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ABSTRACT

Whitebark pine (Pinus albicaulis), an endangered keystone alpine tree species, faces mul-
tiple threats across its western North American range. Little is known of whitebark pine
in the southern Coast Mountains of British Columbia relative to well-studied Rocky
Mountain populations, especially with regard to the effects of climate on annual radial
growth. Our results indicate centenarian whitebark pine annual radial growth is nega-
tively influenced by the onset of snowfall in the prior autumn. This unusual growth
limitation likely stems from the truncation of the prior year growing season and reduced
physiological preparedness for growth in the following year. Autumn snowfall is moder-
ated by temperature and the Pacific Decadal Oscillation (PDO), which controls large-
scale weather patterns in the study region. Our results are distinct from studies of mature
whitebark pine trees in continental populations where growth is typically limited by
summer temperature, or occasionally by winter snowfall due to a reliance on snow
meltwater during spring/summer. We suggest that predicted warmer and wetter climate
and reduced snowpacks in the southern Coast Mountains may benefit the growth of the
young population of maritime whitebark pine over the next few decades.

INTRODUCTION

Whitebark pine (Pinus albicaulis Engelm.) is an early
successional tree species that grows in high-elevation,
cold, windy, and snowy areas with weakly developed
soils. This species has a large and well-studied continen-
tal distribution in the Rocky Mountains from Alberta
south to Wyoming, and a lesser-studied maritime band
of distribution in the Coast Mountains of British Co-
lumbia (B.C.), the Cascade Range of Washington and
Oregon, and the Sierra Nevada Range of northern Ne-
vada and California (Arno and Hoff, 1989). It is often
the only tree species able to grow in these high-elevation
conditions and is therefore considered a keystone spe-
cies due to its importance as a source of food and shelter
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for wildlife species, including grizzly bears (Ursus arctos
horriblilis Ord; Mattson and Reinhart, 1997), Clark’s nut-
crackers (Nucifraga columbiana Wilson), and other small
birds and mammals (Hutchins and Lanner, 1982; Tom-
back, 1982). At high elevations, whitebark pine is often
the first tree species to colonize open treeless areas (Arno
and Hoff, 1989). Once established, whitebark pine may
mitigate microclimate through lowered radiation, wind
speed, and soil temperature extremes so that less tolerant
species including subalpine fir (Abies lasiocarpa [Hooker]
Nuttall), limber pine (Pinus flexilis E. James), Douglas fir
(Pseudotsuga menziesii [Mirb.] Franco), and Engelmann
spruce (Picea engelmannii Parry ex Engelm.) can establish
on their leeward sides forming “tree islands,” as has been
shown in some treeline sites in the Rocky Mountains
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(Resler et al., 2014; Pyatt et al., 2016). Due to its high
abundance in treeline habitats, whitebark pine plays a
key role in facilitating treeline community development
(Callaway, 1998; Pyatt et al., 2016).

Climate plays a very important role in tree growth,
typically through the interaction of available energy and
water (Stephenson, 1990, 1998). Trees limited by fac-
tors related to available energy (i.e., temperature and
growing season length) are said to be primarily energy
limited, while trees limited by factors related to water
availability and evaporative demand (i.e., precipitation
and evapotranspiration) are said to be primarily water
limited (Albright and Peterson, 2013). Trees that grow
at high elevations, along coasts, or in northerly latitudes
are typically energy limited (Stephenson, 1990), usually
by the influence of summer temperature and occasion-
ally by the soil-cooling and growth-inhibiting influence
of spring or autumn snow (Albright and Peterson, 2013;
Franklin and Dyrness, 1988; Graumlich and Brubaker,
1986; Peterson and Peterson, 1994, 2001; Ettl and Peter-
son, 1995; Peterson et al., 2002).

