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Abstract

Slow growing white spruce fPicea glauca') seedlings and saplings often become 

established early in succession and mature through several succession seres. During 

early succession, spruce often germinate in mineral soils and become established in alder 

(Alnus tenuifolia or A. crispa) thickets, with the potential for both competitive and 

facilitative relationships. Although competitive and facilitative plant interactions are 

often identified by changes in the growth or density o f the interacting species, the result 

o f the interaction will depend upon the individual plant’s physiological acclimation to 

abiotic changes caused by neighboring plants. This study analyzes components o f 

photosynthesis to provide information about the effects o f alder on spruce.

To isolate the responses o f components of the photosynthetic process to neighbors, gas 

exchange techniques, needle chemical analysis, and observations o f environmental 

parameters were utilized in growth chamber experiments, with individual plants in the 

field, and in controlled density plantations of alder and spruce.

Growth at high light in all experiments resulted in lower maximum photosynthetic 

rates in current year shoots. Light response curves showed lower incident quantum yields 

in spruce seedlings growing at the high light levels typical on the floodplain. Increased 

soil nitrogen did not increase photosynthetic rates per gram needle in any of the 

experiments. However, increased seedling growth at high light in growth chamber 

experiments, and increased plant density in spruce/alder plantations, resulted in dilution 

o f needle nitrogen. High needle nitrogen concentrations did not result in higher 

maximum net assimilation rates, although needle nitrogen was positively correlated with 

dark respiration rates. Concentrations of rubsico, a potentially rate limiting enzyme for 

photosynthesis at high light, was very responsive to changes in irradiance, but constituted 

only a small part o f the needle nitrogen pool and did not appear to be limited by nitrogen 

availability.

This work suggests that on a physiological level, spruce is a stress adapted plant with a 

low capacity to up-regulate photosynthetic physiological processes in response to
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increased light or nitrogen conditions.

Key Words: alder, nitrogen, photosynthesis, rubisco, succession, white spruce.
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General Introduction

Although stands of mature white spruce (Picea glauca) are considered an advanced 

successional stage, young white spruce are present in the earliest successional stages, 

both on the Tanana River floodplain and in the uplands (Walker, Zasada, & Chapin.

1986). After flooding or fire, disturbed sites are simultaneously colonized by slow 

growing white spruce seedlings and fast growing early successional species like willow, 

alder, and poplar in the floodplain and aspen and birch in the uplands. Working on the 

Tanana River floodplain, Walker. Zasada, & Chapin (1986), documented the successive 

dominance and death, first, of the short lived, rapidly-growing willow and alder, followed 

by poplar and finally the long-lived, more slowly growing spruce. They concluded that 

the pattern o f tree and tall shrub replacement in this primary successional sequence was 

best explained by the life history strategies o f the competing species and chance events 

such as flooding and seed dispersal. White spruce appeared to be more tolerant of low 

light, low temperatures, low soil fertility, and increased competition, resulting in higher, 

one year survivorship among white spruce seedlings than other seedlings.

Spruce have high survivorship compared to willows, alder, or poplar, because of a 

slow growing, stress tolerant growth pattern (Grime, 1979; Chapin, 1980). Slow growth 

allows spruce to accumulate tissue stores o f nutrients during periods o f  high availability 

(luxury consumption) and maintain metabolic process such as photosynthesis and 

respiration through periods of low availability, without developing deficiency symptoms. 

Plants are most likely to be damaged by adverse environmental conditions when they are 

growing quickly and cells are dividing rapidly. Intrinsically slow growth increases a 

plant's ability to survive environmental stresses such as disease, drought, heavy metal 

toxicity, frost, and hypersalinity (Chapin, 1980).

During early succession, spruce often germinate in the open and become established 

under dense alder (Alnus tenuifolia or A. crispa) thickets, with the potential for both 

competitive and facilitative relationships. Overtopping neighbors decrease the light 

available to juvenile spruce under a canopy. Competition for belowground water could 

be important in the drought prone environment of interior Alaska, where mean annual
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precipitation is only 314 mm. However, neighbors could also increase the relative 

humidity and moderate needle temperatures during the growth season, protecting spruce 

from early frosts and the photoinhibitory effects o f high light and cool temperatures in the 

spring and fall. During the growth season, soil under a canopy could be colder than soil 

in the open, resulting in lower rates o f nitrogen mineralization and lower nitrogen 

availability to spruce. However, alder is symbiotically associated with Frankia. a 

nitrogen fixing bacteria, so that growth with alder could enhance the nitrogen 

environment for understory spruce.

Although interactions between plant species are identified by changes in growth rates, 

biomass, or density of the interacting species, interactions between species are a function 

of each individual plant's physiology. The net result o f the balance of competitive or 

facilitative effects of neighbors should be determined by the physiological acclimation of 

the plant to the abiotic changes caused by the life processes of neighboring plants. 

Measures of growth rate or biomass integrate the effects o f weather, edaphic conditions, 

and interacting species on primary plant processes such as photosynthesis, respiration and 

mineral acquisition. Therefore, studying photosynthesis, the physiological process that 

controls carbon acquisition, could provide insights into the nature o f the interactions 

between plants.

For this study, my objectives were to:

1. Describe the biosynthetic and photosynthetic responses of white spruce seedlings to 

a range of soil nitrogen and irradiances during early development to estimate spruce 

responses to the variations in light environment and soil nitrogen that occur during the 

progression from newly deposited mineral soil to an alder canopy.

2. Analyze components o f the photosynthetic physiology of field grown spruce 

saplings planted with alder, along with the plant altered environmental factors, in order to 

describe the competitive and facilitative components o f this system.

3. Describe any interactions between nitrogen availability and the amounts and types 

of photosynthetic proteins and pigments.

11
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Chapter 1

Photosynthetic and Biomass Responses of White Spruce (Picea glauca) 
Seedlings to Variation in Growth Irradiance and Nitrogen1

1 Doran, K. & R.W. Ruess, Photosynthetic and biomass responses o f white spruce (Picea glauca) seedlings 
to variation in growth irradiance and nitrogen. Prepared for submission to Ecoscience.
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1.1 Abstract
A growth chamber experiment was conducted to evaluate the possible growth and 

physiological responses o f spruce seedlings (Picea glauca [Moench] Voss) to competition 

for irradiance and nitrogen in early successional seres in the interior of Alaska. Seedlings 

were grown in a irradiance x nitrogen x age factorial experiment. Responses o f each 

seedling to irradiances between 0  and 1 1 0 0  pmol m ' 2 s' 1 photosynthetic photon flux 

density were measured and fit to non-rectangular hyperbolae. Incident quantum yields 

and compensation points were estimated from the fitted relationship for each plant. 

Maximum net assimilation rates, assimilation at moderate light, and dark respiration were 

determined per gram dry mass. Aboveground and belowground biomass, tissue nitrogen 

concentrations and allocation were also determined. The time required to reach 

maximum photosynthetic rates from a dark acclimated state (induction time) was 

measured to evaluate the possibility that these seedlings could benefit from transient high 

irradiance events under the canopy.

Spruce seedlings demonstrated an ability to acclimate to low irradiance environments. 

Seedlings grown at low irradiance had lower light compensation points, were light 

saturated at lower irradiances, had higher incident quantum yields, higher photosynthetic 

rates at low measurement irradiances and allocated more biomass to photosynthetic 

tissues. In addition, seedlings grown at low irradiance had higher photosynthetic rates 

when measured at high irradiances, higher needle nitrogen concentrations, and higher 

dark respiration rates. The ability to maximize high irradiance photosynthetic rates in 

needles that are acclimated to low irradiance could enhance the ability of seedlings 

growing under an alder canopy to maximize carbon gain at the beginning and end of the 

summer, when the deciduous canopy is absent. There were no differences in induction 

time between treatments, indicating that spruce seedlings do not acclimate to low growth 

irradiance by increasing their ability to utilize sunflecks. Although seedlings required 

long induction periods, it was found that, having achieved maximum photosynthetic 

rates, they could retain an induced state through 30 minutes of darkness.

Key Words: boreal conifers, induction time, nitrogen allocation, photosynthesis, 

respiration.
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1.2 Introduction

White spruce (Picea glauca [Moench] Voss) is a major component of the Tanana River 

floodplain and the uplands of the interior of Alaska. On the floodplain, germination 

occurs in the open, on sandy textured soils which are likely to be nutrient deficient. In 

the uplands, germination often occurs in the open, soon after fire removes much of the 

overstory vegetation and the soil organic layer resulting again, in silty, nutrient deficient 

soils. In both cases, white spruce requires a mineral seedbed for germination (Zasada.

1986). Seedlings develop through young maturity in a heavily shaded environment under 

a canopy of alder (Alnus tenuifolia Nutt.) and balsam poplar (Populus balsamifera L.) on 

the floodplain or under aspen (Populus tremuloides Michx.) or birch ( Betula papyrifera 

Marsh.) in the uplands. In both cases, later successional soils are likely to contain more 

nutrients, more organic material, and have an acid pH (Van Cleve, et al.. 1993). By the 

time the hardwood stands have matured, spruce have become well established in the 

understory (Van Cleve & Viereck, 1981). This life history suggests that while white 

spruce is a slow growing, stress adapted species (Chapin, 1980), seedlings have the 

ability to acclimate to various light and nutrient environments as they grow through the 

deciduous understory.

Literature concerning shade and sun adapted species predicts different patterns of gas 

exchange and growth for plants adapted to different irradiance environments (e.g. 

Bjorkman, 1981). Shade adapted species typically have higher maximum net 

assimilation rates at low irradiances than sun plants and sun plants have higher maximum 

photosynthetic rates at high irradiances than shade plants. Shade adapted species 

typically have lower light compensation points, along with lower dark respiration rates. 

Shade adapted plants often have larger, thinner leaves than sun adapted plants. 

Considerable research has also focused on how low irradiance adapted plants acclimate to 

high irradiance (Bjorkman, 1981; Osmond, 1983). Although sun adapted species are 

often able to acclimate successfully to a low light environment with decreased dark 

respiration and compensation points, resulting in higher assimilation rates at low 

irradiances, shade plants often show decreases in maximum photosynthetic rates and
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incident quantum yield, typical of photoinhibition, when exposed to high irradiances 

during growth (Powles, 1984). White spruce is often considered a shade tolerant tree, but 

because of the large variation in irradiance environments experienced by seedlings 

between germination and maturity, we were interested in characterizing the ability o f 

seedlings to acclimate to different growth irradiances.

In any coniferous tree, needle morphology is fixed during initial expansion and any 

subsequent acclimation must be on a physiological level rather than morphological. 

Regardless o f the light environment during needle development, second year needles are 

all shaded. As the tree matures, a larger proportion of the needles are shaded regardless 

of the environmental light levels. Therefore, the impact o f acclimation to high light will 

have the greatest impact on new needles and, because smaller plants have a greater 

percentage of biomass in new growth, on seedlings.

We were also interested in the time required for spruce seedlings to adjust 

photosynthetic rates to changing irradiance levels. Although the understory irradiance 

environment changes dramatically over the course of a season, it also changes on a 

moment by moment time scale. We wanted to know if acclimation to low light levels 

decreased the amount o f time required for spruce saplings to reach maximum 

photosynthetic rates when exposed to high light. Short induction times might increase 

the ability o f seedlings to utilize sunflecks (Chazdon & Pearcy, 1991; Pearcy, 1990).

Soil nitrogen levels change dramatically over the successional seres through which 

spruce develop. Early in succession, soil nitrogen levels on the floodplain can be as low 

as 50 g m'2. but with the development of an alder canopy, soil nitrogen concentrations 

can increase to 500 g m *2 and up to 600 g m ' 2 in the uplands (Van Cleve & Viereck,

1986). Increases in soil nitrogen could be expected to impact seedling growth and tissue 

nitrogen concentrations. Increases in tissue nitrogen concentrations have been correlated 

with both light saturated photosynthetic rates (Reich et al., 1995) and dark respiration 

rates in both deciduous and woody plant (Tjoelker, Reich, & Oleksyn, 1999).

It is difficult to evaluate the effects of light on assimilation or growth unless tissue 

nutrient concentrations are kept constant (Ingestad & McDonald, 1989). However, in this
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light and nitrogen factorial experiment, we were particularly interested in interactions that 

occurred between light and nitrogen that related to light acclimation, photosynthetic 

nitrogen use, growth and allocation o f biomass. Luxury consumption o f  nitrogen in low 

light treatments could suggest discrepancies between conditions that maximum carbon 

acquisition and those that maximize growth. While it is misleading to generalize seedling 

gas exchange, growth, and allocation patterns to mature trees, seedling survival is a 

critical first step in the establishment o f forests. Seedling allocation patterns should 

provide some insights into how these plants acclimate and become established in early 

succession in the interior of Alaska.

1.3 Methods and Materials

White spruce seedlings were grown from seed collected from Willow Island on the 

Tanana River near Fairbanks, Alaska, in 1985 and kept below -20°C until germination. 

Seeds were germinated, then transplanted into 300 cm3 styrofoam cups filled with a sand, 

vermiculite and perlite mixture (2:1:1). Plants were kept at 200 pmol m ' 2 s' 1 

photosynthetic photon flux density (PPFD) with a 16 hour photoperiod and temperatures 

at 20°C (light) and 15°C (dark) for 3 weeks before initiating treatments.

The experiment was established as a 3x2x2 factorial, with 3 irradiance levels. 2 

nitrogen levels and 2  measurement/harvest periods at seven and eight months to allow the 

identification of phenological effects or greenhouse artifacts. When treatments were 

initiated, 6  seedlings were randomly assigned to each treatment for a total of 72 plants. 

Irradiance levels were chosen to approximate levels under dense alder canopy, open 

poplar canopy, and in the open during mid-season (Figure 1.1). Irradiances for the low 

light treatment were 150 pmol m '2 s ' 1 PPFD throughout the photoperiod. High pressure 

sodium lamps (HPS) were used to increase the irradiance to 400 and 1000 pmol m ' 2 s ' 1 

PPFD for four hours at midday in the medium and high irradiance treatments, 

respectively. At 20 weeks, the photoperiod for all treatments was increased to 21 hours 

and the daily HPS supplement in medium and high irradiance treatments was extended to 

6  hours. Irradiances were 200 pmol m ' 2 s' 1 PPFD during the rest o f the photoperiod. At
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seven months, seedlings had undergone one dormant period and the new needles had 

fully expanded. There were no visible phenological changes between seven and eight 

months. Because of the added lights in high and medium treatments, growth chamber 

light levels and temperatures were calibrated carefully before plants were introduced. 

Temperatures were monitored throughout the experiment. The mean photoperiod growth 

chamber temperatures over the entire growth period were 19.92 ±  0.25°C, 19.07 ±

0.16°C. and 19.95 ±  0.14°C for high, intermediate and low irradiance treatments 

respectively. Dark temperatures were 15°C in all treatments.

Nitrogen treatments consisted of modified Hoagland's solution (1 NH4̂  : 1 NO3 '; 

pH=5; enriched with FeEDTA) containing 2 mM N for low nitrogen and 10 mM N for 

high nitrogen. Plants were provided with 25 cm3 o f fertilizer solution every four days.

All seedlings were kept moist between fertilizer additions and were flushed with distilled 

water approximately once per month to prevent salt accumulation.

After seven and eight months of growth, photosynthesis was measured using a Li-Cor 

6200 closed system infrared CO2 analyzer (Lincoln, Nebraska) with a cuvette designed to 

enclose the entire shoot. Measurement irradiance was provided by a 1000 watt HPS 

lamp, cooled through water. Reemay ™ row cover was used to construct filters that 

transmitted photosynthetically active radiation uniformly across the spectrum (Debevec 

& MacLean, 1993). Stacked filters were used to provide irradiances o f 300, 500, 775, 

and 1150 pmol m' 2 s' 1 PPFD for the light response curves. One seedling from each light 

and nitrogen treatment was randomly selected for each day’s gas exchange measurements. 

Seedlings were acclimated to 200 pmol m ' 2 s' 1 PPFD for 30 minutes before exposure to 

measurement irradiance and maintained at that irradiance between measurements. All 

measurements for one harvest were completed in six days. Photosynthetic measurements 

were made at low irradiance first, then at high. Before each measurement, shoots were 

exposed to measurement irradiance for about 1 0  minutes as they were clamped in the 

cuvette and CO2 concentrations were stabilized at 380 pmol mol'1. After the last 

photosynthetic measurement, each seedling was placed in the dark and allowed to 

stabilize for at least 30 minutes before dark respiration was measured in the same cuvette
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covered in black cloth. All gas exchange measurements were conducted between 09:00 

and 1 2 : 0 0  to minimize the possibility of diurnal patterns in photosynthetic rates 

confounding the results.

After measuring dark respiration, seedlings were harvested. Roots were washed free 

of soil, dried at 60°C for four days and separated into needles, stems and roots before 

weighing. Roots had not expanded to fill the cups in any treatment, at either harvest 

period. Dried needles, stems and roots were analyzed for total nitrogen using a LECO 

2000 CNS autoanalyzer (St. Joseph, Michigan).

A second growth irradiance x nitrogen x measurement irradiance factorial experiment 

was conducted on another group o f seedlings to evaluate the impact o f  growth irradiance 

and nitrogen nutrition on induction time. Spruce seedlings for induction time 

measurements were grown from the same seed source, in the same planting mixture and 

with the same fertilizer treatments as in the previous experiment. Both growth irradiance 

treatments were provided in the same growth chamber with five layers o f Reemay ™ row 

cover providing shade for the low irradiance treatment. This growth chamber could be 

programmed to make step increases in irradiance through a diurnal cycle and was 

programmed to approximate natural light and temperature conditions on the Tanana 

River floodplain for May through August (Figure 1.1). High irradiance treatment had a 

maximum PPFD of 1000 pmol m' 2 s' 1 at midday and a low irradiance treatment had a 

maximum PPFD of 250 pmol nf2 s' 1 at midday (Table 1.1). Six seedlings from each 

treatment were grown for six months before gas exchange measurements were initiated.

