
 

 

 

Tradeoffs between understory light and foliar nitrogen 

across productivity gradients of boreal forests 

 

J.M. Kranabetter1 and S.W. Simard2

 

1British Columbia Ministry of Forests and Range 

Bag 6000, Smithers, B.C., V0J 2N0 

Ph# (250) 847-6389 

Fax# (250) 847-6353 

Marty.Kranabetter@gov.bc.ca 

 

2University of British Columbia, 3601 - 2424 Main Mall,  

Vancouver, B.C., Canada V6T 1Z4 

Ph# (604) 822-1955, Fax# (604) 822-9102 

Suzanne.Simard@ubc.ca

 

mailto:Suzanne.Simard@ubc.ca


Abstract 

 Light and nitrogen (N) in forest understories limit plant productivity, and the 

constraint of each resource has been hypothesized to covary predictably with soil fertility.  

We examined the contrast in understory light availability versus foliar N attributes of 

subalpine fir (Abies lasiocarpa) across fertility gradients in southern boreal forests of 

British Columbia, Canada.  Understory light declined with site fertility, from a high of 

30% of full sun on poor sites to as low as 15% on very rich sites.  In contrast, understory 

foliar N concentration increased (ranging from 9.3 to 14.2 g kg-1) with soil N availability, 

and paralleled asymptotic stand height (a measure of site potential), despite growing in 

shade.  Crossovers in resource limitations, from relatively high light with low N on poor 

sites to low light with high N on very rich sites, occurred at 29 kg N ha-1 for soil N 

availability and 28 m for asymptotic stand height, both corresponding with mesotrophic 

sites.  A balanced tradeoff between light and soil fertility limitations was indicated by 

quite consistent foliar N per unit leaf area of the understory (approx. 2.0 g N m-2) across 

the productivity gradient.  Foliar N concentrations of understory subalpine fir were 

consistent with the overstory fir, and both were superior to that of lodgepole pine (Pinus 

contorta).  We suggest foliar N concentration and N per unit leaf area indicate growth 

potential and current photosynthetic condition, respectively, and could be used to 

quantify growth constraints on understory trees.  

Keywords: forest nutrition, forest dynamics, photosynthesis, soil fertility, Abies 

lasiocarpa 



Introduction 

 Forest understory plants face multiple limitations to growth, primarily light, 

nutrients (especially nitrogen, N) and water (Chapin et al. 1987).  Determining the 

response of tree species to combinations of resource limitations has been a central theme 

in forest ecology research, often through controlled greenhouse studies (e.g. Canham et 

al. 1996).  Extrapolating results to forests requires quantifying limiting resources and 

species response across biophysical gradients of landscapes, as well as through time 

following cycles of disturbance.  Continuous monitoring of site conditions and 

photosynthesis rates can be difficult, however, and assessments through foliar attributes, 

especially N concentration (N%) and leaf size, can more simply quantify and integrate the 

multiple resource limitations affecting growth (Reich et al. 1997, Wright et al. 2004).  

Such simple indicators will become increasingly useful for assessing species response to 

rapid shifts in growing environments from anthropogenic influences such as CO2 

emissions and climate change. 

In respect to biophysical gradients, Coomes and Grubb (2000) described how 

limiting resources in mature forest understories can covary in a predictable manner with 

soil fertility.  Nutrient-poor or droughty sites typically have higher levels of light in the 

understory than richer sites because of more open canopies of early-successional, less 

productive overstory trees.  Conversely, light is likely more limiting to growth than 

deficiencies in N and water in the darker understories of more productive stands on richer 

sites.  Ecosystem classification systems are ideal for identifying forest types where the 

net tradeoffs in growth limiting factors can be quantified and parameters derived to 

predict understory species response (Carter and Klinka 1992, Walters and Reich 1997, 



Drever and Lertzman 2001, Kobe 2006).  Few studies, however, have quantified the 

limitations between light and soil fertility, and their interactions on foliar attributes, 

across a wide edaphic range in mature forests.  

One potential interaction is the effect of light limitations on the N status of 

understory trees.  Under full light, foliar N content generally parallels the supply of N 

from soil (van den Driesche 1974, Ingestad 1982), and correlates strongly with leaf 

photosynthetic capacity (Reich et al. 1995, Hikosaka and Hirose 2000).  With shading, 

the uptake of nutrients by plants can be reduced because of biomass allocation to shoots 

over roots, and by losses in the potential of roots to absorb nutrients (Chapin 1991).  

Respiration costs also increase with foliar N% (Ryan 1995), which might suggest a 

strategic reduction in N uptake under deep shade, although this adaptation in trees has not 

been conclusively demonstrated (Mitchell et al. 1999, Lusk and Reich 2000).  Overall, 

the evidence from field studies for foliar N% interactions due to shading are inconclusive: 

some have detected no effect of light availability on foliar N% of saplings (Evans 1996, 

Niinemets et al. 1998, Grassi and Bagnaresi 2001, Kranabetter and Coates 2004, Lapointe 

et al. 2006), while others have reported increasing foliar N% with light (Ellsworth and 

Reich 1992, Kull and Niinemets 1993, Mailly and Kimmins 1997, Hawkins et al. 2002, 

Walters et al. 2006), decreasing foliar N% (Walters and Reich 1997, Niinemets 1998, 

Kazda et al. 2004) or all of the above, depending upon species (Niinemets 1997, Lusk 

and Reich 2000, Kaelke et al. 2001).   