Dendroclimatological studies in the U.S. Pacific
Northwest and adjacent areas in Canada have shown
that the energy-limiting influence of summer tem-
perature and total annual snowpack depth primarily
control the radial growth of alpine trees (Ettl and Pe-
terson, 1995; Peterson et al., 2002; Koch et al., 2004;
Youngblut and Luckman, 2013; Coulthard et al., 2016).
Dendroclimatological investigations in the interior
Canadian Cordilleras (Luckman et al., 1997; Young-
blut and Luckman, 2013), central Coast Mountains of
B.C. (Larocque and Smith, 2005), and U.S. Northern
Rocky Mountains (Kipfmueller, 2008), suggest that
annual radial ring width and density parameters of
whitebark pine are generally limited by variations in
summer temperature. One Idaho study documented
moisture limitation relating to the influence of snow-
melt quantities on soil moisture availability in spring
and summer (Perkins and Swetnam, 1996). Studies of
maritime alpine populations are especially limited, and
the specific climate factors controlling whitebark pine
growth and distribution in the southern Coast Moun-
tains remain unknown.

Whitebark pine is currently facing a number of threats
across its range, including climate change (Hamann and
Wang, 2006; Wang et al., 2012a), white pine blister rust
infections (Cronartium ribicola J. C. Fisch.; Campbell and
Antos, 2000; Zeglen, 2002), mountain pine beetle out-
breaks (Dendroctonus ponderosae Hopkins; Meddens et al.,
2012), and fire exclusion and suppression (Murray et al.,
2000; Campbell and Antos, 2003). Due to these threats,
the Committee on the Status of Endangered Wildlife in
Canada (COSEWIC) assessed and designated whitebark

pine as Endangered in 2010. As the rapid decline of the
tree became evident across its range over the past two
decades, studies of whitebark pine increased, though
maritime whitebark pine communities remain largely
unstudied (Larson and Kipfmueller, 2012). We ask the
following question: What climate parameters limit the
annual radial growth of whitebark pine in the distinc-
tive maritime band of distribution contained within the
southern Coast Mountains? This research is vital to our
understanding of the basic climate factors influencing
the growth of an endangered species in the southern
Coast Mountains of B.C. Before we can understand the
ability of whitebark pine populations to respond to fu-
ture climate change and the other threats facing the spe-
cies, we must first understand the climate controls that
shape populations in this setting, and how or if they dif-
fer from those of well-studied continental populations.

STUDY AREA

Field work was conducted near the western bound-
ary of whitebark pine’s range in the southern Coast
Mountains of B.C. (Fig. 1) during July and August of
2011 and 2012. The study area covers the transition
from the coastal maritime to interior continental cli-
mate. The western end of the study area, Pemberton,
B.C. (50.317°N, 122.797°W), receives an annual av-
erage precipitation of 955 mm. Lillooet (50.686°N,
121.936°W), at the drier, eastern end of the study area,
receives an annual average precipitation of 330 mm (En-
vironment Canada, 2012).

To create a whitebark pine chronology representa-
tive of regional-scale growth variability, we collected
tree rings at four study site locations: Blowdown Pass,
Downton Creek, McGillivray Pass, and Texas Creek
(Fig. 1). The study sites were chosen based on the pres-
ence of healthy, mature stands of upright whitebark
pine, as well as the expectation that trees growing near
their altitudinal limits exhibit maximum climate sen-
sitivity (Cook and Kairiukstis, 1990). All stands were
mixed species (whitebark pine with other alpine spe-
cies: subalpine fir and occasionally Engelmann spruce),
open-canopy patches growing above continuous tree-
line at approximately 20002100 m elevation on steep,
southerly aspects (Table 1). Whitebark pine is gener-
ally a minor component of stands in the wetter Coast
Mountains and is typically found in large numbers only
on southerly aspects (Arno and Hoff, 1989). Trees were
young (generally less than 120 years at diameter at breast
height [dbh]) and understory vegetation was dominated
by herbaceous species including Phlox diffusa Benth.,
Arenaria capillaris Poir., and Artemisia norvegica Fr.
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METHODS

Tree-Ring Data

Tree core samples were extracted from whitebark pine
trees throughout each stand during July and August 2012.
Mature upright trees with no visible signs of disease or
damage were selected for sampling. One core was taken