Seedlings for each day's measurements were put into the dark and well watered the 

evening before. Different plants were used to evaluate the effects of the two 

measurement irradiances. Gas exchange measurements were conducted with the same 

closed system, Li-Cor 6200 infrared gas analyzer as in the previous experiment, but a 250 

cm3 Li-Cor cuvette was used to enclose the highest lateral shoot. Light was provided 

with a red LED (light emitting diode) light source at 1000 pmol m ' 2 s' 1 PPFD for high 

irradiance measurements and 250 pmol m ' 2 s' 1 PPFD for the low irradiance 

measurements. Temperatures were stable at 25°C during measurements. Individual
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shoots were enclosed in the cuvette in the dark and CO2 was stabilized at 380 pmol mol*1 

before the light was switched on. Depletion rate o f CO2 was measured every 30 seconds 

for the first ten minutes o f each rim and every minute thereafter. Each plant was 

measured for 1.5 hours. Cuvette CO2 concentrations in the cuvette were monitored 

carefully and augmented with injections of small amounts o f CO2 enriched air as the 

cuvette CO2 was depleted. The low photosynthetic rates of these seedlings allowed the 

maintenance o f cuvette CO2 concentrations at 380 ± 1 0  pmol mol' 1 over the course of 

each measurement.

For the first experiment, treatment effects o f growth irradiance, nitrogen treatment and 

age on maximum photosynthetic assimilation rate (evaluated at 1 1 0 0  pmol m ' 2 s '1), 

assimilation at 300 pmol m 2 s '1, dark respiration, needle nitrogen and biomass were 

evaluated using a general linear model available in SAS release 6.10 (SAS Institute Inc., 

Cary N.C.). Because it was impossible to conduct all gas exchange measurements within 

one day, we did one replicate o f each treatment on each day and included day as a 

blocking factor (Newman, Bergelson & Grafen, 1997). The significance o f  differences 

between means was evaluated using Duncan's Multiple Range Test.

Analysis of gas exchange responses required a repeated measures approach to 

accommodate correlations between responses to measurement light within plants (Potvin, 

Lechowicz, & Tardif, 1990). Photosynthetic responses to light for each plant were fit to 

non-rectangular hyperbolae (Marshall & Briscoe, 1980; Gill, Amthor & Bormann, 1989) 

using the multivariate secant method available in the nonlinear regression procedure in 

SAS. Initial estimates for maximum net photosynthesis, incident quantum yield, dark 

respiration, and the convexity o f the curve as it switched from the light limited to the 

light saturated portion were required for the iterative method used to fit the curves. These 

values were estimated by eye from plots of the data before the curves were fit. Repeated 

iterations were run until the improvement o f fit to the data was small.

For the induction time experiment, treatment effects of growth light and nitrogen were 

evaluated using a general linear model for analysis of variance. Blocking was not
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required as a different, randomly chosen plant was used at each measurement irradiance. 

All transformations required to normalize variables or to stabilize the residuals are noted.

1.4 Results

Allocation Responses

As expected, total biomass was significantly increased by increased growth irradiance, 

nitrogen, and age (Figure 1,2a; F nght = 60.21, p = 0.0001; F n = 20.79. p = 0.0001:

F age = 117.16, p = 0.0001). Nitrogen fertilization had a greater positive effect on the 

biomass of seedlings grown at high and intermediate irradiances than on those grown at 

low irradiances (F n x light = 4.57. p = 0.0143). High nitrogen addition also had a greater 

effect on seedlings after eight months than at seven months (F n x age= 3.94. p = 0.0519). 

Longer growth also caused greater total biomass increases in seedlings grown at high and 

intermediate irradiances than at low irradiances (F nght x age = 3.46, p = 0.0379).

Needle biomass was also significantly increased by increased growth irradiance. 

nitrogen and age (Figure 1.2b; F ijoht = 28.12. p = 0.0001; F n = 19.21. p = 0.0001;

F ace = 72.70 p = 0.0001). High growth irradiance and high nitrogen resulted in larger 

needle biomass than either factor alone (F iighix n = 3.24. p = 0.046). High nitrogen 

resulted in larger needle biomass at eight months than at seven months (F n x age = 4.92. 

p = 0.030).

Percent biomass allocation to photosynthetic tissues was more uniform across light 

treatments, nitrogen treatments, and months (Figure 1.2c) than total biomass or needle 

biomass. Although seedlings allocated a larger percentage of biomass to needles at low 

light and at high nitrogen (F Hght = 6.41, p = 0.003; F n = 8.15, p = 0.006). the allocation 

to needles was constant across the growth periods (F age = 1.50, p = 0.226) and there were 

no significant interactions between growth irradiance and nitrogen.

Large changes in needle and total biomass between treatments were expected to result 

in dilution of needle nitrogen concentration. Needle nitrogen concentrations were 

decreased by dilution resulting from increased needle biomass in high and intermediate 

light (Figure 1.3a; F ught = 58.65, p = 0.0001) but increased by nitrogen additions (F n =
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27.62. p = 0.0001). Needle nitrogen concentrations in seedlings grown at low irradiance 

were less affected by low nitrogen additions than in seedlings grown at intermediate or 

high irradiances (F ughtxN = 17.33, p = 0.0001). Needle nitrogen concentrations were also 

diminished by increases in biomass between seven and eight months (F age = 71.87, 

p = 0 .0 0 0 1 ).

Significant differences in total seedling nitrogen allocation to photosynthetic tissues 

resulted from differences in growth irradiance (F nght = 6.72. p = 0.003). nitrogen addition 

(F N = 25.87, p = 0.0001), and age (F agc 7.90, p = 0.007), however, these differences 

appeared to be smaller than the differences in nitrogen concentration per gram needle 

tissue (Figure 1.3b). Although nitrogen concentrations per gram needle were more likely 

to influence assimilation and respiration rates expressed on mass tissue basis, it was 

interesting that nitrogen allocation to photosynthetic tissues was a more consistent 

proportion of the seedling nitrogen budget.

Gas Exchange Responses
Growth irradiance had the greatest effects on the photosynthetic responses of these 

seedlings. At both seven and eight months, and across nitrogen treatments, seedlings 

grown at low irradiance had higher net photosynthetic rates at all light levels than 

seedlings grown at intermediate or high irradiances (Figure 1.4; F ijght = 55.39. p = 

0.0001). For all photosynthetic parameters, the effects of high and intermediate 

irradiance treatments were very similar and both were different from low irradiance 

treatments. Low irradiance treatment resulted in significantly higher maximum 

photosynthetic rates than intermediate and high irradiance treatments (Table 1.2; contrast 

low vs. intermediate & high irradiance Fnghi = 18.42, p = 0.0001). The high and 

intermediate irradiance treatments also had significantly lower photosynthetic rates at 300 

pmol m' 2 s' 1 PPFD (Table 1.2; contrast low vs. intermediate & high irradiance F|jght = 

228.29, p = 0.0001). When measured at 300 pmol m"2 s' 1 PPFD, the photosynthetic rates 

o f seedlings grown at intermediate and high irradiances were only 46% of maximum 

rates, while seedlings grown at low irradiances had rates equal to 74% of maximum rates. 

While nitrogen fertilization alone did not have significant main effects on assimilation
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rates, seedlings grown at low irradiance with high nitrogen had significantly higher 

assimilation rates (F nght x n = 4.02, p = 0.024) over all measurement irradiances and at 

both seven and eight months (Figure 1.4).

Photosynthetic parameters were estimated from the individual light response curves fit 

to nonrectangular hyperbolae. Incident quantum yields, estimated from the slopes of the 

individual plant light response curves near the compensation points, indicated the 

efficiency of light capture at very low irradiance. Across ages and nitrogen treatments, 

seedlings grown at low irradiance had 95% higher incident quantum yields than seedlings 

grown at intermediate or high irradiances (Table 1.2; contrast low vs. intermediate & 

high irradiance Fught = 105.70, p = 0.0001). Averaged over irradiance and nitrogen 

treatments, quantum yield decreased significantly between seven and eight months (F agc 

= 14.50, p = 0.0004).

The compensation point of a light response curve indicates the irradiance level at 

which the assimilation rate equals the dark respiration rate. In these seedlings, across 

ages and nitrogen levels, the mean compensation point for low irradiance grown 

seedlings was 13% lower than the means for intermediate or high irradiance grown 

seedlings (Table 1.2; contrast low vs. intermediate & high F|jgm = 121.42, p = 0.0001). 

Nitrogen fertilization resulted in higher compensation points (F n = 13.06. p = 0.0007). 

Compensation points declined between seven and eight months (F age = 13.38, p =

0.0006) and this decline was greater in low nitrogen seedlings than in high nitrogen 

seedlings (F n x age = 3.98, p = 0.051). This pattern o f declining compensation points with 

low nitrogen addition and age appears to parallel the observed declines in dark respiration 

with low nitrogen and decreases in dark respiration as needles age.

Stomatal conductances are typically highly correlated with assimilation rates. As 

these seedlings were well watered throughout growth and prior to measurement, 

differences in conductance due to water deficits were not expected to drive assimilation 

rates. Teskey et al. (1986) compared maximum photosynthetic rates and stomatal 

conductance in Pinus taeda L seedlings and concluded that, under a wide range o f 

environmental conditions, internal limitations on photosynthesis were more important to
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maximum photosynthetic rates than stomatal limitations on CO2 availability. In this 

experiment, stomatal conductances (Table 1.2) were correlated with assimilation rates 

when values from all measurement irradiances, ages, growth irradiances and nitrogen 

additions were pooled (r =  0.508, p = 0.0001). At eight months, there were also strong 

correlations between assimilation rates and stomatal conductance when values were 

separated by measurement irradiance, and growth irradiance (Figure 1.5; r values range 

from 0.69 to 0.89). This linear relationship suggests that the intercellular COi 

concentration is constant and that stomatal conductance is adjusting to assimilation 

(Wong et al.. 1979; Osmond, 1983). However, at seven months, correlations are much 

weaker and there was much more variability between treatments (r values ranged from 

0.12 to 0.66). In seven month old seedlings grown at high irradiances, assimilation was 

almost constant across a range o f conductances suggesting that the low assimilation rates 

were not the result o f low conductance. It is possible that at seven months, the 

acclimation o f the cellular photosynthetic apparatus is not quite synchronized with the 

acclimation o f the stomatal mechanisms, especially in seedlings grown at high irradiance.

Dark respiration rates were significantly increased by nitrogen level (Table 1.2; Fn =

11.98, p = 0.001). Over all growth light treatments, nitrogen fertilization caused an 

average 22.4% increase in dark respiration rates. Dark respiration rates also decreased 

significantly between seven and eight months (Table 1.2; F aac I •53. p = 0.0006). A

significant interaction between age and growth irradiance (F iighixagc = 16.33. p = 0.0001) 

resulted from 39.7% declines between seven and eight months in seedlings grown at 

seedlings grown at high and intermediate irradiance. and increases o f 32.3% in seedlings 

grown at low irradiances.

Induction time, or the time required to reach 50% and 90% of maximum 

photosynthetic rates at both 250 and 1000 pmol m' 2 s' 1 PPFD was measured to determine 

if seedlings grown at low' irradiance adjusted to transient high light events more quickly 

than seedlings grown at high irradiance. Induction time is a function o f the events 

required for the activation o f stromal enzymes, especially rubsico: decreased stromal pH, 

increased stromal magnesium and ATP concentration. The time required to achieve
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full induction was much longer than typical of understory herbs that take advantage of 

sunflecks (Figure 1.6; Chazdon & Pearcy, 1991; Pearcy, 1990), but was more typical of 

understory shrubs and tree seedlings with long lived leaves (Kursar & Coley, 1993). 

There were no significant differences between treatments in the time required to reach 

either 50% or 90% of maximum assimilation rates when seedlings were brought from the 

dark to 1000 pmol m ' 2 s' 1 PPFD. However, when seedlings were brought from the dark 

to 250 pmol m' 2 s*1 PPFD measurement irradiance. induction time was significantly 

shorter in seedlings grown at high light (F light 90% = 12.16, p = 0.003: F nght 50% = 15.44, p 

= 0.001). It is possible that seedlings grown at high irradiance had higher stomatal 

densities and could increase intercellular CO2 faster at 250 jimol m’2 s’ 1 PPFD.

. 1.5 Discussion

Regardless of nitrogen enhancement, the photosynthetic mechanisms of these 

seedlings were more successful at acclimating to low irradiance environments than to 

high irradiance environments. They displayed many o f the photosynthetic characteristics 

expected in seedlings that have acclimated to low light (Boardman, 1977; Bjorkman,

1981). Under low measurement irradiances, seedlings grown at low irradiance had 

significantly higher assimilation rates than seedlings grown at moderate or high 

irradiances. Seedlings grown at low irradiances also had higher incident quantum yields, 

and lower light compensation points, indicting more efficient use of available energy at 

low light. Each of these characteristics would increase carbon gains under irradiance 

levels expected with dense alder or aspen canopies (Figure 1.1). Seedlings grown at low 

light had lower light compensation points than seedlings grown at high light even though 

their dark respiration rates were significantly higher.

In addition to characteristics that exploit the low irradiances prevalent under a 

deciduous canopy, seedlings grown at low irradiances also exhibited higher assimilation 

rates when measured at high irradiances, regardless o f nitrogen treatment. Although this 

result is atypical for plants that have successfully acclimated to low growth irradiances, 

similar results were obtained with Engelmann spruce (Picea engelmannii ) (Ronco 1970),
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with detached mature white spruce (Clark, 1961), and with white spruce seedlings grown 

under an aspen canopy (Man & Lieffers. 1997). This could be the result of several inter

related phenomena. Although the larger needle mass in high light grown plants could 

have had increased transpiration and induced water stress, depressing maximum 

photosynthetic rates in high light seedlings, stomatal conductances were similar in 

seedlings grown at high and low irradiances (Figure 1.5). This indicates that water stress 

did not affect high light grown seedlings differently than low light grown seedlings. Also 

connected to the size o f seedlings, could be the higher needle nitrogen concentrations 

observed in smaller seedlings grown at low irradiances (Figure 1.3). Many authors have 

noted positive correlations between photosynthesis and leaf nitrogen content (Field & 

Mooney. 1986: Evans. 1989; Reich etal.. 1995) related to the increased photosynthetic 

enzymes possible with increased nitrogen. While significant correlations were found 

between needle nitrogen concentration and maximum assimilation rate at eight months 

(Figure 1.8 a; r = 0.477, p = 0 .004), the relationship was not significant at seven months 

(r = 0.225, p = 0.224). The low correlation between needle nitrogen and assimilation at 

seven months could be the result o f heavy seedling nitrogen investment in biosynthetic 

enzymes rather than Calvin cycle enzymes.

Correlations between dark respiration and leaf nitrogen have been well documented in 

plants from various biomes and with different leaf habits (Ryan, 1995; Tjoelker, Reich. & 

Oleksyn, 1999). Consistent with photosynthetic results, our spruce seedlings had 

significant positive correlations between dark respiration and needle nitrogen at eight 

months (Figure 1.8b; r = 0.668, p = 0.0001), but not at seven months (r = 0.123, p =

0.511). Although we do not know the rate o f dark respiration when needles are 

photosynthesizing, we can assume that it does have an impact on the net assimilation 

rates. Higher dark respiration rates along with higher net photosynthetic rates in low 

irradiance grown plants, suggests even larger differences in gross photosynthetic rates 

between low and high light grown plants.

The dark respiration rates measured in these seedlings were much higher than rates 

reported by Ryan (1995) from mature black and Engelmann spruce foliage (0.94 and 1.3
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nmol CO2 g' 1 s' 1 at 10°C), recognizing the differences in temperature. They were also 

higher than predawn white spruce sapling respiration rates conducted in the field at 8.5°C 

during the first week o f September (6.37 to 15.05 nmol COt g"1 s')(Doran, unpublished). 

Some of the difference could be attributed to high needle nitrogen concentrations. 

Ingestad (1979) suggested that needle nitrogen concentrations o f about 2%  o f dry mass in 

Norway spruce (Picea abies Karst.) and Scots pine (Pinus svlvestris L.) represented an 

optimal nutritional level, while our seedlings, grown in low irradiance. high nitrogen 

treatments had mean needle nitrogen concentrations approaching 3%. This very high 

nitrogen concentration could be expected to increase needle respiration rates. However, 

maturity of the needles was probably also a factor. Differences in respiration rates 

between light treatments and between months suggest that physiological maturity in 

needles is not always apparent from their appearance. Although all the needles looked 

mature, declines in respiration rates between seven and eight months suggested that shifts 

occurred between biosynthesis and maintenance respiration with increasing maturity.