Part of the discrepancy in these field experiments may arise from short-term 

fluctuations in foliar N concentrations when overstory tree removal affects both light 

gradients and soil N availability (Titus et al. 2006).  In addition, growth responses to soil 



fertility, especially after fertilization, often include a change in leaf size (Binkley 1986), 

and foliar N status may be more relevant when interpreted on the basis of content (Nm, g 

N 100-1 needles) or leaf area (Na, g N m-2), rather than concentration.  With these indices, 

however, it becomes difficult to separate the effects of shading on N status from the 

concurrent influence of light on leaf size and morphology (Niinemets et al. 2001).  

Consequently, the influence of soil fertility on saplings across light regimes may be best 

isolated and quantified using foliar N concentrations (i.e. Kobe 2006), but ideally these 

relationships should be validated for each species of interest.   

 Productivity gradients in the southern boreal forests of British Columbia are well 

defined by characteristic plant associations and asymptotic stand heights that reflect 

increasing soil moisture and N availability (Kranabetter et al. 2007).  Advanced 

regeneration in these oldgrowth forests is primarily subalpine fir (Abies lasiocarpa 

[Hook.] Nutt.), a shade-tolerant conifer that establishes well through bryophyte layers and 

persists suppressed in the understory for many decades (Messier et al. 1999).  We 

examined the interactions of soil fertility with light availability on foliar attributes of 

understory subalpine fir to test the hypothesis of a balanced tradeoff in resource 

limitations.  We asked specifically whether foliar N% would reflect soil N availability, 

despite shading effects in the understory, and how foliar Na would reflect the net tradeoff 

between light and soil fertility.  Overstory subalpine fir and lodgepole pine foliage was 

also sampled to explore differences between species and canopy position.  The results of 

this study will contribute to our understanding of tree species responses to multiple 

resource limitations in the boreal landscape. 

Materials and Methods 



Site descriptions 

 The boreal forests of British Columbia are classified into the Sub-Boreal Spruce 

Zone (SBS) in the central area of the province and, to the north, the Boreal White and 

Black Spruce zone (BWBS) (Meidinger and Pojar, 1991).  The SBS is within the closed 

forest portion of the Cordilleran boreal region, and is located in the montane landscape of 

the central interior (Pojar 1996).  The SBS is more transitional to temperate climates than 

the BWBS, and has a continental climate characterized by severe, snowy winters and 

relatively short, warm, moist summers.  The SBS is found over a wide latitudinal range, 

from 51º30’ to 59º N latitude, and occurs from valley bottoms to 1300 m elevation.  

Upland coniferous forests of lodgepole pine (Pl) (Pinus contorta Dougl. ex Loud), hybrid 

white spruce (Sx) (Picea glauca x Picea englemanii [Moench] Voss) and subalpine fir 

(Bl) dominate the SBS.  Soils are free of permafrost and are predominantly deep blankets 

of lacustrine sediments, glacialfluvial deposits or glacial tills with coarse fragments of 

mixed lithology (Valentine et al. 1978). 

The study sites were located in the moist cold (mc) subzone of the SBS near 

Smithers, British Columbia, Canada (54º49’ 127º10’; 522 m elevation).  Smithers has a 

mean annual air temperature of 3.9º C, 1194 degree days > 5º C, 175 frost-free days per 

year, and a mean annual precipitation of 513 mm (354 mm as rainfall) (1960-1990; 

Environment Canada).  Four site series (represented by climax plant communities, soil 

moisture regime and soil nutrient regime; Pojar et al. 1987) were sampled to provide a 

wide range in upland edaphic conditions: (02) xeric and poor Pl – Cladonia; (01) mesic 

and medium Sx – Huckleberry; (06) subhygric and rich Sx – Oak fern; and (09) 



subhygric and very rich Sx – Devil’s club (Banner et al. 1993).  Site series are hereafter 

referred to by their plant association names.   

Five transects, with one replicate of each site series, were located along a 25 km 

portion of the McDonnell Forest Service Road (54º40’ to 47’ and 127º16’ to 36’) at 

approximately 900 m elevation.  We were unable to find a suitable Sx – Devil’s club plot 

on the fourth transect, however, so the study was limited to 19 plots.  Each plot was 50 m 

x 30 m (0.15 ha) in size.  Plots were separate and generally < 200 m apart within a 

transect.  Stands within plots were mostly multicohort due to gap-phase disturbance 

caused by bark beetles, root pathogens and wind throw, as well as a small amount of 

partial harvesting (ranging from 0-10% of the basal area) that occurred through the valley 

in the 1950’s.  Further descriptions of stand, soil and vegetation characteristics of the 

study plots are listed in Kranabetter et al. (2007). 

