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ABSTRACT 

Plants acclimate to nitrogen (N) or moisture stress by respectively increasing photosynthetic N use efficiency (PNUE) 
or water use efficiency (WUE), in order to maximize their relative growth rate (RGR). These two phenotypic adapta- 
tions have opposite effects on specific leaf area (SLA). Thus, intraspecific variations in the SLA-RGR relationship 
should reflect the relative importance of N vs. moisture stress in plants. In this study, we measured needle gas ex- 
changes and N concentrations in order to derive PNUE and WUE, as well as SLA and RGR of black spruce (Picea 
mariana) seedlings growing on a rapidly drained site in the presence or absence of Kalmia angustifolia. The eradication 
of Kalmia had resulted in a ~140% increase in seedling growth over a 6 year period. We found a negative SLA-RGR 
relationship where Kalmia had been eradicated, and a positive one where Kalmia had been maintained. Kalmia eradica- 
tion resulted in higher WUE when measurements were made directly on the seedlings, and in lower PNUE when twigs 
were rehydrated prior to gas exchange measurements. Our data suggest that the bigger seedlings on Kalmia-eradicated 
plots increase RGR by decreasing SLA, as a means of coping with moisture stress. By contrast, increasing SLA on non- 
eradicated plots may be a means of coping with nutrient stress exerted by Kalmia. The SLA-RGR relationship could 
potentially be used to identify the limiting resource for black spruce seedlings in different environments.   
 
Keywords: Black Spruce (Picea mariana); Kalmia angustifolia; Moisture and Nitrogen Stress; PNUE and WUE, 

SLA-RGR Relationship 

1. Introduction 

Variations in a given plant trait can be attributed to 
interspecific differences arising from natural selection, or 
to intraspecific variations arising from phenotypic plasti- 
city in response to environmental conditions. As a gene- 
ral rule, species that compete well in resource-poor en- 
vironments have lower relative growth rates (RGR) than 
those that grow in resource-rich environments [1]. This is 
partly because leaf attributes that favour leaf longevity 
and nutrient conservation also tend to diminish specific 
leaf area (SLA). Although there is some debate as to 
whether SLA directly affects RGR [2], the positive corre- 
lation between these two traits remains fairly consistent 
across species (e.g. [3]). Within a given species, however, 
the relationship between RGR and SLA is not as robust, 

as studies have found these two traits to correlate either 
negatively [4], positively [5], or not at all [6]. Elucidating 
the mechanisms that control intraspecific differences in 
the SLA-RGR relationship is important for understand- 
ing how species acclimate across environmental gradi- 
ents. 

For many plant species, the environmental gradients 
that most affect RGR are the variations in soil nitrogen 
(N) supply or soil water availability. Plants may accli- 
mate to N deficiency by increasing photosynthetic N use 
efficiency (PNUE) [7], whereas they may acclimate to 
moisture deficiency by increasing water use efficiency 
(WUE) [8]. High SLA results in low internal shading and 
low CO2 diffusion limitations [9] in the leaf, which in- 
creases PNUE. Hence, individuals growing in N poor en- 
vironments can improve RGR by increasing SLA. How- 
ever, higher SLA results in greater leaf transpiration (E), *Corresponding author. 
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thereby increasing sensitivity to water stress. Water limi- 
tations thus tend to reduce SLA [10], which leads to a 
greater WUE [11]. Hence, plants growing in water de- 
ficient environments can improve RGR by decreasing 
SLA. We thus hypothesized that intraspecific variations 
in the SLA-RGR relationship are due to the relative im- 
portance of soil N deficiency versus soil moisture defi- 
ciency.   

In order to test our hypothesis, we performed an ex- 
periment where we measured SLA and RGR of black 
spruce (Picea mariana (Mill.) B.S.P.) seedlings that had 
been growing on a rapidly drained site in the presence or 
absence of Kalmia angustifolia L. (referred to hereafter 
as Kalmia) for 6 - 7 years. Ericaceous species such as 
Kalmia are known to induce a “growth check” on regen- 
erating conifers that can last several decades [12]. Indeed, 
previous work on these plots had shown that Kalmia in- 
duced severe N deficiencies to black spruce seedlings 
[13]. Kalmia removal, on the other hand, resulted in a 
dramatic increase in black spruce growth and possible 
moisture limitations. In order to corroborate our hy- 
pothesis, we performed leaf gas exchange measurements 
directly on the seedlings, as well as on twigs that had 
been re-hydrated to alleviate the influence of water stress 
on stomatal conductance. We also measured needle N 
concentrations and growth. Thus, the relationship be- 
tween needle N concentration and photosynthesis (A), 
and between leaf transpiration (E) and photosynthesis, 
allowed us to discuss the observed variations in the SLA- 
RGR relationship in terms in PNUE and WUE. 

