Assessing the climatic sensitivity of Douglas-fir at its northern
range margins in British Columbia, Canada
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Abstract Northern hemisphere tree species growing at
their northern range margins may be particularly respon-
sive to climate change and could provide important infor-
mation regarding future broad-scale responses, We analyzed
and compared tree-ring data between five Douglas-fir
[Prendorsiga menziesid var, glanca (Mirh,) Franco] popu-
lations growing at the species’ northernmost distribution in
British Columbia, Canada, and five populations located
150 km to the southeast. We quantified climate-growth
relationships using uni- and multivanate technigues at
different temporal scales, Our data sugzest that (1) even at
its northernmost distributions, precipitation limits long-
term mature Douglas-fir radial growth more than temper-
atures, {2} northernmost Douglas-fir populations are distinct
from populations located Turther within the species’” range
in terms of cerain key short-term growth responses,
and (3 northermmost Douglas-fir growth sensitivities (o
climate may be increasing over time. In the future, mature
Douglas-fir productivity in the northern portion of its range
may be primarily hmited by precipitation, and responses
may be strongest at the species’ range margins.
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Introduction

With growing evidence that climate change is substantially
affecting forest processes, structure, and function (Parmesan
2006), projecting the potential responses of tree species
o future climates has emerged as an important research
focus (Aitken et al. 2008). The study of annual tree-rings
{dendrochronology ) can be useful in this regard due o the
strong link between climate and radial growth (Fritts 1976)
that allows historical growth responses to climate (hereafter,
climate—growth) to be gquantificd at varions temporal scales,
Radial growth is a good metric of tree species productivity,
resilience, and fitness (Givoish 1995), and therefore it
can provide an indication of adaptive capacity and future
viahility (Littell and Peferson 2005).

Because climate can strongly limit the distribution of
tree species (Hamann and Wang 2006), early and strong
responses to climate change may be seen in trees growing
at climatically controlled distribution limits (Wilmking
et al, 2004), Consequently, there is considerable interest in
understanding and projecting tree-ring responses o climate
change in these areas, Tree-ring studies have focussed on
ecotonal  boundaries such as  forest-grassland, forest—
alping, and forest—tundra transitions (e.g,, Daniels and
WYeblen 2004; Wilmking et al. 2004); however, we know of
few studies that have examined growth responses of a tree
species at distribution limits located within contiguous
forest (e.g., Pederson et al. 2004). This type of distribution
limit may be suitable for detecting climate change impacts
in temperate forests (Loehle 20000, where intrinsic factors,
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inter-specific compefition, and biofic interactions may play
an important role in tree population adaptation to climate
change {Aitken et al. 200%).

Im this study, we examined the climate—growth rela-
tionships of interior Douglas-fir [Psewdotsiga menziesii
var, glawca (Mirh.) Franco] at its northern range margins
(NRMs: Pederson et al. 2004) in British Columbia {BC),
Canada. Interior Douglas-fir (hereafier, Douglas-fir) is a
commercially important conifer in western North America
(Hermann and Lavender 1990) with wide ecological
amplitude  reflecting strong  local adaptation  (Rehfeldt
19971 Arits NRM, Douglas-fir is irregularly distributed in
both pure and mixed-species stands or as isolated veteran
trees in stands dominated by other species (Jull 1999
These unigue distribution patterns may partly reflect the
influznce of short-term extreme climatic events such as
frost events or e storms that limit establishment and
Juvenile development (Jull 1999:; DeLong 1999). Douglas-fir
productivity at its northern extremes can exceed that of
other co-occurnng conifers, creating considerable man-
agement interest for this species at its NEM (Jull 19949;
Kessler 19949 Rogers 2006), NEM Douglas-fir abundance
may be in decline, possibly associated with Douglas-fir
hark heetle (Dendroctonns psewdotsugas) outhreaks, his-
torical fire suppression. or post-harvest conversion to other
species (Daintith and Vyse 19949; Jull 1999). Regardless of
abiotic and biotic determinants of Douglas-fir distributions,
its fundamental climatic niche may expand northward with
climate change (Hamann and Wang 2006), in which case
mature in sitn populations will provide seed source for
FANZC CXPansion.

Fig. 1 Sample site locations in
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Previous studies have established a strong link between
Douvglas-fir radial growth and precipitation in BC (c.g.,
Watson and Luckman 2002; Griesbauer and Green 2010) and
other regions (e.2., Littell etal, 2008y, What remains unclear is
the nature of climate—growth relationships at the species’
NRM (Grieshaver and Green 2000), In order 1o address this
knowledge gap, we compared long- and short-term growth
responses W climate between two clusters of mature Douglas-fir
populations: (1) NEM populations and (2) populations in the
same geographic region but located approximately 150 km o
the southeast of the northern specics range margin.