Soil nitrogen and moisture availability 

The mass per ha (forest floor and mineral soil) of dissolved organic N + inorganic 

N extracted after a 5 wk in situ incubation was used as a index of soil nitrogen 

availability as reported in Kranabetter et al. (2007).  The buried bag incubation was 

initiated in late spring, at the onset of the most active growth period (June 5-9th, 2006).  

Intact forest floor was sampled using a 15 cm template, avoiding pure decayed wood.  

Mineral soils were too rocky to extract as an intact core, so a stony auger was used to 

sample down to 20 cm.  Mineral soils were gently poured back into a polyethylene bag 

lining the sample hole, and the bag was sealed with a twist tie.  Forest floor cores were 

put into a separate polyethylene bag, which was placed on top of the mineral soil bag, and 

covered with moss or leaf litter.  This was repeated at 5 random microsites per plot.  



After 5 weeks, the bags were retrieved and gently run through a 5 mm sieve.  One 

subsample was taken for moisture content (mineral subsamples were ground and resieved 

to 2 mm to correct for coarse fragment content), while a second subsample was 

immediately shipped on ice to the Forest Service lab in Victoria for an analysis of 

dissolved organic and inorganic N.   

Gravimetric soil moisture content (w/w) of the forest floor and mineral soil (0-20 

cm depth) was measured every 3 weeks from mid May to early September.  Three 

random microsites were sampled and bulked together per plot.  Moisture content was 

determined by drying soils at 105°C for 24 hours.  Mineral soils were then ground and 

sieved to determine gravimetric moisture content of the fine fraction (< 2 mm).   

Forest floor N concentration data was converted to mass using the average depth 

of the F + H layer at each plot and a bulk density of 100 kg m-3.  Mineral soil N 

concentration to a 20 cm depth was converted to mass using a bulk density of 1000 kg m-

3 for the fine fraction (< 2 mm), and total volume corrected for coarse fragment content.  

We derived a similar index for soil moisture content (kg m-2) of each plot using the 

average gravimetric moisture (measured 6 times across the summer) of each substrate 

type and the same values for F + H depth, bulk densities and coarse fragment content of 

the soil profile.  Bulk density values of the forest floors and mineral soils were based on 

extensive soil sampling in unharvested stands of the SBS (J. Kranabetter, P. Sanborn, B. 

Chapman; unpublished data). 

Forest measures 

The oldgrowth forests (~ 180 years) on our sites had ceased height growth (i.e. 

reached an asymptote) decades earlier.  The full extent of tree height closely reflects site 



index (Ryan and Yoder 1997), and we used the asymptotic or ‘maximum obtainable’ 

stand height of the oldgrowth forests as a measure of site potential.  The height of 3 

mature trees of each species were measured with a Forester Vertex (Haglöf, Sweden), 

along with diameter at 1.3 m (DBH), for a total of 9 trees per plot where possible (in 

some of the Pl - Cladonia stands only lodgepole pine occurred).  From the upper canopy, 

we selected codominant trees with good form (no broken tops, forks, large sweeps etc.) 

and no evidence of ongoing height growth.  Where numerous candidate trees were 

available, we selected trees widely spaced across the plot to obtain a better stand average.   

Understory light and foliar attributes 

Available light (400-700 nm) in the understory over the growing season (mid-

May to mid-September) was assessed at each plot using hemispherical canopy 

photographs.  The photographs were taken in mid-July during overcast, homogeneous 

gray sky conditions.  Five sample points per plot were systematically chosen at a 10 to 15 

m spacing to cover the entire area of the plot.  A digital camera with an attached fisheye 

lens was set with a tripod at a 1.5 m height for each picture.  The growing season light 

availability (direct + diffuse light sources), expressed as a percentage of full sun, was 

computed from each photograph using the Gap Light Analyser (GLA) 2.0 software, 

following Frazer et al. (2000). 

 Foliage was sampled from five randomly selected co-dominant lodgepole pine 

and subalpine fir in September 18-21, 2006, except in Pl - Cladonia plots where subalpine 

fir was found in the subcanopy.  Foliage in the upper 1/3 of mature trees was retrieved by 

removing small branches (using a 12-gauge shotgun), and the five sample trees were 

combined for one bulk sample per species per plot.  At the same time, fifteen subalpine 



fir saplings from the naturally-regenerated understory, which ranged in height from 1 to 

2.5 m, were randomly selected at each plot.  Current year foliage was clipped from 3 

lateral branches in the top quarter of each sapling.  Foliage from 5 trees were bulked 

together to form 3 subsamples per plot for analysis.   

