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ABSTRACT
The microhabitats of individual black spruce (Picea mariana), and tamarack (Larix
laricina) seedlings, growing in a moderately rich fen in central Alberta, were characterized
on the basis of microtopography, depth to water table, nutrient availability, soil
temperature, aeration depth, and pH. The seedlings did not occur on distinct
microhabitats, but rather across a range of continuous, interconnected microhabitat
gradients. Both species grow on the same range of microhabitats and did not show niche
separation among the factors measured. Measurements of gas exchange, foliar nutrient
concentration, and growth rate were correlated with the microhabitat characteristics for
each species. Strong relationships between foliar nutrients and gas exchange suggest
non-stomatal factors were limiting photosynthesis. Foliar nitrogen concentration in black
spruce was more influenced by nitrate availability, while tamarack was more influenced by

ammonium, and this influence was also reflected in gas exchange for both species.
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CHAPTERI

INTRODUCTION

Plants are dependent on the physical and chemical environment in which they establish
for the resources they require for survival, growth and development. Environmental
heterogeneity, both small and large scale, can affect the structure and function of plant
communities. Differences in the way species interact with their environment at different litc
stages can lead to spatial separation of species and of communities. Examining such niche
separation can provide insight into adaptation of individual species.

Delcourt er al. (1983) suggest three different space-time domains in which
environmental factors can be perceived to influence vegetational processes: mega-scale,
macroscale; and microscale. The mega-scale domain encompasses continental differences
which affect global terrestrial vegetation patterns, the circumpolar boreal forest, for example,
could be considered a vegetational unit at the mega-scale. The macro-scale domain includes
regional variation and landscape level variation. The effects of environmental factors, such as
soil temperature and moisture, on the composition of boreal forest communitics can be
examined at a macro-scale. In Canadian boreal forests cold and wet sites are dominated by
black spruce and tamarack; warmer and drier, mesic sites are dominated by paper birch,
trembling aspen, balsam poplar, white spruce, and balsam fir; and dry sites by lodgepole and
jack pine (Bonan and Shugart 1989).

The examination of individual plants at a microsite level, the environment directly

surrouncﬁng an individual, can be considered micro-scale observations (Delcourt ef al. 1983).



Small scale heterogeneity of the physical environment can affect the distribution (Beatty 1984),
individual fitness (Hartgenink and Bazzaz 1984; Lechowicz ef al 1988) and competitive ability
(Latham 1992) of seedlings. Because of its influence on distribution, fitness, and competitive
ability, microscale variation in the physical environment influences both community
composition (Latham 1992), and population structure (Hartgerink and Bazzaz 1984) at the
time of seedling establishment and into the future. Environmental heterogeneity exists at the
microsite scale within forests (Beatty 1984; Bell er al 1991, Boemer and Koslowsky 1989,
Lechowicz and Bell 1991) and has important effects on the establishment and development of
tree seedlings, and community and population structure.

Grubb (1977) defines the niche of a plant as its total relationship with both its physico-
chemical and bioiic environment, and divides it into four components: habitat; life-form;
phenology; and regeneration niches. Niche differentiation between species can occur in any of
these components. Differentiation in the regeneration niche occurs in all stages of the
regeneration cycle, including gennination, seedling establishment and further development of
the immature plant. Evidence suggests the physical environment is the most important
influence in the regeneration niche with only minor effects from biotic factors. The
regeneration niche sets the stage for future population and community development.

Forest Microhabitats

Variation in forest microhabitats affects both the establishment and performance of tree
seedlings. Tree seedlings in oak-pine forests establish in microhabitats with less litter and more
light (Collins and Good 1987). Litter al:  n affect establishment in mature spruce-fir forests

where Engelmann spruce (Picea engelme.  , establishment is more successful than subalpine



fir (Abies lasiocarpa) on microhabitats with thinner litter layers (Knapp and Smith 1982).
Shading and moss cover were found to significantly favour the establishment of western larch
(Larix occidentalis) (Oswald and Neuenschwander 1993). Microtopography affects the
distribution of northern hardwoods; the proportion of yellow birch (Betula alleghaniensis
Britton) stems growing on mounds, versus pits, was higher than either beech (Fugus
grandifolia Ehrh.) or sugar maple (Acer saccharum Marsh) (Ruel ef al. 1988).
Microtopography also can affect the height growth (Messier and Kimmins 1992). Western red
cedar (7huja plicata Donn) growth was greater in depressions (50 cm below mean ground
level) than on flats or mounds, but no relationship was found between forest floor nutrient
status and growth. In contrast forest floor nutrient content was found to contribute to
variation in height growth of understory Scots pine (Pirms sylvestris L.) seedlings in addition to
spatial heterogeneity of above and below-ground factors, including size and proximity of
canopy trees, and humus layer thickness (Kuuluvainen 1993). More fertile microsites were
found to result in improved growth of individual Sitka spruce (Picea sitchensis) trecs in
clearcuts (Adams 1974). It is, therefore, important to consider variability in microhabitat when
evaluating the performance of seedlings within a population.
Peatlands

Peatlands cover approximately 12.6 million ha in Alberta, or about 20 % of the total
land area. (Tarnocai 1984, Zoltai 1988). Peatlands, in general, have high water tables, poorly
aerated soils, low nutrient contents, and low soil temperatures (Payandeh 1973). These
environmental factors have a variety of impacts on the physiological processes of plants. High

water tables and anaerobic scil conditions impair root growth and function which leads to



reduced water and nutrient uptake (Kozlowski 1986). This can influence stomatal aperture,
photosynthesis, and mineral relations (Kozlowski 1982), and result in a reduction in net
assimilation and transpiration, a decline in shoot elongation (Zaerr 1983), height growth
(Kozlowski 1986), and poor root development (Lieffers and Rothwell 1986). Cold soils and
low root temperatures reduce stomata! ~onductance and net photosynthesis (DeLucia and
Smith 1987, Lawrence and Oechel 1983; Day ef al. 1991), decrease the photosynthetic
utilisation of intemal CO,, and reduce the apparent quantum yield (Delucia 1986) and growth
rate (Anderson and McNaughton 1973; Brand 1990). Clearly peatlands represent a harsh
environment for tree growth.
Peatland Microhabitat

Small scale variations in microhabitat exist within peatlands. In many peatlands,
surfaces are dominated by hummock/hollow microtopography, with hummocks as much as
50 cm above surrounding hollows, which are occasionally water filled. Soil water pH has
been found to decrease as one moves along the hollow to hummock gradient (Karlin and
Bliss 1984; Vitt et al. 1975), and there is a reduction in mineral content and bulk density
(Karlin and Bliss 1984). The depth to water table increases from hollow to hummock
(Lindholm and Markula 1984; Karlin and Bliss 1984) and this probably results in a decline
in moisture (along this gradient) (Karlin and Bliss 1984; Vitt et al. 1975) and an increase
in soil water tension (Lindholm and Markula 1984). Differential decay rates of hummock
versus hollow bryophyte species (Johnson and Damman 1991) may result in differences in
nutrient availability between the two positions. Peatland hummocks have a different

thermal regime than surrounding hollows (Swanson and Rothwell 1989). Frost thickness,



in the spring, is greater in hummocks than in hollows. Frost was also found to accumulate
in hummocks following snowpack melt. The thermal conductivity of peat decreases with
reduced water content, as a result the transport of heat differs between the drier hummock
tops and the wetter hollows (Swanson and Rothwell 1986). Heat transport in drier peat
would be more dependent on convective processes which can be slow.

Variations in peatland microhabitat affect both vascular and non-vascular plant
species. Distributional patterns of vascular plant species in weakly minerotrophic
peatlands are primarily a result of gradients in substrate moisture, while those in more
strongly minerotrophic peatlands are more influenced by gradients in substrate chemistry
(Karlin and Bliss 1984). Peatlands in northwestein Europe have vegetation gradients
which are related to the microtopography of the peatland surface (Malmer 1986). Vertical
zonation of Sphagnum species has been found along hummock-hollow gradients (Andrus
et al. 1983; Vitt et al. 1975) and bryophyte growth and production is lower on hummocks
than in hollows. (Moore 1989; Vitt 1990). The germination and establishment of
coniferous tree species can be affected by microhabitat, bryophyte composition, or
microtopography. Coniferous seeds germinated better on some species of bryophyte than
on others (St. Hilaire and Leopold 1995; Ohlson and Zackrisson 1992). Seedling
mortality, within one year of germination, also differs among bryophy*e-defined
microhabitats (Ohlson and Zackrisson 1992). St. Hilaire and Leopold (1995) found that
coniferous seedlings establishement was more successful on hummocks and high

hummocks than on low hummocks and in hollows. It is clear that variation in peatland



microhabitat occurs at a level which is significant for the establishment and performance of
non-vascular plants, and herbaceous and woody vascular plants.
Evergreen vs. Deciduous

It is hypothesized that an evergreen habitat should provide a selective advantage in
a harsh environment due to greater annual carbon gain and greater efficiency of nutrient
use (Chabot and Hicks 1982). As discussed earlier, the high water tables, poorly aerated
soils, low nutrient content, and low soil temperatures of peatlands represent a harsh
environment for plant growth. Estimates of potential photosynthate production per unit of
nitrogen are much greater for peatland evergreen versus peatland deciduous species (Small
1972a, 1972b). Simulations using two co-occurring oak species, one evergreen and one
deciduous indicate that, under conditions of low water or low nitrogen, canopies of the
evergreen Oak (Quercus agrifolia) should have higher annual production than the
deciduous oak (Quercus lobata) (Hollinger 1992). Low nitrogen availability or poor
conditions for nutrient uptake in peatlands may result in a similar relationship between
evergreen and deciduous trees. Due to the increased time in which nutrients are available
for photosynthesis (both seasonally and over the years), evergreen needles should be an
advantage in a nutrient poor environment because of their retention, Peatland deciduous
species have been found to reabsorb more nutrients from their foliage before leaf fall than
non-peatland species (Small 1972a). This resorption may increase the nutrient efficiency
of deciduous peatland species, by allowing nutrients to be reused and thus increasing the

amount of time nutrients are available for photosynthesis.



