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Abstract
The distributions of many high-elevation tree species have shifted as a result of recent
climate change; however, there is substantial variability in the movement of alpine
treelines at local to regional scales. In this study, we derive records of tree growth and
establishment from nine alpine treeline ecotones in the Canadian Rocky Mountains,
characterise the influence of seasonal climate variables on four tree species (Abies
lasiocarpa, Larix lyallii, Picea engelmannii, Pinus albicaulis) and estimate the degree
to which treeline movement in the twentieth century has lagged or exceeded the rate
predicted by recent temperature warming. The growth and establishment records revealed
a widespread increase in radial growth, establishment frequency and stand density
beginning in the mid-twentieth century. Coinciding with a period of warming summer
temperatures and favourable moisture availability, these changes appear to have support-
ed upslope treeline advance at all sites (range, 0.23–2.00 m/year; mean, 0.83 + 0.67 m/
year). However, relationships with seasonal climate variables varied between species, and
the rates of treeline movement lagged those of temperature warming in most cases. These
results indicate that future climate change impacts on treelines in the region are likely to
be moderated by species composition and to occur more slowly than anticipated based on
temperature warming alone.
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1 Introduction

Many alpine treeline ecotones around the world have increased in density and elevation
throughout the twentieth century as climates have become more amenable to tree recruitment
at high elevations (see Harsch et al. (2009) for review). Throughout western North America,
repeat photography (e.g. Roush et al. 2007; Trant et al. 2015) and historical reconstructions of
tree establishment (e.g. Elliott and Petruccelli 2018; Laroque et al. 2000; Lloyd and Fastie
2003) have provided numerous examples of forest infilling and treeline advance in alpine
environments. However, variability in treeline dynamics exists due to the important role of
moderating factors at local to regional scales (HilleRisLambers et al. 2013; Holtmeier and
Broll 2012; Kroiss and HilleResLambers 2015; Macias-Fauria and Johnson 2013), and there is
evidence that the range shifts of some treeline species are already lagging behind the rapid pace
of climate warming (Gray and Hamann 2013). In light of the potential for high-elevation tree
establishment to alter ecosystem function and diversity (Greenwood and Jump 2014), and to
displace endemic species (Moir and Huckaby 1994), there is a clear need for knowledge about
the effects of climate change on these sensitive environments. This is particularly true for
regions where the impacts have yet to be described and for scales at which management
decisions are made.

Regional climate change influences treeline dynamics through a variety of mechanisms,
and it is generally expected that improvements to locally limiting conditions should enable tree
species to establish at higher elevations than previously observed. For instance, a well-
established body of literature has described the roles of summer and growing season temper-
atures on the various life stages of treeline species. Adequate summer warmth is an important
factor governing seed production at high elevations (Buechling et al. 2016; Roland et al.
2014), and seedling germination and survival at treelines can be constrained by exposure to
frost and freezing events during the summer (Rehm and Feeley 2015). Low summer temper-
atures can also reduce photosynthesis and cause high mortality among seedlings in unprotected
areas (Germino and Smith 1999; Maher et al. 2005). On a global scale, mean growing season
temperatures are considered to be an important control on the position of established treelines
(Körner 1998; Körner and Paulsen 2004) due to the role of warmth in regulating the formation
of mature tissue required to sustain tree growth and function (Körner et al. 2016).

At the scales of individual mountains to mountain ranges, deviations from global trends
associated with temperature warming can occur as local climates impose limitations on various
aspects of the autoecology of high-elevation forests (Malanson et al. 2007). In particular,
precipitation has been shown to moderate the influence of temperature on establishment
dynamics in the alpine. Adequate soil moisture can partially offset the negative effects of
high temperatures in exposed environments (Kueppers et al. 2017), whereas snow can provide
protection from low-temperature extremes (Renard et al. 2016) and recharges soil moisture
early in the growing season (Holtmeier 2009). Moisture availability and interactions between
snowpack and growing season temperatures have been important factors behind twentieth
century tree establishment and treeline advance in western North America (Andrus et al. 2018;
Laroque et al. 2000; Lloyd and Fastie 2003; Moyes et al. 2015); however, regional differences
exist in the nature of these species-specific relationships.