Laboratory analysis 

Dissolved organic nitrogen (DON) and inorganic NH4-N and NO3-N (DIN) were 

determined from a 5-g and 2-g dry-soil equivalent of mineral soil and forest floor, 

respectively (Hart et al., 1994; Jones and Willett, 2006).  2 M KCl solution was added to 

the soils at a 1:5 w/v ratio, and samples were shaken for 1 hour at 20oC.  Samples were 

clarified by centrifugation for 15 minutes at 850 G.  The extract was pipetted from the 

clear supernatant into an auto-analyzer cup for analysis.  The NH4-N and NO3-N in the 

extracts were measured colorimetrically using an Alpkem Flow System IV analyzer (OI 

Analytical, College Station, Tex.).  A modified persulphate solution (low-N potassium 

peroxydisulphate) was used to convert dissolved organic N of the extract to nitrate 

(Qualls, 1989).  1 ml of persulphate solution was added to 1 ml of soil extract in a glass 

vial, which was then sealed and autoclaved (121o C for 30 minutes).  Nitrate 

concentrations in the persulphate digests were measured colorimetrically on an Alpkem 

Flow System IV analyzer, and DON was calculated by subtracting DIN concentrations 

from the total.  Colour absorption by the digest reagents were corrected for using control 

N blanks. 

Foliar samples were oven-dried (70°C for 24 hours) and 100 needles used to 

determine specific mass and one-sided projected leaf area (LI-COR 3100, Lincoln, Neb.).  

The lodgepole pine fascicles were split into single needles for the mass and leaf area 



measures.  The samples were ground with a Wiley mill and foliar N was analyzed by dry 

combustion with a Fisons/Carlo-Erba NA 1500 NCS analyzer (Thermo Fisher Scientific, 

Waltham, MA).  Macro- and micro- nutrients were analysed by inductively coupled 

plasma-atomic emission spectroscopy following microwave digestion (Kalra and 

Maynard 1991, Carter 1993).  

Statistical analysis 

 The study was organized in a randomized complete block design.  Light and foliar 

parameters were compared among plant associations using Proc Mixed in SAS (SAS Inc. 

1988) with block and block interactions set as random factors (soil moisture was tested 

with repeated measures under proc Mixed).  Species effects (height and diameter) were 

tested as a split-plot factor in the ANOVA.  Residuals from the analyses were examined 

and found to meet the assumptions of equal variance.  Significant differences between 

least square means of each plant association were tested using pairwise t tests at a 

significance level of 0.05.  

Regression analysis was used to examine relationships between understory 

attributes and site conditions, which were expressed in two ways: (1) asymptotic stand 

height, representing site potential, and (2) indices for light availability, soil moisture 

supply and N availability, representing combinations of limiting resources.  The GLM 

procedure in SAS using Type 1 Sums of Squares was used to test linear and curvilinear 

regressions between plot means of dependent and independent variables (n = 19).  

Relationships between foliar attributes and site factors (light, soil moisture and N 

availability) were tested using multiple linear regressions with step-wise elimination of 



variables (based on r2 values).  The r2 value of curvilinear correlations was calculated 

using the corrected sums of squares through Proc NLIN in SAS. 

Results 

Stand and soil characteristics 

 Site potential, as determined by asymptotic stand height, ranged from 17 m to 38 

m, and differed significantly among plant associations (p < 0.001, Table 1).  Hybrid 

spruce was significantly taller than lodgepole pine (p = 0.026) on medium to very rich 

sites (Fig. 1a), although the 5% average difference was relatively small (poor sites were 

excluded from the species comparison because too few Bl and Sx were codominant in the 

canopy).  Larger species effects were found for bole diameter (p = 0.011), with subalpine 

fir almost 30% larger in DBH than lodgepole pine on very rich sites (Fig. 1b).  Lodgepole 

pine was the dominant species on nutrient-poor, xeric sites, and was less abundant than 

subalpine fir or hybrid spruce on moister and richer sites (Table 1).   

Mineral soil moisture content was consistently highest on subhygric sites (Sx 

Oakfern and Sx Devil’s Club), with mesic sites intermediate to the driest xeric sites (Fig. 

2).  Matric potential of the soils did not differ between plant associations (data not 

shown) because of the narrow range in soil texture (sandy loam to loam; Kranabetter et 

al. 2007) and so we calculated a growing season moisture index by averaging soil water 

content of the profile (Table 1).  Soil N availability (dissolved organic N and inorganic N 

mass) ranged from 10 to 55 kg ha-1, and reflected trends in soil moisture content and 

exchangeable cations (Kranabetter et al. 2007) across sites (Fig. 3). 

Understory light and foliar attributes 



 Understory light availability of microsites ranged from 12% to 35% full sunlight 

across these forests.  Light availability was greatest on xeric-poor sites and was half as 

much on very rich sites (Table 1).  Understory light declined with site productivity, and 

was expressed either as a linear correlation with soil N availability, or as a curvilinear 

correlation with stand height (Fig. 4). 

Foliar N concentrations of the understory subalpine fir ranged from 8.9 to 14.7 g 

N kg-1 for subsamples, and differed significantly among plant associations (Table 2).  

Step-wise regressions with soil N availability, soil moisture and light availability revealed 

a strong relationship between foliar N% and soil N alone (Fig. 4a).  Understory foliar N% 

was also strongly correlated with stand height (Fig. 4b). 

