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The  relationship  between  monthly  climate  predictors  and  radial  growth  of  Engelmann  spruce  (Picea
engelmanni  Parry)  and  subalpine  fir (Abies  lasiocarpa  (Hook.)  Nutt)  were  explored  using both  a  standard
dendroclimatological  approach  and  a multiple  adaptive  regressions  splines  (MARS)  framework.  Consis-
tent  with  previous  research,  the radial  growth  of  fir and  spruce  was  related  to temperature  variables  over
the time  period  of  the instrumental  record.  We  identify  important  temporal  instability  in the statistical
relationships  between  climate  variables  and  the  radial  growth  of both  subalpine  fir and  Engelmann  spruce.
Using a  30-year  running  window,  only  four  of  the  climate  variables  related  to  the  radial  growth  of  either
nstability
ivergence

spruce  or  fir  did  not  show  a switch  in the  sign  of the correlation.  A  multiple  adaptive  regressions  spline
method  was  then  used  to  gain insight  into  thresholds  that  may  relate  to  radial  growth–climate  insta-
bilities.  Using  MARS,  we  were  able  to  identify  knots  and  non-monotonic  relationships  between  radial
growth  and  climate  predictors  that  may  be indicators  of  ecological  thresholds.  This  combination  of  den-
droclimatic  methods  provides  valuable  insight  into  the  complex  nonlinear  responses  that  both  subalpine
fir  and  Engelmann  spruce  have  been  growing  under  in  the  past  centuries.
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Recent dendroclimatic studies have identified reductions in tree
ensitivity and/or changes in tree responses to target climate vari-
bles as climate varies over time (Jacoby and D’Arrigo, 1995; Briffa
t al., 1998a,b; Wilson and Luckman, 2003; Wilson and Elling,
004; D’Arrigo et al., 2008; Trindade et al., 2010). The decou-
ling between radial growth and climate, or what is also called
he ‘divergence problem’, has been attributed to several differ-
nt causes. Generally, these explanations fall into one of three
ategories. Divergence has been interpreted as a result of standard-
zation methods used to remove non-climatic variation (Cook and
eters, 1997; Melvin and Briffa, 2008; Briffa and Melvin, 2011), a
hreshold effect between tree growth and the limiting climatic fac-
or where trees once limited by temperature have become more
rought sensitive (Visser and Molenaar, 1988; Jacoby and D’Arrigo,
995; Barber et al., 2000; Wilmking, 2005), or the development of
Please cite this article in press as: Hart, S.J., Laroque, C.P.,
tionships of Engelmann spruce and subalpine fir, Jasper N
http://dx.doi.org/10.1016/j.dendro.2012.04.005

on-climatic factors (LaMarche et al., 1984; Graumlich, 1991; Fenn
t al., 2003; Huang et al., 2007; Brooks and Coulombe, 2009). This
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ecoupling presents a challenge to dendrochronologist’s assump-
ions about uniformitarianism.

Dendroclimatic reconstructions are based upon the principle
f limiting factors, the idea that radial growth is conditioned by
he most limiting factor (Blackman, 1905; Fritts, 1976), and uni-
ormitarinism, which suggests that natural laws and the processes
hat control radial growth are constant over time (Longwell, 1965;
ritts, 1976). These tenets have allowed dendroclimatologists to
odel past climate from radial growth. Typically, this has been

ccomplished with simple linear regression because of its ease of
se and the limited increase in explained variance resulting from
ost nonlinear applications (Hughes, 2002). However, if thresholds

xist in climate–growth relationships more emphasis should likely
e placed on nonlinear functions and nonlinear models capable of
xpressing such non-monotonic relationships.

Multiple adaptive regression splines (MARS) is a flexible form
onparametric regression analysis that automatically models non-

inearities and interactions between predictor variables (Friedman,
991). The MARS model is composed of a series of basis functions,
ll which take one of three forms: (1) the intercept, defined as the
 Searching for thresholds in climate–radial growth rela-
ational Park, Alberta, Canada. Dendrochronologia (2012),

ean of the response variable; (2) a hinge function of the form
ax (0, x – constant) or max(0, constant – x); (3) a product of 2

r more hinge functions. Hinge functions are zero for part of the
redictor variable range and so can be used to partion data into

y Elsevier GmbH. All rights reserved.
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isjunct regions (Friedman, 1991). MARS is thus particularly use-
ul for describing non-monotonic relationships that may  indicate a
hreshold reaction in the response of tree-radial growth to climate
ariables.