FIGURE 1. (A) Location
of the four study sites in the
southern Coast Mountains
of British Columbia. Lighter
areas are mountain tops and
darker areas are rivers and
valley bottoms. Inset map
shows the location of Lillooet
(50.686°N, 121.936°W) in
British Columbia. Detailed
locations of all sites are found
in Table 1. (B) Photograph
of whitebark pine at Texas
Creek. Each site shared

similar open-canopy and
herbaceous groundcover
characteristics.

per tree at breast height using a 5.2 mm increment borer.
A total of 20-23 cores were collected per site based on
stand size and mature whitebark pine availability, for a
total of 85 cores. Cores were stored in plastic drinking
straws and dried before being processed in the lab (Stokes
and Smiley, 1964).

Dried cores were mounted on slotted boards and pro-
gressively sanded to a 600-grit finish using a belt sander.
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TABLE 1

Study site locations and characteristics. Mean annual precipitation (MAP), mean annual temperature (MAT), and
precipitation-as-snow (PAS) come from the ClimateWNA 1961-1990 climate normals.

MAP (mm) MAT (°C)

PAS (mm) Elevation (m) Aspect (°) Slope (%)

Site Location

Blowdown Pass 50.3656°N, 122.1591°W 1055
Downton Creek  50.5881°N, 122.2749°W 1169
McGillivray Pass  50.6796°N, 122.5681°W 1249

Texas Creek 50.4358°N, 121.9950°W 905

-0.9 795 2105 202 70
-0.9 857 2104 194 50
-0.2 880 1963 200 75
-0.9 665 2115 158 60

Ring widths were measured to 0.01 mm using a Velmex
measuring system and Measure]2X software (v4.2,2010).
Tree-ring measurement series (measurements from one
tree core) were cross-dated visually (list method; Yama-
guchi, 1991) and verified statistically using the program
COFECHA 3.0 (Holmes et al., 1986; Grissino-Mayer,
2001). Interseries correlations (r) were calculated over 30-
year intervals with a 15-year overlap and are statistically
significant at the 0.01 level (Grissino-Mayer, 2001). Tree-
ring records were cross-dated—or pattern matched—at
the site level, and then across sites. Twenty-four series that
could not be cross-dated were omitted from the analysis,
for a remaining total of 61 series. The removed samples
had nonuniform tracheid orientation along the length of
the tree core due to sample twisting, making ring bound-
aries too indistinct for confident cross-dating.

A regional whitebark pine chronology was developed
from tree-ring width data collected at the four study
sites using the R package dplR (R Development Core
Team, 2011; Bunn, 2008). Radial tree-growth data are
often characterized by an age-related growth trend that
obscures climate-related growth variability (Cook and
Kairiukstis, 1990). To remove this trend, a 60-year cu-
bic smoothing spline was applied to each measurement
series, producing dimensionless ring-width indices.
Analysis of the autocorrelation function indicated that
growth in the current year is significantly influenced by
conditions in previous years. Because this persistence is
most likely related to biological growth processes rather
than climate influences persisting for multiple years, an
autoregressive (AR) model was fit to each series to es-
timate and remove autocorrelation. The resulting resid-
ual chronology maximizes the climate-related tree-ring
variability of interest in this study (Cook and Kairiukstis,
1990). The AR model order was defined by minimiz-
ing the Akaike Information Criterion (AIC; Cook and
Kairiukstis, 1990). Series were combined by a bi-weight
robust mean estimation that minimizes the influence of
outliers (Mosteller and Tukey, 1977). The hypothetical
growth signal is an estimate of the extent that a tree-
ring chronology compiled from a finite number of trees

represents a hypothetically perfect tree-ring chronology
compiled from an infinite number of trees (Wigley et al.,
1984).The expressed population signal (EPS) provides a
measure of the adequacy of the sample size (tree-ring
series) for capturing the hypothetical population growth
signal (Wigley et al., 1984). We calculated EPS with a
30-year window length and 15-year window overlap
and truncated the chronology where EPS fell below a
threshold value of 0.80 (Wigley et al., 1984; Fig. 2).