When we compared the relationships between light levels and foliar N%, we 

identified crossovers in resource limitations, from relatively high light with low N% on 

poor sites to low light with high N% on very rich sites.  These curves intersected at 29 kg 

N ha-1 for soil N availability and 28 m for asymptotic stand height, both corresponding 

with the medium nutrient regime of the Spruce – Huckleberry plant association (Fig. 4, 

Table 1). 

Although soil N availability, foliar N% and stand height were strongly correlated, 

the slope of the regression for understory foliar N% (0.11) was less steep than the slope 

derived for stand height (0.38; Kranabetter et al. 2007) (Fig. 5).  Likewise, foliar N% 

increased by approx. 50% (from 9.3 to 14.2 g kg-1) across the fertility gradient, compared 

to 125% (from 16.8 m to 37.8 m) for stand height.  

 Understory needle mass and surface area did not increase across plant 

associations in the same pattern as foliar N%; saplings on rich Oak fern sites, for example, 



tended to have the smallest needles (Table 2).  Increasing N% along with shifting needle 

size resulted in no difference in foliar Na or Nm (mg N 100-1 needles) among poor to rich 

plant associations (Table 2).  In keeping with this, understory Na increased only slightly 

in correlations with stand height or soil N availability (Fig. 6). 

Overstory foliar attributes 

Foliar N concentrations of the overstory subalpine fir and lodgepole pine also 

increased from poor to very rich plant associations, although more so for subalpine fir 

than lodgepole pine (Table 3).  Other macro- and micronutrients did not vary as strongly 

as N%; for example, foliar P and K was constant across plant associations, while foliar S 

and Mg increased slightly from poor to very rich for subalpine fir and lodgepole pine, 

respectively (Appendix 1). 

For both species of overstory trees, foliar N% was linearly correlated with soil N 

availability, but the slope for subalpine fir was steeper than lodgepole pine (Fig. 7).  

Foliar mass of overstory subalpine fir also increased significantly with soil fertility, but 

lodgepole pine did not (Table 3).  Foliar Na and Nm of subalpine fir increased with soil 

fertility, more so than that of lodgepole pine (Table 3), and the positive linear relationship 

between Na and soil N availability was slightly steeper for subalpine fir than lodgepole 

pine. 

Foliar N% of the overstory was more variable than the understory, perhaps due to 

the smaller sample size, but the regression with soil N availability was similar (Fig. 8a).  

In contrast, foliar Na of the illuminated overstory was generally higher (2.5 to 4.0 g N m-

2) and was more closely correlated with soil N availability than the shaded understory (~ 

2.0 g N m-2) (Fig. 8b).  



Discussion 

 The balanced tradeoff between light and N availability across the productivity 

gradients suggests that, overall, resource constraints on understory subalpine fir were 

close to an equilibrium in these oldgrowth stands.  We found evidence that foliar 

attributes were good indicators of these constraints; for example, foliar N concentration 

was well correlated with soil fertility for both understory and overstory trees.  Possible 

interactions of light availability on foliar N% were not evident for subalpine fir, a shade-

tolerant, late-seral species, presumably because of relatively high and stable root-shoot 

ratios across these site conditions (Van Hees and Clerkx 2003, Machado et al. 2003).  

The consistent patterns in foliar attributes across plant associations suggest soil and light 

resources could be relatively easily quantified across spatial scales for analyzing 

ecosystem dynamics and productivity (Duursma et al. 2005).   

Predicting tree response to soil fertility gradients might have required testing the 

effects of moisture and N limitations separately, but in these boreal landscapes the two 

resources are strongly interconnected (Kimmins et al. 1990).  This is largely because soil 

attributes determining moisture regime (soil texture, slope position, coarse fragment 

content) also affect nutrient cycling (microbial activity, ion diffusion, leaf litter quality; 

Gosz 1981, Chapin 1991, Scott and Binkley 1997, Giesler et al. 1998), such that no plant 

association in the SBS has been described with relatively dry yet N rich soils.  Rich to 

very rich sites, where moisture was less limiting, were further differentiated by base 

cation supply and pH (Giesler et al. 1998, Kranabetter et al. 2007).  Collectively, these 

site factors (moisture and geochemistry) driving fertility were well integrated by a single 

index of soil N availability.  There are also imperfectly drained, often saturated and less 



productive sites in the SBS (characterized by black spruce [Picea mariana] and labrador 

tea [Ledum groenlandicum]), which would need to be included for a more complete range 

of soil moisture regimes than the four plant associations of this study.   

 Understory light availability declined predictably with site productivity due to the 

observed increase in crown size with taller trees and the increased cover of subalpine fir 

and hybrid spruce, which both cast more shade than lodgepole pine (Messier et al. 1998).  

The shift in tree species composition was most significant on medium sites, accentuating 

the decline in light from poor pine sites, as indicated by the curvilinear correlation with 

stand height.  A minor amount of tree mortality through bark beetles, root pathogens and 

wind throw had occurred, and these small gaps contributed to microsite variability and 

perhaps limited the degree of shading on the most productive sites.  In general, light 

limitations in these oldgrowth boreal stands were not as severe as in some temperate and 

coastal forests (i.e. < 10%; Lieffers et al. 1999), and may not have been severe enough to 

restrict survival or N uptake by the understory saplings (Parent and Messier 1995, 

Walters and Reich 2000).   