2. Materials and Methods 

2.1. Study Area 

The study was conducted on a clearcut site near Sen- 
neterre, Québec, Canada (48˚29’N, 76˚55’W), in the bal- 
sam fir (Abies balsamea (L.) Mill.)—paper birch (Betula 
papyrifera Marsh.) bioclimatic domain, as described by 
[14]. Mean annual temperature is 2.5˚C, mean annual 
precipitation is 950 mm, and the growing season is typi- 
cally 150 - 160 days long. The soil is a Humo-Ferric 
Podzol, which formed on a rapidly drained fluvioglacial 
deposit [15]. At time of harvest, a forest floor humus 
layer (~8 cm) overlaid the loamy sand mineral horizons. 
The previous stand, mainly composed of black spruce 
and jack pine (Pinus banksiana Lamb.), originated from 
a wildfire and was 70 years old when harvested in the 
summer of 1999. Kalmia dominated the remnant vegeta- 
tion, which also included other ericaceous shrubs (Vac- 
cinium spp.) and lichens (Cladina spp.). 

2.2. Experimental Design 

Our study was performed on plots that had previously 

been established to study the effects of Kalmia removal 
and fertilization on the growth performance of black 
spruce seedlings [16]. These 2 experimental factors had 
been tested using a replicated (n = 10) randomized 
split-plot design. Each replicate block comprised two 
main plots (5 m × 6 m) separated by a 2-m buffer. In one 
main plot, Kalmia was eradicated in September 1999 
through the application of an aqueous solution of 2% 
glyphosate herbicide (Monsanto Inc., Winnipeg, Canada) 
+ 0.25% Sylgard 309® surfactant (Dow Corning Corp., 
Midland, MI). From 2000 to 2007, Kalmia resprouting in 
these plots was manually removed. Kalmia was kept 
undisturbed in the other main plot. In Oct. 2007, Kalmia 
cover averaged 30 % and was ~25 cm in height. Each 
main plot was divided into two subplots (5 m  3 m) in 
which we planted, in June 2000, 10 containerized 1-y-old 
black spruce seedlings (28.7 cm ± 4.2 cm height; 3.3 mm 
± 0.5 mm dia.) at 1 m spacings within a 2  5 grid. At 
time of planting, one subplot received 9 g of polymer- 
coated slow-release N-P-K (26-12-6) fertilizer in a Silva- 
Pak teabag (Reforestation Technologies International, 
Salinas, CA) buried 5 cm deep and 2 cm to the side of 
each seedling. The second subplot was left unfertilized. 
Five seedlings in each subplot were tagged for long-term 
growth measurements, whereas the remaining seedlings 
were used for sampling.  

In 2006 and 2007, daily rainfall on the site was meas- 
ured and recorded on a data logger (CR-10, Campbell 
Scientific Inc., Logan, UT). 

2.3. RGR and SLA 

For our study, the 3 hours allotted for mid-morning gas 
exchange measurements restricted our sampling to 6 
randomly chosen replicate blocks. In October 2005, 2006, 
and 2007, we measured the height of tagged seedlings in 
each of the 24 subplots in these 6 blocks. From these 
measurements, we calculated the relative growth rate 
(RGR = (ln height[X] – ln height[X – 1])/(time[X] – time 
[X – 1])) [17] of seedlings for 2006 and 2007. In Oc- 
tober 2006 and 2007, 1 twig of current year needles was 
collected from the upper third portion of 3 untagged 
seedlings in each subplot. With these twigs, we deter- 
mined needle total surface area for each subplot using the 
WinSEEDLE optical image analysis system (Régent In- 
struments, Quebec City, Québec). Needles were then 
weighed for fresh mass, freeze-dried and reweighed for 
dry mass. SLA was calculated by dividing leaf area by 
the dry mass. 