Methods
Sampling sites

Annual tree-ring data were collected from Douglas-fir trees
in ten study sites located in the central interior region of
BC, Canada (Fig. 1). We located five sample sites at the
MNRM, near Fort St James (34°26°M, 124°13'W), and
located the other five sample sites approximately 150 km
to the southeast, near Prince George (53733'N, 122°44"W),
For the purposes of this study, we report five NEM chro-
nologies as being located in the ‘NEM’ subregion, and five
southern  chronologies as being located in the “WR®
{within-range)} subregion. The subregions have signifi-
cantly  different  mean  annual  and  seasonal  climates
(F = 0,001); the Fort St. James climate station receives an
average of 492 mm of precipitation per year and has a
mean annual temperature of 2.7°C, whereas the Prince

123‘?'0 L

BC, Canada, Refer 1o Table 2
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Table 1 Climate normals (196119901 for Fort St James and Prince George climite stations

Season® Fort 5t James {el. = GE6 m] Prince George (el. = 691 m) I
Mean Sh Meun S0

FPT (mm) Winter 34 54 338 i3] LU
Spring 17 33 159 el LLCEEH
Summer 145 +4 196 i3 0.0012
Aainual 492 [k hEA G 00,0000

TAV (70 Winter =al I.E —-3.8 1.3 N.00ES
Spring 8.1 LI%.1 .l 03 L0000
Summer 130 1o 13.2 0.e 041449
Annual 27 1.4 T [ (L0000

el elevation (metres above mean sea level), PPT precipitation, TAV mean temperature, S0 standard deviation

* Refer to Table 5 for season details

" P values refer 1o £ test statistics between means

George climate station receives an average of 686 mm of
precipitation and has a mean annual temperature of 3.7°C
(Table 1).

In order to isolate the climate signal as much as possible
in tree-ring variation, we targeted sites without evidence of
edaphic or other limiting factors (e.g., shallow rocky soils,
cold air ponding, steep northerly aspects) or recent dis-
turbance {e.g., fire, harvesting, insect attacks), Between 18
and 40 healthy and mature (=100 years old) trees were
sampled at each site to match climate record lengths and 1o
build a rebust population chronology, Tree-ring variability
related to inter-iree competition was minimized by sam-
pling trees with a dominant canopy position. A single
increment core was taken from each sample tree at
approximately breast height, Where sampling occurred on
slopes. increment cores were taken perpendicular to the
slope o avoid compression and tension wood (Josza [988).

Processing and chronology development

Increment cores were mounted and sanded tw enhance the
contrast of trec-ring  boundaries, Cores were visually
crossdated to assign calendar vears to annual growth rings
(Fritts 1976), Ring widths were measured o the nearest
001 mm using WinDendro™ image analysis software
(Régent Instruments Inc 2005), Crossdating was stalisti-
cally verified using COFECHA software (Holmes 1983).
After checking for measurement errors, cores that did not
crossdate with the master chronology were excluded from
the final chronelogy (Cook and Kairiukstis [990). Gener-
ally, very few (less than 3% of the total) cores could not be
crossdated, vsually due to rot or breaks in the core.

The ARSTAN software (version 4.0¢) (Cook 1985) was
used to prepare the final chronologies. A cubic smoothing
spline with a 50% frequency response culoff of 60 years

was used o remove linear trends and very low-frequency
variation from each tree’s time series as these often rep-
resent non-climatic forcings (e.g., ring widths tend to
decrease over time associated with increasing tree age and
size) and can mask the climatic signal {Cook 1983). After
detrending, sutocorrelation was analveed for all rees
within a site and a common autoregressive model was then
applied 1o cach tree’s time series (Cook and Krusic 2005),
Residuals from autoregressive modeling were averaged
together using robust mean caleulation o produce a
residual zrowth chronology that represented stand growth
variation (Cook amnd Krosic 2005). Removing autocorrelation
from growth chronologies 15 often necessary for chmatic
analysis {e.g., Littell et al. 2008) becanse autocorrelation has
statistical implicamons and may reflect non-climatic proce sses
such as stand-level disturbances and morphological influences
omn growth (Cook 1985),

Data analysis
Chronofogy analvsis

Chronology  characteristics  were  described  with  the
following statistics produced by the ARSTAN soltware:
{1} mean sensitivity {a measure of inter-annual growth
vanation; Cook and Kairiukstis 19907, (2) standard devia-
tion, (3) average intrasite correlation (average correlation
ol growth vanation of all trees within a site o the final
chronologyh, and (4) expressed population signal (EPS;
Wigley et al. 1984). Average intrasite correlation and EPS
are commonly used as a measure of the strength of the
common (presumably climatic) signal contained in the
chronologies (Cook and Kairiukstis 1990, Wigley et al,
1984). Wigley et al. {1984) suggest a minimum EPS of
(L85 Tor dendroclimatic analysis,



FPrincipal components analvsis

To highlight the influence of climate patterns on growth in
each subregion, we extracted the leading mode of growth
variation with a principal components analysis (PCA) of
the five chronologies in each subregion. PCA was restricted
o @ common tme penod {1900-2005). Principal compo-
nents (PCs) with a corresponding eigenvalue greater than
one were interpreted o represent significant  temporal
growth patterns (Tabachnick and Fidell 2001) and were
retained for climate—growth relationships analyses (below).

