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Abstract — To determine the influence of elevation and year-to-year climatic fluctuations on radial growth and tree-ring properties of
Abies lasiocarpawe sampled dominant trees in 49 second-growth stands on mesic sites in British Columbia. The earlywood, late-
wood, and total ring width, and latewood and maximum density decreased significantly with increasing elevation. Since no signif
cant trend was observed for latewood percentage and ring density, decline in maximum density will have minor impacts on wood
quality of high and low-elevatioAbies lasiocarpaThe correlation and response functions indicated that response to climatic factors
changed with elevation. Although mesic sites within the study area were not expected to be water deficient, ring widtth decrease
with the occurrence of warm and dry spring weather in low-elevation. Low summer temperature limited ring width in high-elevatio
and maximum latewood density and latewood width in low- and high-elevation, albeit the relationship was much stronger in high-
elevation.

Abies lasiocarpd dendrochronology / radial growth / response function / wood density

Résumé — Caractéristiques des cernes annuels chidzies lasiocarpg(Hook.) Nutt.) en fonction de I'altitude et des variations
climatiques. On a échantillonné les arbres dominants au sein de 49 peuplements de seconde venue sur des stations moyennes de
Colombie-Britannique, afin de déterminer l'influence de l'altitude et des variations climatiques sur la croissance redial®-et |
priétés des cernes annuels cAdéies lasiocarpala largeur de la zone de bois initial, de la zone de bois final ainsi que la largeur
totale du cerne, de méme que la densité du bois final et la densité maximale diminuent de facon significative lorsquaudgdtitud
mente. Puisqu’on n'observe aucune tendance significative pour le pourcentage de bois final ou la densité des cerneslaulze baisse
densité maximale n'aura qu’un impact mineur sur la qualité du boisAllieg lasiocarpaen haute comme en basse altitude. Les
études de corrélation et de fonction reactionnaires indiquent que la réponse aux facteurs climatiques varie selond'ddtigede. L

des cernes diminue en I'occurrence d’'un printemps chaud et sec en basse altitude, bien qu’on se n’ait pas attendu Ueaupénurie d
sur des stations moyennes de la région d’études. Des températures estivales basses limitent la largeur des cernesla amsie altit
que la densité maximale du bois final et la largeur du cerne du bois final chez les arbres a faible et a haute altitelég bedar g

tion soit plus forte a haute altitude.

Abies lasiocarpd dendrochronologie / croissance radiale / fonction de réponse / densité du bois
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1. INTRODUCTION In contrast, there are reports of a negative relationship
between ring width and ring density in conifers [20, 42,
47, 63]. This relationship suggests slower-grown high-

of the major timber crop species in the boreal climate ofSlevation conifers may have denser wood than low-ele-
the montane forests and the central and southern, Suhyatlon_cqnlfers. Ho_wever, the literature concerning this
alpine forests of British Columbia; thus silviculturists 'SSU€ IS inconclusive, probably because of differences
need information about its growth and the factors affect- PElween species, the complexity of factors regulating the
ing it. Only very recently, the first height growth and site Processes of wood formation, and differences in the
index functions for high-elevation subalpine fir were approaches used to investigate these relationships [20,
developed [9], relationships between subalpine fir site 33, 63]. Since wood density provides an excellent means
index and primary site factors were examined [4], and Of predicting end-use characteristics of wood [33], silvi-
the decline in subalpine fir site index with increased ele- culturists need to know if and how wood density of tim-
vation and latitude was quantified [35]. However, little is ber crop species varies with environmental factors.
known about the variation in radial growth and tree-ring

properties of subalpine fir in relation to site factors.

