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A comparison of growth and physiology in Picea
glauca and Populus tremuloides at different soil
temperatures

Simon M. Landhausser, Annie DesRochers, and Victor J. Lieffers

Abstract: Trembling aspenRopulus tremuloide$/ichx.) and white spruceRicea glauca(Moench) Voss) seedlings

were grown at uniform air temperatures but different soil temperatures (5, 15, and 25°C), and gas-exchange and growth
characteristics were examined during active growth and early dormancy. AtPeftjus tremuloidetiad no root

growth and limited growth in leaf area and shoot mass compared with the large increases in leaf and shoot mass at
25°C. In contrastPicea glaucahad some root growth at 5°C and moderate growth of roots at 15 and 25°C; however,
there were no differences in abeground mass at the different soil temperatures. Net assimilation and stomatal-conduc
tance inPopulus tremuloidesvere reduced with decreasing soil temperatures, whilBigea glaucasoil temperatures

did not affect these gas-exchange variables. In both species, root mass was higher in the dormant period than during
the growing period, while root volume remained constant. Generally, the growth variabRespolus tremuloidesvere

more suppressed by cold soils thanRitea glauca Root total nonstructural carbohydrates (TNC) decreased between
the active growth and dormancy period by nearly 50%apulus tremuloideswhile there was no change in TNC in

Picea glauca Results suggest a more conservative use of TNC reservegé@a glaucacombined with a tolerance to

cold soil temperatures compared wiopulus tremuloides

Résumé: Des semis de peuplier faux-tremblopulus tremuloidedlichx.) et d’épinette blanchePfcea glauca

(Moench) Voss) ont été cultivés a des températures de I'air uniformes mais a différentes températures du sol (5, 15 et
25°C). Les échanges gazeux et les caractéristiques de la croissance ont ensuite été étudiés pendant les périodes de
croissance active et de début de dormance. A 5°C dans le cRepidus tremuloidesil N’y avait aucune croissance

des racines et un faible accroissement de la surface foliaire et du poids des pousses comparativement a des augmenta-
tions importantes du poids des feuilles et des pousses a 25°C. Au contraire dans lePiesadglauca les racines

croissaient un peu a 5°C et modérément a 15 et 25°C. Cependant, il n'y avait pas de différences dans le poids des
structures épigées aux différentes températures du sol. Btymdus tremuloidgd’assimilation nette et la conductance

des stomates diminuaient avec une réduction de la température du sol, tandis qicelaeglauca ces variables re-

liées aux échanges gazeux n'étaient pas affectées par la température du sol. Chez les deux espeéces, le poids des racine
était plus élevé pendant la période de dormance que pendant la période de croissance active tandis que le volume de
racines demeurait constant. En général, les variables de croissammpules tremuloidegtaient davantage affectées

par des sols froids que ché%cea glauca Les hydrates de carbone non structuraux totaux diminuaient de prés de 50%
dans les racines deopulus tremuloidegn passant de la période de croissance active a la période de dormance, tandis
gu'ils ne variaient pas cheRicea glauca Les résultats semblent indiquer qBe&ea glaucafait une utilisation plus
conservatrice des hydrates de carbone non structuraux totaux combinée a une tolérance aux températures froides du sol
comparativement #opulus tremuloides

[Traduit par la Rédaction]

Introduction into soils (Viereck 1970; Hogg and Lieffers 1991), which

In boreal forests, short summers and low solar angles rek€ep soil temperatures low relative to soils of temperate re
sult in low amounts of energy reaching the soil surfacedions. Cold soil temperatures are a key factor limiting tree
(Bonan 1992). This coupled with the build-up of organic 9rowth (Tryon and Chapin 1983; Bonan 1992). In boreal
matter and thatch on the soil surface slows energy transpof?reStSv stand-replacing fires commonly initiate forest regen

eration. Fire kills the canopy trees, consumes some or the
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entire surface organic layer and reduces albedo, contributing
to soil warming. After a disturbance removes the previous
stand, trembling aspenP6pulus tremuloidesMichx.) can
quickly reoccupy mixedwood sites via root suckering (Peter

S.M. Landh&usser} A. DesRochers, and V.J. Lieffers. son and Peterson 1992; DeByle and Winokur 1985), while
Centre of Enhanced Forest Management, Department of white spruce Picea glauca(Moench) Voss) recruitment

Renewable Resources, 4-42 Earth Sciences Building,
University of Alberta, Edmonton, AB T6G 2E3, Canada.