Climute data

We used adjusted monthly precipitation records (Mekis and
Hoge 19997 and homogenized monthly average, average
maximum, and average minimum temperature records
(Vincent and Gullett 1999 Vincent et al, 2002) provided
by the Climate Research Division of the Meteorological
Service of Canada (hiipyfwww coemabe ec.goe.calheed/)
for the Fort 5t James and Prince George climate stations.
Fort 56, JTames climate data were used to determine climate—
growth relationships in the NREM subregion, and Prince
George climate data were wsed for the WR subregion. We
limited our analyses to scasonal and annual variables, as
preliminary data analyses and other studies {e.g., Watson
and Luckman 2002 ) have shown that integrations of climate
over multiple months (Le., seasons) are more important
growth influences than variation at a monthly scale. Sea-
sonal and annual climate variables were derived by aver-
aging monthly values based on a prion knowledge of
appropriate climate variables suitable for use in describing
Douglas-fir  climate—growth  relationships  (Watson  and
Luckman 2002; Littell et al. 2008; Griesbaver and Green
20100 and preliminary data analyses. Growth was compared
tor climate varables from July prior to the growing scason
through October following the growing season, as climate
in the preceding vear can affect the current vear’™s growth
(Fritts 19763 The monthly inputs for the seasonal and
annmual climate varables are listed in Table 5. We note that
in this study, “annual’ refers to the 12-month period span-
ning the previous July o current June. Where monthly
values were missing in climate station records (only pre-
cipitation data were missing), the associated derived sea-
sonal variable was computed as a non-number and omitted
pair-wise from analyses.

Long- and short-term climate—growth relationship analvses

We guantified long-term climate-growth relationships by
computing correlation and response coefficients between
subregional growth chronologies {as represented by the
principal component of chronology  varation in each

subregion) and climate data over a 93-vear period common
to climate station data in both subregions ( 1913-2005). We
used response function analysis to compute the response
coefficients (Frivs 1976; Biondi and Waikul 2004, A
response function is a multiple regression technique that
eliminates muliicollinearity among chimate predictor vari-
ables by transforming the climate variables into a set of
orthogonal  prancipal  components using PCA prior 1o
regression  (Fritts  1976; Biondi and  Waikal  2004),
Regression coefficients are then computed for a subset of
the principal components and transformed back o the
original variables (called ‘response coefficients’). The
principal component subset was chosen using the PVP
criterion, where the eigenvalues were progressively ana-
Iyveed and their corresponding eigenvector retained until the
point where the cumulative product of the eigenvalues fell
below one (Guiot 1990), Response coefficients and their
95% confidence intervals were computed with 1,000 iter-
ations of the bootstrapped response function algorithm
described in Biondi and Waikul (2004,

Short-term climate—growth relationships were quantified
with moving correlation and response functions (Biondi
2000; Biondi and Waikul 2004; Wilson and Elling 2004,
Carrer and Urbinati 2006; T Armigo et al, 2007}, using the
1900-2005 Fort St James climate record and the 1913-
2005 Prince George climate recond. A moving correlation
function (MCF) computes correlation coefficients between
Iwi time series using a fized time window that is incre-
mentally moved over the full series length; time-dependent
variation in the coefficients provides a measure of temporal
stability in the linear relationship between the two scries
{Biondi 2000; Biondi and Waikul 20043, For all correlation
analyses, bootstrapped  bias-corrected  accelerated  95%
confidence intervals were caleulated for each correlation
coefficient using  LOM ierations (The Mathworks Inc.
2007). Analyses using all climatic variables would have
produced too many results Tor reasonable imerpretation and
discussion, therefore, we focused on a subset of climatic
variables that explained the greatest proportion of growth
variation and likely had some physiological basis relevant
o Douglas-fir climate—growth relationships (Litel]l et al.
2008), Specifically, we focused on annual, spring, and prior
summer precipitation, and prior summer average, average
maximum, and average minimuom lemperatures,

A moving response function guantifies the growth
response o multiple climatic factors over a moving time
window, similar to an MCF (Biondi 2000; Biondi and
Waikul 2004; Carrer and Urbinati 2006). Response func-
tions were computed using seasonal precipitation  and
average temperatures. To provide a fine temporal resolu-
tion while cnsuring sufficient degrees of freedom for
the moving response function (Biondi and Waikul 2004),
we wsed a time window ol 31 vears, offset by | year



Tahble 2 Siue descriptions and descriptive statistics for Douglas-fir sample sites

Subregion  Site Site code Lat (M) Long ("W)  El{m} Trees (n}) Chronology (years) MS 5D AlC EPS

MREM Arch 1 54,73 124,30 Rl 7 6= 1880 (12T 0074 0053 0461 D958
Battle 2 54.56 124.40 260 21 06— 18ET (1200 0156 0037 0474 D950
Bison 3 54.72 124.35 240 23 2006-1544 (163) 0198 076 0473 04954
Dralphin B 54.80 12443 940 21 200617949 (208) 0184 oIS 0415 0937
Pimchi 5 5465 124.42 S8R0 26 20061880 (127) 0.5 0135 0450 0955

WR Bowron f1 5304 122,10 TED 5 20051818 (188) 0,175 0047 0406 0945
Ferndale 7 5395 122,46 TED 21 NE-1833 (173 0,203 0071 0493 0953
Ciregell 8 53.67 123.21 215 18 20051860 (146 0,220 084 04% 0947
Girege24 q 53.68 123.24 240 23 20051568 (133) 0,223 ODIE0 0592 0471
PG1412 1 53.50 123,10 T4 31 2005-1865 (141) 0% oled 0458 D955

Lar lanimde, Long longiude, £V elevation, M5 mean sensiivity, S0 standand devianon, AIC average intrasite comrelation, EPS expressed

population signal

increments, For each 3 1-year time window, the significant
response coefficients were entered into a multiple regres-
sion model to determine the adjusted coefficient of deter-
mination between climate and growth,

We also compared long- and short-term growth patterns
in both subregions by computing correlation coefficients
between the leading principal components, using the same
tme windows as for the chmate—growth relationships
(1913-2005 for the long-term and moving 31-year win-
dows over the 1900-2005 period for the shor-term).