Climate Data

To evaluate growth-limiting climate factors, we ac-
quired total monthly precipitation-as-snow (PAS), total
monthly precipitation, and mean monthly temperature
data that we estimated on the coordinates of each study
site using the program Climate WINA (Wang et al.,2012b)
and regionalized by averaging all four sites for the period
19012011 (Blasing et al., 1981). ClimateWNA down-
scales PRISM monthly climate data (Daly et al., 2002)
and integrates historical climate data for the period 1901—
2011 for a point location based on latitude, longitude, and
elevation (Wang et al., 2012b). The software provides a
resolution of 1 km?, so each of our sites has its own data
set. We used ClimateWNA data because data sets may
be estimated on a specific study site and are often more
accurate than nonadjacent station data in topographically
complex environments (Wang et al., 2012b).

We also obtained data for climate teleconnection
patterns known to affect the climate of the U.S. Pacific
Northwest and adjacent Canada.The Pacific Decadal Os-
cillation (PDO) is a long-term climate pattern varying at
decadal scales that influences patterns of winter snow-
fall in the U.S. Pacific Northwest and adjacent Canada
(Mantua and Hare, 2002). Negative values of the PDO
are associated with cooler winter temperatures, high-
er precipitation, and greater snowpack accumulations.
Monthly mean records for the PDO were accessed from
the Joint Institute for the Study of the Atmosphere and
Ocean (JISAO, 2012) website. The El Nino Southern Os-
cillation (ENSO) affects climate in the Pacific Northwest
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FIGURE 2. (A)Time series plot of the regional ring-width index (n = 61) showing that the expressed population

signal (EPS) falls below 0.80 at 1920. (B) Time series of EPS-truncated regional ring widths and mean autumn
(previous October through previous December) precipitation-as-snow (PAS).

and adjacent Canada at interannual scales. Cool phases of
ENSO (La Nifa) are characterized by cool, wet winters
in the Pacific Northwest and adjacent Canada, and warm
phases of ENSO (El Nifo) are generally warmer and
drier (Shabbar et al., 1997). The strength of El Nino and
La Nifia years was based on NOAA Multivariate ENSO
Index ranks (http://www.estl.noaa.gov/psd/enso/mei/).
Modes of climatic variability described by the PDO and
ENSO are strongest during the winter months, affecting
snowfall patterns in the study area (Kiffney et al., 2002).

Assessment of Tree-Ring—Climate
Relationships

Pearson’s correlations were used to test relationships
between various tree-ring and climate time series in

this study for the period 1920-2011.Where necessary,
effective sample sizes were used to adjust for autocor-
relation in testing correlations for significance (Dawdy
and Matalas, 1964). Correlations and partial correlations
were used to evaluate association of tree-ring widths
with monthly and seasonalized PAS, mean temperature,
and total precipitation data, in current and previous
years, using the program Seascorr (Meko et al., 2011).
Seascorr estimates the significance of sample correla-
tions and partial correlations by a Monte Carlo method
(Meko et al., 2011). Correlations were tested for 112
distinct months/seasons of climate data. 1-, 3-, 6-, and
12-month periods were used, ending in each month of
the 14-month period bound by August of the year prior
to current year ring formation and September of the
current year of growth. This 14-month period was se-
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TABLE 2

Regional whitebark pine chronology statistics. EPS is the expressed population signal.

