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Abstract Black and white sprucd®{cea marianaandP. source with suboptimal efficiency. The change in isoto-
glaucg exhibit a striking micro-geographic distributiorpic composition per unit change in C/N ratio was not the
pattern at the southern edge of the boreal forest. Blackne in the two species. This difference may reflect opti-
spruce grows in flooded nutrient-poor muskegs, whimgization of the trade-off, whereby each species maxi-
white spruce is found primarily on drier upland sites, amaizes the use efficiency of the most limiting resource
the two rarely form mixed stands. In an attempt to ch&respective to its habitat), while minimizing the concom-
acterize the physiological and, hence, mechanistic bagst reduction in the use efficiency of the other resource.
of this pattern, we sampled five adjacent populations of
black and white spruce from northern British Columbiey words Water-use efficiency - Nitrogen-use
and measured a suite of physiological and allocatieficiency - Carbon isotope discrimination -
characteristics, and associated trade-offs, that mayHPeea mariana - Picea glau~a
important to survival in habitats limited in nutrient or
water availability. Two laboratory experiments were con-
ducted: a greenhouse dry-down experiment to assessinttoduction
ative degree of drought tolerance; and a 2x2 nested fac-
torial experiment in which seedlings were subjected Nechanisms that improve plant growth and chances of
varying water and nitrogen regimes for approximatedyirvival under resource limitation may incur costs which
16 weeks. White spruce was more drought-tolerant (i.educe growth or survivability in unstressful conditions
maintained positive net photosynthesis at lower sh@@rime 1979; Chapin 1980; Tilman 1988). As a result of
water potential) and more efficient in water-use (as indiuch trade-offs, adaptation to low-resource environments
cated by carbon isotopic composition) than black spruggay preclude successful occupation of high-resource en-
Black spruce was found to be significantly less sensitiviekonments andvice versa(Grime 1979). Similarly,
to nitrogen stress, exhibited greater plasticity in nitradaptive demands set by one type of resource-limited en-
gen-use efficiency (measured as the carbon-to-nitrogémnment may trade off with the adaptive demands nec-
ratio in total plant tissue), and had a greater specificesary for occupation of other types of low-resource en-
absorption rate under high-N conditions than whitéronments (Tilman 1988). For example, theory suggests
spruce. Trade-offs hypothesized to be associated whht there should be a trade-off between water-use effi-
these nitrogen and water relations traits were examinei@ncy (WUE) and nitrogen-use efficiency (NUE). Be-
but few were confirmed. Water-use efficiency and nitreause leaf intercellular space C£Ebncentration €) is
gen-use efficiency did not trade-off between species, bygically not saturating for carbon assimilation, any in-
did trade-off plastically (i.e., across treatments) withigrease inC; will result in increased carbon gain per unit
species. When exposed to simultaneous limitations ofdéf nitrogen (i.e., the photosynthetic NUE). This could
and water both species were forced to utilize each pe-achieved through an increased stomatal conductance,
but transpirationE) would simultaneously increase over
T. B. Pattersoh- R. D. Guy [ ]) - Q. L. Dang . _and above what is necessary for optimal water use.
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been hypothesized to be principal mechanisms account-
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across environments. This study investigates Whet'ﬂféterials and methods
variations in genetically based physiological and all-

ocative characteristics, their associated trade-offs, gnght material
phenotypic plasticity may have contributed to a conspic-

uous ecological pattern found near the southern bordePggn Pollinated seeds from five pairs of adjacent stands of black
spruce and white spruce were obtained from the boreal forest near

the boreal forest. ~_ Fort Nelson, British Columbia (59°N, 123°W). Each pair was at
In the boreal zone, as a result of extreme climatic st 10 km from the next. The white spruce seeds were from pre-

ditions, localized variations in slope, aspect, and drairfeus collections maintained by the British Columbia Ministry of

age translate into large changes in nutrient and W%@fefts (seedlots d8504v 8?05h|8506|i 3?0(17?@,531044)' Whe{eag thﬁ
H HH H fotr laCK spruce seeds were iresnly collecte rees per stand, al

availability over very shpr_t distances. CharaCte”St'C f ore than 10 m apart to avoid repeated sampling of the same gen-

est types tend to be strikingly correlated with these paty

terns. Towards the southern reaches of the boreal forestThe landscape in the Fort Nelson area is characterized by a

stands of black spruc®jcea marianaMill.) B.S.P., are mosaic of level lowlands (muskeg) dominated by black spruce,