Results
Chromology analysis

Final chronologies for sampling populations were built
using between 18 and 31 trees, and they ranged in length
from 120 o 208 years (Table 20, All chronologies had
relatively high intrasite correlations (ranging from 0,406 to
(1.592) and high expressed population signals (ranging from
0.937 1o 0.971), indicating a sufficient population signal for
climate analysis (Wigley et al. 1984). Expressed population
signals also exceeded 085 in all chronologies when
assessed using 3l-vear moving windows over a 19002005
period (Fig, 23, mdicating  temporally stable chronology
signals. Mean sensitivity ranged from 0.156 to 0.222 and
standard deviation from 0,135 1o 0,185,

Principal components analysis

Chromologies in each subregion showed coherent inter-
annual growth patterns, synchronous pointer years (Fig. 3a,
cl, and significant correlations between annual growth
variation (hoth intra- and inter-regional) from 1913 to
2005, with intra-regional chronologies generally having
the highest correlations (Table 3). A PCA of NEM

a ] M=k chroaclogias

. .
1652 1260 -@v0 CQ90
|zt year of 51 vesar winrow

1845 1gac 2500

Fig. 2 Chronology expressed population signal (EPS) over succes-
stve 3l-year windows. Horizontal fne 15 minimum EPS recom-
mended by Wigley et al. {1984} for dendroclimatic analysis

chronelogies extracted one principal component (Fig. 3b)
that explained 81.2% of their variance (Table 4), and a
PCA of WR chronologies extracted one principal compo-
nent (Fig. 3d) that explained 76.4% of their variance
{Table 4). All other principal components had eizenvalues
less than one (not shown). All chronologies were signifi-
cantly correlated with their corresponding principal com-
ponent (all » = 0.8, P < 0.0001, Table 4).

Inter-regional growth patterns

The leading principal components from both subregions
were significantly correlated with each other from 1913 o
2005 (r = 0,70, P < 00001 ), Moving correlation functions
revealed that the comelation strength between subregions
varied somewhat over the twentieth century; however,
correlations were significant (# < 0.05) over all windows
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Fig. 3 Residual ring-width and principal components chronologics
for Douglas-fic in NEM and WE study subregions

(Fig. 4a), Correlation coefficients were generally above
0.6 until the ~1920-1950 period. when they began to
gradually weaken. Correlations were lowest (although still
significant) over the middle of the twentieth century
[~ 1944-1974). Growth patterns converged noticeably after
the mid-century (e.z., r = 0.8 for the 1975-2005 period).

Long-term climate—growth relationships

From 1913 to 2005, Douglas-fir growth in both subregions
(as represented by the leading principal components) was
positively correlated with annual, prior summer, and spring
precipitation and rain, as well as winter temperatures
(Table 5), Growth in both subregions was also negatively
correlated with spring and prior summer temperatures.
Generally, correlations were stronger with precipitation
than temperature variables. The principal component
representing WER Douglas-fir growth had sironger correlations

with climate than the principal component representing
MEM Douglas-fir growth during this time period.
Response functions computed for the 1913-2003 period
generally supported correlation analysis results (Table 57,
Growth in both subregions showed positive responses o
prior summer precipitation, spring precipitation, and winter
temperatures. Growth in the WR subregion showed nega-
five responses with spring average temperatures. Multiple
seasonal variables explained more growth variation over
the 93-year period in the WR subregion (34.8%) than the
MEM (18.2%). While the correlation analysis indicated
that annual precipitation explained more growth variation
than scasonal precipitation amounts, this variable could not
be used in the response function analysis because it was a
perfect  linear combination of the scasonal wvariahles,
meaning that the inverse of the correlation matrix used in
PCA could not be computed (The Mathworks Inc. 2007 ).

Short-term climate—growth relationships
Meoving corvelation funciions

MCFs revealed that growth responses to annual precipita-
tion (and rain} in WE Douglas-fr were significantly posi-
tive over all consecutive 31-year windows over the full
climate record (Fig, 4b, ¢}, In contrast, MCFs with NRM
Douglas-fir growth and annual precipitation (and rain)
showed less stable responses over the past century.
Correlations between MREM growth and annual precipita-
tion were significantly positive during the early portion of
the twenticth century but gradually decreased after the
19051935 MCF window, becoming insignificant over the
middle of the twentieth century (eg., r= 02, F =005
over the 1935-1965 period). Growth graduoally became
positively associated with annual precipilation again over
the last half of the century. Responses to annual rain were
samilar, except that the strongest correlations occurred over
the more recent MCF windows. After the 1956-1986

Tahle 3 Corcelation matrix between five NEM and five WR residual chronologies {1900-20035)

Arch Batle Bisoan Dxlphin Pinchi Bowrom Ferndale Gregzl 1 Cregg2d
Buitle (.486
Bison 0813 813
Dralphin 0,743 (L7444 (1,651
Pinchi 01,766 0807 07149 0.642
Bowron 0473 LRI ] L531 0515 0532
Ferndale (1.551 0533 (0564 1.505 0574 0.751
Gregell 0612 (L6224 (624 (.564 0708 644 0728
Gregg2d 0,558 (L.554 .49 0,525 {1600 0.538 0,568 0827
PG4 0,540 nanz 0,539 0.502 1595 06l 0,667 0.786 0.797

All comelations are significant at P = (L0001



Table 4 PCA summary (1900-2(K05)

NEM WHR

Compaonent I I
Eigenvalues 4106 3E2
Variance (%) 1.2 Th.4
Loadings™

Arch .94 Bowran 1LE]

Banle 0,91 Fermdale .58

Bison 095 Gregall 092

Dalphin .84 Grego2d .88

Pinchi {L47 PrI412 .59

* Al loadings are sigmificant at £ < 00001 (n = 106)

period, growth associations with annual ain remained
positive and relatively stable.