might occur immediately after or slowly over time (DelLong
1991; Lieffers et al. 1996). However, because of its slow ju

ICorresponding author (e-mail: simon.landhausser@ualberta.cayenile growth ratesPicea glaucaonly dominates these sites
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later in succession. The decline in dominancePafpulus  covered with a white polystyrene board and the soil surface in the
tremuloidesat the later stages of succession may be relate@ots was covered with 2 cm of perlite to increase albedo and insu
to factors such as age, diseases, insect damage, and chanl§é the soil surface. Soil temperature was regulated with thermo
in site conditions (Peterson and Peterson 1992; DeByle anﬁf;rfz Lherﬁju?hhec;lrj\iotrzit?r(ge”mem and monitored periodically using
Winokur 1985). j '

Soils are likelv to become colder as the leaf area and soi The pots were watered as needed and fertilized twice a week
y Uvith full-strength Hoagland's solution (Epstein 1972), and later

organic layers redevelop through time following the distur \yith 2 g.1-* of a commercial fertilizer (20:20:20, N—P—K with
bance. As species composition gradually Sh'fts filRopulus  chelated micronutrients). During the growing period, the pots were
tremuloidesto Picea glaucaaverage stand soil temperatures rotated to compensate for possible spatial differences in growth
decrease (Amacher et al. 200P)cea glaucawith its denser  chamber conditions. After 6 weeks, physiological and growth-vari
canopy and greater leaf area density (Stadt and Lieffergbles were measured on half of the seedlings for dpulus
2000) intercepts more solar radiation during the growingtremuloidesand Picea glauca Dormancy was induced on the rest
season and snow in winter, which will negatively affect aver of the plants by shortening daylength to 6 h, lowering air tempera
age soil temperatures (Amacher et al. 2001). On a landscap@/®s t© 11°C during the day and 8°C at night, lowering soil-tem
scale, Van Cleve et al. (1983) noted tiRatpulus tremuloides Perature to 5°C, and suspending fertilization for 2 weeks. The
is more dominant on sites with warmer soil temperaturesplants were then placed in a dark refrigerator at 2°C for another

. : 2 weeks, before measurements of root respiration rates and growth
We hypothesize, therefore, thatopulus tremuloidesand  \ariaples were taken. This technique has been successfully used to

Picea glaucahave different growth and physiological strate complete bud development and allow seedlings to reflush.
gies in response to warm and cold soils.
Low SO“ temperatures ha.Ve been ShOWI‘] to |nh|b|t Shoobas exchange and root respiration measurements

and leaf growth (Landh&ausser et al. 1996; Landh&usser and Root respiration rates were measured with a clamp-on chamber
Lieffers 1998), root growth and water uptake (Grossnickle(open-system, with a mixing fan and temperature measurement;
and Blake 1985, Grossnickle 1987; Wan et al. 1999), andPesRochers 2000). Sand was gently washed away from roots with
photosynthesis (Tryon and Chapin 1983; Vapaavuori et aldeionized water, and excess water was blotted with paper towels.
1992; Folk et al. 1995; Wan et al. 1999) in several tree spelhe whole root system was enclosed in the chamber, with the
cies. SincePicea glaucais a shade-tolerant evergreen coni- aboveground portions left intact but excluded from the chamber.

P : . The chamber was placed in a temperature-controlled chamber (de-
fer andPopulus tremuloidess a shade-intolerant deciduous scribed in Landh&usser et al. 1997), and all measurements were

species (Landhausser and Lieffers 2001), they are likely tqa4e at constant root temperatures. Respiration rates were mea-
have different strategies for photosynthesis, carbon allocasyred for each seedling at their respective previous soil tempera-
tion, root and shoot growth, and respiration. In addition, thewures treatments with an open-system infrared gas analyser (CIRAS
evergreen mode dPicea glaucacould allow this species to |, PP Systems, Haverhill, Mass.). Recent studies have shown that
photosynthesize during the spring and fall period, wherrespiration is increased by low G@oncentrations (Qi et al. 1994;
leaves inPopulus tremuloidesare not present, suggesting Burton et al. 1997; Clinton and Vose 1999). DesRochers (2000) de-
further differences in photosynthesis and carbon allocatioermined that CQconcentrations in a mixedwood forest soil at 5°C

between the evergreeRicea glaucaand the deciduous Were 3233 + 609 ppm (mean + SI;= 16); therefore, C@con-
Populus tremuloides centration supplied to the chamber was held at 3000 ppm. Roots