 Nitrogen is well recognized as the leading nutritional constraint to plant growth 

(Aerts and Chapin 2000), followed by secondary deficiencies of sulphur in some soils of 

central British Columbia (Kishchuk and Brockley 2002).  The strong relationships we 

found between foliar N% of the understory and asymptotic stand height parallel those for 

saplings in tropical rain forests (Thomas and Bazzaz 1999, Reich 2000).  We did not 

explore specific mechanisms for this relationship, but N% could indirectly indicate 

hydraulic limitations in height for a species in relation to soil fertility (Ryan and Yoder 

1997, Koch et al. 2004).  A number of other forest nutrition studies have reported positive 



correlations between foliar N% and conifer productivity or soil fertility (e.g. Radwan and 

Harrington 1986, Wang and Klinka 1997), but this has not been universally found for all 

tree species, especially in extensive regional surveys (Bauer et al. 1997, Ollinger et al. 

2002).   

The relationship between foliar N% and tree productivity is likely strongest within 

localized areas, and becomes more obscure across wider landscapes because of climatic 

gradients (Yin 1993, Bauer et al. 2000).  In addition, some landscapes with narrower 

ranges in N% and smaller nutritional effects on tree growth possibly lack the extremes in 

soil fertility that were evident in our stands (Finzi and Canham 2000).  Although our 

results suggest foliar N% was a robust indicator of soil productivity, it is important to 

recognize that foliar N% did not match the trend in stand height (Fig. 5).  Scaling foliar 

photosynthetic potential more closely to stand productivity might require integrating 

foliar N% with leaf area index, or a similar measure of leaf abundance (Field 1991).  Such 

leaf measures are not always practical to make, however, and the alternative may be to 

empirically derive relationships between foliar N% and stand productivity potential for 

each tree species and climatic zone. 

 The combined foliar attribute of N per unit leaf area (or the related Nm), which 

can be well correlated with Amax (light-saturated assimilation rate) in conifers (reviewed 

by Duursma et al. 2005), provided insights into the current photosynthetic conditions of 

these trees.  Interpretations of foliar Na require a consideration of both light availability 

and soil fertility influences since each can affect the needle size of conifers (Niinemets et 

al. 2001).  For example, subalpine fir had greater needle size in the overstory than 

understory, where light was more limiting, and the overstory foliage also increased in 



mass (and N%) with site potential.  A combination of high light and high fertility should 

therefore maximize foliar Na, which for subalpine fir approached 4.0 g N m-2.  In 

comparison, the understory was under a fairly balanced constraint of both light and N 

availability across the fertility gradient, resulting in Na values that were as low as 1.5 g N 

m-2, corresponding with very poor rates of growth (consistent with other Abies sp.; Lusk 

and Reich 2000, Grassi and Bagnaresi 2001).  We suspect the slight positive trend in 

understory Na with soil fertility was due to a few plots, especially on very rich sites, 

where saplings were not completely suppressed and shading was insufficient to reduce Na 

to the gradient average (~ 2.0 g N m-2).  These patterns suggest, at least for subalpine fir, 

that foliar Na could be used to assess current photosynthetic conditions (integrating soil 

and light constraints), whereas foliar N% is a more independent measure of growth 

potential (within a climatic regime).   

Species differ in their responses to both soil fertility and light availability 

(Messier et al. 1999), and these relationships in the understory and overstory are 

important considerations in interspecific interactions and stand dynamics (Reich et al. 

1998, Catovsky et al. 2002, Schreeg et al. 2005).  Foliar N% among shade-intolerant 

species is likely affected by light availability to some degree (Niinemets 1997, Lusk and 

Reich 2000, Kaelke et al. 2001), which might limit the ability of these species to persist 

in an understory.  The divergence in foliar N% between overstory lodgepole pine and 

subalpine fir across the fertility gradient mirrored the differences in bole diameter, and 

this competitive disadvantage in N uptake would help explain the shift in stand 

composition across productivity gradients (Canham et al. 2006).  The inferior foliar N% 

status of the mature lodgepole pine contrasts with young pine stands in the boreal, which 



often have superior N nutrition and better growth initially than other conifers (Eis et al. 

1982, Kranabetter et al. 2006).  These examples of changing species characteristics 

across light availability, soil fertility and seral stages demonstrate some of the challenges 

in predicting stand dynamics in uneven-aged, multi-species forests.   

In conclusion, the availability of light and nitrogen in forest understories covaried 

predictably across productivity gradients and together limited the growth of regenerating 

trees.  Based on our results, we expect sapling response to gradients in gap size to depend 

in part on inherent soil fertility; advanced regeneration on rich to very rich sites, for 

example, should respond to small increases in light more so than saplings on poor to 

medium sites, although for some tree species these effects might only be detectable above 

a light threshold (Drever and Lertzman 2001, Catovsky et al. 2002, Kobe 2006).  Foliar 

N% and Na were found to be useful indices of growth potential and current photosynthetic 

constraints, respectively, and could provide further insights into intra- and interspecies 

responses to light and soil fertility interactions.   
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Table 1. Site and soil characteristics across four plant associations of the SBSmc subzone 

(mean and SE in brackets). 