At a fundamental level, treeline advance is contingent upon adequate tree growth and
establishment, and studies of treeline dynamics focused on these factors (e.g. Daniels and
Veblen 2004; Elliott 2012; Kearney 1982; Laroque et al. 2000; Rochefort et al. 1994) have
helped to clarify regional differences in the underlying climatic drivers. Here, we use
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dendrochronological techniques to investigate the effects of climate change on treeline char-
acteristics throughout the twentieth century in the Canadian Rocky Mountains. The Rocky
Mountains are a culturally and ecologically significant region in western Canada, and while
much is known of its long-term climate-vegetation history, the regional impacts of recent
climate change on treeline dynamics remains relatively understudied (but see Kearney 1982;
Luckman and Kavanagh 2000; Macias-Fauria and Johnson 2013). Using samples collected
from nine study sites, the objectives of our research are to: (1) identify the underlying influence
of recent changes in temperature and precipitation (1900–2014) on patterns of tree growth and
establishment; (2) determine the magnitude and direction of changes in the elevational extent
of alpine treelines; and (3) estimate whether recent treeline advance has been in equilibrium
with the rate of temperature warming and assess the degree to which treeline movement has
varied throughout the region. The findings of this research will help to address an existing gap
in our knowledge of the local- to regional-scale variability of the role of climate as a driver of
treeline dynamics in the Canadian Rocky Mountains and complements parallel studies in the
region that have investigated the effects of non-climatic processes on establishment beyond
existing treelines (Davis and Gedalof 2018; Davis et al. 2018).

2 Methods

2.1 Study site description

Records of tree establishment were derived from tree core samples and cross sections collected
from nine alpine treeline ecotones in the Canadian Rocky Mountains (Fig. 1). The study sites
are divided into three main geographic areas; Jasper and Banff National Parks near the
Columbia Icefield (CI; two sites), Kootenay National Park (KNP; one site) and Kananaskis
Country (KC; six sites). Hereafter, the Canadian Rocky Mountains will be referred to as the
‘study region’, CI, KNP and KC as ‘study areas’ and individual sampling locations within each
area as ‘study sites’. The study sites were selected due to their expected sensitivity to climate
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Fig. 1 Locations of the nine study sites in the Rocky Mountain region of southeastern British Columbia and
southwestern Alberta, Canada (left) and historical record of mean summer temperatures (1900–2015) for the
region (right; data derived for the region from ClimateWNA database). The inset map shows the location of the
study region within Canada
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conditions; previous researchers have noted that these treelines do not appear to be topograph-
ically limited and that historical disturbances have been minimal (Brown 2013; Kavanagh
2000; Roush 2009). All study sites have continental climates with short growing seasons and
cold winters. The dominant species are Picea engelmannii, and Abies lasiocarpa, with Larix
lyallii, and Pinus albicaulis found only at three of nine study sites. See Online resource 1,
Davis and Gedalof (2018) and Davis et al. (2018) for additional study-site descriptions.

2.2 Sample collection and processing

Previously collected samples from the two study sites near the Columbia Icefield
(sites ‘WIL’ and ‘HIL’; Kavanagh 2000) and the six sites in Kananaskis Country,
Alberta (sites ‘FTA’, ‘FTB’, ‘PMR’, ‘SSG’, ‘HWA’ and ‘HUM’; Brown 2013) were
combined with samples collected in 2017 from Kootenay National Park, British
Columbia (site ‘GSP’) to investigate the drivers of recent tree growth and
establishment across the larger study region. The sampling scheme used in CI
differed from the other study areas; however, all samples were collected with the
intention of reconstructing treeline dynamics within their respective study areas.

In CI, the northernmost study area, Kavanagh (2000) established two study plots (30 ×
275 m; sites WIL and HIL) spanning from subalpine forest to alpine tundra. Saplings and
mature trees (> 1.5 m tall) were exhaustively sampled in 1993 and 1994 using increment borers
to determine tree ages. Basal tree cores were taken at a downward angle to capture the earliest
rings of the trees. The ages of the seedlings within the plots (< 1.5 m tall) were estimated by
counting the internodes of a subset of seedlings growing at each site (sampling intensity was
reduced at lower elevations where seedling density was very high). Between the two study
sites, 1120 trees and 2189 seedlings were sampled for age estimation.

The six treeline ecotones in the KC study areas were surveyed by Brown (2013) in
2011. At each site, a randomly chosen subset of seedlings, saplings and mature trees
were sampled from those growing in 10 m diameter plots along three vertical
transects. Plots were located 5, 25, 50 and 100 m above and below a mid-point in
the treeline ecotone, defined as the upper limit at which canopy cover fell below 30%.
Up to ten mature trees (height > 1.3 m, DBH > 10 cm), six saplings (height > 1.3 m,
DBH < 10 cm) and six seedlings (height < 1.3 m) were sampled in each plot using
increment borers or handsaws. A census of all seedlings, saplings and mature trees
was also taken to enable calculations of living tree density within the plots. Across
the study area, a total of 753 trees and 368 seedlings were sampled. Finally, samples
from GSP in the KNP study area (130 trees, 57 seedlings) were collected in 2017
following the sampling scheme used in KC, though internode counts were used for
the smallest trees in place of destructive sampling, and samples were collected from
two transects. A summary of sampling methods across study regions is provided in
Online resources 2 and 3.