L . o were acclimated to the measurement temperature for about 30 min,
The objectlvgs of this StUdy.Were to q_ualltatlvely COMPare,ng the respiration chamber was equilibrated for another 20 min
growth strategies and physiology dPicea glaucaand |efore the rates were recorded. Over the range of temperatures, rel
Populus tremul_mdesmder different soil temperatures, in the ative humidity was maintained at saturation levels.
periods of active growth and early dormancy. Specifically Gas exchange on the actively growiRgpulus tremuloidesnd
we anticipate thatPopulus tremuloideswill have higher Picea glaucaseedlings was measured after 6 weeks. Gas exchange
photosynthetic rates, leaf and root area development, andas measured with the above open-system infrared gas analyser
respiration rates in warm soils compared wititea glauca with a broadleaf cuvette (Auto cuvette, PP systems, Haverhill,
Mass.) on the preformed leaves fopulus tremuloideand on the
. terminal leader with a conifer cuvette (ADC, Hoddesdon, England)
Materials and methods for Picea glauca Because of the two different cuvettes, environ
Fifty-four Populus tremuloidesand 66 Picea glaucal-year-old mental conditions during gas-exchange measurements were some
dormant seedlings from a local seed source were obtained from \What different. ForPopulus tremuloideslight, leaf temperature,
commercial grower. Their root systems were carefully washed-to reand relative humidity were maintained at 15@@0l-nT?s (PAR),
move all peat, and seedlings were then planted in sand. The seedling8°C, and 35%, respectively, while féticea glauca conditions
were grown for a period of 6 weeks in a growth chamber with 18 hwere 110Qumol-nT2s, 25°C, and 35%. Projected leaf and needle
light : 6 h dark cycle with a daytime air temperature of 18°C and aarea were used to calculate physiological variables. Projected leaf
night temperature of 16°C. Relative humidity was maintained at 60%area ofPopulus tremuloidesvas measured with a leaf area meter
Light intensity was maintained at 350—4@6nol photons-iT-s* (LI-3100, LI-COR, Inc., Lincoln, Nebr.), while projected leaf area
photosynthetically active radiation (PAR) at pot level. of P. glaucawas measured using a computer scanner and imaging
Seedlings were subjected to three soil temperatures of 5, 15, arfpftware (Sigma Scan 3.0, Jandal Scientific, San Rafael, Calif.).
25°C. To control soil temperature, self-watering pots (15-cm diam
eter with a false bottom) were submerged into water baths censisGrowth variables and tissue analysis
ing of watertight plastic boxes (90 x 90 x 20 cm), which  Root volume was measured by water displacement before and
maintained soil temperatures at 5, 15, and 25°C. The false bottorafter the experiment. Leader length and dry mass of roots, old and
accumulated drainage water during waterings, which was removedew shoots, leaves, and needles were measured for each seedling.
through a hose to prevent waterlogging of the plants (Landh&usséiotal projected needle area Bicea glaucawas estimated using a
and Lieffers 1998). The space between the pots in the baths waelationship between needle dry mass and projected needle area.
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Fig. 1. Leader length (A and E) and akeground (B and F), to

tal plant (C and G), and leaf dry mass (D and H) Ropulus The growth variables, gas-exchange, and root respiration data

tremuloides(n = 9) andPicea glauca(n = 11) seedlings grown were analyzed as a randomiz& x 2 facbrial design with 3 soil

at a soil temperature of 5, 15, and 25°C during the growing sea temperatures (5, 15, and 25°C) and 2 seasons (growing and dor

son and during dormancy. Different letters above the bars indi Mant) as fixed main effects. To test for treatment effects, analysis

cate significantly different means (= 0.05). of variance and Ie_ast significant cﬁfference multiple comparisons
were performed with the general linear models procedure of SAS