Growth in both subregions became increasingly associ-
ated with spring precipitation over the twenticth century
(Fig. 4d). A scatterplot analysis showed that a significantly

Fig_ 4 "dl:' Fs fio .-.||.|1r\q,"gi-:'-|1:|.|

positive relationship between NRM growth and spring
precipitation was strongly weakened by a single extreme
outlier point (1993, not shown). Spring precipitation in
1993 was the highest on record, but corresponding growth
was below average. This outlier was removed for all
moving correlation and response Tunchion analyses of the
NEM subregion.

Similar 1o annual raim and precipitation, WER Douoglas-fir
growth was positively correlated with prior summer pre-
cipitation over most 3 1-vear windows, with the stronges
correlations  occurring  over periods  prior o~ 1960
(Fig. 4ej. In contrast, NEM Douglas-tir only showed con-
sistent significantly positive growth responses with prior
surmmer precipitation over recent decades.

In both subregions, Douglas-fir growth responses (o
prior summer average temperatures were unstable over the
past century (Fig. 5a), At NEM, this climate—growth rela-
tionship changed from weakly negative during the first
decades of the twentieth century o significantly positive
from ~ 1946 o 1976 and then back to negative over the

d Spring precipitation

Drouglas-fir growth patterns and

. ) . 0.8
climate—growth relationships.
Sigmificant comelation 06
coetficients (P = 0L05) are 0.4

shaded. Due to missing
precipitation dota in bath
climate records, time windows
miay be less than 31 vears, Also,
1993 spring PET duta removed
from MCF for NREM subregion

b Annual rain
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Table 5 Comrelation and response coctficients between annual growth vanation and scasonal climate variables from 1913 o 2005

Subregion Season Correlation coefficients Response coefficients”
ThMN Tay X Rain S PET PET TAV
MNEM Prior summer” —0.273 0.2 0.231 1351
Winter® (207 375
Spring” —01.2958 0.411* 0,397¢ 0,604
Summer'
Annual® 0.444° 0.318°
WER Prior summer” —0.241 01.432° 0.437° .584
Winter” 0,226 220 0,213 (420
Spring —Ih30 —11.358 0413 0,407 11542 — 408
Summer’
Annual® 01.545 037

TMN average minimum temperature, TAV average mean temperature, TMX average maximum temperature, PPT precipitation
All coefficients shown are significant at P =< 0005 (n = 93 except where shown), based on bootstrapped confidence limits
* Adjusted B values from response functions: NEM = 18.2%: WE = 34.8%. Sample size for NEM = 92, WR = 38, Sample sizes reduced

due to missing precipitation data

" Prior summer variables derived from an average of previous June to September monthly values

d

L4

=92, Sample sizes reduced due (o missing precipitation data
i

Winter vartables denved from an average of previous October 1o cumrent March monthly values
Spring varables derived from an average of April to June monthly values

Summer variables derived from an average of current July to September values

£ Annual variables derived from an average of previous July to current June monthly values

B n = 89, Sumple sizes reduced due to missing precipitation data

n o= 88, Swmple sizes reduced due o missing precipatation data

last three decades. WER gzrowth was not generally signifi-
cantly correlated with this varable, although the MCFs
showed similar temporal patterns as described for the NEM
sites. Growth in both subregions became negatively cor-
related with prior summer maximum lemperatures in recent
decades {Fig. 5b) and positively correlated with prior
summer average minimum lemperatures over the [948—
1978 period (Fig. 3c). As well, NEM Douglas-fir growth
was negatively correlated with prior summer maximuam
temperatures during the early portion of the twenticth
century (Fig. 5h).

Moving response funciions

The moving response function computed for the NREM
subregion generally supported correlation analvsis results
(Fig. Ga). Response coefficients for spring precipitation
were insignificant over the first portion of the twentieth
century, but increased steadily since the 19201950 period.
Prior summer precipitation and winter temperature became
significant variahles in recent decades, Adjusted R* values
computed over each time window using the bootstrapped
response coefficients show a steady increase in the strength
of the growth responses to climate over the twentieth
century, with over 50% of growth variation explained by

seasonal precipitation and temperature in recent decades
{Fig. 6b).

Response coefficients computed for the WER subregion
showed that growth was responsive to prior summer pre-
cipitation in the early portion of the climate record
(Fig. Ta). Growth became responsive to spring precipita-
tion owver the latter portion of the climate record, Similar o
the NRM subregion, WR growth became responsive to
prior summer precipitation and winter emperaiures over
recent decades. Adjusted R* values for the WR subregion
moving response function were generally more stable than
in the NEM subregion (Fiz, Th).