2.4. Needle Gas Exchange Trials and Needle N 
Concentrations 

In 2006, needle gas exchange measurements (i.e., pho- 
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tosynthesis (A) and transpiration (E)) were performed on 
3 dates (10 July, 7 August, 12 September), each time on 
1 current year twig located in the upper third portion of 1 
randomly selected seedling in each subplot. Measure- 
ments were carried out under saturating light conditions 
(1000 µmol photons·m–2·s–1) using a portable Lcpro + 
open-path photosynthetic system (ADC BioScientific 
Ltd., Great Amwell, UK). Light was provided by mixed 
red/blue light emitting diodes (LED) within a chamber 
specifically designed for conifer needles. Ambient CO2 
concentration was maintained at 378 ± 2 µmol CO2 mol–1. 
Measurements were carried out between 8:30 and 11:30 
a.m. under sunny or partially cloudy conditions. Fol- 
lowing measurements, twigs were excised and oven- 
dried at 65˚C for 48 h, and needles were removed and 
weighed. Dry needles were then ground to pass through a 
40-mesh screen, and a 200 mg subsample was digested at 
340˚C in a H2SO4/H2O2/Se mixture [18]. Total Kjeldahl- 
N in the digests was determined colorimetrically using a 
Lachat Quichem flow-injection analyzer (Zwellenger In- 
struments Inc., Milwaukee, WI).  

In 2007, needle gas exchange measurements were 
again performed on 3 dates (3 July, 7 August, 6 Septem- 
ber), this time using excised and rehydrated shoots to 
alleviate the influence of water stress on stomatal con- 
ductance [19]. One twig was thus clipped from the upper 
one-third portion of a randomly selected seedling in each 
subplot, placed in a water-filled vial and left to rehydrate 
for 30 min prior to A and E measurements. Preliminary 
tests had shown that excised and rehydrated shoots main- 
tained optimal gas exchange for 2 h after excision.  

2.5. Statistical Analyses 

The effects of Kalmia, fertilizer, sampling year (when 
applicable) and their interaction terms on seedling height, 
RGR and SLA were tested using 2 or 3-way ANOVAs 
based on mixed model procedures. Given the lack of a 
significant fertilizer effect on RGR, SLA, foliar N and E 
(see results), data were pooled across fertilization treat- 
ments before regressing RGR against SLA, and before 
regressing foliar N and E against A. For both gas ex- 
change experiments (i.e., measurements made directly on 
seedlings, and measurements made on rehydrated twigs), 
we used mixed model regression analyses to test the 
equality of slopes and intercepts of each Kalmia treat- 
ment for foliar N against A, and for E against A. When 
warranted (see results), we compared these slopes and 
intercepts within each sampling date.  

We considered blocks, sampling dates and sampling 
years as random effect variables. Post hoc comparisons 
of significantly different means were performed using 
Tukey’s HSD test. Before each analysis, we checked 
ANOVA assumptions using Shapiro-Wilk’s normality 

test and standard graphical approaches. We performed all 
analyses using the MIXED procedure of SAS 9.3 (SAS 
Institute, Cary, NC). Unless otherwise stated, P < 0.05 
was used as the threshold of significance. 

3. Results 

Seedlings growing in Kalmia-eradicated plots were sig- 
nificantly taller (~140 %) than those in plots where Kal- 
mia had been maintained (Table 1). Likewise, seedlings 
in fertilized plots were significantly taller (~20%) than 
those in non-fertilized plots.  

SLA was significantly lower (P = 0.011), and RGR 
was marginally higher (P = 0.060), in plots where 
Kalmia had been removed compared to plots where 
Kalmia had been maintained (Figure 1). In both years, 
there was no significant Kalmia  fertilization interaction 
(P > 0.414), nor any fertilization effect (P > 0.265), on 
either SLA or RGR. Consequently, data were pooled 
across fertilization treatments in order to explore the 
effect of Kalmia on the SLA-RGR relationship. We thus 
found a significant negative relationship between SLA 
and RGR in plots where Kalmia had been removed, but a 
significant positive relationship between these two traits 
in plots where Kalmia had been maintained (Figure 1). 

Treatments had no effect on foliar N concentrations 
and E. In both gas exchange experiments, there were 
significant positive relationships between foliar N and A, 
and between E and A. When gas measurements were 
made directly on the seedlings, Kalmia removal had no 
effect on PNUE (i.e., on the slope of the foliar N vs. A 
relationship) (Figure 2(a)) nor on WUE (i.e., on the 
slope of the E vs. A relationship). However, when WUE  
 
Table 1. The effects of Kalmia angustifolia removal and 
fertilization on the mean height of Picea mariana seedlings 
planted in 2000 on a rapidly drained clearcut site in North-
western Québec (Canada). Values in parentheses represent 
1 Std. Error (n = 6). 