To reconcile differences in collection efforts between KNP, KC and the more intensively
sampled CI, the effects of sampling intensity on tree establishment reconstructions were
assessed. A subsampling routine was developed in which the WIL and HIL datasets were
randomly resampled 1000 times emulating the plot design and sampling strategy used in the
KC and KNP study areas. The resampled data revealed that the less-intensive sampling scheme
may slightly underrepresent recent seedling establishment; however, Kolmogorov-Smirnov
tests indicated that the age distributions of the resampled and actual data were not significantly
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different (p = 0.100 and p = 0.400 for WIL and HIL respectively; Online resource 4). Thus, we
chose to use the full datasets from CI when sites were analysed independently and randomly
subsampled from the CI data for regional analyses when multiple sites were pooled together to
account for the large differences in sample depth.

2.3 Reconstruction of tree growth and establishment

The tree-ring widths and ages were determined using standard dendrochronological techniques
to reconstruct the establishment and growth dynamics of the treeline ecotones. Mounted cores
and cross-sections were first air dried and sanded to reveal annual growth rings (Stokes and
Smiley 1968). The samples from KC and KNP were then scanned using a high-resolution
scanner and annual rings were measured using WinDENDRO measurement software (Regent
Instruments 2004). Calendar years were attributed to individual tree-ring series by visually and
statistically crossdating samples from each site at the species level (COFECHA, Holmes
(1983); ‘dplR’ package in ‘R’; Bunn (2010); R Core Team (2017)). Samples from CI were
aged by Kavanagh (2000) by carefully counting the number of rings to the pith of each core
using a microscope, and a subset of samples from CI were also measured and crossdated to
confirm the accuracy of initial age estimates and provided a suitable number of measured cores
for chronology development.

Tree-ring chronologies were developed for each site at the species level using the
crossdated samples from saplings and mature trees. Ring-width series were detrended at the
tree-level in ‘dplR’ (Bunn 2008) using modified negative exponential curves to account for
age-related growth trends (Cook and Kairiukstis 1990) and combined using Tukey’s bi-weight
robust mean and autoregressive pre-whitening. The influence of seasonal climate variables on
tree growth (mean temperatures and precipitation; winter: December–February; spring:
March–May; summer: June–August; autumn: September–November) was then determined
for the period from 1900 to 2015 (or, the full chronology if it was shorter) using a correlation
response function analysis in the ‘bootRes’ package in R (Zang and Biondi 2013). Annual
climate data were extracted from the ClimateWNA database using the co-ordinates of the
study sites (Wang et al. 2016) and the number of chronologies significantly correlated to each
variable was tallied for each species. Finally, the residual, site × species level ring-width
indices were combined by averaging to visually summarise the growth response of each
species across the region.

To reconstruct the historical development of the nine treeline sites, frequency distributions of tree
establishment were derived from the ages of the dated samples. Tree-ring samples may underesti-
mate true tree ages by missing the tree’s pith when coring or by sampling above the root collar;
however, adjustments can be made to improve the accuracy of age estimates for samples with these
issues (Villalba and Veblen 1997). We therefore estimated missing rings for cores that did not
intercept the pith using a graphical correction technique. The distance to the tree’s centre was
estimated by fitting a template of concentric circles to the rings of the core and dividing the missing
distance by the average growth rate of nearby rings. For a small amount of cores collected from CI
(1.3%), adjustments were also made for coring height above the base of the tree when applicable
using species-specific height-growth curves derived for sites WIL and HIL by Kavanagh (2000).
Tree age estimates and the resulting establishment frequencies were binned into 5-year age classes
for subsequent analyses of establishment data (as in Elliott and Petruccelli 2018) to account for
possible uncertainties associated with these estimations.
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The ages of living trees were also used to reconstruct changes in treeline ecotone densities
to identify periods of rapid infilling. Incorporating tree mortality into such reconstructions can
provide a more complete picture of changes in demographic processes as tree density in the
early part of the record may be underestimated due to what is known as the ‘fading record’ (i.e.
early establishers are more likely to be missing from a record of living-trees because they are
more likely to have died). However, very few dead trees or snags were encountered in the field
at sites in KC and KNP (personal observation; R. Brown, E. Davis, and Z. Gedalof), and
separate analyses of tree mortality by Kavanagh (2000) indicated that significant mortality
events have not occurred at the CI sites within the past few centuries. Tree mortality was
therefore not included in our analyses, and site-level tree densities (trees per hectare) were
estimated by dividing the cumulative frequencies of living trees in each five-year bin by the
total area sampled at the study site. For sites in KC and KNP, where only a selection of trees
within each plot were sampled and dated, cumulative tree densities were estimated by
attributing the average ages of each tree class (i.e. seedling, sapling, mature tree) to census
counts of all individuals growing within each plot. We confirmed that this approach produced
reliable estimates by comparing the actual density reconstructions from WIL and HIL with
reconstructions for those sites using the mean age of the tree class (Online resource 5). A break
point analysis was performed to attribute a calendar date to major density changes at the site
level using the cross-entropy detection method of the ‘CE.Normal.Mean’ function in the
‘breakpoint’ package in R (Priyadarshana and Sofronov 2016).