; ; “ » ; nd sloping uplands dominated by white spruce. Total mean annu-
found mainly in lowland “muskegs” which are poorlgl precipitation (rain and snow) for the region is 446 mm of which

drained and extremely low in available nutrients, particssiy 200-290 mm falls as rain (DeLong et al. 1991), suggesting
larly nitrogen (Vincent 1965; Larsen 1980; Elliott-Fiskhat well-drained upland sites are fairly dry in summer.
1988). In contrast, stands dominated by white sprice, The white spruce seeds were stratified at 2°C for 3 weeks after

i ; paking for 12 h. Black spruce seeds were not stratified. Random-
glauca(Moench) Voss, are generally associated with d selected seeds from each population of both black spruce and

er _upland sites which ar(_-:‘ nOt_ as limited in nutrient avaxnhite spruce were planted in 66-€r@one-tainers (Stuewe and
ability (Larsen 1980; Elliot-Fisk 1988). Although blacksons Inc., Corvallis, Ore., USA) filled with a mixture of two parts
spruce and white spruce exhibit similar levels of shadeat, one part Perlite by volume, and 5.3-gdolomite topped
tolerance (Elliot-Fisk 1988) and stands in this region a#éh grit (Target 'Izores”y Sa'?da BUTﬁ‘bVa Ca“ﬁ‘tja;)-lA” ten F’Op(;“?r;
frequenty found groving contiguously, they rarely foro"® Were, Svenl epresented I the crough loerance and e
mixed stands (Vincent 1965; DelLong et al. 1991). Thi§tiined below.

local distribution pattern suggests that selection pres-

sures acting on either species in the other’s habitat are _
intense Drought-tolerance experiment

In this study we attempted to characterize a potenti@lthe seeds in this experiment were germinated and grown in a
mechanistic basis for the unique ecological pattern @peenhouse under high water (watered four times a week) and nu-

served between black spruce and white spruce nearttigat conditions (fertilized twice a week; 150 mg N, 60 mg f*
P: 150 mg1 K, and 10 mg+ S, with 1 mg ! micronutrient mix

southern border of the boreal forest. Being congen F(Eéf%taining 1.3% Bo, 0.1% Cu, 2.0% Mn, 0.6% Mo, and 0.4% Zn).
species of similar growth form, gross phenological aRfle day/night temperature was approximately 20/14°C, and day-
morphological differences between black spruce amde relative humidity was about 35%. Natural sunlight was sup-
white spruce are not likely (Dudley 1996). Thus, adapemented with high-intensity halide lamps to maintain a 20-h
tive responses in physiology and allocation may be topen%d._lrrﬁtdlanc_e vartlje_d_frompggo éo 1q%@10| m2 sl o

. hanisms. by which these species cope vhHgtosynthetically active radiation (PAR) depending on weather.
primary mec y whict P OP€ WAL 4" months, water was withheld and the seedlings were tested
the environmental characteristics of their respective hafai- relative drought tolerance by monitoring net carbon assimila-
tats. Black and white spruce seedlings from adjac#int (A) and shoot xylem water potentia,(,) daily as the soil

i i d over about 7 days. Net carbon assimilation was measured
muskeg and upland populations located in northeaSté?ﬁl a LI-6200 closed photosynthesis system (LI-COR Inc., Lin-

British Columbia were grown under varying moistugrggn, Neb. USA) under 650mal m2 5.1 PAR. Relative humidity
and N regimes (under controlled conditions) for a lengffas maintained at 35-45%, G@oncentration at 350+10l |-,

of time approximating the first (establishment) growinand leaf and air temperature at 23°C. Immediately after the photo-
season in their native habitats. Because physiologié‘t‘:lLthes'S measurement, e, of each seedling was measured