Data analysis

Populus tremuloides Picea glauca version 6.11 (SAS Institute Inc., Cary, N.C.). A significance level
40 of a = 0.05 was chosen.
— A T |E ] Growing
E Dormant
S 30~ - Results
£ b b
5 20 4 Growth variables and tissue analysis
(] ¢ ¢ a Leader length; leaf area (data not shown); and leaf, stem,
® 10 b ab) abab and root dry mass ifPopulus tremuloidesvere lower at a
~ r‘ r‘ m soil temperature of 5°C compared with 25°C (all variables
0 p < 0.001) (Figs. 1 and 2). This is in contrast Ricea
B a F glauca which had no differences in leader length €
10 — b ] a a 0.571), leaf areap(= 0.146; data not shown), and abeve
25 & e ground biomassp(= 0.153) at the different soil temperatures
1Y 8 1 b (Figs. 1 and 2). New root growth was also lower Ricea
gé 6 ¢ cd glaucaat 5°C compared with 25°(p(< 0.001). However, by
3 - ed 4 comparison, root mass iRicea glaucaincreased 7% at 5°C
25 4 from the initial root size 1§ = 0.014), while Populus
2 tremuloideshad no measurable root growth at 5°C compared
with the pretreatment measuremept £ 0.832) (Figs. 2A
0 ¢ a and 2E). At 15°CPopulus tremuloidebad a 100% increase
K= a in root mass, whilePicea glaucaincreased root mass by
§ 20 ~ . 21% from initial values. At 25°C, root mass iRopulus
= 15 _ tremuloidesincreased by 350% from initial measurements
%" ab a a a compared with 59% inPicea glauca(Figs. 2B and 2F).
£ 10 - b b ab However, the increase in new root massPicea glaucadid
2 be be not result in larger seedlings. Total plant mass Ritea
g 5 4 H glaucawas not different among the three soil temperatures
E Jii (p = 0.250), while mean total plant mass iRopulus
O - tremuloidesincreased 71 and 240% for 15 and 25°C, respec
D a H tively, compared with plants grown at 5°Gp (< 0.001)
5 97 T (Figs. 1C and 1G).
E 4 - a In Populus tremuloidesoot and shoot mass (Figs. 1B and
o a 2 . a 2B) and root/shoot ratio (Fig. 2D) were overall higher in the
> 3 a dormant than the growing season. At a soil temperature of
2 2 b 5°C, total root mass was not different between the dormant
S and growing season, while root mass increased by 73%
i B (from 2.6 to 4.5 g between growing and dormant season) at
0 !_1[ 15°C and by 52% (6.1-9.2 g) at 25°C. However, root-vol
5 15 25 5 15 25 ume did not differ between growing and dormant season

Soil temperature (°C)

(Fig. 2C). Similarly to the roots at 5°C soil temperature,
shoot mass (excluding leaf dry mass)Rafpulus tremuloides
seedlings was not different between the growing and dor
mant season (3 g), while shoot mass increased by 42% at
15°C and by 57% at 25°(p(< 0.05) (data not shown). Over

Total nonstructural carbohydrates (TNC) and total nitrogen (N)a]| soil temperatures, root/shoot ratios were not different in

were measured on roots, old shoots, new shoots, leaves, and nqﬁopums tremuloidebetween the dormant and growing sea

dles after drying to constant mass at 68°C. All samples werg,, \ hen leaves were excluded from the shoot mass. With
ground in a Wiley m|II_(4O mesh_). For the_ total nitrogen determina eaves included, the root/shoot ratios in seedlings grown at
tion, samples were digested with the Kjeldahl method (Kalra an °C were not (:iifferent between the growing and dormant

Maynard 1991) and N was determined with a Technicon ; - . :
autoanalyzer Il (Tarrytown, N.Y.). Sugars and starch (TNC) wereS€ason, while root/shoot ratios increased in both 15 and

determined by a colorimetric reaction to phenolsulfuric acid (Smith25°C from 0.57 in the growing season to 1.03 during the
et al. 1964) after digestion of ground samples in 0.2 M6, ina  dormant season resulting in a soil temperature by season in
115°C bath fo 1 h (Shepperd and Smith 1993). teraction p = 0.032) (Fig. 2D).
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Fig. 2. New root (A and E) and total root dry mass (B and F), Fig. 3. Total nonstructural carbohydrates (TNC) per plant (A and
root volume (C and G), and root/shoot ratio (D and H) for E) and in roots (B and F), and nitrogen concentration per plant
Populus tremuloidegn = 9) andPicea glauca(n = 11) seedlings (C and G) and in roots (D and H) fd?opulus tremuloidegn =
grown at a soil temperature of 5, 15, and 25°C during the grow 9) andPicea glauca(n = 11) seedlings grown at a soil tempera
ing season and during dormancy. Different letters above the bargure of 5, 15, and 25°C during the growing season and during
indicate significantly different meanst (= 0.05). dormancy. Different letters above the bars indicate significantly
different meanso = 0.05).