Subalpine fir Abies lasiocarpgHook.) Nutt.] is one

Dendrochronological studies conducted in forests

In the central region of interior British Columbia, sub- close to the upper or northern tree-line suggested
alpine fir grows from the lowest elevation (approximate- summer temperature is the principal tree growth-limiting
ly 600 m) to tree line (over 1900 m). Considering this factor, where growth is measured as ring width or maxi-
elevation range and the decline in subalpine fir site indexmum density [6, 13, 17, 21, 32, 55, 56, 59, 62].
(tree height (m) @ 50 years (breast height age)) in theHowever, recent studies conducted in boreal forests dis-
Engelmann spruce — subalpine fir zone with increasingtant from the northern tree-line found that ring width of
elevation— about 1 m in height with every 100 m white spruce Ricea glauca(Moench) Voss) and jack
increase in elevation and 1.4 m in height with every 1°in pine Pinus banksiandamb.) was negatively correlated
latitude [35]- it is logical to expect a decline in radial with summer temperature and fire weather conditions
growth and changes in tree-ring properties from the[39]. Brooks et al. (1998) [7] used tree-ring widths to
montan-e to Subalpine fO-reSt. quever, it |S not clear compare growth— climate re|ati0nships of two tree
what will be the change in tree-ring properties of sub- gpecies growing at the northern and southern boundaries
alpine fir with increasing elevation, and whether the of the central Canadian boreal forests. For black spruce
same_cllmatlc factors will affect low- and high-elevation (Picea mariana(Mill.)) cool and wet conditions were
trees in the same way. favorable on both sites, whereas ring width of jack pine
was positively related to high summer temperatures and
increased spring precipitation regardless of latitude. This
influenced by terminal growth and the subsequent pro_sugg.ests tha}t. the response to climate change may be
duction of growth hormones (e.g. auxins) and photosyn-SPecies-specific in the boreal forest [7] and emphasizes
thates, with environmental factors exerting an indirect the neéed for investigating climategrowth relationships
influence on tree-ring formation. Secondary wall thick- ©f different species in the same area.
ening of latewood cells is widely independent of cell
expansion and appears to be regulated mainly by the

amount of available photosynthates [1, 2, 40]. In humid wood quality, the role of climate as the major determi-

climates, the decrease in maximum latewood density ;
with decreasing temperature was explained by a combi-nant of tree growth, and the concerns about the impact of

nation of cool temperature and short growing season, thé&limatic change on forest growth, the aim of the present
former adversely affecting photosynthesis, the latter Study was to quantify the influence of local and regional

resulting in a short time-period available for latewood Climate on growth and wood quality of subalpine fir. The
formation [13, 61]. If cool temperature and short grow- SPecific objectives were to determine (1) how tree-ring
ing season adversely affect latewood formation, then theProperties vary along an elevation gradient, using eleva-
latewood width and the mean maximum density of the tion as surrogate for local climate, and (2) which climatic
trees growing in high elevations or at high latitudes canvariables affect the variation in tree-ring properties in
be expected to be lower than in low elevations or at lowlow- and high-elevation subalpine fir. The first objective
latitudes [41]. As a corollary, we may expect a decline in was achieved by relating tree-ring properties averaged
the percentage of latewood and the mean ring densityover a 30-year period to elevation and the second objec-
with increasing elevation [61]. tive by using dendrochronological methods.

Although the processes of wood formation remain
unclear [43, 53], radial growth appears to be directly

Considering the importance of density as an index of
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2. MATERIALS AND METHODS 130°

The study area encompassed central and southe I o ) 5.(/5'“ ‘
British Columbia, specifically the montane Subborea , o Prince George P”%\
Spruce (SBS) zone (53° 50" to 54° 35' N; 121° 40' t e T N
124° 10' W) and subalpine Engelmann spruce — su e1- BRITISH COLUMBIA %
alpine fir (ESSF) zone (49° 30" to 55° 50" N; 115° 10" t > o 2
127° 40' W) [45] figure 1). The climate of both zones is - O L
continental boreal; with short, wet summers and long P ; Karﬁroopgeye'fé%keiﬁfg
cold winters in the SBS zone, and with very short sun : - et e |
mers and very long, cold, snowy winters in the ESS 50° - o I B
zone [37]. In the central region, the climatic zonatior
follows a gradient of increasing elevation from the SB:
to ESSF to AT (Alpine Tundra) zone, with subalpine fir ; e .
being present in both SBS and ESSF zones (rangil 130° 125° 120° 115°
from about 600 m to sometimes over 1900 m asl.); hov
ever, in the southern region, fir is mainly present in th Figure 1. Sampling locations within British Columbia. The
ESSF zone which extends from about 1450 to near number of study stands in each location is indicated.

2300 m asl.