2.4 The influence of climate on patterns of tree establishment

Generalised linear mixed models (GLMMs) with Poisson distributions and log links
were used to assess the effects of climate variables on the tree establishment frequen-
cy of each species for establishment bins from 1900 to 2010 (1990 for sites WIL and
HIL) using the function ‘glmer’ in the R package ‘lme4’ (Bates et al. 2015). This
approach allows inferences to be made about the role of climate as a driver of tree
establishment at the species level while enabling generalisation across the study
region. As a starting point for model selection, candidate climate variables were
selected based on previously recognised relationships between temperature, moisture,
and tree establishment identified in similar treeline environments (Andrus et al. 2018;
Cui and Smith 1991; Elliott and Petruccelli 2018; Kearney 1982; Kueppers et al.
2017). In fully saturated models, mean summer temperatures (Tave_sm), summer
(PPT_sm) and winter precipitation (PPT_wt), and the interaction between summer
temperature and the two precipitation variables (Tave_sm x PPT_sm; Tave_wt ×
PPT_wt) were included as fixed effects. Summer temperature was selected due to
the limiting effect of growing season warmth in maintaining physiological processes
at high elevations (e.g. seed production, germination, seedling survival, tissue produc-
tion and maturation). Summer and winter precipitation and their interactions with
summer temperature were also included due to the role of moisture availability and
snow cover in mediating tree establishment in alpine environments (e.g. western North
America; Andrus et al. 2018; Elliott and Petruccelli 2018; Laroque et al. 2000). The
temperature and precipitation data used in the model were the same as for the tree-
ring analyses above but were averaged to match the 5-year bins of the establishment
data and were scaled prior to inclusion in the models. ‘Study site’ and ‘establishment
bin’ were included as crossed random effects in the models to account for non-
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independence between time-steps and to generalise patterns of tree establishment
across the study region. Models for L. lyallii and P. albicaulis, which had adequate
samples depths for only three sites, had study site included as a fixed instead of
random effect. A stepwise model selection process was performed to identify the best
fitting species-level models using Akaike’s information criterion (AIC; see Online
resource 6 for model equations and selection parameters).

2.5 Rates of treeline movement

To infer if changes occurred in the position of the treeline ecotone during the twentieth
century, the establishment dates of the oldest 15th percentile of trees were determined for
each elevation sampled above and below the site-specific ecotone mid-points. Treeline
positions are often defined in the literature by a minimum threshold in tree height or forest
cover (Holtmeier 2009); however, here we use a percentile threshold in establishment dates as
a proxy for past treeline positions because we are able to estimate historical establishment
more accurately than tree heights with our data. We chose to use the establishment dates of
oldest 15th percentile of trees as this can be viewed as representative of a point in time when
heightened establishment is actively underway. A sensitivity analysis showed that the dates
used are relatively insensitive to the specific choice of 15th percentile (e.g. using the 10th or
20th percentile produced establishment dates that differed by only up to 2.9%). Next, the
position of the mid-point, defined in the field for KC and KNP as the elevation at which
canopy cover declined to 30%, was estimated for WIL and HIL from measurements collected
by Kavanagh (2000) using the relationships between tree basal area and canopy cover
identified by Cade (1997). This enabled direct comparisons of relative treeline movement
among all study sites. A one-tailed paired t test was then performed to test whether the oldest
15th percentile of living trees established more recently above than below the mid-point,
which would support an interpretation of regional upslope treeline advance. Linear regressions
were then conducted between the 15th percentile establishment dates and elevation. We
interpret the resulting slopes as estimates of treeline movement (meters of elevation per year)
because they reflect the initial occurrence of tree establishment across the elevational transects.
Spearman rank correlations were used to explore whether rates of treeline movement were
related to topographical setting, which included slope, aspect, latitude, longitude and a heat
load index representing the amount of direct incident radiation and heat load at a given location
(McCune and Dylan 2002).

Finally, with an interest in placing estimates of treeline movement in context with twentieth
century climate warming, the modelled rates of treeline movement were compared with the
rates of change in mean summer temperatures. Hereafter, use the terms ‘summer’ and
‘growing season’ interchangeably, as we have verified, with as much certainty as possible
given the different data resolutions (monthly/season interpolations of air temperature data vs.
hourly ground temperature measurements), that the seasonal time period covered by the
summer temperature records corresponds to the growing season described by Körner and
Paulsen (2004) and Körner et al. (2016) (the continuous period of ground temperatures
exceeding 3.2 °C; canopy temperatures exceeding 0 °C) as being a critical control on the
position of treelines. We calculated the amount of 20th treeline advance (1900 to 1999)
expected if establishment had been singularly controlled by mean summer (i.e. growing
season) temperatures by using the slopes of linear regressions between temperature and time
and assuming an environmental lapse rate of 0.006 °C/1000 m. This value is described by
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Barry (1992) as being suitable for cold and temperate environments (as cited in Jobbágy and
Jackson 2000), and we also performed the calculation using lapse rates of 0.004 and 0.008 °C/
m to explore how sensitive our results are to the selection of a particular lapse rate. The
expected values of treeline advance were then compared with our reconstructions of treeline
movement as an approximation of the degree to which movement has exceeded or lagged the
pace of twentieth century climate change. Generally speaking, a situation where treeline
advance lags the rate of climate warming indicates that other factors (e.g. dispersal, soil
properties, moisture availability) have greatly limited treeline advance. In contrast, a positive
feedback (e.g. facilitative interactions offered by already-established vegetation) could enable
treeline advance to exceed the amount expected. If the observed and expected rates of treeline
advance were found to be roughly equal, we would conclude that treeline movement is at
equilibrium with climate warming.