The decreased maximum assimilation rates and decreased incident quantum yields 

could be symptomatic o f photoinhibition of photosynthesis in seedlings grown at high 

irradiance (Ronco 1970). According to Bjorkman (1981), the incident quantum yield is 

typically similar in shade plants grown in deep shade and sun plants grown under high 

light and in C3 and C 4  species. However, differences in quantum yield can occur when 

there are differences in chlorophyll concentrations or when shade plants are exposed to 

high irradiance levels (Powles, 1984). In this experiment, the incident quantum yields of 

seedlings grown at high and intermediate irradiances were only 62% as high as those 

grown at low irradiance at seven months and only 42% as high at eight months. While it 

is possible that allometric phenomena such as nitrogen dilution at high growth irradiance 

were responsible for some o f the depression in assimilation at high growth irradiance, it 

is also possible that high growth irradiance affected the primary photosynthetic apparatus 

and depressed assimilation directly.

Regardless of the mechanism, the ability to maintain photosynthetic rates under high 

irradiance and exploit episodic high light could have important cumulative effects for
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seedlings grown under a canopy, especially in a boreal system with a very short growing 

season. In interior Alaska, spring conditions can be bright and warm although only the 

top few centimeters o f soil have thawed, allowing the possibility for carbon accumulation 

before the deciduous canopy develops leaves and competition with deep rooted neighbors 

begins. In the fall, alder and aspen leaves are beginning the process of senescence soon 

after the middle o f August. Even before leaves actually fall, light intensities increase 

within alder thickets. By the first week of September, deciduous trees have lost most of 

their leaves but days can be bright and warm. Field experiments have shown that 

understory white spruce saplings can retain midsummer photosynthetic rates into the first 

few weeks of September (Doran, in press).

The ability to quickly up-regulate photosynthesis to take advantage of short periods of 

high light could also be an advantage in exploiting sunflecks (Pearcy, 1990; Chazdon & 

Pearcy, 1991). However, seedlings grown at low irradiance did not have shorter 

induction times than seedlings grown at high irradiance. Further, the long induction time 

measured for these seedlings does not suggest a shade adapted physiology (Ogren & 

Sundin, 1996), although FCursar & Coley, (1993) recorded long induction time 

requirements in obligate shade plants with long lived leaves. Ogren and Sundin (1996) 

found that with Scots pine, the time required to achieve 90% of maximum photosynthetic 

rates almost doubled when comparing two month and eight month old needles. This was 

related to both slow activation of rubisco and slow stomatal opening. As the shoots 

measured for induction time analysis were approximately four months old, age was 

probably not responsible for long induction times.

The long induction times we observed are probably not representative o f spruce 

seedling responses during mid-summer, when even the floor of the boreal forest is rarely 

in complete darkness. Although the closed gas exchange system that we used was not 

appropriate for in-depth analysis of the causes o f the induction responses, it did provide a 

general indication o f the species response to short periods of darkness. In several trial 

runs, we observed that after seedlings had reached stable gas exchange rates, they could 

recover from up to 30 minutes of darkness very quickly (Figure 1 .8 ). Only after an hour
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of darkness did it appear that seedlings had begun to down regulate their photosynthetic 

responses. Ogren and Sudin (1996) also noted that plants that had slow induction rates 

retained the induced state longer during dark episodes.

Because growth is often resource limited, it could be assumed that maximum 

photosynthetic rates would be resource limited as well. In this experiment, low growth 

irradiances did not limit the capacity for high photosynthetic rates, although total biomass 

was smaller. While the total biomass of seedlings grown under high irradiance was 

larger than that of seedlings grown at low irradiance, the efficiency of photosynthesis 

appeared higher in plants grown at low irradiances and was not affected by increased 

nitrogen applications. High nitrogen additions resulted in higher concentrations of needle 

nitrogen than considered optimal for growth, even under high light conditions. Since 

high concentrations o f needle nitrogen were only linked to photosynthesis and respiration 

at some times during development, we can assume that at times they were in excess and 

characteristic of luxury consumption.

On the floodplain, each seedling is faced with limitations to growth and resource 

utilization that depends upon spatial and temporal variations in resource availability. To 

understand the relationships between interacting species, we will need to understand the 

limitations to growth and resource utilization in the natural environment and how plants 

balance resource uptake and utilization. This study emphasized the interaction of two 

important potential resource limitations for spruce seedlings, and allowed the 

measurement o f the range of acclimation possible during controlled conditions.
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Figure 1.1 Light and Temperature Conditions in the Open and Under a Canopy

Light and temperature data were collected from weather stations in the Bonanza 

Creek Experimental Forest, 20 km southwest o f Fairbanks, during the summer o f 1992. 

Light was monitored with a Li-Cor PAR quantum sensor. Measurements were taken four 

times each hour and recorded hourly during the summer of 1993. The graphs represent 

the means for each hour of each day for June, July, August, and September.

The "Open" data is from an open, mown site near the Tanana River (LTER2) and 

the "Understory" data is from an adjacent weather station under open balsam poplar 

with dense alder understory (Populus balsamifera /Alnus tenuifolia / Eauisetum spp. 

community).
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Figure 1.2 Seedling Biomass Allocation

Growth and biomass allocation (dry mass) for seven and eight month old 

seedlings. Means ± 1 S.E. are given for six replicates. Bars with the same letter are 

significantly different at a  = 0.05 ( Duncan's Multiple Range Test).
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Figure 1.3 Needle Nitrogen

Percent needle nitrogen and nitrogen allocation to needles for seven and eight 

month old seedlings. Means ±  1 S.E. are given for six replicates. Bars with the same 

letter are not significantly different at a  = 0.05 (Duncan's Multiple Range Test).
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Figure 1.4 Light Response Curves

Photosynthetic responses fit to non-rectangular hyperbolae. Each point 

represents the mean ± 1 S.E. for six replicates.
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Figure 1.5 Assimilation and Stomatal Conductances

Correlations between assimilation and stomatal conductance for high/intermediate 

and low growth irradiance at 1000 (imol m ' 2 s' 1 and 250 fimol m' 2 s' 1 measurement PPFD 

at seven and eight months. Seedlings from both nitrogen treatments are included in each 

growth and measurement irradiance treatment. Pearson correlation coefficient = r.
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Figure 1.6 Induction Time

Time required for seedlings to achieve 90% and 50% of maximum photosynthetic 

rates at 1000 pmol nT2 s' 1 PPFD and 250 pmol rrf2 s' 1 PPFD. Means ± 1 S.E. are given 

for six replicates. Bars with the same letter are not significantly different at a  = 0.05 

(Duncan's Multiple Range Test).
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Figure 1.7 Recovery Time

Representative pattern of induction to maximum photosynthetic rates after dark 

intervals of a) 5 minutes, b) 10 minutes, c) 15 minutes, d) 20 minutes, and e) 30 minutes. 

Dark bars over the x axis represent dark intervals.
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Figure 1. 8  Gas Exchange and Needle Nitrogen

Correlations between a) maximum net assimilation and percent needle nitrogen and

b) respiration and percent needle nitrogen. Pearson correlation coefficient = r. Needles 

from all growth irradiances and nitrogen treatments at seven and eight months are 

included.
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Table 1.1 Growth Chamber Conditions for Induction Experiment
Conditions were based on open and canopy measurements from the FP2A and LTER2 

weather observation stations at the Bonanza Creek Long Term Ecological Research Site.

Hour temp Open Shade Relative Humidity
°C PPFD Percent

(pmol m'“ s‘l)

May/July
00:00-03:00 15 1 0 0 60
03:00-05:00 15 2 0 0 1 0 60
05:00-06:00 2 0 300 80 60
06:00-07:00 2 0 400 1 2 0 60
07:00-09:00 23 600 160 60
09:00-15:00 23 1 0 0 0 250 60
15:00-17:00 23 600 160 60
17:00-18:00 2 0 500 1 2 0 60
18:00-19:00 2 0 300 80 60
19:00-00:00 15 2 0 0 40 60

ApriL/Sept
0 0 :0 0 -0 2 : 0 0 15 0 0 50
02:00-06:00 15 1 0 0 35 50
06:00-10:00 2 0 369 107 50
10:00-14:00 2 0 814 225 50
14:00-18:00 2 0 369 107 50
18:00-22:00 15 1 0 0 35 50
2 2 :0 0 -0 0 : 0 0 15 0 0 50

June
0 0 :0 0 -0 2 : 0 0 15 0 0 60
02:00-05:00 15 2 0 0 54 60
05:00-06:00 2 0 300 81 60
06:00-07:00 2 0 400 108 60
07:00-08.30 25 600 162 60
08:30-15:30 25 1 1 0 0 297 60
15:30-17:00 25 600 162 60
17:00-18:00 25 500 135 60
18:00-19:00 2 0 300 81 60
19:00-22:00 2 0 2 0 0 54 60
2 2 :0 0 -0 0 : 0 0 15 0 0 60
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Table 1.2 Gas Exchange Parameters
Incident quantum yields were estimated from the initial slopes o f individual plant response curves. Compensation points 

were estimated by determining the irradiance at which assimilation went to zero in each response curve. Respiration and 
assimilation at 300 pmol m '2 s’1 PPFD (A300) and 1100 pmol m '2 s '1 PPFD (Amax) are means from the data. N = 6 in each 
treatment and month. Means with the same letter are not significantly different (a  = 0.05, Duncan's Multiple Comparisons).

A300 Conductance Amax Conductance Respiration Quantum Compensation
nmol C 0 2 g '1 s '  mmol g '1 s '1 nmol C 0 2 g '1 s '1 mmol g '1 s '1 nmol C 0 2 g '1 s’1 Yield Point

(at 300 pmol m'2 s '1 PPFD) (at 1100 pmol m'2 s '1 PPFD) (25.6 ± 0.08°C) nmol C 0 2 quanta'1 pmol m'2 s '1

Seven M onths mean SE mean SE mean SE mean SE mean SE mean SE mean SE
High Irradiance 
HighN 17.53 2.15c 0.91 0.07abcd 43.71 2.64de 0.96 0.05abc 27.18 2.47ab 0.25 0.02de 145 13a
LowN 20.07 1.58c 1.28 0.15a 46.79 3.03de 1.26 0.09a 22.70 3.29bc 0.23 0.03de 120 7abc
Medium Irradiance 
HighN 21.57 1.55c 0.97 0.09abcd 48.40 3.4cde 1.00 O.lOabc 31.21 1.65a 0.29 0.0 led 130 6ab
LowN 22.07 1.12c 1.19 0.07ab 49.33 2.28bcd 1.06 0.04abc 23.15 2.23bc 0.34 0.07bcd 105 15bcde
Low Irradiance
High N 46.52 2.83ab 1.21 0.1 Oab 59.9 6.50abc 1.16 0.08ab 21.63 2.86bcd 0.49 0.01a 83 lOef
Low N 39.04 2.93b 1.06 0.08abc 51.5 4.99bcd 1.03 O.I3abc 15.9 1.55d 0.41 0.03ab 48 7gh

Eight M onths
High Irradiance 
H ighN 16.07 0.80c 0.72 0.08e 41.42 3.35de 0.76 0.08cd 17.35 0.59cd 0.18 0.0 le 124 7abc
LowN 21.16 1.74c 0.99 0.09abcd 44.16 3.4 Ide 0.96 0.05abc 15.51 l.05d 0.19 0.02e 97 9cde
Medium Irradiance 
HighN 16.29 0.80c 0.62 0.07dc 35.35 1.69e 0.57 0.04d 17.34 1.47cd 0.19 0.0 le 117 5 bed
LowN 21.41 2.67c 0.85 0.12cde 41.54 4.39de 0.87 0.14bc 14.84 2.06d 0.21 0.03e 90 4de
Low Irradiance 
HighN 49.00 4.54a 1.15 0.14abc 65.77 4.50a 1.09 0.12ab 26.54 1.95ab 0.53 0.05a 32 3h
LowN 41.33 6.00b 1.09 0 .12abc 61.25 6.84ab 1.16 0.14ab 23.11 2.93bc 0.40 0.06abc 60 9gf
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Chapter 2

Photosynthetic Responses of White Spruce Saplings (Picea glauca) to 
Controlled Density Gradients of Spruce and Green Alder (Alnus crispaC

2 Doran, K., R.W. Ruess, F.G. Plumley, & T.L. Wurtz, Photosynthetic responses o f white spruce saplings 
(Picea glauca) to controlled density gradients of spruce and green alder (Alnus crispa). Ecoscience, in 
press.
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2.1 Abstract

Physiological responses to competitive and facilitative interactions between white 

spruce (Picea glauca (Moench)Voss) and green alder (Alnus crispa (Ait.) Pursh) grown 

together in Nelder plots in the field were assessed through measurement of spruce shoot 

photosynthetic potential, stomatal conductance and measurements of needle chemistry. 

Neither proximity to alder nor overall plant density were found to impact spruce 

maximum net photosynthetic rates during midsummer. However, photosynthetic 

potential declined in spruce saplings grown at low densities at the end o f the summer, 

suggesting that spruce saplings benefited from the microhabitat modification provided by 

either alder or spruce neighbors at higher densities. Although temperatures and 

precipitation were typical for interior Alaska, low soil volumetric water content and low 

needle water content suggested that saplings in all treatments were drought stressed.

Path analysis was used to relate above and belowground conditions with 

photosynthetic rates and stomatal conductances to estimate the relative importance of 

plant modified environmental conditions in explaining photosynthetic rates. We found 

that although both alder and spruce decreased soil water, there were not strong 

relationships between plaint modified soil water content and needle water content, or 

stomatal conductances. Data from nearby canopy and open plots suggested that lower 

maximum temperatures and higher minimum humidity under the canopy might improve 

the water status of spruce growing under the canopy. Increasing density of both spruce 

and alder increased the soil nitrogen slightly, but spruce needle nitrogen was negatively 

related to the density o f  neighbors, suggesting that increased biomass resulted in 

belowground competition for nitrogen. We found a direct negative effect o f light on 

maximum net photosynthesis late in the summer, suggesting that neighbors could prevent 

photoinhibition after cool nights in the fall.

Key Words: competition, facilitation, path analysis, photoinhibition, photosynthesis, 

water stress.
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2.2 Introduction

Relationships between plant species are widely acknowledged to have important 

influences on the patterns o f successional change and the structuring of plant 

communities. For example, competition for soil resources and light has been shown to 

affect biomass and species composition in numerous studies (Walker & Chapin, 1986; 

Keddy, 1990; Tilman & Wedin, 1991; Wilson & Tilman, 1991). Positive interactions 

through amelioration of abiotic stresses within plant associations have also been 

observed, especially in stressful habitats (Carlsson & Callaghan, 1991; Bertness & 

Shumway, 1993; Bertness & Hacker, 1994). Many studies indicate that the final 

relationship is a balance between facilitation and competition, which can be affected by 

changes in neighbor density or the intensity of abiotic stresses (Kellman & Kading, 1992; 

Bertness & Yeh, 1994; Berkowitz, Canham, & Kelly, 1995; Calloway & Walker, 1997).

In primary succession on an interior Alaskan floodplain, the close physical proximity 

of juvenile alder (Alnus tenuifolia and A. crispa) and white spruce (Picea glauca) 

provides the opportunity for both competitive and facilitative interactions. Both species 

germinate most successfully in mineral soil and become established soon after substrate 

stabilization (Walker, Zasada, & Chapin, 1986). Both species co-exist through several 

successional seres. Over time, the slow growing white spruce can outlive deciduous 

species to form pure spruce stands. Alder could inhibit understory spruce growth through 

shading and competition for water. However, because o f its symbiotic association with 

the nitrogen-fixing Frankia. alder could also be expected to have important positive 

effects on spruce through modification of soil characteristics (Mikola. Uomala, & 

Malkonen, 1983; Dawson, 1990). On the floodplain of the Tanana River in interior 

Alaska, total soil nitrogen increases from about 400 kg ha' 1 in river alluvium, to about 

1696 kg ha' 1 in 30 year old alder stands. Terrace height, forest floor depth, and soil 

moisture retention all increase through succession while soil pH decreases (Walker,

1989). Alder could also positively influence spruce saplings by decreasing wind and 

evaporative demand and increasing relative humidity.
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Several studies have shown that depending upon the abiotic environment and perhaps 

the particular species o f spruce and alder, alder can have either competitive or facilitative 

effects on spruce. Chapin et al. (1994), showed that alder (Alnus sinuata) had an overall 

facilitative effect on Sitka spruce (Picea sitchensis) during primary succession in the 

maritime climate o f Glacier Bay in southeast Alaska. However, both trenching 

experiments and removing the influence of alder branches enhanced spruce growth, 

suggesting a balance between competition and facilitation. Walker and Chapin (1986), in 

the continental climate o f interior Alaska, found that relative growth rates of white spruce 

seedlings (Picea glauca) were higher on vegetated sandbars than in alder (Alnus 

tenuifolia) stands and that trenching increased the relative growth rate of spruce seedlings 

growing in alder. However, needle nitrogen concentrations were higher and nitrogen 

fertilization had the least effect on spruce seedlings growing under alder canopies. In this 

case, the immediate competitive effects of alder were stronger than the facilitative; 

however, increased needle nitrogen accumulation in young spruce could provide the basis 

for improved mineral nutrition over time. It is probable that the long-term balance 

between competition and facilitation could shift depending upon seasonal and yearly 

variation in abiotic factors and also with plant density.