All 55 study stands were located in naturally estakt
lished, unmanaged, single-storied, even-aged, subalpi
fir-dominated stands which were without evidence of a
history of observable damage. The stands ranged fro
49 to 110 years at breast height and represented the mi
seral stage in secondary succession following wildfire or
the intermediate stages in stand development, i.e., ste
exclusion or understory reinitiation stages [48]. The
stands were located throughout the study area to cover |n each sample plot, three dominant, large diameter
the widest range in climate conditions in the SBS andsubalpine fir trees were felled and a breast-height
ESSF zones, i.e., extending from drier to wetter and(130 cm) disc taken for analysis. Sampling only domi-
warmer to colder variations of boreal climate in British nant trees reduced potential variation in tree-ring charac-
Columbia. teristics caused by competition [51]. Since tree-ring

Along the elevation gradient we constructed a characteristics vary also along the stem [41], breast
climosequence (i.e. a series of ecosystems with similaf’€ight was used as a convenient reference height to con-
mate) [44] by selecting study stands on sites that werel© the laboratory, sanded, and |_nspec_ted for reaction
typical of the vegetation zone [18, 37, 58]. Thus, study wooq and other .ab_errant properties. Discs that showed
sites were located on flat areas, gentle slopes, or midfeéaction wood within the last 30 years of growth were
slopes (to minimize the influence of aspect) and hade€liminated. Consequently, 81 discs from 49 plots were
mesic edaphic conditions, i.e., soils were freely drainedSelected for analysis. From each disc two radial samples

100 cm) and a loamy texture with coarse fragment con-iNg & set of 162 samples (data set 1). Further sample
tent less than 50% by volume [52]. preparation followed standard dendrochronological pro-

cedures [54].

- 50°

& A

'y

PN IR

adjusted by adding a 100 m to the measured elevation for

very degree of latitude north of the reference latitude of
49° N. This adjustment was based on a latitude-elevation
relationship found for the spruce-fir forest along the
rEkppalachian mountains [11].

In each stand, a 20 20 m (0.04 ha) plot was estab-
lished to represent an individual ecosystem relatively All 162 samples were submitted to Forintek Canada
uniform in soil, vegetation and stand characteristics. TheCorp. for X-ray densitometry, which was done according
soil moisture and nutrient conditions were evaluatedto the methodology described in Parker et al. (1980)
using the methods described by Green and Klinka (1994)49]. The following measurements were taken for each
[26]. The elevation of each plot was measured using atree-ring: distance from pith, earlywood width (EW),
Thommen altimeter; latitude, longitude, and zone for latewood width (LW), ring width (RW), earlywood den-
each plot were identified according to its location on sity (ED), latewood density (LD), ring density (RD),
topographic and biogeoclimatic zone maps. To accountminimum density (MND), and maximum density
for the temperature change with latitude, elevation was(MXD). The boundary between earlywood and latewood
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was defined as a fixed density value set to 0.44 3/cm occurred in the same year in many free-ring series) and
This value is regularly used for subalpine fir by Forintek the COFECHA program [27, 30]. Additional validation
Canada Corp. (pers. comm.) and corresponded well wit0f the crossdating was provided by a high correlation
the point of maximum density increase in the intra-ring (" = 0-85) of our high-elevation chronology with that for
density profiles of our samples. We calculated latewood EnNgeélmann spruceP(cea enlgelmanm‘Parry ex
percentage (LW%) from latewood width and ring width. Engelm.) at Bell Mountain (S20' N, 120 40" W) [56].

For the analysis of tree-ringelevation relationships, Although we did not expect a suppression and release
we calculated the arithmetic mean of EW, LW, RW, ED, growth pattern in the samples from dominant trees, plots
LD, RD, MND, and MXD for each ring from the two ©f fing-measurement series showed low-frequency varia-
radii of each sample tree. Next, we calculated the arith-ion, which varied between series. This indicated non-
metic mean for each tree-ring variable for a 30-year peri-Climatic signals in addition to the change of tree-ring
od (1964 to 1993) and used these means in correlatiofP’OPerties with age. Therefore, we detrended the series
and regression analyses [57]. In correlation analysis a/SiNg @ 20-year cubic smoothing spline [5, 15] as provid-
significance level op < 0.05 was chosen. Prior to the €d Py the ARSTAN program [14, 27]. The series that
analysis, tree-ring variables were examined for normalwere_We” correlated_were standardlzed and combined to
distribution using probability plots and checked for lin- 8 residual chronologies [14, 46] using the ARSTAN pro-
earity of relationships using scattergrams [8]. In sequen-9ram - for two data sets (low- and high-elevation trees)
tial regression analysis, we used age and RW as covari@nd four tree-ring variables (RW, LW, LW%, and MXD)
ates [60]. Because data set 1 included samples with 40 the 47-year (1946 — 1992) period. While the autore-
relatively wide range in age (49 to 110 years), and high-9ressive models used to build the resujual chror]olpgles
elevation trees tended to be older than low-elevationProbably removed all low-frequency climate variation,
trees of the same height, we prepared another set (datiié common high-frequency variation in the chronolo-
set 2) that included samples with a narrower age rang&!€S Was emphasized [46].