3 Results

3.1 Reconstruction of tree growth and establishment

Tree-ring chronologies were developed for 24 site × species combinations and for four-species
level, regional chronologies derived from those data (Online resources 7 and 8). The
summarised regional chronologies showed an increase in residual ring-widths during the
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period from ca. 1920 to 1960 and from ca. 1990 to 2005 (Fig. 2a) for all species. At the site ×
species level, the correlation functions showed increased winter and summer temperatures to
be most frequently correlated to the growth chronologies (winter—eight sites; summer—six
sites; Fig. 2b). For A. lasiocarpa, most sites were negatively correlated to winter precipitation
and positively correlated to winter and summer temperatures. L. lyalli and P. albicaulis
chronologies, of which there were only three per species, tended to be positively related to
temperature and negatively related to precipitation. Climate-growth relationships for
P. engelmannii were similar to those of A. lasiocarpa but were less consistent across study
sites; only three and five chronologies (of nine) were significantly correlated to winter and
summer temperatures, and three were negatively related to winter precipitation.

The frequency of trees that established and survived varied through time at all study
sites, with modal classes from 1950 to 1980 (Fig. 3). The majority of trees in the study
region are relatively young, with recent increases in establishment and survival observed
at all sites; in the current treeline ecotones, on average 88% (SD = 11%) of living trees
established after 1900 and 71% (SD = 17%) after 1950. Whereas the proportion of each
species remained relatively similar over time at some sites (e.g. HUM; SSG; PMR),
establishment pulses at some sites were driven by increases in a particular species. For
example, L. lyallii was most dominant species at GSP prior to ca. 1950, but the mid-
century establishment pulse was largely caused by an increase in A. lasiocarpa ‘GSP’ in
Fig. 3). Similarly, nearly all P. engelmanii at sites HIL, FTA, and FTB established after
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about 1950. The breakpoint analysis on living tree density revealed rapid increases in the
number of trees per hectare from 1955 to 1975, depending on the site (Fig. 3; Online
resource 9), which coincided with a period of notable temperature warming across the
region (Fig. 1). Finally, most sites showed reduced frequencies in the most recent
establishment bins, particularly after 1995.

3.2 The influence of climate on patterns of tree establishment

The GLMMs revealed the influence of climate on tree establishment, with the effects
varying somewhat among treeline species (Table 1; Online resources 6 and 10). For
both A. lasiocarpa and P. engelmannii, fully saturated models provided the best fits
Abies lasiocarpa establishment was positively related to winter precipitation (z =
0.236; p = 0.034) and to the interaction between summer temperatures and precipita-
tion (z = 0.219; p = 0.003), suggesting that the species’ establishment has been
favoured by periods of higher than average winter snowfall and by warm summers
with adequate moisture. For P. engelmannii, establishment was positively related to
mean summer temperatures (z = 0.766; p = 0.005) and to the interaction between
summer temperatures and precipitation (z = 0.327; p = 0.003). Establishment for this
species was negatively related to the direct effect of summer precipitation (z = − 0.366;
p = 0.025) and to the interaction between summer temperature and winter precipitation
(z = − 0.240; p = 0.005).

The models for L. lyallii and P. albicaulis each included establishment data from
three of the nine study sites due to their more limited distributions. The
generalisability of the results across the region is therefore more conservative; how-
ever, insight can still be gained into the effects of climate on establishment at sites
where these species grow. The best fitting model of L. lyallii establishment included
summer temperature (z = 1.082; p = 0.023), winter precipitation (z = 0.543; p = 0.048),
the negative interaction between summer temperature and winter precipitation (z =
−0.861; p = 0.012), and ‘Site’ as significant fixed effects. Finally, the model for
P. albicaulis contained only summer temperature (z = 2.192; p = 0.010) and Site as
significant fixed effects.