; swith a pressure bomb (Soil” Moisture Equipment, Santa Barbara,
traits may augment or counter each other and may si lif., USA). The experiment was terminated when the seedlings

larly interact with morphological traits, an array of 0NGad ceased positive carbon uptake. Projected area of leaves used to
term, whole-plant N- and water-relations traits, and theieasure photosynthesis was determined using a LI-COR LI-3100
potential trade-offs, were measured. Long-term whokgea meter.

plant measures of physiological characteristics, being av-

eraged over the life-time of the seedling, may have greafg.term, whole-plant nitrogen- and water-relations experiment
er ecological relevance than instantaneous leaf-level

traits (Donovan and Ehleringer 1994; Vaitkus arfekedlings for this experiment were grown in a PGV36 growth

McLeod 1995). Of particular interest was the expectégfmber (Conviron, Winnipeg, Canada). There wers two N 'e"(‘i')s

. wo water levels, yielding four treatment combinations:
compromise between NUE and WUE. Although th@'ZOJrN’ 2) +Ho —N,y(3) _,_goJrN‘ and (4) —HO N (where
trade-off is expected to occur in all land plants, the plas*indicates high and * - indicates low level of water or N). Five
tic balance between an incremental change in NUE asweedlings from each population were randomly allocated to each
an incremental change in WUE may vary, particularly &gatment. The photoperiod was 20 h with an irradiance of
the whole-plant level 350-400pmol m-2 s~ PAR (from both fluorescent and incandes-

) cent lamps), relative humidity was approximately 35%, and

day/night temperature was maintained at 24/14°C. Fans were di-
rected at the seedlings to minimize the boundary layer and ensure
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isotopic uniformity of the source air. Cone-tainer trays were rﬁﬁésults
domized daily to avoid positional effects within the growth cham=
ber.

Treatments were initiated when the seedlings had reachi2rbught tolerance
about 2 cm in height after 2 weeks of well-watered and fertilized

conditions. The high-moisture treatments (&HN, +H,0 -N) re- ﬁigure 1 shows thak decreased as water stress increased

ceived 5-10 ml of water daily (to replace losses over the 24-h p : . : -
od since last watering, without leaching). The low-water tredtOWer Wyyem) in both species. The 95% confidence in-

ments ( —HO+N, —H,0 —N) were watered when the water potertervals of the regression lines do not overlap at all below
tial of the soil in ten randomly selected cones dropped to abe@.8 MPa, indicating that white spruce maintained a

-1.0 MPa, at which time all treatments were watered to the dHParginaIIy greaterA than black spruce across most
point and fertilized. All four treatments received identical concen-

trations of phosphorus (625 mdt IP), potassium (94 mgd K), xylem values. ZeroA was reached at q’Xylem of about
sulfur (10 mg 1'S), and micro-nutrients (1 mg?). The high-N —2.15 MPa for black spruce, and about —2.60 MPa for
treatments (+K0+N, —H,0+N) were fertilized with 225 mg}N, white spruce.
and the low N treatments (8 —N, —H,O —N) received 25 mg?
N.

The experiment lasted for 16 weeks during which the drough-
ted seedlings went through 28 watering cycles. All seedlings were
harvested at the end of the last drought cycle. Roots and shoots
were separated at the root collar apg,., of each seedling was
measured as above. After washing roots to remove the potting me-«
dium, roots and shoots of each seedling were freeze-dried anle"’
weighed, then re-combined and pulverized in a planetary ball mill €
(Pulverisette, Fritsch GMBH, Germany) to sub-micron particle g
size. The pulverized tissue was combusted, and nitrogen and car-©
bon content determined with a Model 1106 Elemental Analyzer g
(Carlo Erba, Valencia, Calif., USA). Liberated £then passed to 3
a Prism triple-collecting ratio mass spectrometer (VG Isogas, Mid- <
dlewich, UK) for determination a¥13C values (%o):