Treatment 
Height in 2006 

(cm) 
Height in 2007

(cm) 

Kalmia  fertilization (P-value) 0.885 0.827 

   

Kalmia maintained 66.2 (5.3) 69.4 (6.5) 

Kalmia removed 157.8 (5.5) 170.0 (6.5) 

P-value <0.001 <0.001 

   

Without fertilization 102.2 (4.4) 109.0 (5.1) 

With fertilization 121.9 (4.3) 130.4 (5.1) 

P-value <0.001 <0.001 
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Figure 1. Relationship between specific leaf area (SLA) and 
relative growth rate (RGR) of Picea mariana seedlings 
growing since 2000 in the presence or absence of Kalmia 
angustifolia on a rapidly drained clearcut site in North- 
western Québec (Canada). Data are pooled across fertilizer 
treatments and sampling years (2006 and 2007). Squares 
and error bars along the X and Y axes represent treatment 
means (±1 Std. Error) for SLA and RGR, respectively. 
 
was calculated for each sampling date, the differences in 
WUE between Kalmia treatments were progressively 
more significant as rainfall in the 10 days prior to meas- 
urements decreased (Table 2 and Figure 2(b)). When 
twigs were rehydrated prior to gas exchange measure- 
ments, PNUE was higher in plots where Kalmia had been 
maintained (Figure 3(a)), although the difference was 
marginally non-significant (P < 0.10). When twigs were 
rehydrated prior to gas exchange measurements, Kalmia 
removal had no effect on WUE (Figure 3(b)). 

4. Discussion 

Our data show that the presence of Kalmia will significantly 
affect the relationship between SLA and RGR for black 
spruce seedlings. The eradication of Kalmia resulted in 
bigger black spruce seedlings, perhaps as a result of 
lower interspecific competition for soil nutrients. Bigger 
seedlings could result, however, in greater moisture stress 
because of higher total water demand and transpiring 
surface area [20,21]. This is corroborated by the increas- 
ing differences in the slopes relating E vs. A (i.e. WUE) 
as the amount of rainfall prior to measurements decreased 
(intra-annual comparison). It is further corroborated by 
the fact that Kalmia eradication resulted in higher WUE 
when gas exchange measurements were made directly on 
the seedlings, but not when twigs were first rehydrated to 
alleviate moisture stress (inter-annual comparison). We 
propose, therefore, that the bigger seedlings growing on 
Kalmia eradicated plots produced needles with a lower 
SLA as a means to increase WUE, in order to cope with  

 

Figure 2. Relationships between foliar N concentration and 
net photosynthesis (frame (a)), and between transpiration 
rate and net photosynthesis (frame (b)), using gas exchange 
measurements performed directly on Picea mariana seed-
lings growing since 2000 in the presence or absence of Kal-
mia angustifolia on a rapidly drained clearcut site in North- 
western Québec (Canada). In frame (b), only data from the 
driest sampling date (Sept. 2006) were used (see Table 2). In 
the top left corner of each frame, a significant interaction 
between the variable reported on the abscissa and Kalmia 
treatments indicates that the two slopes (i.e., photosynthetic 
N use efficiency, PNUE; or water use efficiency, WUE) are 
significantly different. 
 
Table 2. Amount of precipitation in the 10 days prior to 
each sampling date (i.e., a proxy for soil moisture) at which 
gas exchange measurements were made directly on Picea 
mariana seedlings growing in the presence or absence of 
Kalmia angustifolia on a rapidly drained clear cut site in 
Northwestern Québec (Canada). P-values associated to the 
Kalmia  E interaction denote whether or not seedlings’ 
water use efficiency (WUE) is significantly different in each 
Kalmia treatment. 

Sampling date
in 2006 

Precipitations within 10  
days prior to sampling (mm) 

P-value of the 
Kalmia  E interaction

July 10 48.9 0.722 

August 7 36.5 0.098 

September 12 12.9 0.033 
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Figure 3. Relationships between foliar N concentration and 
net photosynthesis (frame (a)), and between transpiration 
rate and net photosynthesis (frame (b)), using gas exchange 
measurements performed on rehydrated twigs of Picea 
mariana seedlings growing since 2000 in the presence or 
absence of Kalmia angustifolia on a rapidly drained clearcut 
site in Northwestern Québec (Canada). In the top left cor- 
ner of each frame, a significant interaction between the 
variable reported on the abscissa and Kalmia treatments 
indicates that the two slopes (i.e., photosynthetic N use effi- 
ciency, PNUE; or water use efficiency, WUE) are signifi- 
cantly different. 
 
higher moisture stress [8]. The negative SLA-RGR rela- 
tionship on Kalmia eradicated plots thus suggests that 
moisture stress is a growth-limiting factor for the bigger, 
more water-demanding, black spruce seedlings on these 
rapidly drained soils.  