The purpose of this paper is to explore statistical techniques
or explaining the complex climate–growth relationships of two
ubalpine conifers, Engelmann spruce (Picea engelmanni Parry) and
ubalpine fir (Abies lasiocarpa (Hook.) Nutt). Specifically, we seek
o identify potential thresholds between radial growth and cli-

ate predictors by examining two single-site chronologies. Our
bjectives were to understand:

. To what extent standard dendroclimatological methods (boot-
strapped correlation analysis and moving correlation analysis)
could be used to identify any instability in the radial
growth–climate relationships that may  be indicative of a cli-
matic threshold.

. To what degree a multiple adaptive regressions splines (MARS)
framework, could be used to describe any threshold reactions in
the response of tree-radial growth to climate variables.

. To compare relationships between climate predictors and radial
growth response variables, derived from MARS and standard
linear bootstrapped correlation analysis.

aterials and methods

tudy area

The study area is located within the southern Canadian Rock-
es in Jasper National Park (JNP), Alberta. Climate of the region
s strongly shaped by the complex topography of the mountains.

ean monthly temperatures (1970–2000) at the Jasper town site,
ange from 15 ◦C in July to −9.4 ◦C in January. Precipitation peaks in
he summer and averages about 399 mm per year (Meteorological
ervice of Canada, 2010).

The tree community in JNP grades from full size lodgepole pine
Pinus contorta var. latifolia Engelm.) and Douglas-fir (Pseudotsuga
enziesii var. glauca (Beissn.) Franco) at low elevations, to a het-

rogeneous forest of Engelmann spruce and subalpine fir until
ear treeline. At the forest limit, Engelmann spruce is typically
o longer found and only subalpine fir is present at the highest
levations. The radial growth of the spruce and fir within the south-
rn Canadian Rockies is broadly understood to vary as a function
f summer growing season temperatures (Wilson and Luckman,
003; Luckman and Wilson, 2005).

Both Engelmann spruce and subalpine fir were sampled just
elow treeline near the Mt.  Edith Cavell meadows. In August of
006, sampling was conducted in the continuous forest below the
eadows at 52 41.221′N, 118 03.086′W.  The elevation at the site
as 2014 ± 30 m asl.

ata collection and processing

Monthly temperature and precipitation data were obtained
rom the nearest meteorological station located in Jasper, AB for the
omplete period of record (1916–2006; Climate Station ID 3053519
ombined with Climate Station ID 3053520; Meteorological Service
f Canada, 2010). These data were acquired from the Adjusted
omogenized Canada Climate Data website (Environment Canada,
010). Missing data were replaced with long-term monthly average
Please cite this article in press as: Hart, S.J., Laroque, C.P.,
tionships of Engelmann spruce and subalpine fir, Jasper N
http://dx.doi.org/10.1016/j.dendro.2012.04.005

alues.
Tree ring chronologies were established using standard den-

rochronology techniques (Stokes and Smiley, 1968). Two cores
ere taken at ca. 1.3 m height from each tree using a 5.1 mm
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m
D
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ncrement borer. Cores were taken at 180◦ to one another on a
ross slope position to acquire samples that were used to derive
he average radial growth of each tree species. To ensure adequate
eplication, twenty trees were sampled for both subalpine fir and
ngelmann spruce from the site.

All cores were air dried, and glued into slotted mounting boards.
he cores were then sanded to a 600-grit polish to allow for
he visualization of annual rings (Stokes and Smiley, 1968). Ring
idths were measured using WinDendro computer software and

 high-resolution flatbed scanner to allow for the extraction of
he growth trends (Guay et al., 1992). Ring-width patterns for
ach species were crossdated visually and then statistically using
he computer program COFECHA (Holmes, 1983). COFECHA cor-
elations were determined by comparing segments of a tree-ring
eries to the COFECHA master chronology using 50-year segments
agged successively by 25 years at a one-tailed 99% confidence
evel (Grissino-Mayer, 2002). Trees that exhibited growth patterns
eemed anomalous to the group signal were removed from the
ata set.

All possible steps to reduce the potential bias of standardization
ffects introducing artificial divergence were taken in the construc-
ion of our master tree-ring chronologies. Raw ring-widths were
rst transformed using an adaptive power transformation to sta-
ilize the variance of each ring-width series through time (Cook
nd Peters, 1997). To remove age related and localized disturbance
elated trends, raw ring-width series were then detrended using

 cubic smoothing spline (Cook and Peters, 1981) that preserved
0% of the amplitude over a wavelength of 67% of the series length

n R (R Development Core Team, 2010) using the package dplR
Bunn, 2008). Index values for each series were then calculated
y subtracting the spline predicted value from the transformed
ing-widths (Cook and Peters, 1997). This method has shown to
ccount for the inflation of end values that can arise when using
tandard ratio detrending (Cook and Peters, 1997). An autoregres-
ive model was then used to remove autocorrelation present in
ach tree ring chronology, available from the dplR package (Bunn,
008). Chronologies were then calculated using a robust estimate
f the mean to account for outliers (Cook and Kairiūkštis, 1990).
he site chronology variance was then temporally stabilized using
echniques outlined in Osborn et al. (1997) to ensure that no vari-
nce was  introduced due to changes in interseries correlation or
ample depth. Finally, persistent chronology autocorrelation was
emoved using a low order autoregressive model in program R (R
evelopment Core Team, 2010).