(61 to 89 years) to minimize the confounding effect To examine relationships between tree-ring proper-
associated with age. Data set 2 included 72 samples colties, we calculated cross-correlations between the devel-
lected from 36 trees in 22 sample plots. oped chronologies. We compiled monthly mean,

The dendrochronological analysis was based on a 47Maximum, and minimum temperature and monthly total
year period time-series (1946 to 1992) for populations ofpremp_ltatllpon date(xafor the sa(;neR pe”|°d Lrom climate stla—
both low- and high-elevation trees. Because we utilizedt!ons In Prince George and Revelstoke, respectively.
discs that were originally sampled for height growth (Environment Canada, Historical and Statistical Climate

: Information, Vancouver, BC). The data were examined
analysis, we could not follow standard dendrochronolog- P '
ical procedures [23, 54]. Relating the year-to-year varia-'0" homogeneity by the DPL-HOM program [31]. We

S ; ; d residual chronologies of four tree-ring variables
tion in climate to tree-ring series assumes knowledge oftS€ :

the exact year at which a given ring was formed. Even(RW. LW, LW%, and MXD) from two locations (low-
though the year of the last complete ring was known for2nd high-elevations) in simple correlation analysis and
the samples and the series were short, we had to Crosg_ootstrapped response function analysis [24, 25, 28] to

date the series to detect potential errors due to missing ofxamine relations of year-to-year variations of chrnla't|c
false rings, sample preparation or measuring [23].varlables to selected tree-ring variables. After examining
However, three discs sampled at each study site were nd€SPOnse functions and correlation coefficients, we used
sufficient for reliable crossdating. Therefore, we merged Mean maximum daily temperatures and total precipita-
data from adjacent plots within a 100 m of elevation (24 tion fc_)r selected time periods in regressions on selected
samples from 17 low-elevation trees (c.a. 700 m asl.) andree-rng chronologies.

28 samples from 18 high-elevation trees (c.a. 1950 m
asl.)). This was justified because we had sampled only
on sites featuring similar topographic and edaphic condi-
tions. The low-elevation (montane) set included samples
from the SBS zone (near Prince George, &3 N, 122

40' W) and the high-elevation (subalpine) set included

samples from the ESSF zone (near Revelstok&, 50  correlations between adjusted elevation and (i) RW,
58'N, 118 11" W). EW, LW, LD, and MXD were significantly negative, (ii)
The dating of ring-width series and other ring charac- LW% were significantly positive, and (iii) RD, ED, and
teristics based on density profiles was checked by mark-MND were non-significantt@ble I). However, there was
er rings (conspicuously narrow or wide rings, that a significant positive correlation between adjusted

3. RESULTS

3.1. Variation in the mean tree-ring properties
along an elevation gradient
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Table I. Simple correlation coefficients between adjusted ele- elevation and breast-height age=(0.45); and correla-
vation and tree-ring properties of subalpine fir for data sets 1tjon coefficients of the tree-ring variables with age were
and 2. Asterisk (*) denotes significant relationshipB &t0.05. similar to those with adjusted elevation. The strong-age
elevation relationships suggested a confounding effect

Property A%Zt?asnztel Azgt?afgez associated with age on the variation in the 30-year mean

49-119 yrs. 61-89 yrs. tree-ring properties. Therefore, we repeated the analysis
n=48 n=22 using data set 2 that had a narrower range in age than
: data set 1 (61 to 8@rsus49 to 119 years) while keep-

Age (at breast height) 0.45* 0.24 ing a more or less even sample distribution along an ele-

Ring width (RW) —-0.62* -0.57* vation gradient

Earlywood width (EW) -0.61* —0.55* )

Latewood width (LW) -0.47* -0.51* The correlation coefficients for age and LW% with

Latewood percent (LW%) 0.46* 0.08 adjusted elevation were not significant when using data

E'ng density (RD) 0.12 —0.27 set 2, while the correlation coefficients for other tree-ring

arlywood density (ED) 0.26 0.12 - . .

Latewood density (LD) _0.52* _0.66* properties changed relatlv_ely_httleab_le D). T_he RW,

Minimum density (MND) 0.44* 0.34 EW, and LW decreased with increasing adjusted eleva-

Maximum density (MXD) -0.57* -0.72* tion and among density properties, LD and MXD were

significantly negatively correlated with adjusted eleva-
tion (r = —0.66 and —0.72, respectively). Adjusted eleva-
Table II. Selected models for the regression of 1a) ring width tion explained also a considerable amount of variation in
(RW) and 1b) latewood width (LW) on age (AGE); 2a) ring RW, LW, and MXD in sequential regression in addition
width and 2b) latewood width on age and adjusted elevationto the age, and RW effect, respectivagbie II).