Discussion

Our study did not detect a wnique long-term climatic lim-
itation in the NREM trees compared to WER trees. In fact, the
primary climatic limitations (precipitation) are similar to
interior low- o mid-elevation Douglas-fic populations
across its range (Watson and Luckman 2002, Gricsbaucr
and Green 20107; cold temperatures do not appear to be a
primary growth limitation at the species’ northern limins,
Similar results were reported for cak species (Quercus
spp.) i eastern Canada (Tardif et al. 2006), However,
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Peterson 2003%; Griesbaver and Green 20000, Jull (1999)
has suggested that the northern limits of Douglas-fir range
are not strictly climatic in nature, and from a mature tree



perspective, our results appear to support this, Species’
NEM limits could reflect complex interactions between
climate and fecundity, habitat availability, competition
(Suttom et al, 20021, mycorrhizal associations, or other
ecological factors. Elucidating the primary controls on
species” northern ranges will be important in projecting
future species distributions under climate change scenarios
(Sutton et al. 2002); current bioclimate models that assume
spatially uniform responses te climate change are likely too
simplistic (O"Meill et al. 2008). Tardif et al. (2006) suggest
that models need to consider more biologically relevant
climatic parameters instead of assuming positive responses
to warming temperatures at species’ northern limits,

Although NEM and WR Douglas-fir appear generally
similar over a long period, we did detect differences by
examining climate-growth relationships at shorter temporal
scales, Most importantly, NEM Douglas-fir express greater
apparent temporal instability in climate-growth relation-
ships compared to WER populations, which has been noted in
other species at higher latitudes (o f, D' Armigo et al, 2007).
Changes in chimate—growth relationships over sometimes
relatively short periods (decades) may indicate that the
climatic limitations to Douglas-fir growth at the NRM
fMuctuate over time, These sorts of results also sugzest that
the mechanisms by which climate controls species ranges
can be complex in certain environments, Although our
study was not designed to detect the mechanistic drivers of
these fluctuations, we discuss possible reasons for these
unique NRM climate—growth responses below, Regardless
of the drivers, the implications of temporally unstable
climate—growth relationships is that NEM populations may
present greater challenges in predicting responses to envi-
ronmental change relative o WE populations,

Do the different short-term growth responses high-
lighted in this study indicate that NEM and WER popula-
tions have different adaptive capacities with respect to
climate change? Certain Douglas-fir trants such as height
growth can vary sharply along temperature gradients at
small (e.g., watershed) spatial scales (56 Clair et al. 20035),
reflecting enetic adaptation to local selection pressures
that can be especially strong at a species” margin (Aitken
et al, 2008), The mean annual temperature in Fort St James
is significantly colder (by 1°C, based on 1961-1990 aver-
ages) than Prince George (P = 00005, Table 1), It seems
likely the colder climate (and growing-season frost events:
Jull 1999} at the NEM has histonically selected Tor indi-
viduals with high cold tolerance, presumably at the expense
of more competitive growth strategies (Loehle 1998 Green
20057, The recent increase in sensitivity to overall climate
observed in NEM populations may indicate these popula-
tions are not as adapted to soil moisture deficits as
WR populations (discussed below). On the other hand,
climate—growth relationships and growth patterns in both

subregions have converged in recent decades, which may
suggest similar adaptive responses to common limiting
factors. Projected sustained temperature increases in the
region (Christensen et al. 2007, BC MoE 2007y may
create conditions that approach the limits of adaptive
plasticity of NEM and WR populations, in which case,
there may be broad regional increases in sensitivity to
climate, Below, we discuss some of the similarities and
differences between NRM and WR populations in terms
of growth responses o precipitation and temperatures,
and also discuss the potential increase in climatic sensi-
tivity in NEM populations.

Growth responses to precipitation

When examined over the full common time period (93
years ), Douglas-fir productivity in both study subregions was
primarily associated with annual, prior summer, and spring
precipitation. Similar responses have been reported for
Douglas-fr across its range i Morth America (c.g., Zhang
and Hebda 2004 Littell et al. 2008; Griesbauer and Green
2000, possibly reflecting a strong growth dependence on
available soil moisture during the growing season (Littell
et oal. 2008y, Ample summer precipitation can incregse
carbohydrate allocation to the subsequent year’s formative
tissues (Kozlowski and Pallardy 1997), Early growing-season
(spring) precipitation may be important to Douglas-fir
growth as il tends toanitiate photosynthetic activity prompily
in response to favorable conditions (Watson and Luckman
2002y, Winter precipitation may also be important to (ree
egrovwth as snowmelt contributes early season soil moisture
(Vaganov et al. 1999). Thus, annual (previous summer to
current spring) precipitation can represent an especially
important growth indicator as it reflects the integration of
important seasonal precipitation limits (Latell 2006).

Contrary to expectations, NEM Douglas-fir populations
had weaker long-term climate—growth relationships than
did WR populations. However, this appears to be related to
variable short-term growth responses embedded within the
past century. For example, significant correlations between
NEM growth and annual precipitation from the 1913-2005
analysis are likely due to two periods of significant rela-
tionship that occurred in the early and late decades of the
twentieth century. In contrast, the WR Douglas-fir popu-
lations show consistently significant growth responses to
annual precipitation over the full climate record.