Expressed population signal (EPS) values were then calculated
or each chronology. EPS is a statistic that expresses the degree to
hich the chronology signal is given when series are averaged. EPS

alue greater than 0.85 indicate enough agreement between the
ree-ring series and the chronology signal to allow for dendrocli-

atological analysis (Wigley et al., 1984). For each chronology we
alculated the exact year at which the EPS value dropped below
.85 using in R using package dplR (Bunn, 2008; R Development
ore Team, 2010)

inear correlation climate analysis

Tree-ring chronologies were compared with both the monthly
recipitation and temperature time series. Monthly climate data
rom the previous-year June through to September of the cur-
ent year of growth were used to represent the climate conditions
hat affect the growing season (Cook and Kairiūkštis, 1990). Boot-
 Searching for thresholds in climate–radial growth rela-
ational Park, Alberta, Canada. Dendrochronologia (2012),

trapped correlation coefficients were calculated between each
onthly climate predictor and each tree ring index in R (R
evelopment Core Team, 2010) using the package bootRes (Zang,
009). Correlation analysis is more easily reproduced and tends to

dx.doi.org/10.1016/j.dendro.2012.04.005
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Table  1
Average tree ring series statistics for each species.

Species Time span Mean RW Sens-1a Ar-1b Interseries correlationc EPSd

Fir 1745–2006 0.53 0.21 0.56 0.42 1907
Spruce  1640–2006 0.59 0.21 0.68 0.41 1907

a Sensitivity coefficient following equation 1 in Biondi and Qeadan (2008).
b The first order coefficient from an autoregressive model fit to the tree ring series.
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c Mean average correlation between all series and the master chronology determ
d The year each chronology exhibited a 0.85 expressed population signal statistic

e more stable than response function analysis, another common
endroclimatic technique (Blasing et al., 1984). The stationarity of
he linear relationships between radial growth and climate were
hen analyzed using moving correlation analysis (Biondi, 1997;

ilson and Elling, 2004). Correlation coefficients between radial
rowth and climate were calculated using a 30-year running cor-
elation implementing a 1-year lag in R (R Development Core Team,
010).

ARS climate analysis

Radial growth–climate relationships were also examined by
odeling radial growth as a function of each of the monthly cli-
ate variables (previous-year January through to current-year

eptember) using a MARS framework in R (R Development Core
eam, 2010) using the package earth (Milborrow, 2009). Models
ere built by first successfully adding the new basis function, which

onsists of a term already in the model (e.g. the intercept or a knot)
ultiplied by a new hinge function, that gives the greatest reduc-

ion in the sum of squares residual error. Terms were added to
he model until the change in residual error is insignificant. Terms
Please cite this article in press as: Hart, S.J., Laroque, C.P.,
tionships of Engelmann spruce and subalpine fir, Jasper N
http://dx.doi.org/10.1016/j.dendro.2012.04.005

ere then stepwise removed from the model to prevent overfitting
ntil the submodel with the highest penalized generalized cross-
alidation (GCV) score, an approximation of the cross validation
core obtained using a leave-one-out strategy, was obtained. The
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Fig. 1. Tree ring chronologies displayed with sample depth. Gray correspond
sing 50-year blocks, significant correlations are shown in bold.
ing (Wigley et al., 1984).