Competition and facilitation are typically defined as changes in the relative growth 

rates, biomass or frequency of the interacting species (e.g. Walker & Chapin, 1986; 

Chapin et al., 1994). However, interactions between species are a function of each 

plant’s physiology and its ability to acclimate to changes in the abiotic environment 

caused by the presence of neighbors. Measurements of primary production integrate the 

effects of environment and interacting species on many plant processes such as 

photosynthesis, respiration, and nutrient acquisition, but do not explain how the 

environment affects these processes individually. An analysis of the changes that occur 

in carbon acquisition processes when species interact could provide insights into the 

mechanisms controlling differences in plant growth. Understanding the physiological 

changes that occur during species interactions should allow predictions o f the balance
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between competition and facilitation over the course of a season, with different plant 

densities or under different types or levels of abiotic stress.

This study uses a comparison of the seasonal shoot photosynthetic potential of white 

spruce growing at different densities and with different proportions of alder neighbors to 

study the response of spruce to alder. Plant modified abiotic parameters, both above and 

belowground were related to photosynthetic and conductance rates through path analysis 

(Li. 1975). Our purpose was to analyze the balance between the facilitative and 

competitive impacts o f alder neighbors on primary physiological processes in spruce 

sapling shoots.

2.3 Methods and Materials

In 1990, Nelder plots (Nelder, 1962) were established on silt loam at the University of 

Alaska Fairbanks Agriculture and Forestry Experimental Station (64°53' N. 148°0' W). 

Each replicate consisted o f five semicircular plots containing mixtures of white spruce (P. 

glauca) and green alder (A. crispa) in a replacement series: 100% spruce. 75% 

spruce:25% alder, 50% spruce:50% alder, 25% spruce:75% alder and 100% alder. Each 

plot was planted in 2 0  arcs with high plant density at the center and decreasing plant 

density toward the perimeter (Figure 2.1). In mixed alder and spruce treatments, alder 

saplings overtopped spruce saplings at both high and intermediate densities, providing a 

well shaded environment (Figure 2.1, Table 2.1). Spruce saplings growing at low density 

in all plots and those growing at intermediate densities in 1 0 0 % spruce plots were not 

shaded by any other individuals. All measured saplings appeared healthy, although 

needles from plants grown at low density appeared somewhat chlorotic on the upper 

needle surfaces by the end o f the season. For a more complete description of the plot 

layout, see Wurtz (1995).

During the summer o f 1995, the shoot maximum photosynthetic rates, stomatal 

conductances and needle chemistry o f spruce saplings were measured in plots containing 

three different proportions o f spruce and alder: 100% spruce, 75% spruce:25% alder, and 

25% spruce:75% alder. Within each plot, measurements were made at high, intermediate 

and low plant densities (approximately 5.0, 1.0, and 0.1 plants m ' 2 at high, intermediate
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and low density arcs, respectively). Within each density, three individual spruce saplings 

were randomly chosen to measure repeatedly throughout the summer. Measurements of 

these three saplings were averaged for each measurement period to provide one replicate. 

The entire design was replicated three times.

A Li-Cor 6200 closed photosynthetic system (Lincoln, Nebraska USA) was used for 

all gas exchange measurements. Gas exchange measurements were calculated by Li-Cor 

6200 software from equations based on the mass balance analysis of water and CO2 in the 

Li-Cor 6200 system (von Caemmerer & Farquhar, 1981; Li-Cor, 1986). Fully expanded, 

current shoots from the south side of each sapling, approximately 1 m from the ground, 

were measured during July, August and September. All gas exchange measurements 

were conducted at 1000 pmol m ' 2 s' 1 PPFD (Photosynthetic Photon Flux Density) 

provided by a red light emitting diode (LED) (Quantum Devices Inc. Bameveld, 

Wisconsin USA Light response curves indicated that shoots from spruce grown at all 

three densities were saturated at this light intensity (Figure 3). For each measurement, 

the tip of each shoot (3.0 cm in length) was placed in the open 250 cm3 cuvette with the 

fan running, and allowed to stabilize. After at least 1 0 minutes, and when CO2 

concentrations were stable at 350 pmol mol’1, the cuvette was closed, and measurements 

initiated. After each gas exchange measurement, the shoot was cut, placed on ice in the 

field and stored at -18°C in the laboratory for later analysis.

To minimize differences in needle temperatures between measurement periods and 

treatments, photosynthetic measurements during July and August were conducted before 

solar noon to take advantage o f cooler morning temperatures, while measurements for 

September were taken during the 3 hr before and after solar noon to take advantage of 

warmer midday temperatures. Needle temperatures were the means o f measurements 

from the cuvette thermocouple and relative humidity measurements were the means from 

the cuvette humidity sensor during gas exchange measurements. Although frosts are 

expected in the Alaskan interior any time after September 1, the fall of 1995 was quite 

mild. Temperatures from the UAF Agricultural and Forestry Experimental Farm weather 

station showed a cold night on September 4 ( + 0.1 °C ), and another on September 16
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(-1.1°C). Temperatures finally dropped below freezing for the winter on September 28. 

Photosynthetic rates were last measured on September 17, 18, and 19. allowing time for 

photosynthetic recovery from the mild frost on September 16.

Abiotic factors were measured throughout the growing season in the Nelder plots. 

Average hourly photosynthetic photon flux density was monitored through the season 

with eight Li-Cor PAR quantum sensors at high, intermediate, and low plant densities in 

one 25% spruce: 75% alder plot. Two sensors were mounted 1 m from the ground on the 

south sides of randomly chosen plants at each of the three densities used for gas 

exchange. Although PPFD was measured in only one plot throughout the season, there 

were no significant differences in soil or air temperatures between 25% and 75% alder 

treatments, so we assumed that the percentage of transmitted light was also similar at the 

same densities at the two alder concentrations. Soil temperature was measured at 

approximately two week intervals, 1 0  cm below the surface, within the rooting zone of 

plants used for gas exchange measurement. Volumetric soil water content was measured 

at the same time as temperature, using time domain reflectometry with 15 cm waveguides 

(Soil Moisture Co., Santa Barbara, California, USA). Soil cores (2 cm diameter x 10 cm 

deep) for nitrogen analysis were taken at monthly intervals from the rooting zone of each 

plant used for gas exchange measurements.

The shoots from each gas exchange measurement were dried and needle dry mass was 

used to normalize photosynthesis and stomatal conductances. Needle water content was 

determined from the fresh and dry mass of the needles used for gas exchange 

measurements. Total nitrogen and carbon were determined on ground dried needles and 

soils using a CNS autoanalyzer (LECO 2000, St. Joseph, Michigan USA). Soil 

ammonium concentrations were measured from K2SO4 extracts (1 g soil: 2 ml 2M 

K 2 S O 4 ) using a Lachat autoanalyzer (Zellweger Analytics Inc., Milwaukee. Wisconsin 

USA).

Needles from the same shoot, adjacent to those measured for gas exchange, were 

frozen and processed for chlorophyll concentrations. Frozen needles were ground over 

ice, under dim light, in phosphate buffered 80% acetone, and centrifuged for 1 0  minutes
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at 4°C. The supernatant was analyzed spectrophotometrically for chlorophyll a and b and 

total carotenoids (Lichtenthaler, 1987).

Results were analyzed using a split plot, repeated measures design using a general 

linear model repeated measures procedure (SAS, 1994). The three complete replicates 

were blocked, with percent alder as the main plot effect and density as the sub-plot effect 

(von Ende, 1993). The block x alder mean sum of squares was used as the error term for 

tests on the alder effects, and the block x alder x density mean sum o f squares was used 

as the error term for tests on density effects and alder x density interactions. Data from 

each monthly measurement period were also analyzed separately and differences between 

treatment means assessed with Duncan’s Multiple Range Test. Each variable was 

checked for normality and constancy of error variances and transformed when 

appropriate. Contrasts between 25% and 75% levels of the alder treatment showed no 

significant differences for any of the variables studied, so the two alder levels were 

pooled.

Path analysis (Li, 1975) was used to interpret the relationships between various plant 

and physical factors in the alder and spmce plots. We hypothesized a system o f causation 

between plant modified abiotic factors and the plant processes regulating photosynthetic 

rates. These relationships were defined through a series of multiple regressions and 

standardized regression coefficients. These standardized regression coefficients, known 

as the path coefficients, are interpreted as the standard deviations o f change in the 

dependent variable expected from a unit change in the independent factor.

2.4 Results

Averaged across sampling dates, spruce saplings grown at higher densities had 

significantly higher net photosynthetic rates when measured at 1000 pmol m 'V 1 PPFD 

than saplings grown at low densities, while the presence of alder did not have a 

significant effect (Figure 2.4a; F dens= 23.57. p = 0.0004; F aider= 2.57, p = 0.184). There 

was a pronounced seasonal effect, with similar photosynthetic rates in all treatments in 

July, but significantly lower rates in spmce growing at low densities later in the season
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(F month x dens =  3 2 .3 2 , p = 0 .0 0 0 2 ) .  Although there was not a significant overall seasonal 

alder effect, spruce grown with alder at intermediate densities had higher photosynthetic 

rates than spmce grown without alder at intermediate densities late in the summer (F month 

x alder x dens 7 .4 8 . p  — 0 .0 1 4 ) .

Needle pigment concentrations are known to be very responsive to differences in light 

environment (Bjorkman, 1981). In this experiment, spmce needle chlorophyll 

concentrations were highly correlated with the different light environments provided by 

differences in plant density (r trans light x chlorophyll =  *0.630, p =  0.0001). Overall, spmce 

needle chlorophyll was significantly higher in plots containing alder and at high density 

(Figure 2.5a; F aider = 38.83, p = 0.003; F dens = 50.23, p = 0.0001). Spmce in the highly 

shaded intermediate densities in alder plots had chlorophyll concentrations similar to high 

density saplings, while intermediate density saplings in less shaded, 1 0 0 % spmce plots 

were similar to low density saplings (F aider x dens -  7.53. p = 0.015). Total chlorophyll 

concentrations increased through early September in every treatment, and decreased by 

mid-September. However, concentrations in spmce grown at high density increased 

more than those at low density (F n,0mh x dens = 15.95, p = 0.002). Decreases in mid- 

September were greater in low density plants than in high density plants, regardless of 

alder. Chlorophyll a/b ratios are an indicator of thylakoid membrane acclimation to 

growth light environment, and are typically higher in sun grown plants. Ratios in these 

spmce were significantly higher in saplings grown at low density (no shade) than at high 

density (Figure 2.5b; F dens = 27.12, p = 0.0003). Although chlorophyll a/b ratios were 

similar in July in all treatments, those of saplings growing at low density increased 

through early September, suggesting acclimation to high light. Total carotenoid 

concentrations in all treatments also increased throughout the season, although our design 

did not have enough replication to formally test a multivariate month effect. Carotenoid 

concentrations were not significantly changed by alder or density (Figure 2.5c).

Surprisingly, after 5 years, soil nitrogen was not significantly increased by the 

presence o f alder, although alder roots showed some nodulation. However, soil nitrogen 

tended to be higher in high density arcs, probably because of greater soil organic matter
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(Table 2.2). Over the season, total soil nitrogen was significantly higher at high density 

(F dens = 8.63, p = 0 .0 1 0 ) although within month comparisons were not significant. 

Extractable soil ammonium showed a non-significant trend toward higher values at high 

density. This is in contrast to needle nitrogen concentration (Figure 2.5d). which was 

significantly higher in low density treatments (F dCns = 17.56, p = 0.002), suggesting that 

there was more nitrogen available to individual plants growing without close neighbors.

Overall, stomatal conductances were significantly higher in saplings growing with 

alder (Figure 2.4b; F aider= 10.87, p = 0.030). Although there was a trend toward lower 

conductance rates late in the season, our experimental design did not permit formal 

testing for a separate month effect and there were no significant month x alder or month x 

density interactions. However, in early September, high density plants growing with 

alder had significantly higher conductance rates than low density plants growing without 

alder, and in mid-September, low density plants in 100% spruce plots had significantly 

lower conductance rates than high density plants (Duncan, a  = 0.05).

Averaged over the season, growth at high density resulted in significantly higher 

needle water content, while alder did not have a significant effect (Figure 2.5e; F dens = 

74.67, p = 0.0001). However, the effect of density was greater with alder than without 

alder (F aider x dens = 12.82, p = 0.005). The positive effect o f alder neighbors on needle 

moisture content increased significantly between measurement periods (F month x aider 

=34.42, p = 0.028), and was greatest during early September.

Atmospheric conditions measured during gas exchange measurements varied little 

over the season or between treatments. Needle temperature during gas exchange 

measurements did not vary significantly with alder or density over the season. In July, 

however, there were significant within month differences between high and low density 

in 100% spruce plots (Figure 2.5f). Relative humidity during gas exchange 

measurements was also very similar over the season and treatments, although, within 

month comparisons indicated significant difference between densities within alder 

treatments in July (Figure 2.5g).
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Because of extremely dry climatic conditions in interior Alaska (mean annual 

precipitation = 314 mm), water stress was expected to impact spruce over the season.

Both increased percentage of alder and increased density caused drier soil conditions over 

the entire season (Table 2.2; F aider = 42.42, p = 0.003; F dens = 17.15, p = 0.001). Low 

volumetric soil water concentrations, low needle water concentrations, low 

photosynthetic rates and low stomatal conductances suggest that all o f the spruce in our 

plots were significantly drought stressed. However, comparison o f mean monthly 

precipitation for the summer 1995 with long-term climate summary data from the UAF 

Agricultural and Forestry Experimental Farm weather station (1931-1999) shows that 

1995 was a typical summer in terms o f precipitation. The long-term precipitation mean 

for the summer months (June-September) was 18.57 cm and the mean for the summer o f 

1995 was 23.11 cm. The distribution o f precipitation through the summer was also 

typical, with 1995 monthly means equal to or greater than the long-term monthly means. 

Volumetric soil water concentrations from our plots were compared to data (1993 

through 1995) from 10 sites representing different successional stages at the Bonanza 

Creek Experimental Forest LTER site. Soil water content in our experimental plots, 

while low. was within the range for data collected from these plots. Low soil water 

content in these plots appears to reflect the importance o f drought as a stress factor in the 

establishment and development of spruce in the interior o f Alaska.

Both increased percentage o f alder and increased density caused significantly cooler 

soil conditions over the entire season (Table 2.2; F aider = 246.06, p = 0.0001; F dens= 

264.46, p = 0.0001). Colder soil conditions at high densities may be critical in the early 

spring, when warm air temperature and increasing light combined with frozen soils could 

result in significant photoinhibition in the previous years needles (Powles, 1984). By 

May. however, soils in these plots were thawed through the rooting zone.

We used path analysis to explore the relationships between the microhabitat abiotic 

factors and spruce sapling gas exchange (Figure 2.6). The repeated measures analysis 

suggested that plant density was more important than the presence o f  alder in explaining 

the observed differences in spruce gas exchange, needle chemistry and the abiotic factors
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between treatments. However, a significant month x alder x density interaction term 

suggested that the impact o f neighboring alder on spruce saplings was larger than the 

impact of neighboring spruce. Therefore, a "neighbor" factor was constructed from the 

product of the percent alder in each plot times the average plant density in each arc and 

used in the multiple regressions that constitute the path diagram. The same interaction 

term suggested seasonal effects, so the data were coded for mid (July and August) and 

late season (September) and two path diagrams were constructed.

Physical factors were hypothesized to have either direct effects on photosynthetic 

rates, or indirect effects through stomatal conductance, needle nitrogen concentration or 

chlorophyll concentration. These physical factors were divided into aboveground and 

belowground factors that could effect the balance o f competition and facilitation. 

Aboveground factors included the percentage of midday light transmitted, vapor pressure 

deficit, needle temperature and relative humidity during gas exchange measurements, and 

the time of day each measurement was taken. The path analysis suggested that the time of 

measurement produced considerable noise in our results even though we worked to 

minimize its influence. However, because the order o f measurements was randomized 

each day, the effects o f treatment and time of day were not confounded. The 

belowground factors included in the model were total nitrogen and soil water. The plant 

responses included in the path analysis included total chlorophyll concentration, 

indicating plant responses to light, needle nitrogen, an indicator o f needle enzyme 

concentrations, and stomatal conductances.

2.5 Discussion
The late summer depression o f maximum photosynthetic rates in exposed spruce 

saplings suggests that close neighbors have a facilitative effect on white spruce saplings 

over the growth season. Although it is typical for plants to acclimate to high growth light 

with higher maximum net photosynthetic rates. Clark (1961) found higher maximum 

photosynthetic rates in detached branches o f shade grown mature white spruce compared 

to branches from trees growing in the open. Man and Lieffers (1997), using
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measurement irradiances similar to this experiment, also demonstrated higher maximum 

net photosynthetic rates at the end of the season in white spruce seedlings grown in pots 

under an aspen canopy, compared to seedlings grown in the open. Their photosynthetic 

rates, however, are almost twice those observed in the current experiment. Their higher 

gas exchange rates could have resulted from the lack of competition with neighboring 

vegetation and improved water balance in seedlings resulting from watering throughout 

the season and before measurements.