Species-level variation existed in the specific nature of the effects of climate
variables on tree establishment patterns; however, it appears as though summer
temperatures and its combined interaction with summer precipitation has generally

Table 1 The influence of selected climate variables on tree establishment derived from species-level GLMMs

Climate variable ABLA LALY PIAL PIEN

Mean summer temperature +* +** +** +***
Summer precipitation +* −**
Winter precipitation +** +** −*
Summer temperature × summer precipitation *** +***
Summer temperature × winter precipitation −* −** −***

The significance of predictors was assessed from best fitting GLMMs, identified using an AIC stepwise
evaluation (A. lasiocarpa (ABLA); L. lyallii (LALY); P. albicaulis (PIAL); P. engelmannii (PIEN); see Online
resources 6 and 10 for results of model selection and parameter estimates)

‘+/−’ the direction of the effect on establishment is indicated by the symbols

*p > 0.05; **p < 0.05; ***p < 0.01; —significance levels
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provided favourable conditions for establishment to occur in treeline ecotones
throughout the Canadian Rocky Mountains. The direct effect of winter precipitation
was variable between species, whereas its interaction with summer temperature was
negative for all species models in which it was included (note negative but non-
significant interaction for A. lasiocarpa; Table 1).

3.3 Rates of treeline movement

Several lines of evidence suggest that the upper limits of tree establishment increased in
elevation at all study sites during the twentieth century. In addition to the increase in tree
growth, establishment and density described above, the elevational analysis of the age
structure data indicated that initial establishment consistently occurred earlier below rather
than above treeline (Fig. 4a; t = 4.60, p = 0.001; mean of the differences = 38.33 years).
Additionally, all site-level regression models between elevation and tree establishment dates
had positive slopes, indicating more recent establishment and/or greater turnover at higher
elevations (Fig. 4b). Reconstructed rates of treeline advance ranged from 0.23 to 2.00 m/year
(mean = 0.83 m/year; SD = 0.67 m/year), with a median change in elevation of 53.79 m
occurring over the twentieth century (Online resource 11).

The comparison of observed versus expected rates of treeline movement revealed
that reconstructed rates of treeline advance were generally much lower than expected
based on changes in growing-season temperature (Fig. 5). Of the nine sites, observed
treeline advance lagged expectations at all but two sites (WIL and SSG), with a
median percentage of observed versus expected movement of only 39%. The range in
estimated treeline advance was much greater among study sites (variation along y-
axis) than the range in expected values (variation along x-axis). The Spearman
correlations showed no significant relationships between the magnitudes of treeline
advance and any topographical site characteristics (p > 0.05; results shown in Online
resource 12).
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4 Discussion

4.1 Increased tree growth and rapid establishment result in ubiquitous treeline
advance in the mid-twentieth century

All of the studied treelines underwent increases in tree growth, establishment and
living tree density beginning in the mid-twentieth century that resulted in changes to
the extent and character of the treeline ecotones. These widespread changes suggest
that several key aspects of tree physiology experienced an easing of locally limiting
conditions. Similar to our findings, pulses in high-elevation tree establishment and/or
increases in density during this period appear to have been prevalent throughout
western North America (Rochefort et al. 1994), including in the Insular Mountains
of Vancouver Island, British Columbia (Laroque et al. 2000), the US Rocky Moun-
tains (Elliott 2012) and in northwestern Canada (Danby and Hik 2007; Kearney 1982;
Szeicz and MacDonald 1995). Such changes in treeline dynamics can have ecological
consequences in alpine systems due to the physical transformations caused by trees
establishing in formerly treeless environments. For instance, tree encroachment into
alpine habitat can both directly and indirectly alter ecosystem function and species
composition by modifying microclimate conditions (D'Odorico et al. 2013; Maher
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et al. 2005), displacing endemic alpine species (Moir and Huckaby 1994) and altering
nutrient, carbon and hydrological cycling (Beniston 2003; Greenwood and Jump
2014). The trends of increasing tree growth, establishment and treeline advance in
our study indicate that such impacts may be well underway within the Canadian
Rocky Mountain region.

4.2 Similarities and differences in species-level impacts of climate change

At the level of individual species, important similarities and differences were revealed
regarding the effects of climate on tree growth and establishment. As a whole, tree-ring growth
tended to be favoured by warm seasonal temperatures, with mean summer and winter
temperatures being most frequently correlated to growth chronologies. The importance of
growing season warmth for treeline species (including those studied here) has been widely
observed in alpine environments (Ettl and Peterson 1995; Peterson et al. 2002; Splechtna et al.
2000), likely due to the role it plays in initiating and supporting structural cell development
(Rossi et al. 2007) and tissue maturation (Körner et al. 2016). The influence of precipitation,
on the other hand, was found to be more context and species dependent than was temperature.
For example, we found that the growth chronologies of some species (ABLA, PIAL, PIEN)
were frequently negatively correlated to winter precipitation, whereas two others (LALY and
PIAL) were negatively related to summer precipitation. Peterson et al. (2002) also found the
growth of A. lasiocarpa to be negatively impacted by high winter precipitation in the Cascade
and Olympic Mountains (USA), likely due to short growing seasons caused by a long-lasting
snowpack. Similarly, the tendency of P. albicaulis to grow at the highest, harshest elevations
in the Rocky Mountains (Arno and Hoff 1989) suggests that its growth may too be limited by
growing season duration. The negative correlations with summer precipitation are less intuitive
but could be indirectly related to the inverse relationship that exists between summer temper-
atures and precipitation (as in Splechtna et al. (2000)) and may suggest that the growth of these
species has not historically been moisture-limited.