CV scores were penalized for each additional knot to create the
ost parsimonious model (Milborrow, 2009).

esults

ree ring results

The oldest subalpine fir sampled in the continuous forest was
ound to be 262 years old (Table 1). Using 50-year segments lagged
uccessively by 25 years, the COFECHA correlation derived from the
ubalpine fir set was found to be statistically significant (r = 0.42) at

 one tailed 99% confidence level (Table 1). Two cores were deemed
nomalous and were removed from the set, thus a total of 38 cores
ere used to express the overall radial-growth relationship of the

ubalpine trees at the site (Fig. 1).
The oldest Engelmann spruce sampled was found to be 367

ears old (Table 1). Engelmann spruce displayed a significant
OFECHA correlation of 0.41 using 50-year segments lagged suc-
essively by 25 years (Table 1). Five cores were removed from this
et bringing the total number of cores down to 35 (Fig. 1). The
ean measurement of Engelmann spruce was  found to be slightly
 Searching for thresholds in climate–radial growth rela-
ational Park, Alberta, Canada. Dendrochronologia (2012),

ider than subalpine fir (Table 1) and both chronologies exhib-
ted significant autocorrelation in their original data sets (fir = 0.56;
pruce = 0.68; Table 1). Under further analysis, significant autocor-
elation persisted at greater lags in the spruce chronology where a
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s with Engelmann spruce radial growth. Black indicates subalpine fir.
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Fig. 2. Coefficient of explanation in each model (generalized R-square in MARS models
and  gray indicates a non-monotonic relationship. Volume corresponds to the strength of
direction (pointed up indicates positive correlation and pointed down means a negative r

Table 2
Chronology autoregressive model statistics calculated using a simple autoregressive
model fit using a Yule-Walker method in R (R Development Core Team, 2010).

Species Lagged year coefficient

1 2 3 4 5 6
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F
3

Fir 0.64
Spruce −0.31 0.27 0.11 −0.15 0.12 −0.12

-year lag was still a significant predictor in radial growth, versus
nly a 1-year lag in subalpine fir (Table 2).

inear correlation climate analysis
Please cite this article in press as: Hart, S.J., Laroque, C.P.,
tionships of Engelmann spruce and subalpine fir, Jasper N
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Bootstrapped correlation analysis revealed both chronologies
o be significantly related to monthly climate variables (Fig. 2).
lthough neither of the chronologies were exceptionally well cor-
elated with a monthly climate variable. The highest absolute
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ig. 3. Boxplots illustrating the variability in response coefficients calculated by compar
0-year windows.
 and R-square in simple linear model). Black indicates a monotonic relationship
 the relationship. For linear analysis, relationship direction is indicated by triangle
elationship).

orrelation coefficients obtained for fir and spruce were only
 = −0.33 (previous July temperature) and r = −0.47 (previous July
emperature), respectively. Both chronologies exhibited statis-
ically stronger relationships with temperature variables than
recipitation relationships. The predominant signal exhibited by
oth the Engelmann spruce and subalpine fir chronology was  a neg-
tive relationship with summer temperature (June–August) of the
revious year (Fig. 2).

Using moving correlation analysis we found considerable vari-
bility in the relationship between climate predictors and tree
rowth. Most of the climate predictors illustrated both positive
nd negative relationships with tree growth (Fig. 3). Although
revious summer temperature had the strongest relationship
 Searching for thresholds in climate–radial growth rela-
ational Park, Alberta, Canada. Dendrochronologia (2012),

ith both fir and spruce radial growth over the entire time
eriod, we found over shorter 30-year time periods, previous
ummer growth was  often not a great predictor of radial growth
Fig. 3).
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solid  and dashed lines respectively. (Panels 2A and 2B) Time series plots of monthly climate predictors. Horizontal lines indicate knot positions. (Panels 3A and 3B) Plots
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ARS climate analysis

MARS analysis also revealed that both chronologies are sig-
ificantly related to monthly climate variables (Fig. 2). Again,
oth chronologies exhibited stronger relationships with tem-
erature than precipitation. Nine of the radial growth–climate
elationships were identified as non-monotonic. The predominant
adial growth–climate signal identified using a MARS approach
as still the relationships with previous summer temperature

June–August). Relationships with summer temperature were pre-
ominantly non-monotonic, although the relationship between

uly temperature and spruce radial growth was non-monotonic.
he most explanatory non-monotonic variable related to the radial
rowth of both subalpine fir and Engelmann spruce was  mean
ecember temperature of the previous year. Mean summer tem-
eratures (June–August) of the previous year had the highest
onotonic explanatory coefficients for both spruce and fir.
Moving correlation analysis between lagged July temperature

nd the radial growth of fir highlighted a stronger relationship from
he late 1950s to the mid  1970s (Fig. 4-2A). MARS analysis of fir
rowth with lagged July temperature revealed one knot, suggesting
hat only values warmer than 13.7 ◦C were negatively related to
ree growth (Fig. 3-1A). In general, values less than the threshold
re infrequent and spread throughout the time series (Fig. 3-1B).
he first period of insignificant correlation (1930s through the late
950s) occurs during a period of the instrumental record where
emperature values are predominantly over the threshold. A few
xtremely low values occur in the 1990s, potentially resulting in a
oss of significance during this time period (Fig. 3-1B and -1A).