Black spruce (Picea mariana (Mill.) B.S.P.), an evergreen conifer, and tamarack
(Larix laricina (Du Roi) K. Koch), a deciduous conifer, co-occur on minerotrophic
peatlands in the boreal forest. Besides leaf habit there are other differences between black
spruce and tamarack, as well as some similarities. Tyrrell and Boerner (1987) found that
relative growth rates and nutrient growth efficiencies are similar for black spruce and
tamarack, but resorption of nitrogen is higher in tamarack. In contrast, other studies have
found that tamarack shows faster growth (Mead 1978) and has greater photosynthetic
nitrogen use efficiency than black spruce (Macdonald and Lieffers 1990). In both species
soil flooding depresses photosynthesis (Macdonald and Lieffers 1990), and fine root
biomass is positively correlated with depth to water table (Lieffers and Rothwell 1986).
The relative abundance of tamarack has been found to increase along gradients of
increasing soil pH, Mg, Ca, and N; while that of black spruce has been found to increase
with an increase in depth to water table, and soil K and P. This leads to spatial separation
as one moves along water and nutrient gradients associated with the transitions from poor
to rich fens (Montague and Givnish in press)

When their roots are faced with anoxia and low temperature black spruce and
tamarack show a greater increase in fermentation than other boreal forest conifers, but the
increase is greater in black spruce (Conlin and Lieffers 1993). Tamarack also can transport
some oxygen to root tissue, as shown by a redox dye test, and thus may be able to sustain
respiration under these conditions; while black spruce roots are solely dependent on
fermentative glycolysis in low temperature anoxic conditions. Both species have been

found to experience water stress at midday on peatlands, but tamarack had greater diurnal



reductions in xylem pressure potential and higher photosynthetic water use efficiency
(Dang et al. 1991). Because of their different responses to the peatland environment and
different leaf hife spans it seems reasonable to hypothesize that black spruce and tamarack
respond differently to the microhabitat heterogeneity found in peatlands

The growth of conifers on peatlands is quite vanable, and even aged trees on the
same peatland can vary greatly in size (Jeglum 1972, Lieffers 1986; Yin 1992). Lieffers
(1986) found that variation in growth rate in a peatland black spruce stand was not
strongly correlated with above ground competition from crowding and shading. Drainage
of peatlands lowers the water table and increases soil temperatures (Lieffers and Rothwell
1987). For both black spruce - nd tamarack, post-drainage release of trees in the same age
class, in an open canopy low-density stand, was greater for trees in smaller size classes;
the response of tamarack to draina;e was sooner and greater than for black spruce (Yin
1992). This suggests that the smaller trees may have been more severely limited by their
environment and thus that size variation in even age peatiand trees may be due to
microhabitat heterogeneity, with more favourable microhabitats resulting in better
performance of trees established on them. The larger release of smaller size classes after
drainage could have been the result of a greater improvement in the conditions in poorer
microsites versus those in better microsites.
Objectives

The objectives of this study were to answer the following questions: 1) Are tree

seedlings established on differing microhabitats within a peatland?; 2) Do black spruce



and tamarack seedlings grow on different microhabitats within peatlands”, 3} How do
black spruce and tamarack respond to variation in microhabitat?

To answer these questions a field study was conducted in an Alberta peatland,
where the microhabitats of black spruce and tamarack were characterized and related to

the foliar nutrients, gas exchange, and growth rates of the seedlings.
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CHAPTER1I

STUDY SITE

The peatland selected for this study was a forested, moderately rich, fen near
Perryvale, Alberta, Canada (54 30'N, 113 14'W) (Vitt et al 1995). A mixture of black
spruce and tamarack, approximately 50 years old and 2 m tall, forms an open canopy with
an understory of more recently established seedlings. The peat surface was characterized

by well developed hummock/hollow microtopography.

METHODS

In mid-May 1993 two east-west 150 m transects were laid out 100 m apart. All
black spruce and tamarack seedlings (< 1.3 m in height) occurring within 5 m of each
transect, which had an approximate age of <10 years (whorls) above the peat surface, and
had sufficient foliage for all measurements were identified. To ensure black spruce
seedlings were of seed origin versus layering, seedlings which occurred at the base of
larger trees were not included in the selections. Of the approximately 100-110 black
spruce and tamarack seedlings identified, 60 of each species were randomly chosen for the

study.
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Microhabitat Characterization

At the base of each seedling, soil temperature, microtopographic position, depth to
water table, nutrient availability, soil pH, and depth of the aerobic layer were measured.

Soil temperature was measured using copper-constantan thermocouples inserted to
25 cm below the peat surface. Measurements were taken bi-weekly from mid-June to late
August (5 measurements), between 11 AM and 2 PM.

Microtopographic position was defined as the vertical distance from the base of’
the tree to the frozen water table. A level and heig'it rod were used to measure the height
of the base of each tree (+/- 1 cm) above the ice found in the closest hollow in early
spring.

Wells constructed of 1 m long sections of 2 cm diameter PVC pipe were inserted
at each tree to measure depth to water table. The depth of water table from the base of
each tree was measured bi-weekly from mid-June to late August (5 measurements), by
inserting a tape measure with a longitudinal line of water soluble ink on it. The depth of
the water table below the top of the well was measured and then the measurement was
corrected to reflect the depth of the water table from the base of the tree (at the peat
surface).

Nutrient availability was measured using ion exchange resin bags buried 10 cm
from the base each tree at a depth of 15 cm (Binkley and Matson 1983). Nylon stocking
bags were filled with 20 g of cation (Amberlite IRC-50) and 20 g of anion (Amberlite
IRA-440C) exchange resins. Before burial the bags were saturated with NaCl by being

placed in 100 ml of a 1 M solution for 1 hour. The bags were removed after 2 months ¢!
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incubation in the peat (June 15 to August 15), and air dried. The resin was then removed
from the bags and shaken with 100 ml of 2M KCl for 1 hour. The extract was analyzed
for NH,', NO5", and PO,” using a Technicon Autoanalyzer (Technicon Industrial Systems
1975, 1977). Results were expressed as pg/g of resin.

The depth of the aerobic layer was measured using 1 m long bright, mild steel rods
inserted into the peat, leaving 5 cm above the peat surface, next to each tree. After two
months the rods were removed and the depth from the peat surface to the boundary
between the brown/orange oxidized (aerated) zone and the matte grey reduced
(anaerobic) zone was measured. This boundary is considered to correspond with the
average position of the top of the capillary fringe (Camnell and Anderson 1986).

At the end of the experiment the trees were excavated and peat samples were
removed from the area immediately below the rootstock. One-half teaspoonful of moist
peat was transferred into a glass screw top bottle in 4 ml of 0.015 M CaCl, and shaken.
After 15 minutes the pH was measured using a pH meter (Day 1988).

After excavation the distance from the base of the tree at the peat surface to the
root stock was measured. Because of peat accumulation the root stock occurs below the
surface of the peat. This distance was used to correct the depth to water table,
microtopographic position, and the depth of the aerobic layer measurements so that they

reflected the position of these variables in relation to the tree's rootstock.
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Gas Exchange

Gas exchange parameters were measured for both species; a healthy lateral branch
was chosen and the most recent cohort of needles was used for black spruce and short
shoots were used for tamarack. A portable infrared gas analyzer (LCA-3) and leaf
chamber (PLC-C) (Analytical Development Corporation, Hoddesdon, England) were used
and light levels were maintained at saturating levels (1200 pmols m™ sec") using a 12 volt
quartz halogen lamp (MR-16, Phillips, Sommerset, NJ, USA) attached to the leaf
chamber. Flow rate was maintained at 300 ml/min and incoming relative humidity at
approximately 20%. Net assimilation (NA, umol CO,/m%/s), stomatal conductance to
water vapour (gs, mmol/m?/s), photosynthetic water-use efficiency (WUE, umol CO,
fixed/mmol H,O transpired), and residual conductance (g,, mmol/m%s) were determined
using standard calculations (Caemmerer and Farquhar 1981; Jones 1985). Leaf
temperature was assumed to be equal to the air temperature in the cuvette. Leaf area was
calculated from dry weight using relationships derived by Macdonald and Lieffers (1990)
for each species (Black spruce: 99.44 cm?/g dry weight; Tamarack: 363.13 cm?/g dry
weight).

Each tree was measured 4 times during the season. The 60 trees of each species
were split into 3 blocks of 20 trees. One block of each species was measured each day for
three days, in each of four measuring periods: July 15-17, July 26-28; August 9, 11-12;
August 27-28, 30). Measurements were made in the morning once the dew on the leaves
had dried (9:30 AM - 12:00 PM). Immediately after measurement, the measured branch

was removed and xylem pressure potential was determined using a Scholander type
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pressure bomb. Tissue was then returned to the lab and shoots were dried at 70 C for 24

hours, and needles removed and weigl:ed for leaf area calculations.

Foliar Nutrients

To minimize the amount of tissue removed from the seedlings and to provide
sufficient tissue for analysis, the needles used for gas exchange measurements in July (two
sampling times) were pooled for each tiee and used for determination of nitrogen,
phosphorous and potassium concentration. Needles were ground in a Wiley mill to pass a
20 mesh screen. Samples were digested in concentrated sulphuric acid followed by
oxidation with hydrogen peroxide (Lowther 1980). Total N and P in digests were
determined with an autoanalyzer (Technicon Instruments 1977) and expressed as a
concentratic.~ {nercent dry weight). Potassium levels were determined using flame
emission spectrophotometry (Perkin-Elmer Model 503, Perkin-Elmer Corp., Analytical

Instruments, Norwalk, CT) and also expressed as a concentration (percent dry weight).

Average Annual Growth Rate and Relative Growth Rate

Heights of trees (root stock to top of terminal shoot) were measured at the end of
the experiment when the trees were excavated. Leader growth from the current year was
measured and relative growth rate (cm leader growth/cm of tree height * 100) was
determined using the total height of the tree. For the purposes of analysis relative growth
rate was transformed by adding 0.5 to the value and taking the square root, because the

data consisted of small percentage data (Steele and Torrie 1980). Trees were cut just

14



above the root stock and ages were determined by ring counts. Age and total height were

used to calculate average annual growth rate over the life of the tree (cnvyear).

Analysis

For the purposes of statistical analysis measurements of depth to water table and
soil temperature for each tree were ranked within each day and an average rank (over all
measurement times) was computed for each tree. Soil temperatures were ranked from
highest to lowest, starting with a rank of 1; this resulted in warmer sites having lower
temperature indices. Depth to water table was ranked from lowest to highest, with higher
water tables having lower water table ranks. These average ranks were used as indices of
depth to water table .+ soil temperature, because depth to water table and soil
temperature were mon  .ed on different days and at different times than the gas exchange
measurements, so the gas exchange measures could not be related directly to them.

A canonical discriminant analysis was carried out on the microhabitat
characteristics (index of depth to water table, index of soil temperature, nutrient
availabilities, pH, microtopographic position, and depth of the aerobic layer) to determine
whether black spruce and tamarack were growing on different microhabitats.

Pearson correlation coefficients were generated to € xamine the relationship
between any two microhabitat variables. A probability test for each correlation was
performed. A principle components analysis was carried out on the microhabitat
characteristics to find any distinct associations of variables that could be considered to

define discrete microhabitats. The principle components analiysis was derived from a



correlation matrix of the microhabitat variables. Projection of each tree onto each
principal component could be used to determine the distribution of trees in habitat space
(Collins 1990; Collins and Good 1987). Separation of trees (sampling points) within the
habitat space defined by the principal component axes would indicate the presence of
discrete microhabitats.

One way analysis of variance was used to look for differences between species in
average annual height growth, relative height growth rate, and age.

The remainder of the analyses were carried out using setwise regression, to
examine how black spruce and tamarack respond to variation in microhabitat. Setwise
regression is an alternative to s.cpwise regression where separate regressions are
computed for all possible combinations of Independent Variables in order to choose the
optimal subset of variables (Tabachnick and Fidell 1989). The criteria used for choosing
the optimal subset of independent variables was maximum adjusted R?. Setwise
regressions (described below) were carried out for each species separately.

Setwise regressions were carried out for each foliar nutrient concentration, and
each growth rate as dependent variables and the microhabitat characteristics: index of soil
temperature; nutrient availabilities; pH; microtopographic position; and depth of the
aerobic layer, as independent variables, to determine if the physical/chemical environment
had a significant influence on fohar nutrients. Index of depth to water table was not used
as a possible independent variable because of the high degree of collinearity between it and

microtopographic position (height above frozen water table). Essentially they are
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measures of the same variable- depth of water table, albeit frozen in the case of
microtopographic position.