613C:[(13002/12(:02(5ample)/ 13COZI:LZCOZ(standard) —1]X]_OOO

where the standard is VPDB (Vienna Peedee belemnite).
Farquhar et al. (1982) identified the relationship betw®é@
and the ratio of intercellular to atmospheric gncentration in
C3 plants, a major determinant of WUE. T&#éC of total plant Shoot Water Potential (
tissue gives a relative index of the integrated WUE of a plant over
the course of its life (Farquhar and Richards 1984). More positiwgy. 1 Relationship between net photosynthetic raté,
8'3C values indicate more water-use efficient plants. This relatiqmol CO, m2 s1) and shoot water potentiall, o, (MPa) in
ship has been confirmed for white spruce (Sun et al. 1996). Plegédlings of black spructoger solid ling and white spruceup-
&13C values can be converted to per mil discrimination valigs (per solid ling. Dotted linesare 95% confidence intervals about the
if the &'3C of the source air is known (Farquhar and Richardsgressions. The-intercepts of the species lines were significantly
1984). However, thé13C of air can vary, particularly under greendifferent atP=0.0075. Equations and coefficients of determination

house and growth chamber conditions (Guy et al. 1986). We thejge: y=0.722+3.29,r2=0.70 for black spruce, ang0.582+3.65,
fore do not presert values here. r2=0.57 for white spruca

Total plant carbon to nitrogen (C/N) was calculated as an esti-
mate of whole-plant, long-term NUE. This ratio indicates the
amount of carbon fixed per unit nitrogen, and is an index of the ef- 1.5
ficiency by which N is distributed and utilized to acquire carbon
(Chapin and Van Cleve 1990). Specific N absorption rate (SAR)
was determined by dividing total plant N content by root biomass
(Schlesinger et al. 1989).

nylem)’ MPa

o
©
1

Statistical analysis

o
o
1

All statistical analyses were performed using SuperANOVA-Ac-
cessible General Linear Modeling Package and Stat View SE+
Graphics (Abacus Concepts 1990). Growth, SAR, carbon-to-nitro-
gen ratio (C/N)p13C, and root-to-shoot ratio (R/S) were analyzed
using a three-way nested factorial analysis of variance (ANOVA). 0.0
Species, nitrogen, and water were main effects and populations Black Spruce White Spruce
were nested within species. Within each treatment the two species

were compared using four one-way ANOVAs (one for each treat- L1 +H20+N
ment), with the species effect tested against the nested population 71 +H20-N  EEE -H20-N

term. Treatment means were compared using Tukey's compromise

means separation procedure. Analyses of covariance (ANCOWAY. 2 Growth (g/plant) of black spruce and white spruce after ap-
were performed for line comparisons. Probability plots and historoximately 16 weeks under various nitrogen and water regimes.
grams were examined for normality, and residuals were also p@éachbar represents the average of about 25 seedlings (xSEM).
ted against cell mean estimates to check for homoscedasticity. Fioecies were statistically the same within each treatment. Signifi-
C/N data a log transformation was used to meet the assumptionsagitly different P<0.05) treatments within a species are denoted
ANOVA, but non-transformed results are presented in the figuredy differentlettersabove the ba's

Biomass, g plant”

o
w
1
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Table 1 Main and interaction
effects of speciesSf), nitrogen Dependent  Sp N 50 H,OxN  SpxN SpxHO  SpxHOxN
(N) and water regimeH,0) on  Variable

biomass, specific N absorption

rate GAR, carbon-to-nitrogen  Biomass 0.7708  0.0001  0.0001  0.0033 0.0108 0.3611  0.6331
ratio (C/N), total tissuesisC, ~ SAR 0.0006 0.0001 0.2258 05054 0.0001 0.7345 0.7174
and root-to-shoot ratid(§ of ~ C/N 0.0047 0.0001 0.0001 0.5818 0.0006 0.0495  0.0100
Picea marianandP. g|auca o13C 0.0005 0.0001 0.0001 0.2592 0.0774 0.0331 0.0439
seedlingsNumbersndicate RIS 0.0073  0.0001 0.0014 0.2493 0.4378 0.0090  0.6774

probabilities of type | error as
determined by ANOV;-

Long-term whole-plant nitrogen- and water-relations 0.4

m 0.3 1

Levels of internal water stress, as indicated @%ﬁe
spruce-_

measurements, were very similar between blac

and white spruce at the end of this experiment. White g; f
spruce had a meap ., of -0.64 MPa in the high-water 2 (5 a

treatments (+50+N and +HO —N), -0.97 MPa in the x b

water-stress treatment ( ,8#N), and -0.99 MPa in the £

simultaneously water- and nitrogen-limited treatment 0.1 -
(-H,O —N); while for black spruce these values were
—-0.63, —1.09 and —1.10 MPa, respectively.