In terms of establishment frequency, the most consistent climatic effect was the positive
influence of mean summer temperatures. Studies elsewhere in western North America have
also identified warm summer and growing season temperatures to be important controls of
treeline dynamics over the scale of centuries (Danby and Hik 2007; Kearney 1982; Lloyd and
Fastie 2003; Szeicz and MacDonald 1995) to millennia (Schwörer et al. 2017). In a study of
seedling establishment in Jasper National Park, Alberta, near the WIL study site, Kearney
(1982) also found that the majority of recent establishment occurred during two periods of
above average minimum summer temperatures (from 1940 to 1950 and from 1960 to 1970).
Mechanistically, warming temperatures in the region could have favour tree establishment and
survival through the important and well-established role of summer and growing season
warmth on various life stages of alpine tree species, including seed production, seedling
establishment, tree growth and survival (Buechling et al. 2016; Körner et al. 2016).

Species-level differences in the effects of climate variables were most apparent in the effects
of summer and winter precipitation on establishment frequency. A. lasiocarpa and
P. engelmannii were favoured by warm summer temperatures that coincided with above
average precipitation, a finding supported by studies that have likewise demonstrated moisture
availability to moderate of the effects of temperature on alpine tree establishment and treeline
advance (e.g. Andrus et al. 2018; Daniels andVeblen 2004; Schwörer et al. 2017). For example,
microclimate manipulation studies conducted in alpine and subalpine habitats have shown a
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3 °C increase in temperatures to cause a 25% reduction in soil moisture (Harte et al. 1995), as
well as the ability of supplemental watering to partially offset the harmful effects of excess heat
on seedling establishment (Kueppers et al. 2017). Looking to the future, the physiological
requirement of these treeline species for adequate precipitation suggests that further increases to
growing season temperatures will only favour A. lasiocarpa and P. engelmannii establishment
in areas where sufficient moisture is also available to offset increased water losses from soils.

Unlike A. lasiocarpa and P. engelmannii, L. lyallii and P. albicaulis, establishment was not
strongly influenced by summer precipitation. This is perhaps due to the tendency for these
species to occupy sites where moisture is non-limiting (Arno and Habeck 1972; Arno and Hoff
1989) and indicates that, at least historically, adequate moisture has been available for rapid
establishment of the species to occur during periods of increased summer warmth. The
insensitivity of P. albicaulis to precipitation variables has also been identified in other studies
but appears to be context dependent; Goeking et al. (2019) found no relationship between
summer precipitation and P. albicaulis seedling density in their surveys of seedling abundance
(US Rocky Mountains) whereas Larson and Kipfmueller (2010) found regeneration to be
negatively related to moisture availability (Northwestern USA). That P. albicaulis was not
historically dependent on periods of increased precipitation for successful establishment in our
study region does not, however, preclude the possibility that moisture limitations may play a
role in future successful establishment.

Finally, species-level differences were also apparent in the impact of winter precipitation on
establishment frequency. Snow cover can influence treeline establishment dynamics in a non-
linear fashion, such that either too much or too little snow cover can be detrimental to seedling
abundance (Hättenschwiler and Smith 1999). Our analyses revealed both L. lyallii and
P. engelmannii establishment to be negatively related to the interaction between winter snowfall
and summer temperatures (A. lasiocarpa also negative, but insignificant at a = 0.05). A possible
mechanism is the protective role of late-lying snow during periods of below-average seasonal
temperatures that becomes less critical during years of summer warmth when the exposure to
low-temperature extremes is reduced (Renard et al. 2016). Further, although snow can provide
an important source of moisture (Andrus et al. 2018), deep snow can also create small-scale
disturbances (e.g. snow slides) that are detrimental to seedling establishment (Arno and Habeck
1972). In contrast, A. lasiocarpa and L. lyalii establishment were positively related to the direct
influence of winter precipitation, indicating that some level of protection or an additional influx
of soil moisture from a late-lying snowpack created favourable conditions for these species.
Previous research on establishment-snow cover relationships suggests that they may depend on
regional limitations; Franklin et al. (1971) found high elevation A. lasiocarpa establishment in
the Cascade Range (USA) to peak during a period of reduced snowfall in the early twentieth
century, whereas Andrus et al. (2018) found establishment to occur more frequently in years of
high snow water equivalent in the Colorado Front Range.