To determine whether gas exchange was influenced by the physical/chemical
environment, setwise regressions were carried out for each gas exchange parameter as the
dependent variable and: 1) all combinations of foliar N, P, and K concentrations and water
potential as independent variables; and 2) all combinations of microhabitat characteristics
(excluding index of depth to water) as independent variables. The optimal subset of
independent variables was chosen based on adjusted R%. Dummy variables were used to
account for the variation in the gas exchange measures, due to the measurements being on
12 separate days throughout the season. Eleven (n-1) dummy variables (D2-D12) were
created. High day to day variation in gas exchange was expected due to changes in
factors such as air temperature and soil water conditions. It was necessary to account for
and remove this variability in order to examine how the trees differed and how this was
related to microhabitat conditions. Each measurement day corresponds with one dummy
variable and trees measured on that day are given a value of 1 for that dummy variables
and O for all others. As there are 12 measurement days and only 11 dummy variables, the
remaining measurement day, which does not have a corresponding dummy variable, is
coded with -1 for all dummy variables. In the setwise regressions with gas exchange
parameters as dependent variables the dummy variables were included in all subsets of
independent variables. Similar setwise regressions with xylem pressure potential as the

dependent variable, and the dummy variables and varying combinations of the microhabitat
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characteristics as independent variables were also carried out and the optimal subset of
variables chosen, as above.

Finally, to determine whether growth was influenced by the physical/chemical
environment setwise regressions were also carried out for both average annual growth
rate, and relative growth rate as independent variables and the microhabitat characteristics
as dependent variables. The optimal subset of dependent variables were again selected
based on adjusted r’.

All analyses utilized SAS for PC (SAS Institute Inc., North Carolina). All data
was checked for normality and homogeneity of variance. With the exception of relative
growth rate (described previously), no data transformations were required. A significance

level of p<0.05 was used in all instances.
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CHAPTER 1

RESULTS

Characterization of Microsites

Significant correlations among groups of the microhabitat characteristics (Table 2)
suggested the existence of a range of microhabitats within the peatland. Higher
microtopographic positions had, not surprisingly, greater depths of aeration and deeper
water tables, and were accompanied by higher soil temperatures (lower temperature ranks)
and lower NH," and PO, availability. In turn, microsites with higher water tables also
had higher PO, and NH,' availability. pH of the peat surrounding the roots was higher
for cooler microsites, and for those with higher water tables. Cooler microsites had
shallower depths of aeration and higher water tables (lower water table ranks). The
principle components analysis failed to show clear distinctions among microhabitats. Axis
L 11, and III of the PCA accounted for 39%, 15%, and 13% of the variance of the
microhabitat characteristics respectively (Table 1). Plots of the distribution of the
seedlings in the space defined by the principal components analysis of the 8 microhabitat
characteristics failed to separate them into discrete microhabitats (Fig. 1 and 2).

There was no evidence of niche partitioning between the two species along
microhabitat gradients. The canonical discriminant analysis indicated that there was no
significant difference between the spscies in their microhabitat characteristics (p = 0.54).

This can also be seen in the distribution of each species along the axes defined by the
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principal components analysis (Fig. 1 and 2), where black spruce and tamarack fail to
separate from one another in terms of microhabitat.
Foliar Nutrients and Microhabitat

The setwise regressions demonstrated that variation in microhabitat conditions had
a weak but significant influence on seedling nutrition for both black spruce (Table 3) and
tamarack (Table 4). While foliar nitrogen concentration was most closely related to NOy’
availability for black spruce this variable was not significant in explaining variation in foliar
nitrogen in tamarack. The multiple regression predicting foliar nitrogen concentration in
black spruce included NOs™ availability, pH, and temperature as independent variables. (r°
=0.16, p = 0.023). NO;" availability was the only indenendent variable with a sizable
effect on foliar nitrogen (p = 0.005, sr” = 0.13). Black spruce foliar nitrogen was
positively correlated with NO5 availability. With tamarack foliar nitrogen as a dependent
variable the multiple regression included PO4™ availability, NH," availability, temperature,
microtopographic position, pH, depth of aeration, and NO;™ availability (r* = 0.368, p =
0.002). Available PO,™ (p = 0.003, st = 0.13) and NH," (p =V.005, sr> = 0.11) had the
greatest impact on foliar nitrogen. Foliar nitrogen concentration was positively correlated
with NH," availability, and temperature rank (p = 0.023, sr’ = 0.07), and negatively
correlated with PO,* availability, microtopographic position (p = 0.029, st = 0.07), and
pH (p = 0.032, sr” = 0.06).

The relative temperature of the microhabitat was the most important variable in the
setwise regressions predicting foliar phosphorous concentration for both black spruce

(Table 3) and tamarack (Table 4). For black spruce foliar phosphorous concentration the
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regression contained PO,™ availability, temperature, and depth of aeration as independent
variables (* = 0.19, p = 0.012). Temperature rank had the largest effect on phosphorous
concentration (p=0.002, sr*= 0.16). Phosphorous concentration was positively correlated
with the relative warmth of microhabitats (negatively correlated with temperature rank).
For tamarack there was a significant relationship correlating foliar phosphorous with
temperature rank, NO;’ availability, microtopographic position and pH (r* =0.30, p=
0.001). Temperature rank (p = 0.001, sr* = 0.20), and NO;’ availability (p = 0.047, sr° =
0.05) had the greatest contribution to the variance explained by the regression. As with
black spruce phosphorous concentration was higher in warmer microsites (negatively
correlated with temperature rank) and negatively correlated with NOy’ availability.

Foliar potassium concentration in black spruce was significarily influenced by
several microhabitat characteristics (Table 3), while only PO,* availability had a significant
correlation with tamarack foliar potassium concentration (Table 4). Black spruce foliar
potassium concentration was predicted in a multiple regression that included
microtopographic position, pH, temperature, and depth of aeration (r* = 0.21, p =0.010).
With the exception of p, all of the independent variables had an important effect on
potassium concentration. Potassium concentration was positively correlated with
microtopographic position (p = 0.043, sr’ = 0.06), and negatively correlated with
temperature rank (p = 0.036, s’ = 0.07), and depth of aeration (p=0.004, sr* = 0.14).
The regression describing foliar potassium concentration in tamarack included PO*

availability, temperature, and pH (> = 0.19, p=0.012). Only PO," availability had an
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apprecizole contribution to the variance explained by the regression ( p = 0.028, s’ =
0.08). Foliar potassium concentration was negatively correlated with available PO,*".

The relationships between tamarack foliar nitrogen, phosphofous, and potassium
concentrations with microhabitat were stronger than those for black spruce, as measured
by the r* values of the above regressions.

Gas Exchange and Foliar Nutrients

All of the multiple regressions used to analyze the effects of varying foliar nutrient
concentration and xylem pressure potential on gas exchange contain dummy variables and
varying combination of other independent variables. The dummy variables were used to
capture variance due to different measurement dates. As expected there was high day to
day variation between measurement dates such that, in all cases, the bulk of the variation
in gas exchange variables is accounted for by the dummy variables. Orce the contribution
of the dummy variables is considered the effects of foliar nutrients can be examined
separately, and their importance as independent variables gauged by the size of their semi-
partial correlation coefficient (sr?).

As expected foliar nutrient concentration had a significant impact on gas exchange
in both black spruce (Table 5) and tamarack (Table 6). Nitrogen was the most influential
nutrient, having a large impact on the net assimilation, water use efficiency, and residual
conductance of both species.

Table 5 summarizes the multiple regressions used to analyze the effect of differing
foliar nutrient concentrations and xylem pressure potential on gas exchange of black

spruce. Net Assimilation was significantly related to the nitrogen and phosphorous
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concentration of the foliage ( r* = 0.60, p = 0.0001 ). Foliar nitrogen was positively
correlated with net assimilation ( p = 0.0001, sr*=0.14). Foliar phosphorous
concentration had little effect (p = 0.009, sr’=0.01). There was a significant relationship
between stomatal conductance and foliar nitrogen and phosphorous concentration, and
water potential (r* = 0.21, p = 0.0001). Stomatal conductance was positively correlated
with foliar nitrogen concentration (p = 0.0002, s’ = 0.06). Xylem pressure potential and
foliar phosphorous explained little of the variation. Water use efficiency was also
significantly related to foliar nitrogen and phosphorous concentration, and xylem pressure
potential (r* = 0.38, p = 0.0001). Water use efficiency was positively correlated with
foliar nitrogen concentration (p = 0.0001, sr* = 0.08) and negatively correlated with xylem
pressure potential (p = 0.0001, sr’= 0.06). Foliar phosphorous did not have a sizable
impact (p = 0.195, sr* = 0.01). Residual conductance was related to foliar nitrogen and
phosphorous concentrations ( r* = 0.57, p = 0.0001). Residual conductance was
positively correlated with foliar nitrogen (p = 0.0001, sr’ = 0.16) and negatively correlated
with foliar phosphorous concentration (p = 0.005, sr’ = 0.02), although the influence of
phosphorous was quite small.

A similar group of setwise multiple regressions were used to analyze the effect of
foliar nutrients and xylem pressure potential on gas exchange in tamarack (Table 6).
There was a significant relationship between the concentration of all three foliar nutrients
and net assimilation (* = 0.63, p = 0.0001). Of the three foliar nutrients only nitrogen
explained an appreciable amount of the variance. Net assimilation was positively

correlated with foliar nitrogen (p=0.0001, sr* = 0.11). The foliar phosphorous and
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potassium concentration explained little of the variance in net assimilation (p = 0 016, sr’
= 0.01; p = 0.260, sr* = 0.002 respectively). There was no relationship between stomata
conductance and foliar nutrients or xylein pressure potential. The water use efficiency of
the tamarack seedlings was significantly related to xylem pressure potential and foliar
nitrogen concentration ( r*~0.56, p = 0.0001). As xylem pressure potential (p =0.001, sr*
= 0.07) and foliar nitrogen concentration increased (p = 0.0001, sr* = 0.04), water use
efficiency increased. Variation in residual conductance was related to differences in
nitrogen, phosphorous, and potassium concentrations in the foliage ( r* = 0.61, p =
0.0001). Nitrogen was the most influential foliar nutrient; residual conductance was
positively correlated with nitrogen concentration (p = 0.0001, st” = 0.14). The in- nance
of phosphorous was minor (p = 0.015, sr” = 0.01) as was that of potassium (p = 0.141 sr
= 0.004)
Gas Exchange and Microhabitat

As with the analysis of gas exchange and foliar nutrients above, the setwise
multiple regressions used to analyze the effects of varying microhabitat on gas exchange
included dummy variables to account for the high variance between differing measurement
days. The dummy variables were included in all regressions as independent variables,
along with differing combinations of microhabitat characteristics. In all cases the dummy
variables were responsible for the majority of the variance accounted for in the
regressions,

The setwise regressions indicated that variations in microhabitat had significant,

but minimal, effects on the gas exchange of both black spruce (Table 7) and tamarack
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(Table 8) seedlings. As with foliar nitrogen, there was a difference in the form of available
nitrogen v-hich affected the response of black spruce vs. tamarack. Net assimilation,
water use efficiency and residual conductance of black spruce were influenced by NO,’
availability, while for tamarack they were influenced by NH,' availability. For both species
net assimilation and residual conductance were higher in lower microhabitats (closer to
hollows).