. . . L . 0.0
The two species did not differ significantly in total Black Spruce White Spruce
growth within any one treatment (Fig. 2). Nevertheless,
species responses to N-stress, but not water-stress, dif- 3 +H20+N -H20+N
fered (as indicated in Table 1 by the significant interac- 3 +H20-N  EEEE -H20-N

tion effect between species and N treatment, but not éEe

. . . |g? 3 Root-to-shoot ratio, R/S (g/g), of black spruce and white
tween species and,B). The biomass of white spruc ruce seedlings grown for approximately 16 weeks under various

was significantly more responsive to N than that of blaglrogen and water regimes. Eabhr represents the average of
spruce (Fig. 2). White spruce maintained a significantipout 25 seedlings (+SEM). Species were significantly different in
greater R/S than black spruce in the well-watered ”eﬁ“ﬁ*“'wﬂéiﬁ’qogﬁ? a"irg +|\l%0tre—a'\tlm0;’:%0é?0%iftigzittrlnegitf?érgzi
ments, but the tW.O species had equal. R/S in the drou. 0.05) treatments within a species are degnoted b)}/diﬁment
ted treatments (Fig. 3). Black spruce increased R/S above the ba' s
drought and N-stress, whereas white spruce responded
only to N-stress (Fig. 3<0.01 for species-by-water in-
teraction in Table 1). 40
In general, N- and water-stress had opposing effects
on C/N, and the combined stresses @H-N) partially
canceled each other. However, C/N in the@HN treat-
ment was still significantly greater than in the control,
i.e., +HO+N (Fig. 4). The two species responded differ-
ently to both N- and water-stress, as indicated by the sig-
nificant species-by-N and species-by-water interaction
terms (Table 1). Compared to white spruce, black spruce 10 -
had a greater increase and decrease in C/N with N-stress
and water-stress, respectively (Fig. 4).

w
o
1

N
o
I

[V

C/N Ratio, g g™

Variation in water supply did not have a significant 0 .
effect on specific N absgfp)t/ion rate (SAR), buth stress Black Spruce White Spruce
significantly reduced SAR (Table 1; Fig. 5). Black [ +H20+N -H20+N
spruce exhibited a greater SAR under the high-N re- [0 +H20-N  EEEE -H20-N
gimes than white spruce, but the two species had similar _ _
SAR under low N supplies (Fig. 5). Fig. 4 Carbon-to-nitrogen ratio, C/N (g/g), of black spruce and

: white spruce seedlings grown for approximately 16 weeks under
The effects of N- and water-stress®PC were high- various nitrogen and water regimes. Eeln represents the aver-

ly significant (Table 1). Water- and N-stress acting indgge of about 25 seedlings (+SEM). Species were significantly dif-
pendently (-HO+N and +HO —N, respectively) had op-ferent only in the —5D+N treatment P=0.0001). Significantly
posing effects o®'3C; i.e., water-stress increased but Nifferent (°<0.05) treatments within a species are denoted by dif-
stress decreasedC in both species (Fig. 6). In combjlerentlettersabove the ba's
nation, however, water- and N-stress canceled out, as re-
flected by more similad'3C values in the double-stress

(-H,O —N) and control (+5kD+N) treatments compared
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Fig. 5 Specific N absorption rate, SAR (mg N/g root), of black -26 - A o White Spruce
spruce and white spruce seedlings grown for approximately A Don
16 weeks under various nitrogen and water regimes. Eactep- o
resents the average of about 25 seedlings (+SEM). Species were -27
significantly different in +HO+N (P=0.0005) and -KD+N 3
(P=0.0066) treatments, but not in 3® —N and —-HO —N treat- =
ments. Significantly differentR<0.05) treatments within a species O 28 1 °y o
are denoted by differetettersabove the ba's o
-29 -
-26 alal
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Fig. 7 Relationship between carbon isotope compositidofC
-30 - (%0), and carbon-to-nitrogen ratio, C/N (g/g), in black spruce and
white spruce seedlings grown for approximately 16 weeks under
various nitrogen and water regimes ¢EHN, circles; +H,0 —N,
-31 ' : squares —H,O+N, triangles —H,O-N, diamond3}. The linear re-
Black Spruce White Spruce gression equations and coefficients of determination gre:
— —0.06% —27.233,r2=0.322 for black spruce, ang= —0.09&
0 +H20+N  EEEE -H20+N —25.807,r2=0.354 for white spruce. The slopes of these regres-
+H20-N  HEEE -H20-N sions were significantly different from zerB=0.0001), and from