Populus tremudoides Picea glauca

Populus tremuloides Picea glauca

9 2
B g JA E [ Growing A E Bl Cormant
o 7 - Sl ocrmant . 25 4 a a a |E_| Growing
e o] o £ 204 s, be ke
g 4 ¢ £ 15
8 3- £ 10]c¢ ¢
E 2- ’_i_i boe = 5 ]
- 19 4 4 ¢ bc
0 - C i 0 4
5 4o ° " ¢
ﬁ X X 20 b
E = 3? be bc
Z 8- e R - :
g 41, « ab @b Q 104 @ od
L= m
2 al i
'—
7 aa g 012 G
~ B
3 & 20 - . a
540_ E15~cb c be be bcap b3
b . s
z 204 ., a2 a E 1.0 4
2 qg ﬁc b 2 C m S 05 -
%o a |H 0.0 15 H i
g 12° . 2.0 -
B 1.0 g ’ ab 2 " ab o a A a
508, X % 15 - 8
% 06 > 2 10
g 0.4 - ¢ b ¢ be 2 £ .
s 1 1N (IS
0.0 : 0.0 - -
5 15 25 5 15 25 5 15 25 5 15 25
Soil temperature (°C) Soil temperature (°C)

Similar responses to season were foundPinea glauca  peratures had higher root/shoot ratios (0.36) than plants
where overall the root mass was higher in the dormant thagrown at 15 and 5°C (0.28) (Fig. 2H).
in the growing season p( = 0.026). As in Populus The mean TNC (starch and sugarsPopulus tremuloides
tremuloides root mass was not different among seedlingsseedlings grown at 5°C during the growing season was 22%
during the growing and dormant season at a soil temperaturef dry mass; this was higher than the 16% at 15 and 25°C
of 5°C, but seedlings grown at 15 and 25°C had 42 (1.94Fig. 3A). At all soil temperatures, TNC concentration for
2.7 g) and 21% (2.9-3.5 g) higher root mass in the dormantvhole plants was reduced between growing and dormant
season than in the growing season (Fig. 2F). Root/shoot ratiseason measuremenp € 0.001). At the dormant season
in Picea glaucawas not different for plants between the two measurement, TNC was reduced to 8, 8, and 6% of the plant
seasonsf = 0.290); however, plants grown at 25°C soil tem dry mass for seedlings grown at 5, 15, and 25°C, respec

© 2001 NRC Canada



1926 Can. J. For. Res. Vol. 31, 2001

Fig. 4. Net assimilation (A and D), stomatal conductance (B and ences in TNC between seedlings grown at 15 and 25°C
E), and root respiration (C and F) félopulus tremuloidegn = (Fig. 3E). In contrast td?opulus tremuloidesTNC concen

9) andPicea glauca(n = 11) seedlings grown at a soil tempera trations inPicea glaucawere only marginally lower in the
ture of 5, 15, and 25°C during the growing season and during dormant season compared with the growing seagorF (
dormancy. Different letters above the bars indicate significantly 0.067). While no differences were detected between-mea
different meanso( = 0.05). surements from the growing and the dormant season, seed
lings at 5°C had higher root TNC than seedlings at 15 and

20 —Lopulus tremuloides __ Picea glauca 25°C (b < 0.001); however, root TNCs at 15 and 25°C were
18 <A - o not different (Fig. 3F). Leaf TNC irP. glaucawas not dif
g -~ ;‘2 . 1 ferent among the three soil temperatures and was 25, 24, and
R 7 22% for 5, 15, and 25°C, respectivelg € 0.155) (data not
EE 15 ] shown).
235 g b In Populus tremuloidesN concentration per plant was
i g 6 |+ higher for seedlings grown at 25°C compared with 5pG=(
= 4 a a a 0.009) (Fig. 3C). Nitrogen concentrations per plant were
2 1 1.45, 1.57, and 1.67% for seedlings grown at 5, 15, and
0 B a |E 25°C, respectively, while root nitrogen inPopulus
§ 200 a L tremuloides was lower at 25°C compared with 5°C
S L (Fig. 3D). Overall, N concentrations per plant were signifi
§e~,.' 150 — cantly higher during the growing season compared with the
3§ 100 dormant seasonp(< 0.001), but N concentrations in roots
EE 71 b were not different between seasomps=0.134).
gE 50 | - 2 2 2 In Picea glaucaseedlings grown at 5°C had lower N con
5 centration per plant (1.28%) compared with seedlings grown
0 at 25°C (1.47%); seedlings grown at 15°C (1_.38%) were not
3000 — F [ Growing a different from those grown at 5 or 25°C (Fig. 3G). While
g B Dormant F_’opl,!lus tremuloideseedlings showed a significant .reduc-
£ 2500 X tion in N concentration per plant between the growing and
-4 2000 — ab o b the dormant seasorPicea glaucaN content per plant
€= 1500 b showed only a marginal reduction in N concentration be-
g E 1000 4 c tween t_he dormant and growing seas@n= 0.080); hovy—
x = C ever, this was not the case in roofs £ 0.124). Root N in
500 4 4 d d Picea glaucawas not affected by soil temperature €
o [ [ 0.107) (Fig. 3H).