The multiple regressions used to analyze black spruce gas exchange in varying
microhabitats are summarized in Table 7. Net assimilation of the black spruce seedlings
was significantly related to NOs’ availability, PO, availability, microtopographic position
and depth of aeration ( r* = 0.49, p = 0.0001). Net assimilation was positively correlated
with NOs’ availability ( p = 0.004, sr* = 0.021 ), which had the largest impact and
negatively correlated with PO,* availability ( p =0.037, s = 0.01), and microtopographic
position ( p = 0.042, s’ =0.01). Depth of aeration, although positively correlated with
net assimilation, explained little of the variance (p=0.207, sr* = 0.004). There was a
relationship between stomatal conductance and the independent variables (r* = 0.157, p=
0.0008), but little of the variation was explained by microhabitat. The significant
relationship was the result of the dummy variable contribution. Water use efficiency was
significantly related to temperature and NO;’ availability ( r* = 0.32, p = 0.001 ). As the
temperature increased (temperature rank decreased) (p = 0.001, sr” = 0.035) and the
availability of NO;™ increased, the water use efficiency of the seedlings improved. A
significant portion of the variance in residual conductance was explained by setwise

regression including NO;™ availability, microtopographic positior., and PO, availability (r’
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= (.45, p = 0.0001). Residual conductance was positively correlated with NOjy’
availability (p = 0.002, sr* = 0.025), and negatively correlated with microtopographic
position (p = 0.035, sr” = 0.021) and PO, availability (p=0.039, sr? = 0.011), although
PO,* had little effect.

Table 8 summarizes the regressions used to examine the effects of variation in
microhabitat on the gas exchange of the tamarack seedlings. The variation in net
assimilation of the tamarack seedlings was best explained by a combination of NH,"
availability, PO4" availability, pH, NO;" availability, microtopographic position, depth of
aeration (I’ = 0.51, p = 0.0001). Net assimilation was positively correlated with the
availability of NH," (p = 0.0001, sr* = 0.04), and negatively correlated with pH (p =
0.0008, sr* = 0.03) and PO, availability (p = 0.0006, s’ = 0.03). The other independent
vanables had negligible contributions to the variation in net assimilation. Stomatal
conductance was significantly related to PO,* availability, NH," availability, and
temperature rank. Stomatal conductance was positively correlated with PO, availability
(p = 0.009, sr* = 0.02) and negatively correlated with NH," availability (» = 0.039, sr’ =
0.01). Water use efficiency (p=0.0001, r*= 0.50) was negatively correlated with pH (p =
0.024, s = 0.01) and positively correlated with depth of aeration (p= 0.079, sr* = 0.01).
The variation in residual conductance of the tamarack seedlings was best related to a
combination of NH," availability, PO,* availability, pH, NO;" availability,
microtopographic position, and depth of aeration (r> = 0.48, p = 0.0001). Residual

conductance was positively correlated with NH," availability (p = 0.0001, sr* = 0.04), and
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negatively correlated with PO,* availability (p = 0.0002, s* = 0.04) , pH (p = 0.0003, s’
= 0.04 ), and microtopographic position (p = 0.025, sr* = 0.01).

Variation in microhabitat did not have a significant effect on either black Sprue
(Table 9) or tamarack (Table 10) xylem pressure potential.

Overall the relationships between microhabitat and gas exchange were weak, as the
variation in microhabitat did not explain a large amount of the variation in gas exchange.
Growth Rates

There was a weak relationship between the relative growth rate of black spruce
and the temperature and microtopographic position of its microsite (1> = 0.11, p = 0.05)
(Table 11). As the microsite became warmer (p=0.01, sr’ = 0.10) the relative growth rate
increased. Microtopographic position did not have a significant impact on the growth
rate. There was a significant relationship between the average annual growth rate of black
spruce and a combination of a number of microhabitat characteristics ( r = 0.28, p=
0.004), but only temperature had a significant impact ( p = 0.003, s’ = 0.14). Average
annual growth rate was higher on warmer microsites (with a lower temperature rank).

There were no significant relationships between either the relative growth rate, or
the average annual growth of tamarack and microhabitat characteristics (Table 12)

Tamarack seedlings had a significantly higher average annual growth rate (4.78 +/-
0.17) than black spruce (Table 16, 4.30 +/- 0.18) (Table 13, p = 0.053), but a lower
relative growth rate (Table 16, 7.47 +/- 0.47 vs. 9.30 +/- 0.42, Table 14, p=0.003). On
average the tamarack seedlings were one year older than the black spruce ( 13 vs. 12, p=

0.032, Table 15).
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Table 1. Correlation coefficients for 8 microhabitat variables, measured for black spruce
and tamarack seedlings, with the first 3 axes of a principal components analysis of their
correlation matrix.

Microhabitat variable PC1 PC Il PC 111
(1) Microtopegraphic 0.48 0.04 0.24
position

(2) NOy™ Availability -0.08 0.04 0.94
(3) NH,' Availability -0.21 0.51 0.05
(4) PO,? Availability  -0.32 0.49 0.07
(5)pH -0.20 -0.50 0.18
(6) Temperaturc (Rank) -0.25 -0.49 0.02
(7) Aeration Depth 0.49 0.07 -0.07
(8) Water Tablc Depth 0.51 -0.02 0.14
(Rank)

Eigenvalue 3.17 1.24 1.02
% Variance 40 16 13

Table 2. Pearson correlation matrix for the microhabitat variables measured for black
spruce and tamarack seedlings in a treed peatland.

Microhabitat variable 1 2 3 4 5 6 7 8
(1) Microtopographic 1.00
position

(2) NO;™ Availability 0.01 1.00
(3) NH,' Availability 0.19* 0.03 1.00
“) PO,? Availability 0.38*** (.08 0.36%** 100

(5)pH -0.18 0.06 0.07 -0.02 1.00

(6) Temperature (Rank) -0.33** 0.04 0.01 0.08 0.26** 1.00

(7) Aeration Depth 0.67*** -0.18 -0.16 -0.43*%* 0.30%*% -0.33*** 1.00

(8) Water Table Depth ~ 0.88*** -0.06 <0.25%%  0.45%**+ 0.25%* -0.24* 0.78*** 1.00
(Rank)

* P=0.05

**P=0.01

*¢+p=0.001
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Table 3. Multiple regressions for black spruce foliar nutrient concentrations versus

microhabitat characteristics

Dependent Independent
Variable Variables B B p sr?
Nitrogen
(% dry wt.)
NO;™ Availability 0.076 0.368 0.005 0.13
pH 0.014 0.134 0.309 0.01
Temperature -0.001 -0.194 0.146 0.03
(Rank) _
Intercept= 0.569 r'=0.16 adjr=0.12 P>F=0.023
Phosphorous
(%dry ...)
PO, * Availability 0.002 0.161 0.223 0.02
Temperature -0.001 -0.441 0.002 016
(Rank)
Depth of Aeration -0.001 0.176 0.229 0.02
Intercept=0.112 r =0.19 adjir=0.14 P>F=0012
Potassium
(Yodry wi.)
Microtopographic 0.002 0.364 0.043 0.06
position
pH -0.010 0.149 0.261 0.02
Temperature -0.001 <0.306 0.036 0.07
(Rank)
Depth of Aeration -0.004 0.544 0.004 0.14
Intercept = 0.570  F=0.21 adjr=0.14 P>F=0.016

Note: NOy, and PO, availabilities are rg/g resin. Depth of acration and microtopographic position irc in
cm. Values of B are regression coefficients, B are standardized regression cocflicicnts, p arc prob>F, and

sr* are squared semi-partial correlation coeflicients for each regression corir: snent.

29



Table 4. Multiple Regressions for tamarack foliar nutrient concentrations versus
microhabitat characteristics.

Dependent Independent
Variable Variables B B p s
Nitrogen
(% dry wt.)
PO.*> Availability -0.045 -0.464 0.003 0.13
NH,' Availability 0.018 0.392 0.005 0.11
Temperature 0.001 0.300 0.023 0.07
(Rank)
Microtopographic -0.004 -0.349 0.029 0.07
position
pH -0.035 -0.283 0.032 0.06
Depth of Acration 0.004 0.329 0.057 0.05
NO," Availability 0.083 0.217 0.078 0.04

Intercept = 1.34] r=0368 adjr =0.275 P>F =0.002

Phosphorous
(% dry wt.)

Temperature -0.001 -0.478 0.001 0.20

(Rank)
NO; Availability -0.020 -0.242 0.047 0.05
Microtopographic -0.001 -0.227 0.073 0.05

position
pH -0.004 -0.131 0.293 0.02

Intercept = 0.226  r° =0.30 aQ'er =0.24 P>F =0.001

Potassiam
%(dry wt.)
PO,* 0.013 <0.282 0.028 0.08
Temperature -0.001 -0.215 0.102 0.04
(Rank)
pH -0.010 -0.176 0.178 0.03

Intercept =0.553 r =019 adjr=0.14 P>F=0.012

Ncte: NOy, PO.*, and NH,", availabilities are ng/g resin. Depth of aeration and microtopographic
position are in cm. Values of B, B, p, and ¢ as in Table 3.



Table 5. Multiple regressions for black spruce gas exchange parameters versus foliar

nutrient concentrations and xylem pressure potential.

Dependent Independent
Variable Variables B g p srt
NA
pmol COx/m/s
Nitrogen 2954 0.403 0.0001 0.14
Phosphorous ~4.809 0.137 0.009 0.01
Intercept =0.511 ' =0.60 adir*=0.57 P>F=0.0001 D..D,,Ssr = 0.47

mmol/m?%/s

Nitrogen

Phosphorous

¥

117.713 0.257 0.0002
~309.676 -0.141 0.058
-1.492 -0.095 0.194

0.06

0.01

0.01

Intercept =6.593 r*=0.21 adjr=0.16 P>F =0.000]

D:-Dlz 251’2= 0.15

WUE
pmol CO; fixed/
mmol H.O
transpired
Nitrogen 2.248 0.316 0.0001 0.08
¥ 0.072 0.297 0.0001 0.06
Phosphorous -2.889 -0.085 0.195 0.01
Intercept = 2.145 r’'=0.38 adjir=024 P>F=00001 D.-D,,Ssr= 029
mmol/m¥/s
Nitrogen 8.928 0.433 0.0001 0.16
Phosphorous -15.245 -0.154 0.005 0.02
Intercept =1471  r* =0.57 adir =0.55 P>F=0.0001 D,-D,, £sP = 0.29

Note: Foliar nutrient concentrations are % dry weight. Xylem pressure potential () is in bars. Values of

B, B, p, and sr’ as in Table 3.
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Table 6. Multiple regressions for tamarack gas exchange parameters versus foliar nutrient
concentrations and xylem pressure potential.

Dependent Independent
Variable Variables B B p s
NA
pumol CO,/my/s
Nitrogen 1.261 0.421 0.0001 0.11
Phosphorous 1.722 0.124 0.016 0.01
Potassium 0.34] 0.054 0.260 0.002
Intercept = 0.179  r*=0.63 adjr’=0.60 P>F=0.0001 D,-D,»ZsF= 0.41
mmol/m¥/s
Phosphorous 214.373 0.1 0.154 0.01
Nitrogen 41.36 0.089 0.215 0.01
Intercept = 20.559  r*=0.26 adjr’ =021 P>F =0.0001 D,-D,,ZsF = 0.24
WUE
pumol CO, fixed/
mmol H,O
transpired
¥ 0.06 0.362 0.0001 0.07
Nitrogen 0.951 0.218 0.0001 0.04
Intercept = 2.114  F=0.56 adjr =0.57 P>F=0.0061 D,-D,Zsr = 0.52
gr 2
mmol/m*/s
Nitrogen 3.877 0.465 0.0001 0.14
Phosphorous 4.934 0.128 0.015 0.01
Potassium 1.266 0.072 0.141 0.004
Intercept =-0.826  r* =061 adjr’=058 P>F=0.0001 D,-D, ZsF = 0.36

Note: Foliar nutrient concentrations are % dry weight. Xylem pressure potentials are in bars. Values of B,
B. p, and sr” as in Table 3.
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Table 7. Multiple Regressions for black spruce gas exchange parameters versus
microhabitat characteristics.