(ELE); 3a) maximum density on ring width, and 3b) maximum . L

density on ring width and adjusted elevation; and 4a) ring den-  Latewood width and LW% were not significantly cor-
sity (RD) on percent latewood (LW%), and 4b) ring density on related but LW was significantly correlated with RD=(
percent Iatewood and latewood width. SEE is the standard err0i0.64), LD ¢ = 0.74), and MXD i( = 0.70). High LW%

of the estimate = 22. was significantly associated with high RD=(0.77) but
not with MXD. Correlation between RD and RW was

Hal SZVZ Em) ) 2214_8%21:38.(93%Erz1m P=0.031 also not signifi%zzint. LW% was the single best predictor
_ of ring density R“= 0.58,p < 0.001) and LW% and LW
o) Ili\zl\/:(gwgng) B 0.853_8%205:8%(%Er)nm P =0.001 together aC(}OUDteQ fO_r 779 € O.QOl) of the.vgriation
[2a] RW (mm) = 2.457 0.0104(AGE)- 0.0003(ELE) in ring den§|ty, |nd|cat|ng a potenual for pred|ct|ng mean
R2=038 SEE=0206 mm P = 0.004 ring density from easily obtainable ring properties
[2b] LW (mm) = 0.915- 0.0054(AGE)- 0.00008(ELE) (table ).
R2=0.51 SEE =0.060 mm P<0.001
[3a] MXD (g/cn®) = 0.436 + 0.183(RW) 3.2. Relationship between Year-to-Year Variations
Re=0.52 SEE =0.046 g/cm P <0.001 in Tree-Ring Properties and Climate
[3b] MXD (g/cm?) = 0.624 + 0.120(RW5 0.00007(ELE)
R2=0.64 SEE = 0.039 g/cin P<0.001 There was a very weak common signal between low-
[4a] RD (g/cn?) = 0.264 + 0.0036(LW%) and high-elevation trees in the RW, LW and LW%
R?=0.58 SEE=0.015g/cm  P<0.001 chronologies but a stronger common signal in the MXD
[4b] RD (g/cn?) = 0.247 + 0.003 (LW%) + 0.0946 (LW) chronologies, which had the cross-correlation coefficient

R?=0.77 SEE = 0.009 g/cn P <0.001

of 0.45. When chronologies from different tree-ring
characteristics were compared, there was only a partial
agreement between chronologies from low- and high-

Table Ill. Correlations between chronologies of ring width
(RW), latewood width (LW), latewood percentage (LW%), and
maximum density (MXD), separately for low- (L) and high-
(H) elevation subalpine fir.

elevation treestéble Ill). The negative correlation
between RW and LW% chronologies for low- and high-
elevation trees indicated a negative association of RW
and ring density regardless of elevation. However, the

LW LW% MXD correlations between chronologies of latewood character-
istics (LW, LW%, and MXD) were stronger in high-ele-
L H L H L H vation than in low elevation subalpine fir. On the other
ﬁvv\\/ 0147 0i29 6%17 0‘%-148 006?)6 ooééz hand, the low-elevation RW and MXD chronologies
L\W% 1 1 0.92 057 were significantly correlated but the high-elevation

chronologies were notdble Ill). These differences in
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Figure 2. Mean monthly temperature corre-
lations (columns) and response functions
(lines) of the indices of the ring width (RW),
latewood width (LW), percent latewood
(LW%), and maximum density (MXD)
chronologies for low- and high-elevation sub-
alpine fir on the mean monthly temperature for
15 months (July of the previous year to
September of the current year) in the 1946
1992 period. Shaded columns indicate months
of significant correlations, months of signifi-
cant response are indicated by bullets.