Number of Number of Interseries Mean Unfiltered Auto- Filtered Auto-
cores years Period correlation Sensitivity correlation® correlation® EPS¢
61 149 1863-2011 0.469 0.249 0.740 —-0.010 1920

*Autocorrelation coefficient prior to detrending.
PAutocorrelation coefficient after detrending.
‘Point where the EPS falls below 0.8 and the chronology is truncated.

lected to include a full water year and prior and current
summer months. This allowed us to evaluate both tradi-
tional water-season and energy-season growth responses
(Fritts, 1976). A difference-of-correlations test that em-
ploys a Fisher’s Z transformation of correlations (Sned-
ecor and Cochran, 1989) was used to assess the temporal
stability of tree-ring—climate relationships in nonover-
lapping subperiods of the data (“early” and “late” sub-
periods, partitioned in halves). This test was important
because growth-limiting climate relationships should
theoretically hold true over the long term (Cook and
Kairiukstis, 1990). Trends in all tree-ring and climate
data were tested using a t-test of the slope of a regression
of the time series over time. Because PAS = 0 in June
through August, relationships of tree growth to snow in
those months, and seasons including those months, were
not evaluated. The strongest monthly or seasonal cor-
relation with PAS as determined with Seascorr was used
to create a seasonal PAS variable for subsequent analyses.

We used two methods to evaluate relationships be-
tween the tree-ring width and seasonal PAS record, and
relevant climate teleconnection patterns for the period
1920-2011. A chi-square test of proportions was used
to determine whether the proportion of years with
below-median or above-median (1) ring widths, and
(2) seasonal PAS during strong El Nino/La Nifa years
equals the proportion of years with below-median or
above-median (1) ring widths, and (2) seasonal PAS
during weak or non-El Nifio/La Nifia years. The previ-
ously described difference-of-correlations test was used
to test for differences in the strength and direction of
the correlations of the tree ring and seasonal PAS re-
cords with winter PDO (October—March) during the
cool (1951-1976) versus warm (1977-1998) phases of
the most recent clearly detected PDO shift in western
Canada (Whitfield et al., 2010).

RESsuLTS

The first-order autocorrelation coefficients in Table
2 indicate the detrending procedure effectively reduced
persistence in the tree-ring data sets. Coeflicients in the

raw measurement series are variable, suggesting persis-
tence 1s related to biological growth processes such as
needle retention and energy storage, rather than climate
(Cook and Kairiukstis, 1990). Tree-ring width measure-
ment series across the four sample sites showed an aver-
age intercorrelation level for whitebark pine in North
America (mean series r = 0.469), justifying the develop-
ment of the regional whitebark pine chronology (Ta-
ble 2; number of series = 61, number of trees = 61,
average mean sensitivity = 0.25, chronology interval =
1920-2011). Of the climate variables that were tested,
whitebark pine annual radial growth in the study region
is most strongly correlated with PAS in the October
through December season of the year prior to growth
(r=-0.50, p = 0.01, Figs. 2—4). Relationships with PAS
weaken after December, and partial correlations suggest
temperature has no significant impact on growth that is
independent from the PAS influence during the prior
autumn (Fig. 4). Radial growth is also significantly cor-
related with PAS in those three single months, and in
no other single month (p = 0.01, Fig. 4). The October
through December PAS data were therefore summed to
generate a “prior-autumn PAS” data set for further test-
ing. Tree-ring widths are also more weakly negatively
associated with seasonalized precipitation throughout
the year, but single-month correlations occur only in
the autumn prior to growth (October and November,
both r =-0.28, p = 0.01).

Radial growth exhibits secondary sensitivity to prior
autumn and winter mean temperatures when total pre-
cipitation is controlled for in a partial correlation test, for
example most strongly in September through February
(r,, = 0.47, p < 0.01). The influence of temperature is
much weaker when PAS is controlled for (Fig. 4). Nota-
bly, no strong relationships exist with growing season cli-
mate variables, including temperature (Fig. 4). The maxi-
mum seasonal or monthly summer temperature partial
correlation is r = 0.23, p = 0.01, and seasonal temperature
correlation values diminish as summer months are incor-
porated over time (Fig. 4). Difference-of-correlations tests
showed that all significant monthly and seasonal corre-
lations among tree-ring and climate data were tempo-
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FIGURE 4. Single-month and strongest seasonal correlations (top) and partial correlations (bottom) of the
whitebark pine chronology with total PAS, mean temperature, and total precipitation data (1920-2011). Note that
the y-axes have different scales. (A) Correlations with PAS (top) and partial correlations with mean temperature
that are independent from the influence of PAS (bottom). Months and seasons that are not plotted could not be
evaluated due to a lack of data. The strongest correlation with PAS is during prior October through December,
and the strongest partial correlation with temperature is during December through February. (B) Correlations
with precipitation (top) and partial correlations with mean temperature that are independent from the influence
of precipitation (bottom). The strongest correlation with PAS is during prior October through December and
the strongest partial correlation with temperature is during December through February. Note the overall
absence of temperature sensitivity during the growing season, with the strongest single or seasonal summer
correlation being r = 0.23 (p < 0.01).