Dependent Independent
Variable Variables B B p sr’
NA
pmol COx/m*/s
NO;™ Availability 0.242 0.159 0.004 0.021
PO, * Availability -0.103 0.118 0.037 0.010
Microtopographic -0.012 -0.152 0.042 0.010
position
Depth of Aeration 0.008 0.095 0.207 0.004

Intercept =2.224  r*=049 adjr'=045 P>F=0.0001 D,-D,, Zsr= 0.45

mmol/m%/s

NH, " Availability -1.853 -0.105 0.122 0.010
PO,* Availability -5.545 0.102 0.164 0.008
Microtopographic -0.254 -0.052 0.453 0.002

position

Intercept =113.13 *=0.157 adjr’=0.101 P>F = 0.0008 D,-D,, Zsr'= 0.15
WUE
pmol CO, fixed/
mmol H,O lost

Temperature -0.004 -0.202 0.001 0.035

(Rank)
NO;™ Availability 0.282 0.192 0.001 0.035

Intercept = 2.19  r'=0.32  adjr’=0.28 P>F=0.0001 D,-D,, Ssr'= 0 27

mmol/m%/s
NOj;™ Availability 0.756 0.177 0.002 0.025
Microtopographic -0.035 -0.163 0.035 0.021
position
PO4* Availability -0.297 0.121 0.039 0.011

Intercept =6.54 _ r* =045 adjr*=0.41 P>F = 0.0001 D,-D,, Lsr= 0.41

Note: NOy', PO,*, and NH," availabilities re in 1g/g resin. Microtopographic position and depth of
aeration are in cm. Values of B, B, p, and sr” as in Table 3.



Table 8. Multiple Regressions for tamarack gas exchange parameters versus microhabitat

characteristics.
Dependent Independent
Variable Variables B B p srl
NA
umol COx/m?/s
NH; Availability 0.031 0.225 0.0001 0.04
PO, Availability -0.067 -0.231 0.0006 0.03
pH -0.069 -0.184 0.0008 0.03
NOs™ Availability 0.110 0.095 0.0644 0.01
Microtopographic -0.005 -0.122 0.07 0.01
position
Depth of Aeration 0.003 0.084 0.250 0.003
Intercept =2.13 =051 adjr =047 P>F=0.0001 D;-Dj, Tsr’= 0.45
&
mmol/m%/s
PO, Availability -8.783 -0.194 0.009 0.02
N1, Availability 3.041 0.142 0.039 0.01
Temperature -0.161 -0.073 0.268 0.004
(rank)
Intercept = 107.66 r’ = 0.28 adjr’ =0.23 P>F = 0.0001 D;-D;; £sr’=0.27
WUE
pumol CO; fixed/
mmol H,00
transpired
pH -0.067 -0.123 0.024 0.01
Depth of Aeration 0.006 0.099 0.079 0.01
Intercept = 240  r*=0.50 adjr*=0.47 P>F =0.0001 D;-D;; Tsr’= 0.48
8
mmol/m¥/s
NH, Availability 0.095 0.248 0.0001 0.04
PO, Availabiiity -0.215 -0.264 0.0002 0.04
pH 0.219 -0.208 0.0003 0.03
Microtopographic -0.017 -0.156 0.025 0.01
position
NO;” Availability 0.300 0.094 0.078 0.01
Depth of Aeration 0.012 0.113 0.134 0.01

Intercept = 6.44 =048 adjr’=044  P>F =0.0001 D,-D; ZsP= 043

Note: NOy, NH.', and PO,* and avavilabilities are in pg/g resi-. Microtopographic position and depth of aeration

are in cm. Values of B, B, p, and sr as in Table 3.
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Table 9. Multiple Regression for black spruce xylem pressure potential versus
microhabitat characteristics.

Dependent Independent
Variable Variables B i p s’
b 4
bars
NO;™ Availability 0.447 -0.074 0.224 0.005
Temperature 0.008 0.083 0.189 0.006
(Rank)

Intercept = 17.570  r*=0.27 adjr=0.23 P>F=0.001 D,-D,, sr'= 0.28

Note: NO;’ availabilitv is in pg/g resin. Values of B, B, p, and sr* as in Tablc 3.

Table 10. Multiple Regression for tamarack xylem pressure potential versus microhabitat

characteristics.
Dependent Independent
Variable Variables B B p s’
¥
bars
NO;™ Availability 0.552 0.051 0.299 0.003
pH 0.234 -0.070 0.170  0.004

Intercept =17.570 ¥ =0.27 adjr’=0.23 P>F=0.001 D,-D;, Tsr= 0.28

Note: NO;’ availability is in pg/g resin. Values of B, B, p, and sr° as in Table 3.



Teble 11. Multiple regressions for black spruce growth rates versus microhabitat
characteristics.

Dependent Independent
Variable Variables B B p sr
Relative Growth
Rate
Temperature (Rank) -0.005 -0.352 0.01 0.10
Microtopographic -0.007 -0.148 0.30 0.01
position
Intercept = 3.57 r‘=0.11 adjr=0.07 P>F =0.05
Average Annual
Growth Rate
Temperature (Rank) -0.017 -0.420 0.003 0.14
PO, Availability -0.215 -0.251 0.052 0.06
pH -0.299 -0.211 0.096 0.04
NO; Availability 0.477 0.175 0.155 0.03
Microtopographic -0.025 -0.180 0.191 0.02
_position

Intercept =767 r =028 adjr‘=021 P>F=0.004

Note: Values of B, B, p, and sr* as in Table 3.

Table 12. Multiple regressions for tamarack growth rates versus microhabitat
characteristics.

Dependent Independent
Variable Variables B ] p sr
Relative Growth
Rate
pH -0.077 -0.151 0.286 0.02
Temperature (Rank) 0.002 0.087 0.536 0.01

Intercept = 3.16 r'=0.02 adir <00l P>F=053

Average Annual
Growth Rate
Depth of Aeration -0.043 -0.385 0.047 0.07
PO, Availability 0.177 0.216 0.165 0.03
Temperature (Rank) -0.007 <0.190 0.173 0.03
Microtopographic -0.017 -0.160 0.363 0.01
Position
pH 0.115 -0.111 0.431 0.01

Intercept =734 r =0.17 adjr=0.08 P>F=0.092

Note: Values of B, B, p, and sr° as in Table 3.
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Table 13. Anova table comparing the average annual growth rates of black spruce and

tamarack seedlings.

Source df. S.S. F p
Species 1 6.6 3.83 0.053
Emor 111 191.6
Total 112

Table 14. Anova table comparing the relative growth rates of black spruce and tamarack

seedlings.
Source d.f. S.S. F p
Species 1 2.9 9.43 0.003
Error 111 340
Total 112

Table 15. Anova table comparing the age of black spruce and tamarack seedlings.

Source d.f. S.S. F p
Species 1 30 4.73 0.032
Error 118 747.7

Total 119
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Table 16. Means and standard errors for all dependent and independent variables.

Variable Black Spruce Tamarack
Foliar Nitrogen (% dry wt.) 0.733 (0.014) 1.279 (0.021)
Foliar Phosphorous (% dry wt.) 0.091 (0.002) 0.135 (0.004)
Foliar Potassium (% dry wt.) 0.464 (0.009) 0.442 (0.009)
Net Assimilation (umol CO,/m?/s) 2.23 (0.05) 1.83 (0.03)
Stomatal Conductance (mmol/m¥s) 90.75 (3.20) 99.53 (3.03)
Water Use Efficiency 2.26 (0.05) 2.07 (0.04)
(umol CO; fixed/mmol H;O lost)

Residual Conductance (mmol/m?/s) 6.60 (0.14) 5.40 (0.08)
Xylem Pressure Potential (bars) -17.7 (0.2) -21.3(0.3)
Relative Growth Ratc 3.07 (0.06) 2.75 (0.08)
Average Annual Growth Rate (cm\year) | 4.30 (0.18) 4.78 (0.17)
Height (cm) 52.6(1.9) 63.8(1.9)
Microtopographic Position (cm) 240(1.3) 25.0(1.5)
NO;’ Availability (ug/g resin) 1.236 (0.067) 1.204 (0.051)
NH," Availability (ug/g resin) 5.335 (0.364) 5.522 (0.425)
PO, Availability (1g/g resin) 1.329 (0.214) 1.482 (0.200)
pH 6.65 (0.13) 6.45 (0.16)
Temperature (Rank) 63.3(4.5) 55.1(4.1)
Aecration Depth (cm) 14.1(1.2) 16.5 (1.5)

Notc: Values in parentheses are standard errors
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Figure 1. Principal components analysis of microhabitat for 120 seedlings (sampling
points) Axis I (40 % of the variance) is a microtopographic position/water table depth-
nutrient availability/temperature gradient. Axis Il (16% of the variance) is a nutrient
availability-temperature/ph gradient (see Table 1).
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Figure 2. Principal components analysis of microhabitat for 120 seedlings (sampling
points). Axis I (40% of the variance) is a nutrient availability-temperature/ph gradient [see
Table 1). Axis III (13% of the variance) is a nitrate availability - microtopographic
position gradient (see Table 1).
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CHAPTER IV

DISCUSSION

Microhabitat

There were correlations among microhabitat variables (Table 2) and much of the
variation in microhabitat was associated with changes in microtopographic position.
Moving dow a the microtopographic gradient from high (hummock) positions to lower
(towards hollows) positions there was a increase in NH,' availability, and PO4*
availability, and microhabitats were cooler, wetter, and rooting der*h was restricted by
reductions in the aerated layer. Soil pH was not significantly correlated with
microtopography as has been found with soil water pH in other studies (Karlin and Bliss
1984; Vitt er al 1975), but it was strongly correlated with depth ot aeration, and water
table depth both of which are directly affected by niicrotopography (Table 3).

The PCA revealed that the seedlings of both species, as a whole, did not occur on
distinct microhabitats, but rather across a range of continuous microhabitat variables.
Tamarack and black spruce could not be separated based on the microhabitats in which
they had established. This is similar to results from a minerotrophic peatland in New
York, where seedlings of four different coniferous tree species grew on the same subset of
available microhabitats (St. Hilaire and Leopold 1995). Since microhabitats were only
characterized where seedlings had already established, it is not known whether the

seedling occurred on the whole range of microhabitats available in the peatland or, more
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likely, a subset of them. It is possible that black spruce and tamarack occur across the
same range of microhabitat because it is the only portion of available habitat suitable for

both establishment and further tree growth.

Foliar Nutrients

The concentration of foliar nutrients was affected by microhabitat for both species
(Table 4 and 5). Based on the amount of variation explained, microhabitat had a greater
influence on the levels of foliar nutrients in tamarack than in black spruce. The weaker
relationship between microhabitat and black spruce foliar nutrients may be due to the
evergreen nature of black spruce. Older needles may act as a nutrient source, allowing
translocation of nutrients to new needles during periods of high demand and when
nutrient availability is low (Chabot and Hicks 1982). Although Greenway et al (1992)
veported no evidence of an increase in nutrient retranslocation from older needle cohorts
in black spruce during simulated nutrient deficiency, the normal seasonal translocation of
nutrients from older needles in the spring (Tyrrell and Boerner 1987) may be sufficient to
reduce the effect of varying microhabitat on foliar nutrients in black spruce.