Figure 3. Mean monthly total precipitatiof
correlations and response functions of the
indices of the ring width (RW), latewood width
(LW), percent latewood (LW%), and maxi-
mum density (MXD) chronologies for low-
and high-elevation subalpine fir on the
monthly total precipitation for 15 months (July
of the previous year to September of the
current year) in the 1946 1992 period.
Shaded columns indicate months of significant
correlations, months of significant response are
indicated by bullets.
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correlation between chronologies indicated differences inwhereas the total sum of precipitation for May and June
the factors influencing wood formation in low and high explained only 17%R = 0.004). When both variables
elevation. were used, the partial F-test for precipitation was not sig-

Correlation coefficients and response functions hificant (P = 0.59).
showed similar patterns and indicated how climatic fac- To further elucidate the negative response of radial
tors influence the selected tree-ring properties (RW, LW, growth to high spring temperatures in low-elevation
LW9%, and MXD) figures 2 and B In general, correla-  trees, we examined pointer years (years with distinctive-
tions and responses were stronger (i) to temperature thaly narrow rings) in the RW chronology in relation to cli-
precipitation and (i) in high-elevation trees than low- matic chronologiesfigure 4. A visual comparison of
elevation trees. A negative response to precipitation inthe RW chronology with the chronologies of mean daily
the current growing season was always associated with &1aximum temperature for May to June and total precipi-
positive response to growing season temperature,tation for the same months showed that bOth abqve-aver—
illustrating the negative association of mean monthly age temperatures and below-average precipitation were
temperatures with monthly precipitation sums. Responseassociated with narrow rings. The use of the LW%
functions of RW and LW% differed substantially chronology for the same comparison showed the oppo-
between low- and high-elevation trees, whereas similarsite trend figure 4. Clearly, precipitation and tempera-
patterns of response were found for LW and MXD ture were negatively correlated< —0.69) and high tem-
(figures 2 and B peratures were always accompanied by low
precipitation. However, when precipitation was low but

Tree ring characteristics of low-elevation trees were temperatures were moderate as in the years 1965, 1978
mainly related to spring and summer temperatures of the, ;41985 RW was about average. '

current seasorfiure 2. Variations in RW were nega- . _ . .
tively related to May and June temperatures, whereas The relationship between latewood properties, partic-
LW9% showed a positive relationship with spring temper- U/arty MXD, and the mean August temperature of the

atures (accompanied by a negative relationship with MayciJrrent year in bhOth low- and high-elevation trees was
precipitation). Variations in LW and MXD were posi- aISO stronger when using maximum temperature. As

tively related to August temperatures and negativelyi”dicated by response functions, the strength of relation-

related to fall temperatures of the previous season. IrSHiPS was higher for high-elevation than low-elevation

addition, MXD was negatively related to August precipi- U€€S- A simple linear regression of MXD on the maxi-
tation figures 2 and B mum August temperature for high-elevation trees yield-

) o . ) ed the adjuste®? value of 0.52 compared to 0.20 for
Tree ring characteristics of high-elevation trees were|ow-elevation treesFigure 5illustrates how closely the
mainly related to summer temperatures of the currentMxD-index followed the maximum temperature curve

seasonf{gure 2). Variations in RW were positively  in high-elevation in most of the study years.
related to July temperatures of the current year and fall

temperatures of the previous year, but negatively related

to May temperatures of the current year and the previous 4. DISCUSSION

year's August. There was also a negative association of

RW with precipitation of the previous fall and winter. 4.1. Variation in tree-ring properties along

Variations in LW, LW%, and MXD were all significant- an elevation gradient

ly positively related to August temperature but negative-

ly to August precipitation, indicating that latewood Radial growth (RW, EW, and LW) and latewood den-

formation was favored by warm, sunny, and — thereforesity (LD and MXD) of subalpine fir declined with

— relatively dry weather in August. In addition, LW and increased elevation. The elevation gradient from mon-

LW% showed a negative association with fall tempera- tane to subalpine boreal climates in this study coincided

tures of the previous seasdig(res 2 and B in general with a temperature gradient [35]. The stronger

correlations and responses of RW, LW, LW%, and

MXD to temperature than to precipitation support the

assertion that temperature (summer temperature, in par-

ticular) is the principal climatic growth factor. Decline of

these properties with decreasing temperature agrees with

previous findings [13, 55, 56] and may be explained by
Regression analysis showed that the mean daily maxi-delayed growth, lower auxin levels, and reduced avail-

mum temperature for the two month period (May and ability of photosynthates for cell-wall thickening [13,

June) explained 45 %&0.001) of the variation in RW,  41].

Two results from response function analysis called for
a further analysis. Firstly, the negative response of RW
to late spring temperature, and secondly, the large
amount of variation in MXD solely explained by August
temperature.
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Figure 4. Comparison of the low-elevation ring width and latewood percentage chronologies (top figure) with the average daily max
imum temperature for May and June (central figure) and the total precipitation for May and June (bottom figure). Poifder years
ring width are indicated by calendar years in bold print. The years of low precipitation and moderate temperature (1866, 1978,

1985) are indicated by vertically oriented, dotted lines.
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Figure 5. Comparison between the indices of the maximum density chronology and maximum August temperature of the currer
year for the high-elevation subalpine fir trees (Revelstoke) in the-19962 period.