rally stable across early and late subperiods (for October  ferent during strong El Nifio years relative to weak and
through December PAS: early period r = 0.62,late period ~ non—El Nino years. This was also the case for strong

r=-0.35,N, =45, N, = 45,p = 0.10). La Nifa years relative to weak and non—La Nina years
The proportions of above- or below-median tree-  (Table 3). In general, narrow rings were associated with
ring widths or winter PAS were not significantly dif-  lower ENSO ranks (La Nifna), and wider rings were as-
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sociated with higher ENSO ranks (El Nino; Fig. 5). The
narrowest ring of the chronology was associated with a
strong La Nifa event; however, many of the other nar-
rowest rings were not (Fig. 5). The widest ring of the
chronology was not associated with an El Nifo event,
though many of the other widest rings were (Fig. 5).
Both tree-ring widths and winter PAS were significant-
ly influenced by winter PDO conditions, positively and
negatively, respectively (Table 4). Analysis of subperiods
suggests that this influence is stronger during cool phas-
es of the oscillation, although the difference-of-corre-
lations test between subperiods was only significant for
the winter PAS data.

DiscussioN

We present evidence that snowfall antecedent to
the growing season negatively impacts whitebark pine
growth in the maritime band of the species’ distribu-
tion, a climate-growth response that has not been ob-
served in studies conducted on older trees in other
parts of the species’ range. Specifically, in B.Cs Coast
Mountains, whitebark pine growth is most strongly in-
fluenced by PAS in the autumn prior to growth, is sen-
sitive to total precipitation only in the prior autumn
when it likely falls as snow, and is uncorrelated with

monthly PAS or precipitation during winter, spring,
or summer (Fig. 4). Prior autumn- and winter-season
temperature influences growth, but this influence is
only significant when PAS-temperature interactions
are not accounted for (Fig. 4).The sensitivity of white-
bark pine growth to autumn and winter temperature is
therefore likely an artefact of the role of temperature in
determining whether precipitation falls as rain or snow,
and by extension, in determining snowpack dynam-
ics. There was no indication that moisture from spring
snowmelt promotes annual growth of whitebark pine
in the Coast Mountains, and positive correlations with
the summer climate variables that typically govern ra-
dial growth were weak and inconsistent. Taken togeth-
er, we interpret these results to suggest that previous
autumn snowfall is the primary determinant of white-
bark pine annual radial growth in the study region.
This climate-growth relationship has been temporally
consistent over 91 years (1920-2011).

In the southern Coast Mountains regional snowpack
depths are moderated by temperature and storm pat-
terns, influenced at interannual and decadal scales by
large-scale climate patterns, including the PDO and
ENSO. The relationships we observed between PDO,
tree rings, and PAS are consistent with antecedent
snowfall-related limitation of whitebark pine growth.
Cool phases of the PDO are associated with greater

TABLE 3

Test of proportions assessing the association of whitebark pine ring widths and October-December PAS with

strongest El Nifio and La Nifia events over the period 1950-1990. Test calculated using function prop.test in R.

Proportions of years in each ring width or PAS category are in parentheses. For all tests, the null hypothesis that
groups have the same true proportions could not be rejected, p-values ranged from 0.51 to 0.92.