each other®=0.0259)
Fig. 6 Carbon isotope compositio®!3C (%.), of black spruce
and white spruce seedlings grown for approximately 16 weeks un-
der various nitrogen and water regimes. Ebahrepresents the
average of about 25 seedlings (xSEM). Species differences wpigcussion
significant in +HO+N (P=0.0004), +HO -N (P=0.0001), and
;,@20_*@0“’-_‘)“"1(233lgggg”)“e?}gét%gnﬂ“agg‘;'f'i{;ﬁj'yg“g;gg;‘;n'{tnvironmen_tal stresses, and the unavoidable trade-offs
(P<0.05) treatments within a species are denoted by difféeent plants face in adapting to them, are believed to be princi-
tersabove the ba's pal factors responsible for generating and maintaining
plant species distributions (Grime 1979; Tilman 1988).
to the single-stress treatments (Fig. 6). White spruce Hetause muskeg and upland habitats contrast strongly in
more positived3C values than black spruce in evergvailability of nutrients and water, it is likely that differ-
treatment (Fig. 6; Table 1). ences in N- and water-relations traits, and their associat-
Carbon isotopic composition and C/N were not signiéd trade-offs, may influence the distinct topographic sep-
icantly correlated within any given treatment, but weegation of black spruce and white spruce near the south-
negatively correlated?=0.0001) when plotted across alern limits of the boreal forest. It should be noted, howev-
treatments for each species (Fig. 7). Black spruce hadrathat muskeg and upland habitats differ in other impor-
significantly steeper slope for this relationship than didnt ways. In particular, muskeg soils are cold and poorly
white spruce=0.0259; Fig. 7). aerated and black spruce may be more tolerant of these
harsh conditions (Conlin and Lieffers 1993). This caveat
aside, traits that could be important to survival in the in-
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fertile muskeg include: (1) low maximal relative growtfieeting soil N reserves, promoting the maintenance of
rate, (2) high physiological capacity to extract nutrientslatively high internal N status, and/or enhancing N dif-
from the soil, (3) high metabolic efficiency in the use dfision from the soil to the root by creating a steeper con-
nutrients to produce new biomass, and (4) greater bientration gradient (Welbank 1962; Chapin 1980). The
mass allocation to roots. On the other hand, charactepiarticular SAR expressed by a plant is a function of N
tics that could be important to survival in water-limitedyvailability and root absorption capacity (RAC) (Wel-
upland habitats include: (1) high degree of drought tolérank 1962). Under high-N conditions, black spruce had a
ance, (2) highly efficient utilization of water, and (3yreater SAR than white spruce (Fig. 5) and probably also
greater biomass allocation to roots. had a greater RAC because N availability was equivalent.
Under low-N conditions, SAR was similar for the two
species indicating that N availability, rather than RAC,

Nitrogen relations became the primary limitation to N uptake. An enhanced
ability to extract soil N can lead to “luxury consump-
Maximal relative growth rate tion” above immediate demand when supplies are high