Foliar nitrogen concentration was influenced by nitrate availability in black spruce
and ammonium availability in tamarack. As ammonium and nitrate are the forms of
nitrogen that can be taken up by higher plants, one would expect foliar nitrogen to be
driven by the available forms of nitrogen, but a difference between the nitrogen source

affecting foliar nitrogen concentration in black spruce and tamarack was not expected.



Preference for ammonium versus nitrate as a nitrogen sou « varies between species. For
example, cranberry only uses ammonium, while radish is intolerant to ammonium (Chapin
et al. 1987). Cultivars of barley from warm and cold soils have been found to have similar
ammonium influx, while nitrate influx has been found to be lower in cultivars from colder
soils (Chapin 1985).

In non-photosynthetic tissue nitrate assimilation has a substantial cost (Pate 1983).
A substantial amount of organic acid is required to counter OH" generated in nitrate
assimilation, resulting in a substantial amount of reduccd carbon in the form of the organic
acid ion (Raven and Smith 1976); this can require as much as 15 % of the energy
production of the plant (Chapin ef al. 1987). Ammonium assimilation, which must be
driven by respiration in roots because respiration provides the energy (Chapin ef al. 1987)
and reductant required for glutamine and glutamate synthesis (Oaks and Hirel 1985), is
less costly than nitrate assimiiation. Conlin and Lieffers (1993) found that tamarack had
the ability to transp.rt oxygen to root tissues and was able to sustain limited respiration
under anaerobic conditions, while black spruce did not have this ability. If tamarack is
able to sustain respiration in the cold anaerobic conditions, like those found in peatlands,
then this would enable it to assimilate ammonium in its roots. This may explain why
tamarack foliar nitrogen had a higher correlation with ammonium availability, and black
spruce foliar nitrogen was more correlated with nitrate availability. It m2y aiso play a role
in the greater positive response of tamarack foliar nitrogen to urea fe:tilizatiun than black
spruce (Mugasha ez al 1993), and explain how a deciduous species like tamarack is able to

balance its nitrogen demand in nutrient poor peatland conditions.
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Foliar concentrations of phosphorous and potassium in black spruce and
phosphorous in tamarack were all negatively affected by lower soil temperatures. This
could reflect the effect of cold soils on root growth and function. Low soil temperatures
have been found to reduce the growth and affect the metabolism of roots (Lopushinsky
and Kaufmann 1984, Conlin and Lieffers 1993). Warmer microsites may have had
improved root growth and functioning, leading to an increase in the uptake of nutrients
and higher foliar nutrient concentrations. Unlike phosphorous concentration, the
concentration of nitrogen in tamarack foliage decreased as the relative temperature of
microsites increased (Table 4). This is explained by the higher NH," availability in lower,
cooler microsites, and the effect of available NH," on tamarack foliar nitrogen

concentration which has previously been discussed.

Gas Exchange and Foliar Nutrients

There were strong relationships between foliar nutrients and gas exchange,
suggesting non-stomatal factors play an important role in limiting photosynthesis
biochemically. The strong correlations between foliar nitrogen and both net assimilation
and residual conductance for both species are consistent with the results of Macdonald
and Lieffers’ (1990) work on black spruce and tamarack, and similarly could ‘adicate a
nitrogen limitation causing carboxylation resistance (Evans 1989). Tilton (1977) and
Sherrif et al (1986) have also suggested that net assimilation in conifers can be limited by
nitrogen. With 75% of foliar nitrogen invested in chloroplasts, and the majority of

chloroplast nitrogen involved in photosynthesis (ie. light harvesting complexes, electron
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transport proteins, and Rubisco) (Chapin et al 1987), the effect of foliar nitrogen on ne:
assimilation and residual conductance is not surprising. Nitrogen limitation can ultimately
lead to reduction in enzyme synthesis and a reduction in the rates of biochemical reactions
associated with carbon dioxide fixation.

Water use efficiency was also correlated with nitrogen for both species. If higher
levels of nitrogen lead to increases in net assimilation, this increase would also be reflected
in an increase in water use efficiency, further supporting the contention of non-stomatal
limitations of photosynthesis. Higher water use efficiency has been shown to be
associated with higher leaf nitrogen content in Pinus radiata (Sheriff et al 1986) and
Ulmus americana L. (Reich ef al 1989) and non-stomata limitations have been shown to
be greater than stomatal limitations in plants grown with low levels of availab'e nitrogen
and subject to drought (Reich ez al. 1989). Stomatal conductance in black spruce was
also correlated with leaf nitrogen again suggesting non-stomatal limitation.

The increase seen in net assimilation and residual conductance of the tamarack
seedlings with increasing foliar phosphorous concentration suggests there may have been a
phosphorous limitation as well. This is similar to the results of Mugasha ez al. (1993), who
found that fertilization of tamarack, growing in peatlands, with P-K increased foliar P
levels and increased needle mass, which they suggested was attributable to a phosphorous
limitation prior to fertilization. The decrease in net assimilation and residual conductance
of black spruce seedlings as foliar phosphorous increased, indicates that they were not

limited by foliar phosphorous.
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Gas Exchange and Microhabitat

Similar to foliar nitrogen concentration, the values of ne assimilation, water use
efficiency, and mesophyll conductance were affected by the availability of nitrate and
ammonium. As previously Ciscussed the availability of nitrogen impacts on foliar nitrogen
levels, and foliar nitrogen affects net assimilation, water use efficiency, and mesophyll
conductance in both spec’vs. S the impact of nitrogen availability on gas exchange is
brokered through their effect on foliar nutrients. As shown for foliar nitrogen, the gas
exchange variables were positively correlated with nitrate availability for black spruce,
while those for tamarack were positively correlated with ammonium -vailability. This
again could indicate a difference in preference for the form of nitrogen uptake, or
differential abilities in uptake of different forms of nitrogen between species.

The higher growth rates (relative, and average annual growth rates) in black
spruce on warmer microsites is consistent with results of other studies. Low soil
temperatures have been found to reduce shoot growth in Douglas-fir seedlings
(Lopushinsky and Kaufman 1984), white spruce (Brand 1990) and also a variety of other
vascular plant species (Anderson and McNaughton 1973). This may be the result of the
impact cold soils have on gas exchange. Low sail temperatures have been found to reduce
stomatal conductance, transpiration, and net photosynthesis ( Turner and Jarvis 1974; Day
et al. 1991; Day et al. 1990, Kramer 1942; Lawrence and Oechel 1983). This in turn may
lead to reduction in growth rate, and may explain some of the variability in growth found
within even aged peatland black spruce (Lieffers 1986; Groot and Horton 1994; Yin

1992). Variation in growth of both black spruce and tamarack may also be attributable to
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variation in net assimilation resuiting from variation in microhabitat. Microhabitat
impacted gas exchange both through its effect on foliar nutrients and also directly.
Ultimately variations in net assimilation are expected to lead to variations in growth rate

(Brand 1990, Lamhamedi and Bernier 1994).

Conclusion

This work est 1. shed that there are microhabitats that are relevant to peatland
trees and that doai  t1 _ir performance. These microhabitats are not discrete, but raiher
consist of interconnected gradients of resources and environmental conditions. Black
spruce and tamarack grow on the same range of these gradients and conditions, and do
not show niche separation in relation to microhabitat. It is possible that black spruce and
tamarack have differential uptake abilities or preferences for different nitrogen forms
(NH," for tamarack and NOs for black spruce). This may indicate niche partitioning of
available nitrogen, and it also may explain the presence of a deciduous conifer ( tamarack)
in a nutrient poor environment.

Previous studies of tree seedling response to microhabitat variation have focused
on seedling growth (Kuuluvainen 1993; Adams 1974; Messier and Kimmins 1992), while
in this study I also quantified the response of foliar nutrients and gas exchange to
microhabitat variation. Microhabitat variation was correlated with foliar nutrient
concentration in both species, and foliar nutrients, in turn, were correlated with gas
exchange. The variation in gas exchange may, in turn, result in some of the variation in

growth rates that has been observed within even aged peatland stands (Yin 1992). In
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addition, black s>ruce growth rates were also correlated with soil temperature which, due
to the range of soil temperature found along the hummock to hollow gradient, could also
help explain th= variance in black spruce growth in peatlands.

Further research is needed to examine the affinity of black spruce and tamarack for
different forms of nitrogen, to determine whether there are differences and whether any
differences are due to the soil conditions or to species preferences. These questions could
be answered with both controlled environment and in sifu studies, in a variety of soil
conditions (anaerobic vs. aerobic soil conditions; warm vs. cold soils). Controlled
environment studies on the influence of nitrogen source, and also of soil conditions on
foliar nutrientz, gas exchange, and nitrogen metabolism may also be useful. Additional
work also needs to be done on how far into the life of the tree it is affected by
microhabitat variations, and when do variations in microhabitat cease to be of importance.
This study did not examine the impacts of variation in microhabitat on root growth. An
examination of the variation in root biomass and fine root production along microhabitat

gradients, though difficult to do in a field setting, would be extremely informative.
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DATA SUMMARY

Table Al. Microhabitat characteristics

APPENDIX A

for all black spruce and tamarack seedlings.