Plant association† Stand 

height 

% cover  Soil N 

availability 

Soil 

moisture 

Total light 

availability 

 (m) Pl Bl Sx (kg ha-1) (kg m-2) (%) 

P - Cladonia 21.2a‡ (1.4) 80a (3) 15a (4) 5 (2) 17.6a (2.7) 13.4a (1.2) 28.6a (0.8) 

M - Huckleberry 27.8b (0.5) 44b (5) 49b (5) 7 (1) 30.2b (1.9) 18.7a (1.5) 20.0b (0.6) 

R - Oak fern 31.6c (0.4) 13c (5) 65b (9) 22 (8) 40.8c (2.0) 29.3b (2.1) 18.4bc (0.6) 

VR - Devil’s club 35.9d (0.7) 19c (2) 67b (3) 15 (1) 46.7c (4.3) 27.6b (2.0) 16.7c (0.6) 

† soil nutrient regimes ‘P’ poor, ‘M’ medium, ‘R’ rich, ‘VR’ very rich 

‡Means within columns separated by letters are significantly different (p < 0.05) 



Table 2. Understory subalpine fir foliar attributes (N concentrations, needle size, N per 

unit leaf area and N per 100 needles) across plant associations (mean and SE in brackets). 

Plant association† N%

(g kg-1) 

Needle mass 

(g 100-1) 

Needle area 

(cm2 100-1) 

Na

(g m-2) 

Nm

(mg 100-1) 

P - Cladonia 9.7a‡ (0.12) 0.48 (0.02) 24.6a (1.1) 1.92a (0.05) 4.7a (0.2) 

M - Huckleberry 11.5b (0.17) 0.47 (0.02) 27.6bc (0.8) 1.98a (0.11) 5.4a (0.2) 

R - Oak fern 12.6c (0.14) 0.43 (0.02) 25.3ab (0.9) 2.11ab (0.10) 5.4a (0.2) 

VR - Devil’s club 13.6d (0.17) 0.52 (0.02) 29.5c (1.3) 2.44b (0.14) 7.1b (0.4) 

p > F < 0.001 0.060 0.022 0.027 0.001 

† soil nutrient regimes ‘P’ poor, ‘M’ medium, ‘R’ rich, ‘VR’ very rich 

‡Means within columns separated by letters are significantly different (p < 0.05) 



Table 3. Foliar attributes (N concentrations, needle size, N per unit leaf area and N per 

100 needles) of overstory subalpine fir and lodgepole pine across plant associations 

(mean and SE in brackets). 

Plant association† N% Mass Area Na Nm

 (g kg-1) (g 100-1) (cm2 100-1) (g m-2) (mg 100-1) 

Subalpine fir      

P - Cladonia 10.5a‡ (0.5) 0.56a (0.04) 22.4 (2.0) 2.62a (0.13) 5.8a (0.5) 

M - Huckleberry 11.8b (0.5) 0.61ab (0.04) 24.4 (1.4) 2.94a (0.08) 7.2a (0.4) 

R - Oak fern 12.5bc (0.4) 0.70b (0.05) 26.1 (1.8) 3.39b (0.23) 8.8b (0.8) 

VR - Devil’s club 13.7c (0.5) 0.74b (0.07) 27.3 (1.9) 3.68b (0.12) 10.0b (0.7) 

p > F 0.003 0.039 0.194 0.003 0.001 

Lodgepole pine      

P - Cladonia 9.7a (0.1) 2.24ab (0.09) 68.7 (1.8) 3.16 (0.09) 21.8a (1.1) 

M - Huckleberry 10.5ab (0.4) 1.92a (0.16) 63.9 (5.3) 3.15 (0.17) 20.3a (2.3) 

R - Oak fern 10.7bc (0.4) 1.91a (0.14) 58.9 (4.0) 3.48 (0.15) 20.7a (2.0) 

VR - Devil’s club 11.5c (0.5) 2.52b (0.15) 76.3 (4.9) 3.68 (0.12) 29.0b (2.5) 

p > F 0.020 0.036 0.090 0.057 0.041 

† soil nutrient regimes ‘P’ poor, ‘M’ medium, ‘R’ rich, ‘VR’ very rich 

‡Means within columns separated by letters are significantly different (p < 0.05) 



Appendix 1. Foliar nutrient concentrations of overstory subalpine fir and lodgepole pine across plant associations (mean and SE in 

brackets). 