Episodic multiannual to decadal climatic events can
strongly influence tree processes (Gray et al. 2006). For
example, Daniels and Veblen (2004) document contrasting
climate—growth responses during different PDO phases
(warm-dry vs, cool-wet) in Mothefagus premilio populations
in northern Patagonia, The significant positive correlations
between NEM growth and annual precipitation during the
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carly decades of the twentieth century coincides approxi-
mately with a period of anomalously low precipitation
values (relative to 1961-1990 normals) in the Fort St
James climate record (Fig. ). This period of low precipi-
tation may have been associated with a severe drought that
has been documented over most of western North America
during that time (Watson and Luckman 20043, Reductions
in soil moisture resulting from this prolonged drought may
have elicited strong growth responses (o precipitation in
NEM populations, but apparently similar responses were
not elicited in WR populations.

After the mid-1940s, Fort St James annual precipitation
increased sharply for several decades (Fig. 8). Perhaps
concurrently, NEM Douglas-fir growth became gradually
less correlated with annual precipitation, with a period of
msignificant (P = 0.05) correlations from 19405 1o 19705,
Ample amounts of annual precipitation over this period in
the cooler Fort 56 James environment may have reduced
seil moisture  deficits, thereby reducing  precipitation—
growth responses. Although the Prince George annual
precipitation data show a similar pattern of low annual
precipitation in the early portion of the twentieth century
(not shown), a temporally stable response to annual rainfall
and precipitation suggests that growth continued to be
limited by annual soil moisture balances even after the
drought subsided. The significantly warmer temperatures in
the Prince George area {Table 1) may increase soil mois-
ture deficits and thus elicit a more stable precipitation—
growth response.

Growth patterns in both study subregions show strong
commaon patterns over the past century which have become
increasingly correlated in recent decades, This suzgests a
synchronization of growth responses to common climatic
forcing (Zhang and Hebda 2004), as suggested by the

development of similar climate—growth relationships in
bhoth subregions. Increascd NMEM sensitivities to annual,
prior summer, and spring precipitation over recent decades
indicate that seasonal water supply limitations at the spe-
cles” northern limits are becoming more acute, and perhaps
more similar 0 WR environments, The driver behind this
phenomenon may be a strong upward trend in temperatures
ower the last 50 years (Christensen et al. 2007). Although
total precipitation in northern BC has increased over the
twentieth century (BC MoE 2007, soil moisiure reserves
may be decreasing due to greater evapotranspiration at
higher temperatures (BC MoE 2007 Pike et al. 2008). As
temperature increases are projected o continue and even
accelerate in this area (Christensen et al. 2007; BC MoE
20007, sonl moisture deficits will likely become even maore
limiting to Douglas-fir productivity in the north {and across
most of its range: Littell et al. 2008; Grieshaver and Green
2010).

We note that some of the Auctuations in NEM climate—
egrowwth responses comespond roughly with the two most
recent Pacific Decadal Oscillation (PDOY) phases. PDO
represents 4 major mode of low-frequency climate vari-
ability in western MNorth America as a result of North
Pacific sea surface temperature anomalies (Mantoa et al,
1997). The positive PO phase typically bring anoma-
lously warm and dry conditions o western North America,
especially in winter (Mantua et al. 1997 Stahl et al. 2006)
and spring (Minobe 2000 Cayan et al. 2001 ) the negative
Py phase has the opposite influence on local climate.
Howewver, PDO influences on local climate will be poten-
tially confounded by other climate modes such as the El
Nino/Southern Oscillation as well as anthropogenic climate
change (Pike et al. 2008), Tree-rings can be correlated with
PDO variability, including Douglas-fir at high elevations in
coastal (Case and Peierson 2005) and interior (Griesbaver
and Green 20100 environments. With respect to NRM
Diouglas-fir, the period of insignificant correlations with
annual and prior summer precipitations appears to roughly
correspond with the cool PDO phase lasting from 1947 10
1976 (Mantua et al. 19971, As well, NEM growth was
positively correlated with prior summer temperatures
roughly over this period, Over the recent warm PDO phase
(1977 to at least the late 19905, Mantua and Hare 2002),
these growth responses changed; growth became signifi-
cantly correlated with precipitation, and the response to
prior summer lemperatures reversed and became signili-
cantly negative. Although our study was not designed to
detect changes in climate—growth relationships associated
with PDO phases, these patterns represent an area for
future research.

A gradual increase in growth sensitivity to spring con-
ditions may be related in part to warming femperatures.
Under climate change, warmer springs andfor earlier



snowmelt may lead to an earlier start to the growing season
in BC (MoE 2007). Douvglas-fir may be imitiating growth
sooner in the year, a phenological change observed in
many Morthern Hemisphere plant ecosystems (Walther
et al. 2002; Walther 2003; Parmesan 2006). As the growing
window for Dooglas-fir shifts towand an earlier date,
the amount of radial growth in a season may become
imcreasingly controlled by snowmelt and spring precipita-
tion. Spring conditions would also become increasingly
important af  sumimer droughts  effectively  shorten the
SIOWING SCAS0M.

Growth responses o temperatures

Growth expressed generally weaker responses w0 lempera-
tures than to precipitation. In both subregions, winter tem-
peratures appeared to have positively influenced growth in
the latter half of the twentieth century, The positive influence
of winter temperatures on the growth of other tree species at
or near their NEM has been documented in previous studics
(e.g.. Pederson et al. 2004, Huang et al. 2(09). As winters
have warmed significantly across BC over the past century
(BC MoE 2007}, we would not have expected temperature
correlations wr strengthen i temperatures were the primary
limitation. Warmer winter temperatures may be correlated
with other limitations, For instance, lower snowpacks
and earlier snowmelt under warming winter conditions
(Vaganov et al. 1999 could have recently become more
important growth influences. as previously discussed.