(Chapin 1980; Birk and Vitousek 1986). Luxury con-
Maximal relative growth rate (RGR)) is defined as rel- sumption may act as a stress avoidance mechanism by
ative growth rate under optimal growth conditions. Anabling the use of stored N when external supplies are
low RGR,.x may be an advantage in infertile habitalew (Chapin 1980). The higher RAC exhibited by black
because of reduced need, or demand, for nutrients (3@uce may indicate a greater ability to capitalize on
pin 1980; Shipley and Keddy 1988; Fichtner and Schulggring nutrient flushes. Although upland sites also exhib-
1992). Low RGR,,, however, may prevent a speciet flushes followed by N deprivation, these cycles are be-
from occupying highly fertile environments that favoieved to be proportionally more extreme in muskegs
rapid growth (Grime 1979). The seeds of black spru¢@aebo 1969; Larsen 1980).
and white spruce were germinated at approximately theTilman (1988) suggested that plants are faced with a
same time and were of comparable size, suggesting thade-off for allocating protein towards photosynthesis or
their similar growth under high resource conditiort® nutrient uptake. This trade-off could reduce the com-
(+H,O+N in Fig. 2) resulted from having similarpetitive ability of a species on sites with a high, stable N
RGR, .« Therefore, variation in RGR, is probably not supply (Grime 1977; Tilman 1988). In a separate study
a major cause of the mutually exclusive distributions @. L. Dang et al., unpublished work) we found that
black spruce and white spruce. black spruce had lower rates of photosynthesis than
white spruce under most treatment conditions. Since
black spruce may also have a greater RAC than white
Nitrogen-stress sensitivity spruce, these results are consistent with Tilman’s sugges-
tion.
Stress-sensitivity is the relative decrease in growth in re-
sponse to a given decline in resource supply (Shipley and
Keddy 1988). Fitchner and Schulze (1992) have fouNitrogen-use efficiency
N-stress sensitivity to be more important than absolute
growth in infertile habitats because non-nitrophilic sp&hen plants are grown under high-N conditions a low
cies do not grow faster than nitrophilic species undapparent NUE can result from luxury consumption, and
limited N supply. In this study, black spruce exhibitetthereby represent an adaptation to infertile habitats that
less decrease in growth in response to N limitation (i.eave periodic nutrient flushes (Chapin 1980). Alterna-
significant species-by-N interaction, Table 1; Fig. 2) ariyely, a high NUE may reflect adaptation to habitats
is, thus, less sensitive to N stress than white sprusdich have relatively high and/or constant rates of N
Black spruce, therefore, may tolerate nutrient stress batneralization (Vitousek 1982). But when grown under
ter than white spruce, an attribute which may be critidaiv N conditions individuals with greater NUE will, by
for survival in the nutrient limited muskegs. A compledefinition, achieve greater growth and should be favored
mentary interpretation of these results is that whi8chlesinger et al. 1989). Under conditions of low N
spruce was more responsive to high N than black sprusigply, neither species in this study was able to utilize N
consistent with the idea that species from rich enviramore efficiently than the other (Fig. 4). Nevertheless,
ments are better able to increase their growth with Imack spruce did exhibit greater plasticity in C/N than
creasing nutrient supply than species from poor enviramhite spruce (Table 1). This plasticity may promote lux-
ments (Chapin 1980). ury consumption during nutrient flushes, while still al-
lowing efficient nitrogen use during periods of N depri-
vation. The results also reflect the greater growth re-
Specific N absorption rate sponse of white spruce over black spruce to increasing
nutrient availability.
A high SAR may be an important means by which plants
cope with N stress by enabling rapid exploitation of
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Water-relations In such cases high WUE probably derives from higher
photosynthetic capacity, rather than lower stomatal con-
Drought tolerance ductance.

High tolerance to drought may be beneficial in xeric en-

vironments not only because carbon gain and growth Biemass allocation (R/S)

sustained, but also because soil water reserves may be

more rapidly depleted forcing less tolerant species Because of increased water uptake and reduced water
cease photosynthesis earlier (Bunce et al. 1977; DeLuosss, a plant with greater R/S may be better able to main-
and Heckathorn 1989; Delucia and Schlesinger 199tHin growth under water-limited conditions. In this study,
However, Orians and Solbrig (1977) hypothesized thablack spruce and white spruce had similar R/S in the
cost of high drought tolerance may be lower rates -6fl,O+N treatment (Fig. 3) suggesting that, in terms of
photosynthesis when water is plentiful, reducing the abiiomass allocation, the two species are equally adapted
ity of tolerant species to occupy moist sites. In this study, drought. Two possible explanations may account for
white spruce maintained higher rates of photosynthefiese results. First, black spruce and white spruce tend
at a lowery,, ., than black spruce (Fig. 1), perhaps okach to be limited by a key edaphic resource (N and wa-
fering a partial explanation for why white spruce is fder, respectively) either of which would favor allocation
vored over black spruce on upland sites (cf. DeLucia aadroots (Gleeson and Tilman 1994). Second, because
Heckathorn 1989; DeLucia and Schlesinger 1991; Rickhite spruce already has relatively high WUE and
ards et al. 1995). White spruce also maintained gréatedrought tolerance, it may most efficiently increase
while not water stressed (Fig. 1), ruling out the likelgrowth by allocating resources to photosynthetic organs
hood that a trade-off between drought tolerance AndGleeson and Tilman 1994), assuming N is not limiting.
constrains it from occupying muskegs. These results &re latter explanation agrees with many other studies
similar to those of DelLucia and Heckathorn (1989) whe.g., White et al. 1990; Richards et al. 1995) in suggest-
found that more tolerant species were excluded frong that physiological and allocative drought resistance
moist sites for entirely other reasons (such as nutriemtchanisms are alternative ways of coping with
availability) than the costs of high drought tolerancdrought.