Our study, however, did not provide evidence for the  However, the relationships between elevation and
presence of the negative relationship between LW% and_W% and RD deserve a further explanation. Firstly,
elevation that was reported elsewhere [41, 55, 61], northere is a strong association between LW% and RD. The
showed a significant relationship between elevation andmean RD depends more on LW% than on ED and LD
RD. These results suggest that there is little change irbecause variation in ED and LD is not as large as in
density of subalpine fir wood with elevation in natural LW%. This assertion is based on Barbour et al. (1994)
boreal forests of interior British Columbia. [3] and this study, which both show a strong relationship
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between LW% and RDible I). Secondly, the relation- Many dendroclimatic studies have found RW and
ship between LW% — and thus RD — and environment isMXD chronologies in humid climates to be positively
complex because LW% is influenced by changes in bothrelated with growing-season temperature [12, 23, 54,
EW and LW [3, 63]. Decline in LW% with increasing 56]. Some studies report a strong positive influence of
elevation was explained by a shorter period of latewood-August temperature (the time of latewood formation) on
formation [61]. Schweingruber et al. (1979) [55] found a MXD [55, 59, 62], while other studies report a high
good agreement between LW and LW% chronologies ofspring temperature to favor the formation of dense late-
various tree species over a large area in the Europeawood [13, 17, 19, 34, 56]. The explanation given was
Alps. We found only moderately high correlation that favorable conditions for photosynthesis early in the
between LW and LW% chronologies for low- and high- growing season would result in early initiation of cam-
elevation treesr(= 0.48 and 0.61, respectively). bial activity and increased supply of photosynthates that,
However, simple correlation between the mean LW% in turn, would benefit cell-wall thickening later in the
and LW for the 30-year period showed only a weak posi-season [13]. We found only August temperature to be
tive relationship (= 0.31) and a stronger negative rela- positively related to MXD in both low- and high-eleva-
tionship between LW% and EW € —0.53). This indi-  tion trees, and this relationship was stronger for high-ele-
cates that LW% is somewhat independent of LW, vation than low-elevation treefigures 2 and » This is
apparently more so in low- than in high-elevation trees. in agreement with our finding that MXD decreased sig-
Which portion of the tree-ring — earlywood or latewood nificantly along the temperature gradient with increasing
— determines the change in LW%, may vary from low- to elevation.

high-elevation, from site to site, or from year to year.

The varying relationships between LW%, LW, and RW, oy data indicate that a below-normal spring tempera-
may explain the lack of relationship between RD and yre fayors RW in low elevation-trees and an above-nor-
RW in our data and the inconsistent reports concerningma| summer temperature favors RW in high-elevation
this issue [16, 20, 33, 47, 50, 63]. trees. A favorable influence of cool growing season tem-
perature on RW is known to occur in conifers growing in
semiarid environments [10, 22, 23, 34] and the Canadian
boreal forest [7, 39]. The southern limit of the western
Canadian boreal forest was found to coincide with iso-
lines of climatic moisture indices [29]. However, our
study stands in the SBS zone are not moisture-limited

The dendrochronological analysis of this study dif- because (i) compared to the boreal forest east of the
fered significantly from the approach that selects study Rocky Mountains, the SBS zone is influenced by a conti-
trees from environmentally extreme sites to maximize nental humid climate, and (ii) we sampled on mesic
the climate signal in the tree ring series [23]. We usedsites. However, springs in the SBS zone are usually dry
sites that were typical of the vegetation zone at different[37] and can be warm (maximum temperature in May
elevations because our focus was rather on the change @¢nd June can be as high as in July or August;
tree growth — climate relationships with elevation than Environment Canada, Historical and Statistical Climate
on extraction of maximum climate information. The bio- Information, Vancouver, BC). The fact that the relation-
geoclimatic classification system of British Columbia ship is stronger with temperature than with precipitation
provided a useful framework to construct a climose- probably indicates an association with snowmelt. Cool
guence and minimize non-climatic site effects [36, 52]. spring temperatures prevent soils from drying out too