Plant association P S K Mg Ca B Cu Fe Mn Zn 

 (g kg-1) (g kg-1) (g kg-1) (g kg-1) (g kg-1) (mg kg-1) (mg kg-1) (mg kg-1) (mg kg-1) (mg kg-1) 

Subalpine fir           

P - Cladonia 2.0 (0.04) 0.87a‡ (0.03) 7.7 (0.5) 0.81 (0.08) 3.6 (0.3) 11.8 (3.4) 2.5 (0.3) 43a (6) 1581a (181) 29a (1) 

M - Huckleberry 1.9 (0.10) 0.98ab (0.05) 7.6 (0.3) 1.05 (0.07) 4.9 (0.4) 9.2 (1.4) 2.7 (0.1) 31b (3) 1322a (100) 34a (3) 

R - Oak fern 2.0 (0.06) 1.03b (0.05) 8.6 (0.2) 1.09 (0.05) 4.8 (0.5) 10.4 (2.1) 2.9 (0.2) 29b (2) 528b (119) 39ab (4) 

VR - Devil’s club 2.0 (0.13) 1.12b (0.03) 7.9 (0.5) 1.03 (0.05) 4.7 (0.5) 8.8 (1.3) 3.2 (0.3) 26b (2) 467b (119) 52b (12) 

Lodgepole pine           

P - Cladonia 1.1 (0.03) 0.76 (0.03) 4.5 (0.1) 0.78a (0.04) 1.8 (0.2) 4.7 (0.8) 3.2a (0.9) 34 (3) 643a (48) 41a (2) 

M - Huckleberry 1.1 (0.07) 0.80 (0.04) 4.7 (0.3) 0.87ac (0.05) 1.7 (0.1) 6.4 (0.5) 2.8a (0.1) 28 (2) 515a (39) 36a (2) 

R - Oak fern 1.2 (0.10) 0.80 (0.03) 4.9 (0.2) 1.01b (0.05) 1.6 (0.2) 7.3 (0.9) 2.9a (0.9) 31 (3) 295b (38) 40a (3) 

VR - Devil’s club 1.2 (0.10) 0.88 (0.03) 5.3 (0.5) 0.92bc (0.08) 1.5 (0.2) 6.6 (1.2) 3.8b (0.3) 24 (2) 232b (51) 56b (10) 

† soil nutrient regimes ‘P’ poor, ‘M’ medium, ‘R’ rich, ‘VR’ very rich 

‡Means within columns separated by letters are significantly different (p < 0.05) 



Fig. 1. a) Tree height and b) diameter by species across medium, rich and very rich plant 

associations (Pl = lodgepole pine; Bl = subalpine fir; Sx = hybrid spruce). SE of the mean 

indicated by error bars.   

Fig. 2. Moisture gravimetric content (w/w) of a) forest floors and b) mineral soils during 

the summer across plant associations (poor and xeric Cladonia; medium and mesic 

Huckleberry; rich and subhygric Oakfern; very rich and subhygric Devil’s club). SE of 

the mean indicated by error bars.  

Fig. 3. A comparison of soil N availability and average soil moisture content across plant 

associations (poor - Cladonia, medium – Huckleberry, rich - Oak fern, and very rich - 

Devil’s club). 

Soil N availability = 6.2 + 0.81(Moisture) + 0.04(Exch. Mg + K); p <0.001, r2 = 0.73 

Fig. 4. Light availability (black diamonds and black line) of the forest understory and 

foliar N concentrations of the subalpine fir understory (white square and gray line) across 

the gradient of a) soil N availability, and b) asymptotic stand height..  

Light availability (%) = 31.9 – 0.33(Soil N); p < 0.001, r2 = 0.65 

Light availability (%) = 66.8 - 2.54(Ht) + 0.032(Ht2); p < 0.001, r2 = 0.87 

Understory foliar N% = 8.1 + 0.11(Soil N); p < 0.001, r2 = 0.84 

Understory foliar N% = 4.6 + 0.25(Ht); p < 0.001, r2 = 0.87 

Fig. 5. A comparison of linear regressions for understory subalpine fir foliar N 

concentration and asymptotic stand height with soil N availability.   

Fig. 6. Understory subalpine fir foliar Na across a) soil N availability and b) stand height 

by plant associations (poor - Cladonia, medium – Huckleberry, rich - Oak fern, and very 

rich - Devil’s club). 



Understory foliar Na = 1.47 + 0.02(Soil N); p = 0.008, r2 = 0.36 

Understory foliar Na = 1.06 + 0.03(Ht); p = 0.039, r2 = 0.26 

Fig. 7. Overstory foliar N concentration of subalpine fir (black diamonds and black line) 

and lodgepole pine (white squares and gray line) with soil N availability. 

Overstory subalpine fir foliar N% = 8.8 + 0.10(Soil N); p < 0.001; r2 = 0.66 

Overstory lodgepole pine foliar N% = 8.7 + 0.05(Soil N); p = 0.001; r2 = 0.51 

Fig. 8. Correlation between a) foliar N concentrations and b) N per unit leaf area of 

understory (black diamonds, black line) and overstory (white squares, gray line) 

subalpine fir with soil N availability.  

Canopy subalpine fir foliar Na = 2.1 + 0.03(Soil N); p = 0.001; r2 = 0.55 

Canopy lodgepole pine foliar Na = 2.7 + 0.02(Soil N); p = 0.005; r2 = 0.39 
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Fig. 7 
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