Altogether, the GLMMs revealed the general importance of summer temperatures on tree
establishment with some species-level variation in the role of precipitation. As a result, the
establishment of all studied treeline species was favoured by the mid-century increase in growing
season temperatures, causing increases in treeline density and region-wide treeline advance. It is
important to note, however, that the effects of warming temperatures were moderated by summer
and winter precipitation, such that further warming may only result in continued treeline advance if
species-specific moisture requirements are also met. The variability in climate-establishment dy-
namics between tree species could result in differing responses to climate change at the site-level
depending on the species composition of a particular location.
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4.3 Historical treeline movement and expectations for future changes in treeline
dynamics

Rates of treeline advance from 0.14 to 0.86 m/year have been identified in the Himalayas
(Chhetri and Cairns 2015; Sigdel et al. 2018), Russia (Hagedorn et al. 2014), China (Wong
et al. 2010) and western North America (Danby and Hik 2007; Elliott and Petruccelli 2018;
Munroe 2003). Advance at our sites ranged from 0.23 to 2.00 m/year and are thus comparable
with or higher than rates observed in many other treeline systems. Notably, there was almost
an order of magnitude of difference in the calculated rates of treeline advance among our nine
study sites. This suggests that actual treeline movement within the region is much more
variable than would be predicted using simplistic relationships between tree establishment
and growing season temperatures and highlights the importance of species composition,
moisture availability and other non-climatic factors in mediating the response alpine treelines
to temperature warming. An awareness of the variation in the responsiveness of treeline
systems is imperative for conservation and management decisions regarding the impacts of
climate change on alpine species. Such decisions are often implemented at the level of
individual sites or for single protected areas; however, most species distribution modelling is
conducted at the regional scale or larger, and thus may not reliably capture the range of
possible outcomes at smaller spatial scales.

In addition to variability among study sites, estimates of the magnitude of treeline advance
showed considerable lags behind the expected degree of movement based on changes in mean
growing season temperatures. Treeline dynamics at some sites (e.g. HIL; PMR) saw large
pulses in tree establishment in the mid twentieth century but appear to have undergone
relatively little treeline advance. At these sites, it is likely that recent establishment increased
in local tree density as opposed to expansion into new habitat. Neither the magnitude of
advance nor the lags behind the rate of climate warming were consistently related to species
identity or measured treeline characteristics, despite findings that factors such as slope aspect
(Elliott and Cowell 2015) and treeline form (Harsch and Bader 2011; Harsch et al. 2009)
mediate the relationship between establishment dynamics and climate change.

The lags in treeline advance observed at our study sites are in line with observations that
shifts in plant species ranges, including those in treeline systems, often occur more slowly than
predicted based on climate change alone (Corlett and Westcott 2013; Kupfer and Cairns 1996;
Pauli et al. 1996). Time lags can be caused by delayed changes in demographic processes, or
by the constraining influence of non-climatic factors on tree establishment and survival.
Unsuitable soil and microsite conditions (Holtmeier and Broll 2012; Maher et al. 2005),
herbivory (Brown and Vellend 2014; Urli et al. 2016) and seed availability (Kambo and
Danby 2017) are a few among many factors have the potential to limit a species’ ability to
track climate change. Indeed, in seed addition and greenhouse experiments conducted in
parallel to the present study at sites FTA, FTB, GSP and WIL, Davis and Gedalof (2018)
and Davis et al. (2018) found evidence that non-climatic factors are currently moderating the
influence of climate on Rocky Mountain treeline dynamics. In particular, soil and microsite
suitability, as well as seed limitation and herbivore pressure, appear to be constraining seedling
establishment within and beyond current treelines, and it is likely that some combination of
these factors may have also caused historical lags in treeline advance.

Whereas treeline advance at most study sites lagged the amount expected based on
climate warming, the extensive advance at WIL and SSG suggest that facilitative
interactions may be important at these locations. For instance, neighbouring plants
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have been shown to offer protection in harsh conditions by improving local micro-
habitats (Callaway 1998; Callaway et al. 2002; Germino and Smith 1999), which may
allow plant performance to exceed what climatic conditions might otherwise allow.
This coincides with observations made during the field experiment referred to above
in which significantly more tree seedlings established within the protection of erica-
ceous vegetation than did in vegetation removal treatments in the alpine of WIL
(Davis and Gedalof 2018). Looking to the future, it seems likely that the response of
high-elevation treelines to climate change will continue to be variable in the Canadian
Rocky Mountains.

5 Conclusion

The reconstructions of recent tree growth and establishment from nine sites in the Canadian
Rocky Mountains revealed widespread establishment from 1950 to 1980 that was facilitated
by warm growing season temperatures and moderated by summer and winter precipitation at
the species-level. The elevations of all studied treelines increased throughout the twentieth
century, but lags behind the pace of temperature warming were common, likely due to the
moderating role of precipitation and non-climatic factors on establishment processes. Addi-
tionally, significant variation existed in magnitude of treeline advance observed across study
sites. These results indicate that predictions of future species distributions under climate
change based on generalised relationships between temperature and tree establishment are
likely to overestimate future rates of advance at the scale of individual treelines. Altogether,
this research underscores the importance of species composition and non-climatic processes in
determining how individual treeline response to climate change manifest at regional scales.
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