When dry mass rather than needle area is used to express photosynthetic rates in 

experiments that manipulate growth irradiance, it is possible that changes in needle 

morphology due to differences in growth light can account for differences between 

treatments. However, in our study, measurements were taken after needles had fully 

developed in July and needle morphology did not change after that time. Therefore, 

changes in needle morphology were not responsible for observed seasonal differences in 

photosynthetic rates. Further, needle dry mass per shoot changed very little over the 

season, although it appears that needles from saplings grown at high density took longer 

to achieve full weight than needles grown at low densities (Figure 2.5h). By the end of 

the season, there were no significant differences in needle dry mass between treatments, 

suggesting that late season differences in photosynthetic rates could not be attributed to 

increased starch storage in needles grown at high light.

The path diagram suggests that stomatal conductances had the most important positive 

impact on maximum photosynthetic rates throughout the season (Figure 2.6; Table 2.3). 

Stomatal conductance, in turn was affected by interactions with neighbors (density x 

percent alder), both below and aboveground. Although neighbors decreased volumetric 

soil water, neighbor modified soil water was not significantly related to stomatal 

conductances. The overall low soil water content, low needle water content and low 

stomatal conductances suggest that saplings in all treatments were water stressed. 

Conductances were negatively related to vapor pressure deficit, which was positively 

related to the time o f day, through needle temperature and relative humidity. These 

relationships were expected, as large vapor pressure deficits have been shown to cause
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stomatal closure and decrease conductance (Tibbitts. 1979). Marsden, Lieffers. & 

Zvviazek (1996). found that increased vapor pressure deficits during development o f 

white spruce seedling needles reduced photosynthetic rates. In our study, the time o f day 

that measurements were taken had greater indirect effects on stomatal conductance 

through needle temperature and relative humidity than neighbors. However, higher 

needle water content in high density arcs and higher stomatal conductance at high density 

and in alder suggest that neighbors had the cumulative effect of decreasing water stress in 

these saplings.

Unfortunately, stand level air temperature and relative humidity were not measured in 

our plots. However, atmospheric data from weather stations in adjacent open and canopy 

sites at Bonanza Creek Experimental Forest, about 20 km from the study site, are 

available for the summer of 1995 (Figure 2.7). The conditions expected to limit stomatal 

conductances during maximal assimilation were minimum daily relative humidity and 

maximum daily temperature. These data show that the canopy site experienced slightly 

higher minimum relative humidity and lower maximum temperatures throughout the 

summer, although the differences were not significant. Although our data could not 

confirm that atmospheric conditions at high and moderate plant density moderated the 

stress of low soil water availability, they suggest that this is the case.

Although neighbors increased soil nitrogen concentrations slightly, low density caused 

significant increases in needle nitrogen content in these saplings. Cole and Newton 

(1986) found that high density planting of Douglas fir with alder increased the total foliar 

nitrogen content per hectare but that low density plants had higher needle nitrogen 

concentrations. It is often found that increased needle nitrogen is positively correlated 

w'ith both increased net maximum assimilation rates and dark respiration rates because of 

the high proportion of nitrogen allocated to photosynthetic and respiratory enzymes 

(Evans, 1989; Ryan. 1995). It is also typical for plants growing at high light to have 

higher dark respiration rates than plants grown at low light (Bjorkman. 1981). It is 

possible that the increased needle nitrogen in low density, unshaded plants resulted in
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greater increases in needle dark respiration than in photosynthesis, possibly amplified by 

stomatal closure due to water stress during the day.

During the middle o f the growing season, needle temperature was also directly related 

to photosynthetic rates. The significant negative path coefficient (Figure 2.6: Table 2.3) 

suggests that changes in needle temperature alone depressed photosynthetic rates, 

perhaps through increases in photorespiration (Osmond & Grace 1995). As temperatures 

cooled later in the season, the negative impact of needle temperature decreased and no 

longer had a significant effect on photosynthetic rates.

Spruce saplings grown without neighbors, in high light, had significantly lower total 

chlorophyll concentrations than saplings growing at intermediate or high densities, but 

chlorophyll concentrations were significantly correlated with maximum assimilation rates 

(Figure 2.6, Table 2.3). This was expected, as chlorophyll concentrations are more likely 

to limit assimilation at low measurement light than at high. However, transmitted light 

did have a direct negative effect on the maximum photosynthetic rates late in the season, 

but not during mid-season. Although it is difficult to separate the effects of light and 

temperature, the major impact o f temperature on photosynthetic rates in this study was 

through effects on conductance, and the effect of conductance on maximum 

photosynthesis was relatively constant over the season, while the negative effect o f light 

increased and became significant later in the summer. Therefore, late season declines in 

assimilation could be partially attributed to differences in the light environment.

The decreases in late season photosynthetic rates in saplings without neighbors could 

be the result o f  photoinhibition (Ronco, 1970; Bjorkman & Powles. 1984; Osmond,

1994). It has been shown that cool nights and bright days can result in photosystem II 

photoinhibition in conifers, which is manifested by depressed maximum photosynthetic 

rates over both the short and long-term (Lundmark & Hallgren, 1987). Although we had 

a very mild fall, it is still possible that temperatures were low enough to slow the 

recovery o f photosynthesis under high light conditions. Further, the low foliar water 

status o f these saplings could have increased their susceptibility to photoinhibition under 

high light conditions (Bjorkman & Powles, 1984). It is possible that the decreased
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chlorophyll concentration is a protective response to high light conditions in the summer, 

and could be even more important in the spring with high light and cold air conditions 

(Holly, Laughlin, & Ball, 1994; Ottander, Campbell, & Oquist, 1995). The steady 

increase in carotenoid concentrations through the season suggests an increase in 

photoprotective xanthophylls (Demmig-Adams & Adams. 1992) although xanthophylls 

are only a portion of the carotenoid pool.

It is apparent that although neighbors modified many physical factors that interacted to 

affect spruce in these plots, photosynthetic rates and overall growth were facilitated by 

growth with neighbors. Plants grown at intermediate density (about 1 plant m ' 2 ) 

experienced a balance o f protection and resource availability, with protection from full 

sunlight, increases in relative humidity and lower midday higher temperatures, along with 

moderately higher nitrogen availability resulting in higher stomatal conductances and 

higher photosynthetic rates, especially at the end of the season. The balance o f variables 

resulted in saplings that were taller at intermediate densities than at either very low or 

very high density (Table 2.1). Very high densities with either alder or spmce neighbors, 

resulted in needles with higher chlorophyll concentrations, higher needle water 

concentrations, higher conductances and higher photosynthetic rates, but shorter saplings. 

In contrast, at very low density (unshaded trees. 0.1 plants m’2), decreased competition 

for soil water and nitrogen, with increased light could be expected to result in higher 

photosynthetic rates and greater growth. However, both maximum photosynthetic rates 

and sapling height were lower than plants grown at intermediate densities. Exposure 

resulted in lower needle water content, probably from increased vapor pressure deficits, 

and lower stomatal conductances and photosynthetic rates. Further, the direct negative 

effect o f light on saplings late in the seasons suggests that although saplings grown 

without neighbors had more time each day to maximize carbon gain, the intensity of 

light, even at this high latitude and low elevation appeared to have a negative impact on 

the photosynthetic apparatus resulting in lower net assimilation. One could predict that 

under open conditions, in a drought prone environment, such as the interior o f Alaska, an 

intermediate plant density, either in natural stands or in forestry efforts could result in
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higher long-term yields than widely spaced plants. In contrast warm. wet. cloudy 

conditions could allow the balance to swing to favor lower density saplings.

This study demonstrates that the impact of Alnus crispa on adjacent white spruce in 

the dry environment of interior Alaska is a complex balance between the competitive and 

facilitative effects occurring above and belowground. Since these results apply only to 

the current year needles, it is probable that on larger trees, more shaded needles from the 

interior of the crown would not benefit from the decreased light and increased humidity 

provided by neighbors but would be more affected by the competitive aspects of high 

density growth. Therefore, it could be predicted that a facilitative effect o f neighbors 

would be most pronounced during the early stages o f seedling growth, when current 

growth comprises the greatest proportion of photosynthetic tissue. Further, if the 

apparent damage to exposed needles is carried over to the next spring, declines in 

photosynthetic rates in exposed plants could be cumulative, not only over a season, but 

over several seasons, resulting in lower overall growth rates or poor survivorship.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 2.1 Diagram of Nelder Plots

The relative density o f plants from one Nelder plot shown at high, intermediate 

and low densities. Redrawn from Wurtz (1995).
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Figure 2.2 Light Environment in Nelder Plots

Light environment at three densities within one 25% spruce:75% alder plot. 

PPFD was sampled four times per hour, under the canopy, with two Li-Cor quantum 

sensors mounted 1 m from the ground at random locations at each density. Graphs 

represent the ranges and hourly means over each month.
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Figure 2.3 Representative Light Response Curves for Spruce in Nelder Plots

Spruce shoot photosynthetic rates were measured at a range of irradiances in 

saplings from 25% spruce : 75% alder plots at high, intermediate, and low sapling 

densities. Maximum net photosynthesis for the rest of the experiment was measured at 

1000 pmol m‘2 s' 1 PPFD because shoots from all densities were light saturated at that 

level.
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Figure 2.4 Gas Exchange Rates in Fully Expanded Spruce Shoots

Each point in the "Without Alder" treatment represents the mean of three 

replicates ± 1 S.E.. Data from 25% spruce : 75% alder and 75% spruce : 25% alder were 

pooled into one "With Alder" treatment so each point represents six replicates ± 1 S.E. 

Means with the same letter within measurement periods are not significantly different at 

a  = 0.05 (Duncan's Multiple Range Test). Sampling dates were: July 7, 8 , and 11; 

August 8 , 9, and 11; Early September 5, 6 , and 7; and Mid-September 17, 18, and 19.
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Figure 2.5 Needle Characteristics o f Shoots Measured for Gas Exchange.

Means were calculated as in Figure 2.4. Means with the same letter within 

measurement periods are not significantly different at a=  0.05 (Duncan's Multiple Range 

Test). Sampling dates are the same as in Figure 2.4. a) total chlorophyll concentration 

(fresh mass) of needles adjacent to those used for gas exchange; b) chlorophyll a/b ratio; c) 

total carotenoid concentration (fresh mass); d) percent needle nitrogen (dry mass); e) 

percent needle water in shoots used for gas exchange; f) needle temperature during gas 

exchange measurements; g) relative humidity during gas exchange measurements; h) dry 

mass of needles in the last 3 cm o f shoots measured for gas exchange.
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Figure 2.6 Mid-Season and Late Season Path Diagram

Path diagram representing relationships between plant and environmental variables 

in the Nelder plots during Mid-season (July and August) and Late Season (early and mid- 

September). Variables are Photo, (maximum net photosynthetic rates); Cond, (stomatal 

conductances); Light, (arcsin (percent transmitted light at noon) '2); Temp, (needle 

temperature); Neighbors, In (percent alder x density); VPD. In (vapor pressure deficit); 

Humidity, (relative humidity) 2; Nitrogen (total soil nitrogen); Needle N (percent needle 

nitrogen) and Soil Water (percent soil water). Arrow widths indicated the magnitude of 

the path coefficients showing the strength of the correlation. Dark arrows show 

significant paths (a  = 0.05). Positive and negative correlations are represented by +■ and - 

signs. The magnitude of the uncertainty in each multiple regression is shown by an arrow 

marked with "U".
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Figure 2.7 Open and Canopy Atmospheric Conditions

a) Mean daily maximum and minimum temperatures and b) minimum relative 

humidity from weather stations in adjacent canopy and open sites at the Bonanza Creek 

Experimental Forest Long Term Ecological Research Site. 20 km southwest of Fairbanks 

during the summer o f 1995. The canopy site had an open poplar overstory (Populus 

balsamifera) and a dense alder shrub understory (Alnus tenuifoha).
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Table 2.1 Mean Sapling Height in Nelder Plots.
Sapling heights at high, intermediate, and low densities from plots used for gas 

exchange measurements. At high and intermediate densities, the two adjacent arcs were 
included in the mean because those saplings shaded the measured spruce. Saplings at 
low density were not shaded by any other plants. Means with the same letter within plot 
type and species are not significantly different at a  = 0.05 (Duncan's Multiple Range 
Test).

N Mean Height S.E. 
(cm)

Mixed Alder/Spruce Plots
Alder Saplings 
High Density 
Intermediate Density 
Low Density

1 2 0
143
46

178.7 a 
194.3 b
195.8 b

3.8
3.6
6.3

Spruce Saplings 
High Density 
Intermediate Density 
Low Density

141
141
48

129.9 b 
134.8 b 
114.2 a

3.0
2.8
4.8

Pure Spruce Plots
High Density 
Intermediate Density 
Low Density

141
142 
47

131.7 b 
134.4 b 
120.2 a

1.9
2.8
4.6
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Table 2.2 Soil Characteristics
Measurements o f soil water and temperature and nitrogen samples were taken about every two weeks 

from within the rooting zone o f plants used for gas exchange measurements. Soil samples for nitrogen 
measurements were pooled within densities before measurement. 25% and 75% alder plots were pooled in 
the statistical analysis for all factors. Within months, means sharing the same letter are not statistically 
significant at a  = 0.05 (Duncan’s Multiple Range Test).

Soil Temp Soil Water Soil Ammonia Total Soil N
°C S.E. % S.E. mg NH4 kg'1 S.E. % S.E.

Density May
With Alder
High 5.7 a 0.2 18.7 ab 1.5
Intermediate 10.6 b 0.6 20.6 b 1.0
Low 13.4 c 0.7 19.8 ab 0.9
W ithout Alder
High 6.0 a 0.6 15.5 a 0.8
Intermediate 13.4 c 0.7 17.9 ab 1.5
Low 14.0 c 0.0 19.1 ab 1.7

June
With Alder
High 6.8 a 0.3 13.0 a 0.8
Intermediate 9.2 be 0.2 16.9 a 1.1
Low 11.9 de 0.6 18.4 b 1.7
W ithout Alder
High 8.2 ab 0.6 12.6 a 1.2
Intermediate 10.8 cd 0.8 13.5 a 2.7
Low 12.9 e 0.6 16 .1 a 2.2

July
With Alder
High 16.0 a 0.5 14.2 ab 0.7 2.908 ab 0.591 0.163 a 0.021
Intermediate 19.2 be 0.5 17.9 be 0.7 2.342 ab 0.030 0.138 a 0.009
Low 21.1 c 0.6 19.2 c 1.8 2.236 b 0.122 0.127 a 0.013
W ithout Alder
High 16.9 ab 2.7 10.6 a 1.3 3.925 a 0.650 0.168 a 0.026
Intermediate 21.1 c 0.9 13.6 ab 1.7 2.060 b 0.194 0.160 a 0.001
Low 21.1 c 1.1 16.7 be 1.8 2.768 ab 

August
0.428 0.148 a 0.014

With Alder
High 11.9 a 0.1 17.8 a 0.3 4.594 a 0.508 0.178 a 0.021
Intermediate 12.4 ab 0.2 20.2 abc 1.1 4.875 a 0.440 0.158 a 0.010
Low 13.8 abc 0.1 22.5 c 0.7 3.904 a 0.331 0.142 a 0.012
W ithout Alder
High 12.0 ab 0.6 18.2 ab l.l 3.577 a 1.035 0.178 a 0.009
Intermediate 13.9 be 0.8 19.8 abc 0.5 2.887 a 0.955 0.162 a 0.009
Low 14.4 c 1.4 20.8 be 1.4 3.057 a 

September
0.560 0.146 a 0.013

With Alder
High 14.0 a 0.6 22.4 b 1.2 3.562 a 0.384 0.187 a 0.020
Intermediate 15.3 b 0.7 25.9 c 0.2 3.063 ab 0.058 0.152 ab 0.017
Low 16.8 c 0.6 24.2 be 0.6 2.481 b 0.238 0.128 c 0.018
W ithout Alder
High 14.1 a 0.1 21.9 be 0.8 2.773 b 0.373 0.191 a 0.001
Intermediate 16.1 be 0.1 23.9 b 1.3 3.197 ab 0.205 0.168 ab 0.010
Low 16.7 c 0.7 23.1 b 0.7 2.709 b 0.392 0.169 ab 0.008
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Table 2.3 Path Analysis Parameters
Path coefficients, t values, probabilities and coefficients of determination (adjusted R2) for path diagram 

in Figure 2.6. Transmitted light = arcsine-square root (percent transmitted light), needle temp = square root 
(needle temperature), relative humidity = (relative humidity2), and neighbors = In (alder x density). The 
correlation of independent variables in each multiple regression was assessed with the condition number. 
The transformations of variables placed all condition numbers within acceptable limits (Phillippi, 1993). 
Mid-Season
Dependent Variable Independent Variable Path Coefficient t P adj R2

Photosynthesis Conductance 0.576 6.39 0.0001 0.5487
Needle N -0.001 -0.01 0.9958
Needle Temp -0.267 -2.74 0.0078
Transmitted Light -0.120 -0.91 0.3657
Total Chlorophyll 0.104 0.80 0.4270

Conductance Vapor Pressure Deficit -0.317 -2.95 0.0042 0.0955
Soil Water -0.140 -1.30 0.1961

Chlorophyll Transmitted Light -0.664 -7.43 0.0001 0.4331
Transm itted Light Neighbors -0.888 -15.95 0.0001 0.7809

Time o f Day -0.017 -0.31 0.7554
Needle Temp Neighbors -0.033 -0.43 0.6663 0.5380

Time o f  Day 0.738 9.69 0.0001
Vapor Pressure Relative Humidity -0.433 -43.16 0.0001 0.9952

Deficit Needle Temp 0.685 68.19 0.0001
Relative Humidity Neighbors -0.173 -1.89 0.0637 0.4283

Time o f Day -0.469 -3.50 0.0008
Needle Temp -0.263 -1.96 0.0545

Soil W ater Neighbors -0.532 -5.58 0.0001 0.2739
Needle Nitrogen Soil N 0.205 1.98 0.0513 0.2787

Neighbors -0.592 -5.73 0.0001
Soil Nitrogen Neighbors 0.394 3.81 0.0003 0.1445

Late Season
Photosynthesis Needle N -0.239 -2.62 0.0129 0.7930

Conductance 0.442 4.42 0.0001
Needle Temp -0.132 -1.72 0.0943
Transmitted Light -0.351 -2.77 0.0090
Total Chlorophyll -0.065 0.493 0.6249

Conductance Vapor Pressure Deficit -0.400 -3.10 0.0032 0.1474
Soil Water -0.146 -1.13 0.2641

Chlorophyll Transmitted Light -0.762 -7.44 0.0001 0.5699
Transm itted Light Neighbors -0.892 -13.04 0.0001 0.7891

Time o f Day 0.045 0.66 0.5145
Needle Temp Neighbors -0.061 -0.46 0.6514 0.0887

Time o f Day 0.348 2.60 0.0123
Vapor Pressure Relative Humidity -0.524 -87.70 0.0001 0.9987

Deficit Needle Temperature 0.602 100.60 • 0.0001
Relative Humidity Neighbors 0.022 0.19 0.8472 0.3274

Time of Day 0.173 1.41 0.1651
Needle Temperature -0.642 -5.23 0.0001

Soil W ater Neighbors -0.280 -2.10 0.0402 0.0607
Needle Nitrogen Soil N 0.266 2.29 0.0264 0.5114

Neighbors -0.836 -7.20 0.0001
Soil Nitrogen Neighbors 0.510 4.23 0.0001 0.2455
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Chapter 3

Photosynthesis and Photoprotection in Sun and Shade Acclimated White
Spruce (Picea glauca) Saplings3

3 Doran, K., R.W. Ruess & F.G. Plumley, Photosynthesis and photoprotection in sun and shade acclimated 
white spruce (Picea glauca) saplings. Prepared for submission to Ecoscience.
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3.1 Abstract

In situ light saturated shoot photosynthetic rates were measured on shaded and 

unshaded branches of white spruce (Picea glauca (Moench) Voss) saplings through the 

summer and early fall. Rates were compared to total needle nitrogen, photosynthetic 

pigment concentrations, and rubisco (ribulose 1-5 bisphosphate carboxylase/oxygenase) 

concentrations.