Species | # Micro NO3 NH4 PO4 pH Avg Temp | Acration | Water Table | Avg Sail
Positon | Avait. | Avail. | Avail, Rank Depth | Depth Temp
BS 2 19 1.39 1195 276 6.79 92.2 48 18.73 1.79
BS 3 14.7 3.07 5.2 1.68 6.85 76.8 08 11.13 9.06
BS 4 17.1 1.59 3.73 1.54 7.52 90.4 7.5 22.20 7%
BS 5 114 1.38 5.41 1.07 7.68 91.6 1.8 28.70 8.08
BS 7 16.1 0.75 3.24 1.34 6.82 94.8 73 23,03 7.99
BS 9 15.5 0.87 .89 278 724 97 59 17.37 7.89
BS 10 353 .17 3.71 0.36 6.95 77.6 256 35.73 9.0n
BS 13 3.6 0.87 1014 |23 s.74 114.8 10.2 26.50 521 |
BS 15 11.2 0.91 6.08 0.49 7.28 65.2 9.2 21.90 9.77
BS 17 29.2 .17 4.05 0.99 7.1 119 10.8 30.70 339
BS 25 43.1 0.83 2.09 2.59 741 3 32.8 44.17 13.03
BS 29 348 0.63 7.02 2.29 4.54 1.6 29.6 37.50 13.41
BS 30 303 0.85 1.68 0.35 7.08 8.2 16.4 44.67 1371
BS 31 43.6 1.08 9.29 0.74 6.41 82.8 29.9 39.03 8.05
BS 32 3.8 1.19 2.88 0.38 6.84 38.2 21.2 24.37 11.44
BS 33 36 1.22 3.17 0,29 5.03 18.8 23.9 45.87 12 80
BS 39 22.9 1.38 4.34 1.31 6.81 3.8 6 10.93 10.32
BS 41 21,7 1.37 5.57 121 5.65 39 12.9 26.87 10.07
BS 42 8.3 1.4 2.08 2.03 6.53 37.4 4.8 15.57 11.39
BS “ 738 1.04 11.15 1.27 6.75 36.2 19.6 23.13 11.44
BS 45 6.5 1.36 6.1% 4.58 4.85 93.4 1.3 3.53 7.99
BS 46 20.6 1.3 1003 0.7 6.93 25.6 10.6 2377 12.00
BS 47 27 0.94 6.68 0.33 6.36 422 13.1 39.67 .13
BS 50 30.9 0.84 6.09 1.92 6.42 36 28.1 29.47 10.32
BS 51 18.3 1 2.34 2.15 417 30.8 12 32.10 11.79
BS 52 202 1.09 3.63 1.48 6.92 48 12.8 29.20 10.68
BS 3 9.8 0.95 6.62 1.43 7.34 81 2.7 2347 .91
BS 54 19.6 0.94 2.36 0.74 4.51 40.6 20.1 28.77 11.18
BS §5 18.5 0.96 2.05 0.96 7.18 57.6 16.8 26.13 10.22
BS 36 26.2 1.54 6.97 0.72 6.83 39.2 23.1 26.97 11.59
BS 57 26.2 3.09 8.53 0.82 6.96 48.4 16.2 25.03 10.73
BS [T 30.7 1.54 5.42 0.57 7.04 100.4 16.6 28.37 7.64
BS 61 41.6 2.89 2.82 1.61 .17 78 3.4 38.53 9.16
BS 63 38.1 1.41 2.7 0.4 3.22 27.4 254 $5.83 11.99
BS 64 21,6 1.48 7.8 041 6.03 43.6 13.2 36.27 11.03
BS 65 40.4 0.52 1.97 0.9 7.21 7.2 214 46.33 14.52
BS 67 322 0.93 Te2 0.31 7.0 9 22.5 41.70 13.66
[BS 68 25.5 112 56 0.84 7.52 17 19.8 30.80 12.90
BS 69 39.3 1.85 8.9 1.33 4.99 52.8 31 38.20 10.52
BS 70 233 1.35 4.09 0.32 7.3 96 3.8 20,10 7.13
BS 7 24.8 1.38 2.09 0.39 6.77 83.8 12.6 .23 8.63
BS T2 35.7 1 2.55 0.28 7.2 98.8 30.3 39.37 4.66
BS 73 13.7 1.15 1.35 121 6.95 108.2 7 15.67 6.88
BS 74 31.5 1.36 7.5 0.33 5.49 4.6 18 34.07 10.93
BS 75 12 0.44 2.96 1.08 7.17 90.4 0 7.13 8.2
BS 80 20.5 1.21 .78 0.74 13 106.6 3.5 19.03 7.13
BS 81 18.2 1.02 3.14 0.64 7.59 116 92 17.67 4.81
[BS 82 21.2 1.23 4.35 0.56 147 101.2 21.3 26.37 7.49
[BS 83 39.1 1.13 3.73 0.27 728 24 10.3 44.67 12.25
'BS 86 27.1 1.2 $.01 1.04 7.48 95.4 13.9 2237 7.89
BS 87 23.1 1.05 5.4 0.3 7.1 25.8 10.4 44.43 12.04
BS 88 21 1.48 3.86 3.13 6.4 91.4 3.4 12.20 815
BS o4 26.2 1.02 5.09 0.78 6.56 98.6 13.3 25.17 7.74
BS 98 21.7 1.26 3.52 0.76 6.75 111.4 16.2 29.77 6.12
BS 9% 28.2 0.97 296 0.3 7.43 24 30.4 38.20 12.40

63



Table Al continued

Specics | # Micro NO3 NH4 PO4 pH Avg Temp | Acration | Water Table | Avg Soil
Positon | Avail. Avail. Avail. Rank Depth Depth Temp
BS 10} 16.4 0.78 3.12 2.29 7.49 63 104 17.37 9.87
T 3 249 1.55 4.26 1.68 4.9 382 13.7 26.70 11.39
T 4 23.6 1.18 3.18 1.36 6.98 81 18.5 36.07 8.91
T S 33 0.59 7.82 1.22 5.19 54.8 35 43.70 10.47
T 7 28.5 0.96 2.92 1.61 3.21 36.6 34 40.80 11.54
T 10 223 1.2 2.84 1.14 7.34 97.8 13.4 20.70 7.84
T 13 48.5 0.8 3.98 0.92 3.38 316 3718 4147 11.74
T 15 8.4 1.43 2.38 2.27 7.03 85.6 -2.2 11.50 8.50
T 16 26.1 1.47 291 0.91 7.03 6 16.8 39.90 14.47
T 17 14.3 0.72 4.09 3.65 6.42 112.2 48 18.40 5.72
T 19 16.7 1.14 7.25 1.52 7.33 47.6 20.3 18.30 10.73
T 21 24.1 1.07 4.84 1.06 6.94 62.8 25.9 2597 9.87
T 22 375 0.72 4.51 122 4.58 25.2 25 44.33 12.19
T 23 48 0.93 2.57 1.87 6.5 104 -3 7.87 7.13
T 27 333 1.15 3.2 1.18 3.23 9.8 20.3 50.70 13.61
T 29 10.6 0.91 7.5 1.87 6.94 86.8 8.3 10.97 3.60
T 30 16 2.36 5.31 291 6.89 61 -0.5 5.93 10.02
T 31 219 1.41 8.75 243 6.51 16.4 114 21.23 1295
T 33 22 1.3 3.67 1.38 6.95 42.8 8.4 2735 11.03
T 33 14.4 1.18 71.87 8.72 6.96 56.2 -1.9 9.43 10.27
T 36 15.1 2.2 S.15 1.97 6.96 8.2 15.4 2197 14.42
T 38 13.6 2.11 4.2 5.26 6.63 80 6.6 .50 875
T 39 21.7 0.92 4.6 0.99 7.57 6.8 11.5 25.60 14.47
T 41 14.2 1.77 12.62 4.73 7.68 14.2 8.9 13.93 13.36
T 42 24.8 1.13 9.62 0.77 7.11 384 2.1 22.57 11.33
T 44 216 0.53 10.55 2.44 7.59 174 15.1 23.90 12.85
T 45 24.4 0.91 3.17 0.5 7.03 57.6 93 16.63 10.12
T 46 10.2 0.91 19.91 5.4 6.45 71.2 0.3 7.20 9.46
T 47 233 1.23 3.28 0.48 6.06 30 2.6 21.90 11.79
T 31 244 0.69 .74 1.29 4.89 14.6 24.1 33.83 13.00
T $2 20.9 1.41 2.49 0.99 5.27 43.6 18.9 27.97 10.93
T 53 5.6 0.73 12.65 165 6.37 348 -1.4 2137 11.49
T 34 16.1 0.96 4.52 1.52 53 40.6 9 31.90 11.18
T 61 28.7 1.17 8.3 048 *_". 18 74.8 20 28.80 9.46
T 62 16.5 1.08 1.64 0.66 v.86 85.4 3.5 29.0¢ 8.60
T 63 38.1 1.6 3.37 0.38 3.66 20.6 22.8 50.90 12.70
T [3] 38.1 0.93 3.17 047 6.91 318 30.2 38.10 11.84
T 66 23 1.44 2.17 0.46 6.97 60 18.2 27.83 10.17
T 67 64.2 1.52 6.89 1.52 1.09 71.4 7 60.60 9.46
T 69 44.1 1.34 4.92 0.5 7.59 63.6 293 41.33 9.87
T n 31.6 0.76 4.22 0.61 1.92 62.2 15.6 30.67 9.92
T 73 348 0.9 8.74 0.44 7.16 7.8 16.5 37.07 13.97
T 76 33 1.3 2.91 0.74 1.37 83.2 16.3 23.37 8.91
T 77 30.7 1.66 5.25 0.42 5.42 18.2 14.9 36.93 12.75
T 79 42.7 1.33 4.1 0.55 7.19 26.8 348 44.17 12.19
T 80 14.1 1.16 3.78 0.4 1.5 64.8 11.1 33.50 9.82
T 81 12 1.51 2.51 1.08 6.31 95.6 4.6 6.63 7.84
T 83 317 1.28 6.68 0.39 7.42 59.4 24.2 21.70 10.17
T 84 33.2 1.58 S.4 0.38 6.31 28.6 33 41.57 11.89
T 87 43.4 1.28 7.17 0.3 6.98 62 38.7 31.717 9.77
T 8 22.6 1.33 4.6 0.32 5.52 69.8 22.9 36.10 9.51
T 89 18.8 0.73 3.39 0.48 7.22 110.6 17.2 26.80 5.97
T 90 25.5 1.34 6.57 04 6.8 108.8 26 26.37 5.46
T 91 203 0.88 5.97 1.43 6.6 117.8 19.3 29.57 4.15
T 92 28.6 1.27 4.64 0.48 7.56 79.6 35 31.37 9.01
T 93 378 1.17 2.56 1.07 3.88 83.6 26.3 45.87 8.50
T 94 13 1.73 7.52 1.27 6.39 81.6 10.2 19.73 8.91

Note: Micro-position, acration and water table depth are in cm above water table; nutrient availabilities are in

ug/g of resin; soil temp is in degrees C.

64



Table A2. Foliar nutrient concentration, height growth, and age for each black spruce

and tamarack seedling.

Species [ # Tot%N | Tot®eP | Tot%ek Leader | Height Age RGR Avg Growth
BS 2 0829 [0.099 [0.486 6.1 68.6 13 8.89 S.28
BS 3 0914  T0.091 0.510 4.4 76.6 15 5.74 5.11
BS 4 0.756 _ [0.062  o.480 2.4 316 11 6.38 3.42
BS S 0.673 _ [0.07) 0.430 4.7 41.2 8 11.41 $.18
BS 7 0629 10.104  Jo0.466 2.7 32 9 839 3.58
BS 9 0710 ]0.0s8  }0.4%6 29 426 il 6.81 3.87
BS 10 0.722 _ 10.051 0.359 4.9 51.3 16 9.55 321
BS 12 0.528 0.072 0.273 3.5 14

BS 13 0.619 0.058 0.377 6.9 47.7 11 14.47 4.34
BS 13 7.123 0.545 0.310 3.2 55.2 13 3.80 4.25
BS 17 0575 l0.078  }0.489 2.2 425 17 .18 2.50
BS 23 0740 _l0.107  [o.454 3.9 26.5 9 14.72 2.94
BS 28 0730 [0.104 " ]0.490 3.2 50.2 10 6.37 5.02
BS 27 0816 [0.127 ~Jo0.645 4.6 10