Nevertheless, it should be pointed that white spruce has &he difference in R/S ratio between the species was
greater R/S than black spruce under high-moisture comere apparent when water was not limiting (Fig. 3).
ditions (Fig. 3). As a result, white spruce could hawWhite spruce seemed less able to reduce its R/S under
lower net photosynthesis at the whole-plant level duett®se conditions, which could be disadvantageous in a
greater root respiration. muskeg environment.

Water-use efficiency Nitrogen- and water-use efficiency trade-off

A high WUE is an adaptation to water-limited condition&n intrinsic (i.e., genetic) trade-off between gas ex-
because more carbon is assimilated per unit water gtiange measures of WUE and NUE has long been recog-
lized over time, allowing greater growth (Vaitkus andized (e.g., Field et al. 1983). Such a trade-off may help
McLeod 1995; Dudley 1996). A genotype may haveemforce species distributions across moisture and nutrient
greater WUE than another in one of four ways: (1) higgradients. In this study, long-term whole-plant measures
er A and similarg, (2) similarA and lowerE, (3) higher of WUE and NUE (i.e.d!3C and C/N, respectively) did
A andE, but proportionally higheA thanE, and (4) low- not significantly correlate within any treatment, indicat-
er A and E, but proportionally loweE than A. In this ing a lack of an intrinsic trade-off between the two traits
study, white spruce achieved a higher WUE (as indicaither between or within species. This suggests that
by significantly less negativé!3C values) in at leastevolving a higher level of either WUE or NUE does not
three of the four treatment combinations (Fig. 6). necessarily preclude improved efficiency in the use of
A potential trade-off associated with increased WUiBe other resource. These results contrast with those of
is reduced growth rate under high water conditions (Ceield et al. (1983) who found a negative correlation be-
hen 1970; Meizner et al. 1990; Richards et al. 1995). Faeen species means of instantaneous WUE WE),
example, Meizner et al. (1990) concluded that coffee gaxd photosynthetic NUE in five co-occurring California
notypes with higher WUE, resulting from lowgmandE, evergreens. DelLucia and Schlesinger (1991), on the oth-
would yield less when grown in well-irrigated soils thaer hand, found that Great Basin species with relatively
genotypes with lower WUE. However, since the two spleigh WUE also had greater NUE.
cies in this study exhibited similar growth but different Despite the absence of an intrinsic trade-off between
WAUE, it is clear that this trade-off is not a concern heM/UE and NUE,513C and C/N were negatively correlat-
Similarly, high WUE and less negatie&C values have ed for each species when plotted across all treatments
been associated with faster-growing genotypes of whéag. 7). This demonstrates a plastic trade-off whereby in
(Condon et al. 1987) and white spruce (Sun et al. 199@&)der to increase WUE, NUE is sacrificed, ack ver-
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sa Other authors have observed a plastic trade-off e-There was, however, a species difference in the plastic
tween WUE and NUE at the leaf level (e.g., Reich et &lade-off between NUE and WUE. This difference may
1989), but there are apparently no such previous repoetfect an optimization process whereby each species
utilizing long-term, whole-plant measures of these traithaximizes the use efficiency of the resource which is
013C values and C/N ratios in the double-stress treatmemist limiting in its normal habitat, while minimizing the
were intermediate to those of the single stresses ala#sequent reduction in the use efficiency of the other
Thus, when black spruce and white spruce are exposesburce.
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