Needle factors regulating photosynthetic rates appeared to change through the season. 

Although there were large differences in rubisco concentrations between treatments in 

July, there were no significant differences in net light saturated photosynthetic rates. If 

rubisco activation in shade and control shoots could be assumed to be similar after 

photosynthetic rates had stabilized under measurement irradiance and temperature, 

photorespiration was hypothesized to be higher in unshaded control needles. In 

September, however, rubisco concentrations were equivalent in control and shaded 

shoots, but chlorophyll concentrations and photosynthetic rates o f control shoots dropped 

significantly, while shaded shoots maintained midseason rates, suggesting 

photoinhibition in exposed shoots of unshaded plants.

Needle nitrogen concentrations were not significantly correlated with either rubisco 

concentrations or photosynthetic rates at any point during the season. In contrast to 

cultivated crops and plants from fertile habitats, these white spruce saplings growing in 

nutrient poor conditions do not show predicted nitrogen partitioning to components o f the 

photosynthetic apparatus in response to irradiance.

Key Words: Nitrogen, photoinhibition, photorespiration, photosynthesis, ribulose 1-5 

bisphosphate carboxylase/oxygenase, white spruce.
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3.2 Introduction

Carbon acquisition in long lived leaves such as the needles o f conifers in boreal 

forests, requires significant acclimation o f the biochemical processes carried out by the 

photosynthetic apparatus. White spruce (Picea glauca (Moench) Voss) in the interior of 

Alaska have a growth season that averages only 97 frost free days (Slaughter & Viereck.

1986). With such a short growing season, the ability to maximize spring and autumn 

carbon gains should provide a selective advantage. Spring and fall, however, are 

particularly stressful, as irradiances are often high, air temperatures are low. and in the 

spring, soils are frozen. Photoinhibition of PSII (photosystem II) has been documented 

for other conifers under similar extreme conditions (Lundmark & Hallgren, 1987; Bolhar- 

Nordenkampf & Lechner, 1988; Ottander, Campbell, & Oquist 1995; Krivosheeva et al., 

1996).

A strong relationship between needle nitrogen and photosynthesis has been recognized 

for many years (Field & Mooney, 1983; Evans, 1989). Much of the nitrogen in leaves is 

found in proteins of the light harvesting apparatus and enzymes of the Calvin cycle, 

especially rubisco (ribulose 1 -5 bisphosphate carboxylase/oxygenase). Because of 

nitrogen limitations on photosynthesis, models of leaf level photosynthesis predict an 

optimal partitioning of nitrogen into the components of the photosynthetic apparatus 

depending upon the light environment of the plant (Evans, 1989; Hikosaka & Terashima, 

1996). Leaves acclimated to low light would be expected to allocate nitrogen 

preferentially to proteins o f the thylakoid membrane which are critical to light harvesting 

and energy transduction: the proteins of PSII, PSI (photosystem I), light harvesting 

protein complexes (LHC) and ATP synthase. In contrast, leaves acclimated to high 

irradiance would be expected to allocate protein preferentially to the proteins o f the 

Calvin cycle, especially rubisco.

Low soil temperatures in the boreal forest contribute to slow nitrogen mineralization 

rates and, as a consequence, low nitrogen availability to plants (Van Cleve et al., 1983; 

Yin, 1991). Further, soil temperatures increase much more slowly in the spring than air 

temperatures, decreasing the availability o f soil nitrogen during periods o f maximum

Reproduced with permission o fthe copyright owner. Further reproduction prohibited without permission.



77

needle expansion. Conifers have adapted to the spring mineral deficit with a growth 

pattern in which spring bud growth is determined by plant condition in the preceding 

summer. Long-lived needles also retain nutrients within the needle, avoiding the need for 

translocation of nutrients during periods of cold or drought (Chapin, 1980; Chapin & 

Kedrowski, 1983).

Since nitrogen is potentially limiting to growth and photosynthesis in the boreal forest, 

it would be expected that needles from white spruce would allocate nitrogen within the 

photosynthetic apparatus to maximize carbon gain under various environmental 

conditions. Further, since light conditions under the canopy change as deciduous foliage 

senesces in the fall, the allocation of nitrogen to components of the photosynthetic 

apparatus would be expected to respond to alterations in light environment. We 

examined uncultivated white spruce saplings to determine if they exhibited the expected 

pattern of optimal nitrogen partitioning within the photosynthetic apparatus. We 

correlated needle nitrogen concentrations of shaded and exposed current year foliage with 

rubisco concentrations, pigment concentrations, and with light saturated net 

photosynthetic rates from mid-summer into the fall.

3.3 Methods and Materials

Gas exchange measurements and needle chemistry analyses were conducted on seven 

unshaded white spruce saplings near the University of Alaska, in Fairbanks, Alaska 

(64°53' N, 148°0'W). The saplings were estimated to be about 10 to 12 years old and 

none were fertilized or watered. On July 10, 1999, two south facing branches on each 

sapling were randomly chosen for control and shade treatments. Shaded branches were 

covered with a very loose sleeve (90 cm x 30 cm) constructed o f two layers of Reemay™ 

shade cloth that transmitted approximately 2 0 % o f the ambient light across the visible 

spectrum (Debevec & MacLean, 1993). Sleeves were secured at the base of the branch, 

checked periodically for disturbance by wind, and repositioned as required. They 

remained on the branches until October 12. Shoot temperatures on control and shaded 

branches were measured on two saplings with Hobo® temperature sensors (Onset
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Computer Corp., Pocasset, Massachusetts). Temperatures were found to be similar 

between shaded and unshaded shoots throughout the season, although control shoots were 

slightly warmer than shaded shoots (Figure 3.1; mean difference = -0.3; S.E. = 0.1; paired 

comparisons t test t = -2.035, p = 0.048)

Gas exchange measurements were taken during the summer and fall o f 1999 (July 28, 

August 3, August 30, and September 30) on attached shoots in a Li-Cor conifer chamber 

(Lincoln, Nebraska) with a Li-Cor 6400 open system infrared gas analyzer. Shoots were 

exposed to ambient light for at least 2 0  minutes before measurements were taken and 

allowed to stabilize in the closed cuvette under measurement irradiance 

(1000 pmol m'2s~* PPFD; photosynthetic photon flux density) until gas exchange rates 

were constant. Previously determined irradiance response curves showed that both 

shaded and open shoots were saturated at this irradiance (Doran et al.. in press). Ambient 

irradiance was augmented with a 150-W, full spectrum bulb when required to achieve 

1000 pmol m ' 2 s' 1 PPFD (Duro-Lite®; North Bergen. New Jersey). Cuvette conditions 

are summarized in Table 3.1. Shoots were dried and needle dry mass was used to 

normalize gas exchange rates.

Shoots for fluorescence and chemical analyses were collected on July 20. August 15, 

September 11, and October 12, from the same branches used for gas exchange. Shoots 

were immediately frozen in liquid nitrogen and stored at -60°C until analysis. For 

pigment and protein extraction, approximately 4 g o f needles were ground to a fine 

powder in liquid nitrogen in a small electric grinder. Under dim light, approximately 

0 . 0  lg  o f powered needle was weighed into a microcentrifuge tube, 2 0 0  mm3 of 1 0 0 % 

(0°C) acetone was added and the mixture was ground with a disposable pestle. Needle 

tissue was reground after a final 1000 mm3 aliquot o f ice cold 76% phosphate buffered 

acetone (0.58 mM phosphate buffer, pH = 8.0) was added for a final concentration of 

80% acetone. This solution was kept in the dark at -20°C for 12 hours to improve 

pigment extraction, and then centrifuged for 10 minutes at 4°C. The supernatant was 

analyzed spectrophotometrically for chlorophylls a and b and carotenoids (Lichtenthaler,

1987).
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From the same ground material, approximately 0.01 g of fresh needle were measured 

into a microcentrifuge tube, 2 0 0  mm3 of detergent and buffer solution (2 . 0  % lithium 

dodecyl sulfate, buffered with 100 mM Tris (hydroxymethyl) aminomethane. pH=8.5,

100 mM dithiothreitol, 50 mM benzamidine and 1.25 mM e-aminocaproic acid) was 

added and ground with a disposable pestle. Another 700 mm3 aliquot of detergent/buffer 

was added and the mixture ground again. Samples were subjected to 3 freeze/thaw 

cycles. At each thawing the needle material was ground with a motorized mortar and 

pestle. The supernatant was used for determination of rubisco concentration. The 

remainder o f the ground needle material was weighed and dried for total nitrogen and 

carbon measurement using a CNS autoanalyzer (LICO 2000; St Joseph, Michigan).

A dot immunobinding assay was used to determine rubisco concentrations from the 

crude protein mixture. Volumes o f protein/detergent solution containing ground needle 

material were diluted with grinding buffer solution to 0.8% LDS and applied to 

nitrocellulose membrane (Sigma, St. Louis, Missouri) using a slot blot apparatus 

(Millipore; Bedford, Massachusetts). Blots were probed with rabbit polyclonal 

antibodies to the large subunit of spinach rubsico (Bethyl Laboratories: Montgomery. 

Texas), reacted with goat anti-rabbit IgG-alkaline-phosphatase (Sigma; 1:10,000 dilution) 

and developed with 5-bromo-4-chIoro-3-indolyl phosphate and 4-nitroblue tetrazolium 

(Sigma; St. Louis, Missouri). Buffers and procedures were based on those in Mishkind, 

Plumley & Raikhel (1987) and are described in more detail in Appendix I. Serial 

dilutions o f electrophoretically pure spruce rubisco large subunit (see Appendix I) were 

used as standards on each blot. Rubsico concentrations of needles were calculated by 

scanning the developed blots in a ScanJet 4c scanner (Hewlett Packard; Boise, Idaho) and 

using NIH Image (public domain software, U.S. National Institutes of Health) to obtain 

indicator densities (Velleman, 1995). These densities were compared to the densities of 

the standard to determine the concentrations o f rubisco in each well, then corrected for 

the fresh mass o f ground needle tissue.

Low temperature (77 K) fluorescence emission spectra were observed from intact, 

continuously frozen needles. Five needles from each shoot were submerged in 50%
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glycerol and placed in a cuvette containing liquid nitrogen. Three separate sets of needles 

were scanned for one repetition. Chlorophyll a fluorescence was induced with excitation 

at 250 pmol m"2 s' 1 at 440 nm. Photosystem II fluorescence was detected at 685 nm and 

695 nm from chlorophyll associated with chlorophyll binding proteins 43 and 47 

(Karukstis, 1991). The sum of the heights of the 685 nm and 696 nm signal was 

considered the PSII signal. Photosystem I fluorescence was detected at 733 nm. The 

spectra were corrected for differential responses of the photomultiplier tube to energy at 

different wavelengths. Excitation and emission band passes were 4 nm.

Results were analyzed in a mixed effects, repeated measures design with individual 

trees as the subject and treatment and month as fixed effects (Littell et al., 1996). This 

allowed each tree to be treated as a block, removing the differences between trees and 

increasing the sensitivity of the analysis of differences between treatments and over the 

season within trees. Within months, the significance of differences between treatments 

was assessed as mixed effects models with the tree as the random factor. Associated 

environment effects were analyzed with paired comparisons t tests.

3.4 Results

Needle maximum net photosynthetic rates in control and shaded shoots were very 

similar during the first weeks after shading, but became significantly different by early 

September (Figure 3.2; F treat = 10.15, p = 0.003; F Aug30 = 7.70. p = 0.032; F scptso =

18.50, p = 0.005). Mean net maximum photosynthetic rates were always higher in 

shaded shoots, however, the major impact of shade appeared to be a slower decline of 

C 0 2 fixation rates into the winter dormancy period. Shaded shoots maintained mid

season photosynthetic rates until September 11, while control shoots dropped 

significantly. By September 30, shaded and control shoots had declined to 20% and 8 % 

of their respective seasonal maximum.

Mean stomatal conductance responses to treatments and season paralleled those of net 

photosynthetic rates. There was a small but significant increase in conductance with 

shading (Figure 3.2; F treat= 4.72, p = 0.036). There were larger differences between
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shade and open shoots on July 30, probably due to dry weather, but within month 

differences were not significant. Both shaded and control shoots maintained stomatal 

conductance rates through September 11, then dropped quickly to the low September 30 

rates (F month = 54.22, p = 0.0001). Mesophyll conductance, evaluated by A/Ci ratios, 

paralleled net photosynthetic rates in response to shade treatment and season (Figure 3.2; 

F treat = 4.48, p = 0.041; F m0nth = 16.11. p = 0 .0 0 0 1 ).

The shading treatment in this experiment was not initiated until July 10, at which time 

needles and shoots were fully developed. It is improbable that light induced differences 

in morphology, such as specific needle area, needle angle, or needle density changed after 

full needle expansion. This allowed the comparison o f gas exchange characteristics 

between treatments on a mass basis, without the complications of differences in needle 

specific area. Throughout the season, control and shade needles had similar dry masses 

and carbon:fresh mass ratios (Table 3.2), indicating that decreased assimilation rates in 

control needles were not the result of increased needle mass due to late season starch 

storage.

Regardless of treatment, rubisco concentrations were highest in July, and declined into 

the fall (Figure 3.3; F month = 11 03, p = 0.0001). Although rubisco concentrations were 

significantly higher in control shoots than in shaded shoots in July. (F treat 13.16. p =

0.001), both treatments declined to the same low levels by October (F treat x month = 4.37, 

p = 0.009). The rubsico concentrations in our experiment followed a general seasonal 

pattern similar to rubisco activity in Pinus silvestris. in which rubisco activity increased 

during the spring and summer and decreased during the autumn and winter (Gezelius & 

Hallen; 1980).

Although chlorophyll concentrations did not respond to shading treatment as quickly 

as rubisco concentrations, significant differences were observed in the concentrations of 

both chlorophyll a and chlorophyll b over the summer and between treatments. Shaded 

shoots had significantly higher total chlorophyll concentrations than control shoots 

(Figure 3.4; F trcat = 10.84, p = 0 .001). By August, chlorophyll a in shaded shoots had 

increased significantly to a seasonal peak and remained high through October, while
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chlorophyll a in control shoots declined through the later portion of the season (Chi a: F 

month • treat= 3.56, p = 0.023). Chlorophyll b , in contrast, was slightly, but consistently 

higher in shaded plants through the season (Figure 4; F treat = 8.41, p = 0.001) with 

significant declines in both treatments between July and October (F month = 5.67, 

p = 0.003; 23.3% and 35.6% declines in shaded and control shoots, respectively)

The ratio of photosystem I I : photosystem I fluorescence measured at 77 K tended to 

be higher in open needles than in shade needles (Figure 3.4; F trcat = 3.94. p = 0.054). and 

was significantly different over the season (F month = 12.19, p = 0.0001) reflecting shifts in 

the relative numbers or sizes of PSI and PSII and their associated antenna complexes 

(Karukstis, 1991).