Ring-width category # El Nino years

# weak and non-El Nino years

Below median 10 (52.6%)
9 (47.4 %)

19 (100%)

Above median
Total

22 (51.2%)
21 (48.8%)
43 (100%)

# La Nifa years

# weak and non-La Nina years

Below median 11 (57.9%)
8 (42.1%)

19 (100%)

Above median
Total

21 (48.8%)
22 (51.2%)
43 (100%)

PAS category # EI Nifo years

# weak and non-El Nino years

10 (52.6%)

Below median

21 (48.8%)

Above median 9 (47.4%) 22 (51.2%)
Total 19 (100%) 43 (100%)

# La Nina years # weak and non-La Nina years
Below median 9 (47.4%) 22 (51.2%)

Above median
Total

10 (52.6%)
19 (100%)

21 (48.8%)
43 (100%)
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snowfall, shorter growing season lengths, and reduced
radial growth in various alpine conifers throughout the
U.S. Pacific Northwest and adjacent Canada (Mantua
and Hare, 2002; Koch et al., 2004; Starheim et al., 2013).
Although snowpack depths are typically greater during
La Nifia years (Shabbar et al., 1997), we found no sta-
tistically significant influence of ENSO on either tree-
ring widths or PAS. This may have been due to the short
chronology length (91 years).

In Pacific maritime climates, deep or early snowtfall
often results in a dependence of high-elevation conifer
growth on the length of the snow-free season, which
is in turn a function of total annual snow depth and
winter-through-summer air temperatures (Graumlich,
1993; Peterson and Peterson, 1994, 2001; Ettl and Peter-
son, 1995; Peterson et al., 2002; Coulthard et al., 2016).
While the timing of tree-growth sensitivity to snow in

year in which growth occurred.

the prior autumn is unusual, the influence of conditions
in the preceding autumn and winter on growing-season
radial growth is well established in temperate alpine co-
nifers (Peterson and Peterson, 1994, 2001; Ettl and Pe-
terson, 1995; Gedalof and Smith, 2001; Peterson et al.,
2002; Koch et al., 2004; Coulthard and Smith, 2015).We
suggest prior autumn snowfall may negatively influence
whitebark pine growth by truncating the prior grow-
ing season and inhibiting physiological preparedness
for growth in the following year. While alpine conifers
have a limited growth period—typically June through
September (Fritts, 1966)—radial growth in most pines
can be maintained well into autumn (Dougherty et al.,
1994), and various physiological growth processes may
be affected by environmental conditions at that time
(Dougherty et al., 1994). In this case, the termination
of the prior growing season by early snowfall and soil

TABLE 4

Associations of whitebark pine ring widths and October—December PAS with instrumental winter Pacific
Decadal Oscillation (PDO) variability.

Full period Cool phase Warm phase N, N; °
‘Whitebark pine chronology r=0.45 (p < 0.05) r=10.58 (p < 0.05) r=0.24 (p <0.05) 26,22 0.18
PAS r=-0.48 (p <0.0) r=-0.72 (p <0.05) r=-0.25(p <0.05) 26,22 0.04

“‘Effective sample sizes for early and late periods.

bp-value for a test of the null hypothesis that the population sample correlations for the cool and warm phases are the same. Significant where p < 0.05.
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FIGURE 6. Box and whiskers plot of regionalized average monthly precipitation-as-snow (PAS). PAS data is

from ClimateWNA for the period 1901-2011.

cooling likely reduces photosynthate storage for the fol-
lowing year (Fritts, 1976). The onset of winter condi-
tions may also reduce mycorrhizal activity (Peterson
and Peterson, 1994) and prevent proper maturation of
leaf tissue and the cuticle leading to greater transpira-
tion (Sowell et al., 1982). Comparable results were
found in a study of treeline pine species at three varied
latitudes (Mexico, Switzerland, and northern Sweden),
where falling autumn temperatures inhibited the trans-
fer of carbon into radial growth and subsequent storage
of carbon for the following year, and cool soils limited
the processes involved in tissue formation (Hoch and
Korner, 2003).