5 15 25 5 15 25 o
Gas exchange and root respiration measurements

Soil temperature {°C) Net assimilation (NA) increased with increasing soil tem
peratures inPopulus tremuloidegp < 0.001). Net assimila
tively. However, because of the smaller decline in TNG be tion was 6.5umol-nT?%-s?t at 5°C, 14.umol-nT%s? at 15°C,
tween the growing and the dormant season from 16 to 8%and 16.3umol-nT>s* at 25°C (Fig. 4A). Stomatal conduc
(51% reduction) at a soil temperature of 15°C comparedance ) increased with increasing soil temperatures from
with plants at 5 and 25°C with a TNC decline of 64 and 68 mmol-m?s? at 5°C, to 186 mmol-n#-s* at 15°C, and
62%, respectively, there was a significant soil temperatur€00 mmol-m?s? at 25°C ¢ < 0.001). NA andgs were not
by season interactionp(= 0.004). Root TNC (Fig. 3B) different inPopulus tremuloideseedlings growing at 15 and
showed a similar pattern as in the TNC concentrations on 25°C (Figs. 4A and 4B).
per plant basis. During the growing season, seedlings grown In Picea glaucaNA (p = 0.719) andys (p = 0.931) were
at 5°C had the highest TNC (22%), compared with 13% anot affected by soil temperature. Over all soil temperatures,
15°C and 8% at 25°C (Fig. 3B). The TNC concentration inNA in Picea glaucawas 1.95umol-nt?s? and g, was
the roots decreased sharply from the growing to the dormari4 mmol-m?s* (Figs. 4D and 4E).
season measurements. However, because of the larger de Root respiration inPopulus tremuloidegp < 0.001) and
cline in root TNC in seedlings growing at 5°C, from 22 to Picea glauca(p < 0.001) increased with increasing soil tem
8% (62% decline) between the growing and the dormanperatures. Overall, respiration rates Populus tremuloides
season, compared with seedlings growing at 15°C (30%) anbots were higher during the growing than during the-dor
25°C (36%), there was a soil temperature by season interamant seasonp(< 0.001); however, at 25°C there was no-dif
tion (p < 0.001). Leaf TNC inPopulus tremuloidewas 29%  ference in respiration rates between the two seasons, while
of dry mass in plants grown at 5°C compared with 22% inat 15 and 5°C, respiration rates were higher in the growing
leaves of seedlings grown at 15 and 25%C=(0.004) (data season than in the dormant season, which resulted in-a sig
not shown). nificant season by soil temperature interactign=0.004)
During the growing seasoRicea glaucaseedlings grown (Fig. 4C). Roots irPicea glaucaalso had overall higher res
at 5°C had 22% TNC compared with 18% for seedlingspiration rates in the growing compared with the dormant
grown at 15 and 25°Cp(< 0.001). There were no differ seasonf = 0.001); however, respiration rates were not dif
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ferent between growing and dormant season in seedlingsroperties, may also be affected (Zhang and Tyerman 1991).
grown at 5°C compared with seedlings grown at 15 and~or Populus tremuloidesWan et al. (2001) demonstrated
25°C resulting in a significant season by soil temperature inthat water channel proteins are important for water uptake.
teraction p = 0.007) (Fig. 4F). We speculate that water uptake Ricea glaucamight be
more dependent on passive flow than iRopulus
tremuloides but we cannot explain why, of Picea glauca