Total carotenoid concentrations include, among others, pigments of the xanthophyll 

cycle w hich have been shown to be important in the non-radiative dissipation of energy 

under photoinhibitory light conditions (Demmig-Adams & Adams, 1996). These data 

show that the pool o f carotenoids increased seasonally, as expected. (Figure 3.5: F month -  

4.95. p = 0.005) but that there were no differences in response to changes in light 

environment (F treat = 0.02, p = 0.903). Others have noted changes in the de-epoxidation 

state of the xanthophyll pool along with increases in the total carotenoid concentrations in 

conifers in response to light stress, especially during fall and winter (Polle &

Rennenberg, 1994). Our methods, however, did not permit resolution o f individual 

xanthophylls.

Although needle nitrogen concentrations tended to be higher in control shoots than in 

shaded shoots throughout the season, the effect of treatment was not significant (Figure 

3 3; F treat = 3.18, p = 0.082). Needle nitrogen increased between July and September and 

remained relatively constant through October (F month = 21.8 6 , p = 0.0001). Needle 

nitrogen concentrations were similar to measurements for black spruce (Picea mariana) 

(Chapin & Kedrowski, 1983) and white spruce (Walker & Chapin. 1986) in the same 

region and were comparable to other conifers, even those under nitrogen enhancement 

(Nasholm, 1994; McKinnon et al., 1998).
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Surprisingly, needle nitrogen was not strongly correlated with major nitrogen 

containing components of the photosynthetic apparatus (Table 3.3). Neither seasonal nor 

treatment drops in rubisco concentration were correlated with decreases in total needle 

nitrogen. In these spruce, rubisco nitrogen accounted for only 6.9% of total needle 

nitrogen in unshaded shoots and 4.0% in shaded shoots in July and both treatments 

dropped to an average of 2% rubisco nitrogen in August and 1 % rubisco nitrogen in 

September. Although this is very low, relative to rubisco concentrations in crop plants, it 

is consistent with the low photosynthetic rates o f these saplings. Kursar & Coley, (1992) 

also reported low needle nitrogen allocation to rubisco (4.9% to 9.8% of total leaf 

nitrogen in rubisco) in tropical understory vegetation. Total chlorophyll concentrations 

were significantly correlated with needle nitrogen in July, but not at any other time 

during the season. Only in August was there a significant negative correlation between 

rubsico and chlorophyll that could suggest a trade off between allocation of nitrogen to 

either light harvesting or carbon fixation.

Correlations between maximum net photosynthesis and needle nitrogen were negative 

throughout the summer, although the relationships were only significant in July and 

October (Table 3.3). The relationship between rubsico and nitrogen was also negative 

throughout the summer, although it was never significant.

3.5 Discussion

White spruce saplings can acclimate successfully to either understory or open 

environments. However, even at high latitudes, our data shows that current season shoots 

exposed to high irradiance environments experience depressed photosynthetic rates at 

saturating irradiances. The depression in photosynthetic rates intensified late in the 

season, possibly exacerbated by cold temperatures. Although sun grown saplings have 

higher cumulative carbon acquisition over the entire summer, saplings growing in the 

shade might experience higher rates of carbon acquisition in late summer and early fall, 

when the overstory hardwoods lose their leaves, allowing greater light penetration.
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Similar trends in photosynthetic responses to shade were observed by Man and Lieffers 

(1997) in white spruce seedlings grown in the open and under an aspen canopy.

Results from our experiment, with both light treatments on the same sapling, 

demonstrate that late season photosynthetic declines in open shoots were not a result o f 

differences in needle conductance. Although assimilation rates paralleled stomatal 

conductance, the A/C* ratios indicate that assimilation rates also declined seasonally 

relative to intercellular CO2 , suggesting differences in mesophyll conductance or energy 

transduction in response to light rather than stomatal closure. Because the measured 

shoots in both treatments also had similar needle temperatures and experienced similar 

relative humidity throughout the season and during gas exchange measurements, we think 

that differences in assimilation are unlikely to be the result of differences in shoot water 

status.

The rubisco/photosynthesis relationship in our spruce shoots deviates from current 

models o f leaf level photosynthesis (von Caemmerer & Farquhar, 1981; Sage & Reid, 

1994; Hikosaka & Terashima, 1996). These models suggest that photosynthetic rates are 

limited by the concentration and activity o f rubisco at saturating irradiances. However, 

rubisco concentrations in our spmce were negatively correlated with maximum 

photosynthetic rates throughout the season. In July, rubisco concentrations were 

observed to be very responsive to changes in shading; mean rubisco concentrations in the 

shaded needles dropped 45% compared to control needle within ten days (comparable to 

30% drops in other studies; Sage and Reid 1994). However, assimilation rates between 

treatments were similar, suggesting that rubisco concentrations in control shoots were 

higher than required to achieve July assimilation rates. Further, the higher rubsico 

concentrations in control shoots could have caused higher rates of photorespiration, 

depressing net assimilation rates if we assume that the activation rates of rubisco in both 

treatments were similar. This appears reasonable because photosynthetic measurements 

were taken after fixation rates had stabilized at high light in both treatments and because 

differences in rubsico activation within the same species would be expected to be 

strongly related to light environment during measurements (Salvucci. 1989).
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Photorespiration has been considered an inefficiency in rubisco function and the 

photosynthetic process in C3 plants (Zelitch, 1992). Recent reviews have suggested that 

0 2 uptake in C3 and CAM plants can account for up to 50% of the electron flow in 

saturating CO2 and light (Osmond & Grace, 1995). It has been suggested that 

photorespiration in C3 species could be decreased by increasing the CO2/O2 specificity o f 

rubsico, resulting in increased productivity (Zelitch, 1992). However, efforts to increase 

crop yields by selective breeding for these traits have not been successful (Heber et al.,

1996). Recent work with wild-type and transgenic plants has provided evidence that 

photorespiration can be a mechanism to decrease photodamage to the photosystems by 

consuming excess NADPH and ATP, avoiding over-reduction of the thylakoid membrane 

quinone pool, especially under conditions of stomatal closure (Heber et al., 1996; Kozaki 

& Takeba, 1996).

Because o f the high nitrogen costs of rubsico (15.8% nitrogen in the large subunit), 

photorespiration is a less nitrogen efficient way of preventing photodamage than the non- 

radiative dissipation o f excitation energy in the xanthophyll cycle. In crop plants, 

photorespiration may only be of minor importance in photoprotection (Brestic et al.,

1995). However, the relative importance of photorespiration in photoprotection could 

vary among plants with different growth forms, habitats and stress responses. White 

spruce saplings, with an inherently slow growth rate and long-lived needles, might be 

better at manipulating soluble protein levels than in regulating membrane bound proteins 

and pigment-protein complexes. Lawlor et al., (1987) observed that in older leaves of 

cold acclimated barley, carboxylation efficiency and stromal proteins declined more than 

photochemical efficiency. Indeed, in our saplings, rubisco concentrations did appear to 

respond more quickly than chlorophyll concentrations to variations in light environment.

Chapin & Kedrowski (1983) found that the concentration of protein in black spruce 

needles was relatively constant through the fall and winter, indicating that needles were 

not exporting protein nitrogen to twigs or roots for winter storage. If white spruce and 

black spruce growing in interior Alaska have similar seasonal protein allocation patterns, 

the large seasonal decreases in rubisco concentration (Figure 3.3) must result in increases
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in other needle proteins. In their work on cold acclimation and photoinhibition of Scot's 

pine, Krivosheeva et al., (1996) measured a large increase in protective enzymes, such as 

superoxide dismutase, ascorbate peroxidase, glutathione reductase and ascorbate of the 

chloroplasts. All of these enzymes have been shown to decrease the damage caused by 

free oxygen radicals formed by exposure to chlorophyll excited to the triplet state by 

excess irradiance. A conservative nitrogen strategy would be expected to include 

recycling rubisco nitrogen into protective enzymes during the fall and winter and into 

biosynthetic enzymes during the spring.

Although it is possible that breakdown of rubsico could increase free amino acids with 

significance for frost hardening, results from other studies are mixed. Durzan (1968) 

found that the total concentration of free amino acids in white spruce needles declined in 

the fall, although the concentration of proline, an osmoregulator, increased. Chapin & 

Kedrowski (1983) found that the soluble protein and free amino acid concentrations 

remained relatively constant over the fall and winter in black spruce. In either case, it is 

apparent that in our saplings, rubisco underwent proteolysis, without equivalent re

synthesis. If the seasonal protein patterns of our white spruce are similar to black spruce, 

the breakdown of rubisco is accompanied by synthesis of other proteins for winter 

storage or in preparation for spring biosynthesis.

In contrast to July, September photosynthetic rates o f shaded needles were 

significantly higher than the rates of control needles, while rubisco concentrations in both 

shade and control shoots were very similar. Assuming that rubsico activation in the two 

treatments was similar at the similar temperatures and light intensities present during 

measurements, this suggests that photorespiration was not responsible for fall depression 

of maximum assimilation rates in control needles. Lower maximum net photosynthetic 

rates in September could have been the result o f photoinhibition resulting from damage to 

thylakoid membranes caused by high light levels following cool nights as reported 

previously in spruce and pine (Lundmark & Hallgren, 1987).

In contrast to large, immediate decreases in rubsico concentrations in response to 

increased shade and season, concentrations of total chlorophyll changed more slowly.
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Total chlorophyll concentrations in unshaded shoots dropped steadily from mid-season 

onward (-29%), while shaded shoots dropped only slightly (-6%). The decrease in total 

chlorophyll in unshaded control shoots was the result of significant drops in 

chlorophyll a, while chlorophyll b remained relatively stable. Since chlorophyll b is 

found mostly in the light harvesting complexes associated with PSII, this suggests that 

PSI was more affected by high light levels late in the summer.

The P S II: PSI fluorescence ratio measured at 77 K was used to probe the relative size 

and numbers of the photosystems and their associated antenna in response to shading and 

season. Although shade did not have a significant effect on the PS II: PSI ratios, a 

significant increase between mid-July and mid-September, then a decrease in October, 

suggested a major seasonal shift in the structure of the thylakoids. The peak in 

September could have been the result o f increased PSII, decreased PSI, and/or state 

changes in LHCII (shifts in LHCII association from PSI to PSII; Fork & Satoh, 1986). 

Total needle chlorophyll concentrations did not increase between mid-July and mid- 

September, so it appears unreasonable to hypothesize an increase in the numbers o f PSII. 

Further, chlorophyll a appears to decline faster in control shoots than in shaded shoots. 

Because the ratio of chlorophyll a to b is approximately 1:1 in the PSI antenna and 1:4 in 

PSII, the declines in chlorophyll a concentration are consistent with the hypothesis that 

PSI antenna were preferentially degraded. This also indicates that the September peak in 

the PSII.PSI ratio was not the result o f destruction o f  the LHCII, although it does not 

preclude the migration o f LHCII from PSI to PSII. Although damage to PSII is 

considered important in both short-term photoinhibition and seasonal responses to low 

temperatures and bright days in the fall, recent work has demonstrated that damage to PSI 

under cool conditions is also a factor in cold tolerant species such as barley and wheat 

(Tjus et al., 1998). Further, during barley senescence, the minor light harvesting protein 

CP29 and LHCI decreased much faster than those o f  the bulk LHCII early in the season, 

while LHCII degraded later in the season (Humbeck & Krupinska, 1999). The October 

decrease in the PSILPS1 ratio after several heavy frosts (Figure 3.4) is consistent with
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other observations of late season photoinhibition o f PSII in Pinus svlvestris in response to 

freezing nights and sunny days (Strand & Lundmark, 1987; Strand &  Oquist, 1988).

The lack of a positive correlation between needle nitrogen and photosynthesis 

indicates that maximum net photosynthetic rates in our saplings were not limited by 

nitrogen availability, despite the well recognized trend toward higher assimilation rates 

with higher needle nitrogen content (Field & Mooney, 1983; Evans, 1989). The low 

percentage o f total needle nitrogen in rubisco also indicates low allocation of nitrogen to 

photosynthetic processes in our shoots (Hikosaka & Terashima, 1986)

White spruce in interior Alaska is frequently described as a species adapted for growth 

in low nutrient soils with an intrinsically low growth rate (Chapin, 1980). This has 

several important implications for both needle carbon and nitrogen balances. An 

intrinsically slow growth rate is tied to low photosynthetic rates with a slow carbon 

metabolism. It is possible that this slow carbon metabolism, especially combined with 

cool temperatures could limit the production of starch and sucrose from triose 

phosphates, resulting in shortages o f phosphates for photophosphorylation, decreases in 

electron transport and insufficient regeneration of rubisco (Leegood & Furbank. 1986; 

Sharkey et al., 1986; Stitt, 1986). It is also possible that soil phosphate availability was 

more important in limiting photosynthetic rates than nitrogen availability.

Long-lived needles with conservative nitrogen requirements are associated with a low 

intrinsic growth rate. Species from infertile habitats respond to increases in mineral 

nitrogen availability by increasing needle concentrations of nitrogen, rather than 

investing in growth (Chapin, 1980). Although this extra needle nitrogen need not result 

in increases in assimilation rates, the retained nitrogen could be critical to plants in a 

nutrient poor environment providing a source of nutrients for spring growth. However, 

this requires the physiological flexibility to seasonally recycle the needle nitrogen pool 

(Shaver & Chapin, 1991). This is apparent in the flexibility that these needles show in 

their rubisco response to shading. Because these saplings appear to be able to produce 

critical enzymes in excess of levels required for maximum assimilation rates, it does not 

appear that the photosynthetic nitrogen economy of these saplings is limited by nitrogen
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availability. Thus, tradeoffs between nitrogen allocation to light-harvesting components 

or Calvin cycle enzymes suggested by optimal allocation models (Hikosaka & Terashima

1996) do not appear to be important in white spmce. During the height of the growth 

season, shoots growing in unshaded microhabitats appear to have enough available 

nitrogen to produce excess rubisco, perhaps exploiting photorespiration to augment other 

photoprotective mechanisms.

Reproduced with permission o fthe copyright owner. Further reproduction prohibited without permission.



Figure 3.1 Shoot Temperatures in Shaded and Control Branches

Seasonal comparisons o f shoot level temperatures from shaded and control 

branches on two representative trees. Hobo® sensors did not record temperatures higher 

than 38°C.
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Figure 3.2 Gas Exchange in Shaded and Control Shoots

Seasonal gas exchange measurements on fully expanded shoots. Measurement 

conditions are described in Table 3.1. Each point represents the responses o f shaded and 

control branches on seven trees. Error bars represent ± 1 S.E. * p < 0.05. ** p < 0.01.
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Figure 3.3 Rubsico and Nitrogen Concentrations

Seasonal rubisco and total needle nitrogen concentration. Each point represents 

measurements of shaded and control branches on seven trees. Error bars represent ± 1 

S.E. * p < 0.05.
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Figure 3.4 Chlorophyll Content and Chlorophyll a Fluorescence

Seasonal chlorophyll and fluorescence measurements. Each point represents 

measurements o f shaded and control branches on seven trees. Error bars represent ± 1 

S.E. * p< 0 .05 . ** p<0.01.
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Figure 3.5 Total Carotenoid Concentrations

Each point represents measurements o f shaded and control branches on 

trees. Error bars represent ± 1 S.E.
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Table 3.1 Cuvette Conditions During Gas Exchange Measurements
Means and standard errors of cuvette conditions during gas exchange measurements. 

N = 7 for each treatment and measurement period.

D ate Treatment Carbon 
Dioxide 

pmol mol*1

S .E . Needle
Temperature

°C

S.E. Vapor
Pressure
Deficit

S.E.

July 28 control 340.7 3.1 27.9 0.5 1.8 0.1
shade 336.8 4.8 26.9 0.9 1.6 0.2

Aug 3 control 335.8 5.3 27.1 0.4 1.4 0.1
shade 337.9 0.4 27.0 0.4 1.5 0.1

Aug 30 control 341.5 4.3 24.3 0.4 2.1 0.1
shade 339.7 3.8 23.8 0.2 2.4 0.2

Sept 30 control 376.8 0.7 17.3 1.0 1.7 0.1
shade 370.5 2.1 19.2 1.5 2.0 0.2
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Table 3.2 Needle Dry Mass and Carbon Content
Mean differences in needle dry mass per shoot and carbon fresh mass per gram 

between control and shade treatments. Differences were tested with paired comparisons t 
test and p values.

S hoo t N eedle M ass Needle C a rb o n
(C o n tro l -  S hade) (C o n tro l - S h ad e)

g t P g g ' fresh  weight t P

J u ly 0.0101 0.90 0.41 0.0031 0.40 0.70
Aug 0.0318 1.30 0.24 0.0077 1.90 0.1 I
S ep t 0.0355 2.23 0.07 0.0019 0.55 0.60
O c t 0.0203 0.71 0.51 0.0045 1.12 0.31
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Table 3.3 Seasonal Correlations Between Needle Parameters

Month Pearson Correlation N p
Coefficient

Rubisco and N eedle N itrogen
July 0.0092 14 0.9752
A ugust 0.1509 14 0.6066
Septem ber 0.5056 13 0.0779
O ctober -0.1403 11 0.6807

Chlorophyll and Needle N itrogen
July  0.7510 14 0.0020
A ug -0.3680 14 0.1955
Sept -0.1112 14 0.7051
O ct -0.5608 12 0.0579

M ax Net Photosynthesis and N eedle N itrogen
July -0.6244 11 0.0400
Aug -0.1058 14 0.7180
Sept -0.4331 14 0.1219
O ct -0.5820 14 0.0290

Rubisco and Total Chlorophyll
July 0.2776 14 0.3367
A ug -0.5569 14 0.0386
Sept -0.3444 13 0.2491
O ct 0.2580 10 0.4717

Rubsico and M ax N et Photosynthesis
July -0.4941 11 0.1224
Aug -0.3587 14 0.2079
Sept -0.2110 13 0.4889
Oct -0.0454 11 0.8945
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General Conclusions

Growth chamber gas exchange measurements suggested that young spruce seedlings 

had low photosynthetic potential that was linked to an intrinsically slow growth rate. 