quickly after snowmelt. On the other hand, dry spring

After learning the change in mean ring-characteristics spells (in our data indicated by high average daily maxi-
of subalpine fir along the temperature (elevation) gradi- mum temperatures and low total monthly precipitation)
ent, we wanted to know, if tree-ring properties on low- occur regularly in this aredigure 4). The upper hori-
and high-elevation zonal sites were influenced by thezons of the soil may dry out quickly creating water stress
same climatic factors. We hypothesized that low temper-for the trees. The water in deeper horizons of the soil
ature would limit radial growth in both low- and high- may not be readily available because these horizons may
elevation trees, but the impact would be less pronouncede still frozen or cool soil temperatures may impede
in the former than the latter. However, our results indi- water uptake [38]. This situation seems to have a direct
cate that, in general, low summer temperature limitsinfluence on earlywood formation, causing a higher late-
wood formation processes in high-elevation trees, wood proportion in the tree-ring as indicated by the neg-
whereas in low-elevation trees, high spring temperaturesative correlation between RW and LW% chronologies
and low August temperatures are limiting. (figure 4.

4.2. Relationships between year-to year variations
in tree-ring properties and climate
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Ring width in high-elevation trees also showed a sig- [2] Antonova G.F., Stasova V.V., Effects of environmental
nificant negative response to May temperature but a sigfactors on wood formation in larch (Larix sibirica Ldb.) stems,
nificant positive response to June temperatures of thelrees 11 (1997) 462-468.
current year. On subalpine sites over most of the ESSF [3] Barbour J.R., Fayle D.C.F., Chauret G., Cook J., Karsh
zone there is usually a high snowpack in May and soilsM.B.. Ran S., Breast-height relative density and radial growth
are usually frozen (they often freeze even before the firsth mature jack pineRinus banksianafor 38 years after thin-
snowfall [37]. In this situation, above-normal tempera- Mg, Can. J. For. Res. 24 (1994) 2439-2447. _
ture will induce water stress and possibly desiccation [4] Bartel J.A,, Krestov P.V., Klinka K., Site indexsite
[17, 32]. The presence of a strong positive response ofiudlity relationships for Engelmann spruce, lodgepole pine,
RW to July temperature of the current year (Correspond_and subalpine fir in the Engelmann Sprue&ubalpine Fir

. ; zone, Unpublished Report, Forest Sciences Department,
ing to the spring season) and of LW, LW%, and MXD to University of British Columbia, Vanvouver, BC, 1999.

August temperature of the current year (corresponding to [5] Blasing T.J., Duvick D.N., Cook E.R., Filtering the

the summer season) signifies that not soil moisture bUteffects of competition from ring-width series, Tree-Ring Bull.

t(imperature limits tree growth in subalpine boreal 43 (1983) 19-30.
¢ |maFes. ) o [6] Briffa K.R., Jones P.D., Schweingruber F.H., Shiyatov
This study complements the studies describing growthS.G., Cook E.R., Unusual twentieth-century summer warmth in
responses of tree species to climatic fluctuations on dif-a 1000-year temperature record from Siberia, Nature 376
ferent sites in temperate and boreal forests [7, 34, 56](1995) 156-159.
Our results exemplify the similarities and differences in  [7] Brooks R.J., Flanagan L.B., Ehleringer J.R., Responses
the general growth response of subalpine fir to tempera-of boreal conifers to climate fluctuations: indications from tree-
ture and precipitation fluctuations at different elevations ing widths and carbon isotope analyses, Can. J. For. Res. 28
in interior British Columbia. However, response func- (1998) 524-533. _
tions and correlations do not necessarily contain much_ [8] Chambers J.M., Cleveland W.S., Kleiner B., Tukey
information about relationships between climate and treeP-A., Graphical methods for data analysis, Wadsworth &
growth in years when other factors than climate may Brooke/Cole Publ. Comp., Pacific Grove, California, 1983.
control wood formation. For example, in low-elevation  [9] Chen H.Y.H., Klinka K., Height growth models for high
trees, this situation becomes apparent when the sprin§'e"‘"’_‘t_'on subalpine fir, Engelmann spruce, and lodgepole pine
temperature is about normal. Thus, to gain further insight™™ British Columbia, in press. - _ _
into changes in wood properties with elevation, yearly  [10] Cleaveland M.K., Climatic response of densitometric
variations of the relationships between tree-ring and cli- properties in semiarid site tree rings, Tree-Ring Bull. 46 (1986)
matic variables should be studied along an elevation gra-13'29' , , , _
dient [34] [11] Coghill C.V., White P.S., The latitude-elevation rela-
' tionship for spruce-fir forest and treeline along the Appalachian
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