did not increase at the warmer soil temperatures in response

At cold soil temperaturePopulus tremuloidesoot growth 10 the increased root growth. This speculation on different
was negligible, shoot growth was severely restricted, and ga&ater uptake mechanisms between species is supported by
exchange was only 40% of that when seedlings were growork of Grossnickle and Blake (1985) who found tifitea
in warm soil temperatures. Because of its higher net assimglaucadid not show differences in stem water potenti) (
lation in warm soils and the sustained addition of new leave@nd gs With decreasing soil temperatures, whiRopulus
during the growth periodPopulus tremuloidesseedlings tremuloideshad significant lowe® andg; at low soil tem
grew massively in height relative to the seedlings in coldPeratures (Wan et al. 1999).
soils. These results are consistent with earlier studies on root During the growing season, botRicea glauca and
and shoot growth inPopulus tremuloidesand Populus Populus tremuloidesad higher root and total plant TNC at
balsamiferal. (Tryon and Chapin 1983; Landh&usser et al.5°C soil temperature than at 25°C (Fig. 3). The lower TNC
1996; Landhausser and Lieffers 1998). concentrations at 25°C were most likely related to increased

In contrast toPopulus tremuloideswith Picea glauca  allocation of carbon to shoots and root structures at the ex
there was some new root growth at 5°C but only moderat@ense of TNC reserves; this was especially so for
root growth at 15° and 25°C (Figs. 2B and 2F) and no differ P. tremuloideswhere total plant mass almost tripled, while
ence in shoot growth with temperatuRicea glaucahad lit  in Picea glaucait increased by 18%. The reduced root TNC
tle differences in NA andj, in response to soil temperature. reserves at the warmer soil temperaturé®inea glaucaand
Similar results have been reported Ricea glaucasaplings  Populus tremuloidesould also be related to an increase in
(Man and Lieffers 1997),Picea engelmanniiParry ex root respiration with increasing soil temperature (Fig. 4F).
Engelm. trees (Day et al. 1990Ricea sitchensigBong)  Thus, high soil temperature may result in a trade-off be-
Carriére (Turner and Jarvis 1975), and for various herbatween increased root growth and higher respiration cost, es-
ceous species (Anderson and McNaughton 1973), where ngecially inPicea glaucaFor Picea glaucawarm soils could
assimilation rates at low soil temperature were comparablge a disadvantage relative t@opulus tremuloidessince
with rates at warmer soil temperatures. In contrast, a redud?icea glaucs net assimilation rates did not increase with
tion of NA andg, with decreasing soil temperature has beentemperature, while there were substantial increases in root
reported forPicea species (e.g., Neilson and Jarvis 1976;respiration. Because of its evergreen status, this might be
DeLucia 1986; Grossnickle 2000). Day et al. (1990) sug-artially offset by longer periods of photosynthesis during
gested that these contradictory outcomes could be the resipring and fall (Man and Lieffers 1997).
of experimentally chilling actively growing seedlings instead Populus tremuloideseedlings growing at low soil temper-
of measuring seedlings, which were hardened to cool rooatures had 31% higher leaf TNC concentrations at 5°C soil
temperatures. Based upon our data and the literature; it apemperature compared with 15 and 25°C. Accumulations of
pears that NA org, in Picea glaucaincrease very steeply carbohydrates in leaf tissue have been shown to lead to
with root temperature and reach a plateau with further inlower rates of net assimilation in other species (DeLucia
crease in temperature (analogous to saturation level of #986; Azcon-Bieto 1983). This reduction in net assimilation
light response curve) (DeLucia 1986). In contrast, NAggr rates has been linked to the weakening of the root carbon
in Populus tremuloidesapproached their maxima at 25°C sink strength causing a carbohydrate feedback inhibition of
root temperature. Suppressed root growth at cold soil temNA in the leaves (Herold 1980). IRicea glauca this in
peratures in conifers has been reported f®inus crease in needle TNC concentrations in response to low soil
sylvestrisL. (Varpaavuori et al. 1992) an®icea mariana temperatures was not detected. Although our study did not
(Mill.) BSP (Tryon and Chapin 1983; Landhausser et al.distinguish between sugar and starch concentrations, our on
1996). Tryon and Chapin (1983) noted that of a group of bogoing study of seasonal carbohydrates iRopulus
real forest tree specieRjcea marianawas least sensitive to tremuloidessuggests that growing season starch concentra
cold soils (10°C) (based upon root and shoot growth), andions in leaves are negligible.

