abrupt PIEN 6.9±0.2 1862 1900 0.187 
76/71 

Crater lake 3420 S 15 Abrupt PIEN,ABLA 
7.7±0.6 
7.1±0.2 

1893,1868 
1930 
1930 

0.223 
0.220 

75/71 
88/84 

Berthoud 
Pass 

3580 SW 26 Abrupt PIEN,ABLA 
7.9±0.5 
7.0±0.2 

1863,1870 
1900 
1925 

0.200 
0.197 

82/78 
87/85 

 573 
 574 
 575 
 576 
 577 
 578 
 579 
 580 
 581 
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FIGURE LEGENDS 582 
 583 
Figure 1 A) Location of the study area; B) treeline forms (lines) and locations of sites (filled circles) 584 
sampled for tree-growth response to climate variation in the Colorado Front Range. Pie charts in insets 585 
refer to percentage lengths of treeline forms west and east from the Continental Divide. Site 586 
abbreviations: Krum-S - Niwot krum-S; Krum-N - Niwot krum-N; Niwot-abr - Niwot-abrupt; Niwot-dif - 587 
Niwot diffuse; Rollins-dif - Rollins pass; Crater-abr - Crater lake; Berthoud-abr - Berthoud Pass. 588 
 589 
Figure 2:  Comparison of radial growth rates of same-aged trees (cohorts established in 1930s and 1940s) 590 
among the three treeline forms.  Horizontal lines are mean tree-ring widths.  Empty boxes denote PIEN, 591 
grey boxes denote ABLA. Abbreviations: SE – standard error, SD – standard deviation. 592 
 593 
Figure 3 Ordination plot (redundancy analysis) of TRW chronologies (response variables) and tree 594 
species, treeline form and site position (explanatory variables). The length of the arrows is proportional 595 
to correlation with a given axis. Abies lasiocarpa sites are indicated in blue, Picea engelmannii in red. 596 
Abbreviations: Krum - krummholz; Abr - abrupt; Dist - distance from northernmost site. 597 
 598 
Figure 4 (A) Standard tree-ring chronologies and growth trends as indicated by 20yr low-pass filters. 599 
Dashed line indicates TRW index = 1. Abbreviations for sites: Krum-S: krummholz-south; Krum-N: 600 
krummholz-north; BER: Berthoud; CRA: Crater Lake; ROL: Rollins Pass; NIW-A: Niwot-Abrupt; NIW-D: 601 
Niwot-Diffuse. (B) Plots of growth trends for all thirteen TRW chronologies. TRW chronologies were 602 
smoothed by 20yr low-pass filters. 603 
 604 
Figure 5 Statistically significant correlations (columns) and responses (asterisks) of TRW and climatic 605 
variables (average mean, maximum and minimum monthly temperatures, monthly precipitation sums) . 606 
Full and empty columns denote Abies lasiocarpa and Picea engelmannii respectively. Gray part of the 607 
graph refers to months of the year preceding to tree-ring formation season.  608 
 609 
Figure 6 Amount of explained variance in TRW chronologies by climatic variables simplified using 610 
principal component analysis. Variance explained by temperature (red) and precipitation (blue) principal 611 
components included in the best model was estimated by hierarchical partitioning. The size of each 612 
column partition is proportional to the independent effect of a given variable. Statistically significant (P < 613 
0.05) independent effects are indicated by a bold black frame. The codes are designed as follows: TPC2= 614 
temperature, principal component axis 2; etc. Temperature and precipitation variables having the 615 
highest loadings in significant principal components are indicated next to columns. 616 
 617 
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