Links between Douglas-fir growth and prior sumimer
conditions have been reported in previons studies (e.g..
Littell et al. 2008). We found a negative long-term growth
response (o prior summer average lemperatures in both
subregions. Howewer, the MCFs showed considerable
instability in temperature—growth relationships over the
past century seen most noticeably in NRM growth respon-
ses. In fact, depending on the pericd examined, growth
responded either positively or negatively to prior summer
average emperatures (as discossed previously, this may be
related to different PDO phases). By also examining growth
responses to average minimun and maximum temperatures,
a clearer picture of temperature—growth responses emerged.
The period of positive growth correlations with prior sum-
mer emperatures appears o be largely a result of positive
responses to warmer minimum (nighttime) temperatures,
whereas the period of negative growth correlations 1o prior
summer temperatures appears to be more related to negative
responses o maximum (daytime) temperatures. Examining
growth responses to minimum, maximum, and mean tem-
peratures may allow for a mechanistic interpretation of
temperature—growth limitations, rather than simply using
mean temperatures as a predictor of growth responses
(Wilson and Luckman 2002),

Increasing climate sensitivity in marginal populations

The moving response function analyses for NEM Douglas-
fir populations showed no complex seasonal temperature
and precipitation growth responses prior to the middle of
the twentieth century. Sometime after the middle of the
century, however, NEM Douglas-fir sensitivity to seasonal
climate (as measured by adjusted R? values and response
coefficients) began an almost  year-over-year increase,
mostly in response to spring and prior summer precipita-
tion as well as winter temperatures, MOFs also imdicated
that NEM growth became rapidly sensitive to annual rain
amounts in recent decades. Although climate has changed
bv a rowghly similar magnitude in both subregions (BC
MoE 2007), NEM populations seem to show a stronger
shift in responses than WER populations.

A lack of growth response to seasonal temperature and
precipitation in the frst half of the twenticth century does
not necessarily mean that climate did not limit growth in
NEM Douglas-fir over this time, Expressed population
signal values above 0L.835 over successive 31-year windows
indicated a strong (presumablyy climate signal in all NREM
chronologies during this time (Wigley et al. 1984}, These
irees were likely responding to other climatic variables
(such as annual precipitation) during the carly portion of
the twentieth century. 1t is also possible that NEM growth
wis limited by variables not captured by climate station
data such as short-term  growing-season frost events
(Feliksek and Wilceynska 2003 or that these populations
had non-linear or threshold responses to climate {Biintgen
el al. 200), which would not be detected with linear
techniques such as regression and correlation analyses.

[T increased growth sensitivity to local climate precedes
stronger expressions of maladaptation or adaptational lag
(Adtken et al. 200), we may have detected early indica-
tions in NEM populations, This may have implications for
the long-term health of mature Douglas-fir populations at
their MREM, as climatically stressed trees may have lower
tolerance to diseases, insect attacks, and drought events
(Littell 20060, Further, maladapted NEM Douglas-fir may
become less competitive than co-occurring species such as
white spruce (Picea glanca [Moench] Voss) and lodgepole
pine (Pirus conrorta Dougl, var, latifolia Engelm. ), hoth of
which are located well within their ranges in central BC.

Recent anccdotal evidence suggests that Douglas-fir
abundance along its northern limits is declining, possibly due
1o Dowglas-fir bark beetle infestations (DeLong 19499; Jull
1999; Kessler 1999). Ultimately, increased climate sensi-
tivity and forest health factors may create a fulure retreat in
the margins of mature Douglas-fir populations in central BC.
Although Douglas-fir climatic habitat 15 expected o expand
northward under climate change ( Hamann and Wang 2006),
it 15 important o recognize that mature in situ populations



may not be genetically suited o new environmental condi-
tions and unable to contribute progeny to successfully
expand the range. Northward expansion of the species may
depend on more drought-tolerant genotypes from within the
range or facilitated migration management interventions,
however, other adaptive traits, such as frost tolerance, may
also be critical to the successful establishment of this species
oulside its range.

Conclusions

Our study demonstrates the importance of examining ¢li-
mate—growth relationships at the edge of a species’ range
and at vanous temporal scales in order (o consider spatial
and temporal complexities that may challenge assumptions
underlving generalized species-level predictions of Tuture
responses to climate change. The species studied here
demonstrates that not all ree species are primarily limited
by cold temperatures at their NEM in the northern hemi-
sphere. This finding further supports suggestions that future
species and productivity estimates need to consider specific
biological mechanisms (Aitken et al. 2008). Further, it is
important (o consider  the  short-term climate—growth
responses that could be hidden within longer time frames,
as they may be more accurate indications of climatic
limitations. Douglas-fir growth responses over recent
decades indicate that precipitation will continue 0 be a
limiting factor across this arca and may become maore critical
in the future with warming temperatures. Management of
this species at its northern  distributions  will require
thoughtful consideration of the link berween genecology,
growth, and soil moisture and how these parameters may
change over time (Rogers 2006). Although too early
o predict the future state of Douglas-fir at s NREM, our
results suggest that it may become particularly sensitive to
climate in this portion of its range. Long-term monitoring is
recommended in forests where climate change may have
relatively rapid and strong impacts.
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