Populus tremuloidesvas most sensitive. Total plant and root TNC concentrations in dormant
The low g found in plants grown at cold soils compared Populus tremuloideseedlings were sharply lower than eur
with warm soils forPopulus tremuloidesn this study and ing the growing season. This decline appears to be related to
earlier works (Wan et al. 1999; Wan and Zwiazek 1999)sugan increase in the density of root tissue during the early dor
gests that roots are slow to take up water when cold. In conmant period, i.e., there was no change in root volumes, but
trast, based upogs measuresPicea glaucagrown at 5°C  root mass increased (Figs. 2B and 2C). Presumably, the root
appears to have similar water uptake as roots grown at 25°TNC was converted into other structural components such as
soil temperature (Fig. 4E). While high viscosity of water andcell walls or into other storage forms than starch such as
reduced permeability of roots are known to slow root watedipids or hemicellulose (Dickson 1991). As the root mass in
uptake at cold soil temperatures (e.g., Kaufmann 1975the dormant season was greater than that during the growing
Haussling et al. 1988; Grossnickle 2000), these data suggeseason, there was likely translocation of resources to the

that other factors, such as cell metabolism and membran®ots from albveground parts of the plant during this time

Discussion
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period. Picea glaucaroot mass did not increase during the effects of allocation to roots versus carbohydrate reserves.
dormant period nor did it show a reduction in TNC concen  Oecologia, 121 1-11.
tration between the growing and dormant periods. Clinton, B.D., and Vose, J.M. 1999. Fine root respiration in mature
While the results of this study are based on a short-term €astern white pineRinus strobu} in situ: the importance of
experiment, results may suggest three factors affecting our COz in controlled environments. Tree Physid: 475-479.
understanding of the ecology ®ficea glaucaand Populus Day, T.A., Delucia, E.H., and Smith, W.K. 1990. Effect of soil
tremuloides temperature on stem sap flow, shoot gas exchange and water po
(1) Picea glaucahas a much more conservative growth and 'ential of Picea - engelmannii (Parry) during snowmelt.
reserve strategy compared wifPopulus tremuloides Oecologia 84: 474-481. _
Canham et al. (1999) suggest that tree species witfreBYle. N.V., and Winokur, R.P. 1985. Aspen: ecology and man
indeterminant or lammas growth invest more into struc agement in the western United States. USDA For. Serv. Gen.

. - X . Tech. Rep. RM-119.
tural biomass than into reserves compared with Speclel§eLong, C. 1991. Dynamics of boreal mixedwood ecosystéms.

,that termm‘_"‘te Shoo,t glongatlon earlier. This may a_Iso be Northern Mixedwood ‘89. Proceedings of a Symposium, 12-14

important in explaining whyPopulus tremuloidesis Sept. 1989, Fort St. John, B.Edited byA. Shortreid. Canadian

more likely to die under light suppression compared rorestry Service, Pacific Forestry Centre, Victoria, B.C. For.

with Picea gIauca(_Kobe 1997; Wright et al. 1998; Resour. Dev. Agree. Rep. 164. pp. 30-31.

Landhausser and Lieffers 2001). DelLucia, E.H. 1986. Effects of low root temperature on net photo
(2) Populus tremuloidesvill have an advantage ovéticea synthesis, stomatal conductance and carbohydrate concentration

glauca on sites with warm soils, especially when-re  in Engelmann sprucePfcea engelmanniiParry ex Engelm.)

sources such as light, water, and nutrients are not-limit seedlings. Tree Physio®: 527-533.

ing. ConverselyPicea glaucacould have an advantage DesRochers, A. 2000. AspeRdpulus tremuloidésclonal root dy

over Populus tremuloide#n cold soils. namics and respiration. Ph.D. dissertation, University of Al
(3) The apparent decline in soil temperature with gradual berta, Edmonton.

dominance of Picea glauca in mixedwood stands Dickson, R.E. 1991. Assimilate distribution and storalgePhysk

(Amacher et al. 2001) is thus likely to contribute to a ology of trees.Edited byA.S. Raghavendra. Wiley, New York.

growth decline of thePopulus tremuloidegomponent; pp. 51-85. . N o

decreased growth d?opulus tremuloide#n stands with Epstein, E. 1972. Mineral nutrition of plants: principles and per-

understoryPicea glaucahas been reported (MacPherson _ SPectives. John Wiley & Sons, Inc., London.
et al. 2001). Folk, R.S., Grossnickle, S.C., and Russel, J.H. 1995. Gas ex-

change, water relations and morphology of yellow-cedar seed-
lings and stockings before planting and during field
Acknowledgements establishment. New Fof@: 1-20.
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