A second possible explanation is that snowfall in the
autumn months plays a disproportionate role in deter-
mining overall annual snow depth, the timing of snow-
melt and soil warming in the following spring, and the
length of the subsequent growing season. Although a
substantial portion of annual snowfall occurs during
autumn (an average of 81 cm falls between September
and May and an average of 35 cm falls during October
through December; Fig. 6), we consider this mechanism
less likely given the absence of correlations with total
annual or maximum spring PAS.

It is not known whether sensitivity to prior autumn
snowfall is related to the younger ages of the trees growing
in the Coast Mountains. Whitebark pine sampled from
more interior locations were much older than the cen-

tenarian trees we sampled (Perkins and Swetnam, 1996;
Larocque and Smith, 2005; Kiptfmueller, 2008; Youngblut
and Luckman, 2013). In general, young trees have lower
carbohydrate storage capacity than mature trees (Dough-
erty et al., 1994), which could make them more suscep-
tible to unfavorable conditions and shorter growing sea-
sons. The sensitivity to prior autumn snow could also be
due to earlier timing or greater autumn snowfall quanti-
ties in the Coast Mountains relative to interior sites.

Three different General Circulation Models (GCMs)
applied to western North America predict warmer and
wetter conditions in the coming decades, and drasti-
cally reduced snowpack is projected in the southern
Coast Mountains by the 2080s (Wang et al., 2012b).
Our results suggest that, at least initially, warmer tem-
peratures may benefit whitebark pine in the study re-
gion by stalling soil cooling during autumn and/or
reducing spring snow depths. Wetter conditions in the
Coast Mountains could have negative consequences
for whitebark pine populations if they promote early
autumn snowfall, but it is more likely that warming
temperatures will cause autumn precipitation to fall as
rain (Wang et al., 2012b).

Too little snowpack may eventually limit tree growth
through the loss of protection from freezing and wind
scouring during the winter (Pederson et al., 2004;
McLane and Aitken, 2012). With predicted warmer
temperatures and reduced snowpack, whitebark pine
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in the southern Coast Mountains could also shift from
being negatively impacted by snow to becoming water
limited (Littell et al., 2010; Marcinkowski et al., 2015),
such that coastal populations may more closely resem-
ble continental populations in the future. It is important
to note that the impact of disease, pests, and increased
competition (as less-tolerant species become established
or species from lower elevations migrate upward) on
whitebark pine might lead to reduced annual growth in
parts of its range, even if climate becomes more favora-
ble (Kipfmueller and Salzer, 2010; Littell et al. 2010).

CONCLUSIONS

Our results suggest that the annual radial growth of
whitebark pine trees in the southern Coast Mountains of
B.C. has been limited by the negative influence of snowfall
in autumn of the year prior to the growing season over the
past nine decades. Whitebark pine tree-ring width records
developed for this study are most strongly negatively cor-
related with autumn PAS data in the year prior to growth,
and other significant tree-growth—climate correlations and
connections with the PDO are also consistent with condi-
tions that promote enhanced snowfall. The growth-climate
relationship likely arises from truncation of the prior grow-
ing season by early snowfall and soil cooling, which im-
pedes physiological preparedness for growth in the follow-
ing year. Our findings emphasize a difference between the
growth characteristics of relatively young whitebark pine
in a maritime alpine area and widely studied continental
populations where energy limitation related to summer
temperature fluctuations, and moisture limitation related to
spring/summer snow meltwater availability, are document-
ed. It is unknown whether the dissimilarity of this climatic
response 1s because of unique snowpack depth and timing
characteristics in the Coast Mountains, the young ages of
the Coast Mountain whitebark pine trees, or some other
factor. The dissimilar climate response of the trees analyzed
in this study may suggest that maritime trees will be af-
fected differently by a shifting climate in coming decades.
More local-scale studies should be used in place of general
species-wide approaches when developing management
and restoration plans for whitebark pine in different parts
of its range.
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