Seedlings were more successful at acclimating to low irradiances than to the typical 

maximum irradiances present in the interior o f Alaska. Growth chamber seedlings grown 

at high light, had depressed maximum photosynthetic rates and lower incident quantum 

yields, both symptoms of photoinhibition. While increased nitrogen increased growth, 

seedlings limited by low light accumulated tissue nitrogen. This resulted in higher dark 

respiration rates in low light plants, but suggested the possibility that needle nitrogen 

reserves could be exploited during periods o f low nutrient availability.

Under weather and edaphic conditions representative of white spruce habitat in the 

interior o f Alaska, spruce sapling photosynthetic potential was enhanced by the presence 

o f neighbors. Belowground competition for nitrogen did occur, but low needle nitrogen 

concentrations did not negatively impact maximum carbon assimilation. Belowground 

competition for water did occur, but it was not correlated with declines in stomatal 

conductances. However, shade provided by neighbor foliage enhanced the 

photosynthetic potential o f sheltered spruce saplings. Neighboring plants also decreased 

mid-season maximum air temperatures and increased mid-day relative humidity, 

increasing stomatal conductance with indirect positive effects on maximum 

photosynthetic rates. After five years of concurrent growth, spruce saplings were taller 

with either spruce or alder neighbors than when grown independently.

Models of limitations to photosynthesis (von Caemmerer & Farquhar, 1981; Sage & 

Reid, 1994) predict that at low irradiances, photosynthetic output is limited by the 

efficiency of the thylakoid membranes in harvesting light, transporting electrons, and 

producing the proton gradient required for the production of ATP. At high light, the 

limitation shifts to the ability o f the plant to enzymatically fix carbon dioxide. Thus, at 

high light, under limited nitrogen, nitrogen resources would be expected to correlate 

closely with maximum photosynthetic rates and the abundant enzyme rubisco, which 

catalyses the initial step in the Calvin cycle.
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In contrast to photosynthetic models, largely developed from observation of 

agricultural species, our results indicated that spruce maximum photosynthetic rates were 

not linked to soil nitrogen availability and only correlated with needle nitrogen in 

seedlings. Dark respiration rates, on the other hand, were closely correlated with needle 

nitrogen in seedlings and field grown saplings. Also unlike crop plants, rubisco 

concentrations were poorly correlated with needle nitrogen through the growth season. 

Again, unlike cultivated crops, photosynthetic potential also did not appear to be highly 

correlated with rubisco concentrations throughout the season.

This work suggests that on a physiological level, spruce is a slow growing, stress 

adapted plant with a limited capacity to up-regulate physiological processes in response 

to favorable light or nitrogen conditions. Increases in light during growth did not result 

in increased capacity to fix carbon. Increases in soil nitrogen did not positively impact 

net maximum photosynthetic rates. Concentration o f rubsico, a potentially rate limiting 

enzyme for photosynthesis at high light, was very responsive to changes in irradiance, but 

constituted only a small part of the needle nitrogen pool and did not appear to be limited 

by nitrogen availability. Increases in needle nitrogen did have a positive correlation with 

maximum photosynthetic rates in seedlings, but the effect on dark respiration rates was 

greater.

The physiological data collected on spruce photosynthesis, combined with 

measurements of environmental conditions, indicate that although spruce is a slow 

growing, stress adapted species, the seedlings and saplings measured in the Tanana 

floodplain were under drought stress. Although the summers of the study were typical in 

terms o f moisture and temperature, photosynthetic rates were typically higher in growth 

chamber work than in field work and field measurements were lower than those reported 

for watered spruce seedlings in Alberta (Man & Lieffers, 1997). Drought has been 

considered an important stress factor for planted spruce seedlings, even in environments 

with greater annual precipitation than experienced in the Alaskan interior (Burdett, 

Herring &  Thompson, 1984). Low photosynthetic rates, stomatal conductances, needle 

water content in field grown plants, along with typically low precipitation and low soil
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water volume all suggest that a series of very dry years could negatively impact white 

spruce recruitment and growth. From dendrochronology and SI3C data, Szeicz and 

MacDonald (1996), suggested that low white spruce growth over the past 930 years has 

been related to low precipitation and moisture stress. Barber and Juday, (2000) have 

correlated white spruce tree ring data and seasonal weather patterns. They concluded that 

the current long-term warming trend has slightly extended the growing season for 

conifers in the north, but that precipitation has not increased, increasing the risk o f water 

stress at the end o f the season.

White spruce forests are such a dominant component of the interior Alaskan landscape 

that we assume their presence through history. However, during that last glacial period, 

climatic conditions were extremely continental and large conifers were not present in 

Alaska. Fossil wood and pollen evidence shows that they became established during 

moister, more moderate conditions about 9500 years ago (Hopkins et al., 1982). Current 

uncertainty about the impact of global weather changes in the Arctic leaves open the
t .

future of the white spruce boreal forest.
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Appendix I

Quantification of Ribulose-l,5-Bisphosphate Carboxylase

Rubisco was quantified using a dot immunobinding assay. This technique required:

1. Production of rabbit antibody to rubisco large subunit;

2. Production and quantification of spruce rubisco large subunit to homogeneity for a 

standard:

3. Quantitative removal of rubisco from needles;

4. Blotting crude protein samples and standard on nitrocellulose membrane and probing 

with the antibody;

5. Quantifying the colorometric response from the immunoassay.

Production of rabbit polyclonal antibody to rubisco large subunit

Production of rabbit antibody to rubisco large subunit required quantities o f purified 

protein. Pure spinach rubisco large subunit was obtained by grinding 50 g of fresh 

spinach in 200 cmJ o f ice cold lx grinding buffer with 5 mM ascorbic acid. 200 mM 

ACA (e-aminocaproic acid) and 40 mM BAM(benzamidine) and filtering through eight 

layers o f cheesecloth. The solution was spun at lO.OOOg for 5 minutes, and the 

chloroplast containing pellet re-suspended in 30 cnr5 of extraction buffer. Chloroplasts in 

the resulting suspension were broken in a motorized mortar and pestle and by a freeze- 

thaw cycle.

The broken chloroplast suspension was spun at 39,400g for 30 minutes at 4°C to pellet 

membranes and cell debris. The supernatant was filtered through eight layers o f wet 

cheesecloth. The filtrate, containing the soluble proteins, was brought to 25% saturation 

with ammonium sulfate with the dry salt, rocked slowly for 10 minutes, then allowed to 

sit on ice for 1 hour. The solution was spun at 39.400g for 15 minutes to pellet the larger 

protein fraction. The supernatant was transferred to another centrifuge tube and brought 

to 50% ammonium sulfate saturation, rocked slowly for 10 minutes and let stand for 1 

hour. This solution was also spun at 39.400g for 30 minutes to precipitation rubisco.
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The resulting pellet was re-suspended in 2 cm3 of gel sample buffer (see below). The 

proteins were precipitated to remove excess ammonium sulfate in the solution by adding 

100%TCA (trichloroacetic acid) to a final concentration o f 10% TCA (w/v) and 

incubating for 0.5 hour. The solution was centrifuged at 4°C at 16,000g for 25 minutes 

and the pellet re-solubilized in 0.6 cm3 of basic gel sample buffer (pH=l 1.0) and 0.4 cmJ 

5.0% LDS (lithium dodecyl sulfate). The protein/detergent solution was boiled for 1.5 

minutes and chilled on ice. The protein solution was loaded on two. 30 cm x 20 cm. 6

10% polyacrylamide preparative gels, along with a marker lane o f purified 

Chlamvdomonas reinhardtii rubisco. The two gels were run overnight with 1 x Laemmli 

reservoir buffers at 4°C. at 38 mA.

Bands on the preparatory gels were visualized with a reverse staining procedure (Ortiz 

et al.. 1992). Gels were soaked in 0.25 M zinc sulfate solution for 10 minutes, then in 0.2 

M imidazole/0.1% SDS (sodium dodecyl sulfate) until bands became visible (less than 5 

minutes). The large subunit band was cut from the gel with a razor blade and chopped 

into 1 cm chunks and allowed to equilibrate in 2% citric acid for 5 minutes. The chunks 

were immediately divided into two gel chambers o f the Schleicher & Schuell Elutrap 

electro-separation system (Keene. N.H.) which was filled with 1500cm3 of elution buffer. 

Protein was eluted at 200 volts, 51 mA for 24 hours. About 800 mmJ of eluted protein 

was removed from the Elutrap.

To prepare the eluted protein for shipping, it was run again on a chilled 6-10% 

polyacrylamide gel, the bands were visualized and excised as before and sent to Bethyl 

Laboratories Inc (Montgomery, Texas) for antibody production. Antibodies were 

produced in rabbits by injecting 50 to 100 pg of the protein at 2 week intervals. After 50 

days, the rabbits were sacrificed, blood was collected and the serum was prepared. A 

western blot o f crude spruce protein run on a 10-20 % acrylamide gel was used to 

evaluate cross reactivity o f the anti-serum. The anti-serum was found to react strongly 

with the large subunit o f spruce rubisco, but not with any other proteins present in the 

crude spruce extract.

Production and quantification of pure spruce rubisco large subunit for standard
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Spruce rubisco was produced in much the same way as the spinach protein, except that 

PEG 4000 (polyethylene glycol) was used for the initial precipitation. Comparisons o f 

PEG and ammonium sulfate precipitation of crude spruce proteins indicated that PEG 

precipitated more o f the rubisco, with less degradation, than ammonium sulfate. Needles 

were initially ground in large quantities of lx grinding buffer, spun and the pellet re

suspended in extraction buffer. The mixture was homogenized with a motorized mortar 

and pestle, frozen and thawed twice to break chloroplasts, then precipitated by bringing 

the solution to 20% PEG 4000. The solution was rocked briefly, incubated on ice for 1 

hour, then spun at 39.400g for 25 minutes. The resulting pellet was dissolved in 0.6 cmJ 

gel sample buffer and 0.5 cm3 5% LDS. Samples were boiled for 1.5 minutes, chilled 

and run on two, 6-10% polyacrylamide gels as before. The bands were visualized by the 

reverse staining technique described previously, excised and eluted for 24 hours in the 

Elutrap using the previous protocol.

Purity was assessed by running 25 mm3 o f sample on a 6-12 % polyacrylamide gel. 

and visualizing with Coumassie Blue stain. The stained gel was photographed with a 

digital camera and saved as a TIF file. The file was opened in NIH image (public domain 

software U.S. National Institutes o f Health) and the gel densitometry program used to 

find the relative density of each band of protein. The density of the rubisco large subunit 

was compared to the total signal from protein on the gel and the purified standard was 

determined to be at least 95% pure.

The concentration of the purified protein was determined from the nitrogen content 

determined in a Thermodyne Finnigan Delta Plus mass spectrometer ( Bremmen. 

Germany). The purified protein was dialized against gel sample buffer to remove glycine 

present in the elution buffer. The mass of nitrogen in the protein was determined by 

blotting the protein on glass wool filter paper, allowing it to dry, then precipitating the 

protein on the glass wool with TCA for 1 hour, and rinsing with 100% ethanol (Mans & 

Novelli, 1961). The dried filter paper and sample were combusted in the mass 

spectrometer. The sample was found to contain 0.123 pg nitrogen mm'3. Because the 

amino acid sequence of the large subunit of rubisco in closely related Sitka Spruce
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contains 15.8% nitrogen by mass, the concentration of rubsico large subunit in the white 

spruce standard was calculated to be 0.775 gg mm'3. The large subunit of rubisco 

constitutes 77.8% percent of the mass of the complete enzyme, so the standard 

represented a complete protein concentration o f 0.997 gg rubisco mm'3. Experiments 

with serial dilutions of known concentrations o f BSA and IgG indicated that this method 

estimated protein concentration to within 1% o f known values.

Quantitative removal of rubisco from needles

To quantify the rubisco concentrations, fresh needle material was ground in liquid 

nitrogen in a small grinder. Approximately 0.0 Ig o f powdered needle was placed in a 

microcentrifuge tube, 200 mm3 o f ice cold, LDS/bufifer (0.4 volumes 5% LDS and 0.6 

volumes gel sample buffer) was added, and the mixture ground with a disposable pestle. 

Another 700 mm3 o f  LDS/buffer was added and the mixture ground again. The solution 

was frozen, thawed, and reground three times. The supernatant was used for rubisco 

determinations.

Blotting crude protein on nitrocellulose membrane and probing with antibody

In preparation for blotting, 1 mm3 of crude protein extract was added to 199 mm3 of 

2% LDS/buffer and incubated for four hours. Samples were boiled for 45 seconds before 

300 mm3 diluted gel sample buffer (1 volume buffer: 4 volumes distilled water) was 

added, resulting in 0.8% LDS. Reduced detergent concentration enhanced the adhesion 

o f protein to nitrocellulose. Nitrocellulose membrane (Sigma; S t  Louis, Missouri) was 

conditioned in 20% methanol, then loaded in the slot blot apparatus (Millipore; Bedford, 

Massachusetts) on top o f three pieces of filter paper. A gentle vacuum was applied and 

100 mm3 o f methanol solution was drawn through each well. Care was taken that the

membrane and filter paper under each well were wet before the protein solution was ..

applied. Crude protein solution (100 mm3) was then added to each well and washed with 

100 mm3 o f dilute gel sample buffer. Each blot contained two replicate lanes o f 1:1 serial 

dilutions o f purified spruce protein as a standard and crude extracts from both the 

treatment and control needles from all four harvests from the same tree. Each needle 

sample had three replicates on a blot. These were averaged for each measurement.
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Blots were probed for rubisco large subunit after drying overnight to improve protein 

adhesion to the membranes.

Probing procedure and blocking solutions largely followed Mishkind, Plumley & 

Raikhel (1987). Each blot was rocked in blocking buffer for two hours. Blots were then 

incubated for two hours with the rabbit polyclonal antibodies to the large subunit o f 

spinach rubisco diluted with blocking buffer (1:1000). The blots were washed for one 

hour in washing buffer containing Tween 20, to remove the rabbit antibodies, then briefly 

without Tween. The blots were then incubated with goat anti-rabbit IgG-alkaline- 

phosphates (Sigma; 1:10,000 dilution) for two hours. The blots were again washed for an 

hour with Tween 20 to remove the unattached goat antibodies and finally without 

detergent. Carbonate buffer was used to wash the blot briefly before development with 

5-bromo-chloro-3-indolyl phosphate and nitroblue tetrazolium (Sigma), producing a blue 

signal that was proportional to the concentration of the large subunit of rubisco. 

Quantifying the colorometric response from the nitrocellulose

The dry blots were scanned by a ScanJet 4c scanner (Hewlet Packard; Boise, Idaho) at 

high resolution with sharp millions of colors and saved as TIF files. These files were 

opened in NIH image and the gel densitometry program used to find the relative density 

o f the dye in each well in the blot (Velleman, 1995). These densities were compared to 

the standard lanes produced from purified spruce rubisco to determine the concentration 

of protein per well, then corrected for the fresh mass of tissue initially solubilized.

Buffers and Solutions

Gel Sample Buffer
100 mM Tris HC1 (pH = 8.5)
(Tris (hydroxymethyl) aminomethane)

Grinding Buffer 5x
1.65 M sorbitol
10.0 mM EDTA (pH = 8)

100 mM DTT (dithiothreitol) 
50 mM BAM (benzamidine)

(ethylenediaminetetraacetic acid)

1.25 mM ACA (e-aminocaproic acid
5 mM magnesium chloride 
5 mM manganese chloride 
250 mM HEPES-KOH (pH = 8)
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Extraction Buffer
100 mM Tris HCL (pH = 7.5)
2.0 mM EDTA
5.0 mM acetic acid
2.0 mM DTT
2.0 mM MgCh 
10% glycerol
1 % Triton X I00 
10 mM AC A
2 mM BAM
4% polyvinylpolypyrrolidone 
sterile water

5x Laemmli Reservoir Buffer
250 mM Tris base 
1915 mM glycine

Elution Buffer
100 mM glycine,
25 mM Tris-HCl 
0.1% SDS

Protein Blocking Buffer
3% fish gelatin
1% v/v normal goat serum
5 mM EDTA
0.15 MNaCl
5 mM ACA
1 mM BAM
0.02% NaN3
10 mM Tris HC1 (pH = 7.5) 
Sterile water

Washing Buffer
(omit Tween for washing 
buffer without Tween)

10 mM Tris HC1 (pH = 7.5)
0.15 MNaCl
0.2% fish gelatin
0.02% NaN3
0.01% Tween 20
water

Carbonate buffer
0.15 M carbonate 
0.15 M bicarbonate 
4 mM MgCh 
water 
pH 9.6
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