MARS analysis of spruce growth with lagged July tempera-
ure revealed two knots. Temperature values between 13.7 ◦C
nd 16.8 ◦C were negatively related to growth and values greater
han 16.8 ◦C were positively related to growth (Fig. 3-3A). Mov-
ng correlation analysis between lagged July temperature and the
Please cite this article in press as: Hart, S.J., Laroque, C.P.,
tionships of Engelmann spruce and subalpine fir, Jasper N
http://dx.doi.org/10.1016/j.dendro.2012.04.005

adial growth of Engelmann spruce showed a significant rela-
ionship after the 1940s (Fig. 3-3C). Temperature values less
han the 13.7 ◦C threshold are scattered throughout the historical
limate record.

e
s
p
c

elations significant at the 95% confidence level; empty points indicate insignificant

iscussion

In  general, there was some commonality between the results
f the two modeling procedures. Both exhibited that temperature
as more important to growth of the two  tree species than pre-

ipitation, and current and previous growing season temperatures
ere the key to radial growth. We  identify a negative relationship

etween summer temperatures of the previous summer and
he radial growth of both Engelmann spruce and subalpine fir,
onsistent with work conducted in the Pacific Northwest (Ettl
nd Peterson, 1995; Peterson et al., 2002). Higher-than-average
ummer temperatures can cause increased evapotranspiration
nd water loss, decreased nutrient storage and foliage efficiency,
nd initiate cone production earlier, all of which decrease cambial
ctivity and reduce radial growth in the following growth year
Rossi et al., 2006; Thibeault-Martel et al., 2008).

Using MARS, we  found the relationship between both tree-ring
hronologies and previous summer temperatures was strong only
n years that were not exceptionally cold (Fig. 3-1A and -1B). Eco-
ogically this suggests that only summers that are warmer than the
pecies-specific threshold can cause enough detrimental effects to
ecrease cambial activity and reduce radial growth in the follow-

ng year. However we also identified a threshold in the response
f spruce radial growth to previous July temperature, where very
arm temperatures positively affected the next year’s growth.
armer temperatures during summer result in earlier needle mat-

ration and increased photosynthesis (Schmidt and Lotan, 1980).
n addition, high early summer temperatures may melt lingering
now, thereby increasing the length of the growth season. Excep-
ionally warm summer temperatures may  result in the production
f more carbohydrates and other substances that may then be
tored for the next year’s growing season.

When comparing the results of our classic dendroclimatic anal-
sis with our MARS approach, we  found that not all knots could be
 Searching for thresholds in climate–radial growth rela-
ational Park, Alberta, Canada. Dendrochronologia (2012),

xplained by examining the moving correlation analysis plots. In
ome cases, such as the relationship between previous-July tem-
erature and the radial growth of spruce (Fig. 3-2A), MARS knots
ould not easily explain the changes in correlation coefficients

dx.doi.org/10.1016/j.dendro.2012.04.005
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hrough time (Fig. 3-2A). In these cases, there is a high likelihood
hat the two-dimensional relationship breaks down, and instead
nots that the MARS relationship finds signifies a series of complex
nteractions between temperatures and precipitation variables that
dds to the complexity of the trees response to the changing cli-
ate.

onclusion

Most previous dendroclimatological studies of subalpine
onifers in southern Alberta have relied on simple linear exam-
nations of radial growth–climate relationships (Luckman et al.,
985; Colenutt and Luckman, 1996; Luckman and Wilson, 2005).
he linear methods employed here suggest that important tempo-
al instability exists in the relationships of climate variables with
he radial growth of both subalpine fir and Engelmann spruce. In

ore northern locations such as Alaska, where unstable annual
rowth–climate relationships have exhibited a clear trend with
ime, researchers have suggested that climatically driven thresh-
lds may  exists between climate predictors and radial growth
D’Arrigo et al., 2008).

The MARS nonparametric method we used presented a flexi-
le way of detecting such thresholds between climate predictors
nd tree growth in our study. What also becomes paramount in
nterpreting these MARS results is that all relationships identi-
ed should be understood ecologically. Knots should be considered
o be estimates of potential thresholds in radial growth–climate
elationships, and thus the results presented here, should be inter-
reted with care.

Our combination of dendroclimatic methods provides valuable
nsight into the complex nonlinear responses that both subalpine
r and Engelmann spruce have shown with climate over the past 60
ears. The identification of these types of relationships are increas-
ngly important for both reconstruction of past climate and an
ncreased understanding of the possible responses of ecological
ystems to the wide array of future changes that might be occurring
ithin the growing environments of the forests of the future.
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