Seedlings that were kept in check by the presence of 
Kalmia were smaller and displayed lower moisture stress 
(i.e. lower WUE) than those on eradicated plots. Several 
studies have linked Kalmia-induced growth check of 
black spruce seedlings to mechanisms that reduce soil 
mineral N availability. For example, Kalmia litter may 
contain >20% (dry mass) condensed tannins, which once 
released in the soil may form stable cross-links with 
proteins and prevent them from mineralizing N [22,23]. 
Higher N deficiency on the plots where Kalmia was 
maintained is corroborated by the linear relationships that 
were found between needle N concentration vs. A 

(Figures 2(a) and 3(a)), whose slopes are a measure of 
PNUE. More specifically, maintaining Kalmia resulted in 
higher PNUE when gas exchange measurements were 
made on twigs that were first rehydrated, but not when 
measured directly on the seedlings. In other words, these 
smaller black spruce seedlings may also experience 
moisture stress on rapidly drained soils, but the presence 
of Kalmia creates additional growth-limiting soil nutrient 
stress that is apparent once moisture stress has been 
reduced or alleviated. Thus, a positive SLA-RGR relation- 
ship on plots where Kalmia was maintained suggests that 
the costs of having high SLA during periods of water 
stress are offset by the benefits of higher SLA in a 
nutrient poor soil environment. 

Our reasoning relies partly on an inter-annual com- 
parison of WUE across different rainfall periods, and 
partly on a comparison of gas exchange measurements 
made directly on seedlings to those performed on excised 
twigs that were then rehydrated. Given that each of these 
2 sampling methods was used in a different year, it could 
be argued that the observed differences between the ex- 
periments were simply the result of physiological dif- 
ferences between sampling years. While this explanation 
cannot be discounted, we believe that it is unlikely to be 
the case. For example, seedling size is a good proxy for 
the physiological stage of black spruce seedlings [24]. In 
this respect, the difference in seedling size between 
sampling years was very small in comparison to that be- 
tween Kalmia treatments, suggesting that the physi- 
ological response of seedlings to different leaf gas ex- 
change measurements was mainly due to Kalmia removal 
affecting seedling size. This then raises the question of 
whether the differences we observed in the SLA-RGR 
relationship between Kalmia treatments is a typical 
feature in the ontogenic development of black spruce 
seedlings, regardless of environmental factors? Our ex- 
periment does not provide data to contradict this alter- 
native explanation, but unpublished data collected by the 
Ministère des Ressources naturelles on Québec’s North 
Shore, where annual rainfall is ca. 25% higher than at our 
study site, do provide some insight. More specifically, 
these data reveal no significant effect of SLA on RGR 
for 140 - 180 m tall black spruce seedlings growing on 
Kalmia eradicated plots with higher rainfall (N. Thiffault 
—unpublished results). We suggest, therefore, that future 
research provide more empirical support to our inter- 
pretation of the data, by performing a similar study that 
includes an irrigation treatment designed to alleviate moi- 
sture stress on Kalmia eradicated plots. 

When making interspecific comparisons, correlated 
plant traits reveal trade-offs that define a species’ niche- 
driven life history strategy. For example, species with 
small seeds tend to have a higher RGR than plants with 
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larger seeds, because the former are associated to a rud- 
eral lifestyle while the latter are adapted to stress condi- 
tions [25]. Thus, we expect robust correlations among 
plant functional traits when making broad comparisons 
across contrasting species. Such may not be the case, 
however, when making intraspecific comparisons. In our 
study, we found that the SLA-RGR relationship within a 
single species could be either positive or negative, de- 
pending on the presence or absence of a competitor. The 
supporting data suggest a phenotypic trade-off due to the 
relative importance of nutrient vs. moisture stress. We 
suggest, therefore, that the SLA-RGR relationship can 
potentially be used to identify the limiting resource for 
black spruce seedlings growing in different environments.  
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