BS 29 0785 [0.100  [0.507 5.6 60.7 17 9.23 3.57
BS 30 0.721 0.097 [0.599 8.8 659 13 13.35 5.07
BS 31 0671 [0.139  J0.500 1.8 423 11 4.21 3.89
BS 32 0615 [0.129  10.596 4.3 44 11 10.23 ~ [4.00
BS 33 0.654 0.098 0.535 4.7 52 9 9.04 5.78
BS 39 0.786 0.113 0.552 2.4 41 16 5.8$ 2.56
BS 41 0631 0111 0.528 2.7 51.1 17 5.28 3.01
BS 42 0.714 0.105 0.547 8.4 74.5 17 11.28 4.38
BS 44 0.534 0.093 0.373 1.7 38.7 11 4.39 3.52
BS 45 0.661 0.128 0.442 2.9 S1.8 14 5.60 3.70
BS 46 0.816 0.100 0.494 6.8 63 11 10.79 5.73
BS 47 0.605 0.091 0.481 6.7 59.2 15 11.32 3.95
BS 50 0.468 0.067 0.276 2.3 36.5 16 6.30 2.28
BS 51 0.594 0.098 0.487 7.1 86 12 8.26 7.17
BS 52 0.725 0.120 0.435 3.6 37.2 11 9.68 3.38
BS 53 0.723 0.134 0.521 4.2 350.9 i1 825 4.63
BS 54 0798 j0.104 fo0.470 5.7 442 13 1290 1340
BS 35 0958 0.122 [o0.535 10.9 70 11 15.57 636
BS 56 0.924 0.094 0.382 6.5 47.3 9 13.74 $.26
BS $7 0930 10093 [o.521 4.5 49 11 9.18 4.45
BS 53 0.721 0.103 0.462 4.8 8 13 8.28 4.46
BS 59 0.941 0.051 0.406 10.4 63.7 12 16.33 5.31
BS 61 0.698 0.109 0.433 2.8 48.7 15 5.75 3.25
BS 63 0.843 0.086 0.546 16 100 12 16.00 8.33
BS 64 0.852 0.i18 0.338 9.7 67.6 9 14.35 7.51
BS 65 0.687 0.109 0.509 7.4 39.1 11 12.52 5.37
BS 67 0.905 0.118 0.423 8.6 66.8 12 12.87 5.57
BS 68 0.791 0.096 0.480 10.1 75 15 13.47 3.00
BS 69 0.721 0.067 0.402 4.7 33.6 11 8.77 4.87
BS 70 0.821  [0.069 [o.457 4.8 61.1 13 7.86 4.70
BS 71 0.648 0.074 0.417 5.3 56.4 8 9.40 7.05
BS 72 0.642 0.078 0.513 3.2 S1.1 13 10.18 3.93
BS 73 0.702 0.094 C.422 4.6 44.8 11 10.27 4.07
BS 74 0.798 0.089% 0.428 3 39.3 11 7.63 3.57
BS 75 0.650 0.074 0.372 2.4 32 13 7.50 2.46
BS 80 0.710 0.069 0.521 2 41.2 18 4.85 2.29
BS 81 0.863 0.086 0.459 4.7 39.1 17 7.95 3.48
BS 82 0.906 0.082 0.454 3.5 47.6 11 7.35 4,33
BS 83 0.693 0.088 0.450 38 48 14 7.92 3.43
BS 86 0.736 6.060 0.363 2.3 35 13 8.00 2.69
BS 87 0.827 0.083 0.546 7.3 758 11 9.63 6.89
BS 38 0.809 0.101 0.528 5.9 43.4 12 13.59 3.62
BS 94 0.680 0.081 0.364 2.2 29.3 16 7.51 1.83
BS 98 0.699 0.068 0.441 4.5 48.7 12 9.24 4.06
BS 99 0.635 0.063 0.352 44 68.1 15 6.46 4.54
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Table A2 continued

Species | # Tot%N | Tot%P | Tat%K Leader |[Heigit | Age RGR Avg Growth
BS 101 0.824 0.098 0.494 3.1 39.7 12 7.81 3.31
T 3 1.265 0.185 0.470 2.9 30.9 11 9.39 2.81
T 4 1.330 0.148 0.520 7.6 48.7 9 15.61 5.41
T 3 1.320 0.129 0.384 4.2 413 14 10.17 2,93
T 7 1.256 0.138 0.402 9.7 74 16 13.11 4.63
[T 9 1.235 0.125 0.356 2.3 63.9 13 3.60 4.92
T 10 1.331 0.124 0.385 23 38.2 14 4.30 4.16
T 13 1.245 0.164 0.417 1 383 14 2.61 2.74
T 15 1.242 0.119 0.574 2.5 62.3 13 4.01 4.79
T 16 1.037 0.128 0.425 35 76.1 13 7.23 3.07
T 17 1.052 0.112 0.351 2.5 81.5 11 3.07 7.41
T 19 1.102 0.135 0.357 1.3 33.8 11 2.79 4.89
T 21 1.311 0.156 0.456 4.1 53.6 12 7.65 4.47
T 22 1.235 0.117 0.493 3.9 60.7 13 6.43 4.67
T 23 1.276 0.156 0.423 3 80.9 12 3.71 6.74
T 27 1.396 0.158 0.513 3.3 69 15 5.07 4.60
T 29 1.321 0.122 0.422 6.1 61.9 11 9.85 5.63
T 30 1.120 0.104 0.354 4.3 50.5 9 8.51 5.61
T 31 1.208 0.146 0.464 6.5 68.6 13 9.48 5.28
T 33 1.200 0.164 0.337 7.5 66.4 16 11.30 4.15
T 35 1.107 0.111 0.353 6.9 39.1 16 11.68 3.69
T 36 1.435 0.137 0.367 3.4 65 17 5.23 3.82
T 38 1.213 0.146 0.389 4.5 63.2 11 7.12 5.75
T 39 1.400 0.198 0.421 2.5 47.1 10 5.31 4.71
T 41 1.208 0.159 0.373 38 58.6 16 6.48 3.66
T 42 1.284 0.144 0.373 10.7 65.9 10 16.24 6.59
T 44 1.203 0.210 0.530 4.4 70.8 15 6.21 4.72
T 45 1.121 0.129 0.365 4.7 66.1 11 7.11 6.01
T 46 1.221 0.120 0.379 44 70.1 13 6.28 3.39
T 47 1.270 0.191 0.441 38 60.9 16 6.24 3.81
T 30 1.074 0.106 0.522 34 10
T 31 1.361 0.228 0.574 7.5 83.9 16 8.94 5.24
T 52 1.478 0.198 0.548 34 15
T 33 1.369 0.201 0.557 6.1 12
T 54 1.108 0.140 0.478 5.1 71.5 12 7.13 5.96
T $7 1.387 0.164 0.424 7.5 64.1 11 11.70 5.83
T 61 1.203 0.097 0.382 4.7 38 11 8.55 3.00
T 62 1.212 0.158 0.390 7 84.8 15 8.25 5.65
T 63 1.372 0.108 0.495 15.8 98.4 12 16.06 8.20
T 63 1.014 0.098 0.563 2.6 94.2 15 2.76 6.28
T 66 1.098 0.100 0.503 3.8 83.5 15 6.95 5.57
T 67 1.208 0.140 0.418 34 34 15 6.30 3.60
T 69 1.144 0.105 0.360 4.5 584 14 7.71 4.17
T 71 1.173 0.100 0.462 3.6 75.2 11 4.79 6.84
T 72 1.304 0.105 0.383 4.6 81.3 21 5.66 3.87
T 73 1.255 0.141 0.441 0.8 65.7 13 1.22 5.05
T 76 1.112 0.109 0.389 1.4 413 13 3.39 3.18
T ki 1.273 0.113 0.491 4.5 64.8 13 6.94 4.98
T 79 1.240 0.121 0.470 2.1 61.8 10 3.40 6.18
T 80 1.494 0.092 0.431 6.7 67.1 13 9.99 3.16
T 81 1.290 0.077 0.371 1.4 41.1 17 3.41 2.42
T 83 1.367 0.110 0.528 44 48.8 13 9.02 3.75
T 84 1.399 0.127 0.587 7 104.1 19 6.72 3.48
T 87 1.531 0.140 0.530 3.5 33 19 6.36 2.89
T 88 1.352 0.115 0.531 4.5 51.8 [F] 8.69 3.45
T 89 1.431 0.102 0.485 8 51 16 15.69 3.19
T 90 1.661 0.129 0.425 4 63 14 6.35 4.50
T 91 1.593 0.109 0.425 3.2 54.2 16 5.90 3.39
T 92 1.225 0.124 0.360 7 384 13 11.99 4.49
T 93 1.330 0.148 0.433 7.4 68.8 14 10.76 491
T 94 1.529 0.126 0.400 3.7 67.7 13 547 3.21

Tot %N, %P, and %K are % of dry weight; leader and height are in cm; avg growth is in cm/vear.
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Table A3. Mean gas exchange values for each black spruce and tamarack seedling.

Number

E

Species gs NA WUE gm

BS 2 0870  76.079 2.471 2.828 7.425
BS ; 3 0962] 110.789 2.656 2.782 7.985
BS B 4 1.196]  94.548 2.426 2.067 7.318
BS i 5 1.396]  99.612 2.335 1.768 7.017
BS ‘ 7 1182]  74.159 1.890 1.558 5.668
BS . 9 0.945]  72.246 2.171 2.309 6.517
BS 10 1.479] 209.034 3.310 2.493 9.920
BS 12 1.293] 124.087 1.241 1.408 3.775
BS i3 1.195] 102.608 2.363 2.086 7.038
BS 13 0.947  85.127 2.274 2.482 6.781
BS 17 0.748] 65272 1.632 2.340 4.827
BS 23 1.147] 121,655 1.998 1.795 5.888
BS 25 1.041{ 74356 1.497 1.520 4.451
BS 27 1.413] 103.487 2.190 1.676 6.501
BS 29 0.974]  82.836 2.257 2.326 6.710
BS 30 0.927]  87.248 2.102 2.494 6.245
BS 31 1.611]  75.622 2.110 1.525 6.300
BS 32 1.054]  86.240 1.997 1.921 5.830
BS 33 1.300]  74.670 2.218 1.837 6.533
BS 39 1.024]  87.064 2.782 2.626 8.108
BS 41 1.069]  84.613 2.057 2.039 6.017
BS 42 0.900]  99.686 2.073 2.374 6.065
BS 44 1.075]  60.535 1.834 1.790 5.462
BS 45 0.807]  67.709 1.749 2.178 5.142
BS 46 1.064] 111.119 2.595 2.515 7.635
BS 47 0.873]  94.031 1.987 2.336 5.856
BS 50 0.796]  52.569 1.565 1.960 4.586
BS 51 0.794]  108.860 1.819 2.345 5.339
BS 52 1.125]  133.044 2.382 2.232 6.980
BS 53 1.234]  77.395 2.063 1.663 6.244
BS 54 0.965]  89.973 2.365 2.558 6.911
BS 55 1250 124.767 2.701 2.263 8.085
BS 56 1.391]  118.959 2.755 2.058 8.283
BS 57 1.107]  81.856 2.564 2.343 7.696
BS 58 0.815]  68.502 1.997 2.521 5.967
BS 61 0.697]  56.843 1.967 2.856 5.861
BS 63 0.993] 135.293 2.721 2.920 8.001
BS 64 1.042]  107.365 2117 2.818 8.267
BS 65 0.748]  95.367 2.194 3.084 6.482
BS 67 0.851] 111.853 2.335 3.118 6.771
BS 68 0.599]  109.350 1.870 3.243 5.437
BS 69 0.742]  65.440 1.943 2.819 5.699
BS 70 0.911] 102.783 2.101 2.493 6.126
BS 7 1.099]  68.092 2.050 1.976 6.007
BS 72 1.023]  70.233 1.812 1.971 5.290
BS 73 0.971]  59.507 2.044 2.088 5.959
BS 74 1.249]  96.074 2.579 2.081 7.548
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Table A3 continued

Species |Number g8 NA WUE

BS 75 0.977 73.661 1.552 1.632 4.496
BS 80 1.159 89.472 2.120 1.884 6.094
BS 81 1.103 94.516 2.268 1.993 6.638
BS 82 1.314 96.423 2.990 2.308 8.728
BS 83 0.970 73.411 1.647 1.869 4.957
BS 86 1.582| 118.301 2.904 1.885 8.508
BS 87 1.099 80.872 2.295 2.238 6.893
BS 88 1.147 90.410 2.491 2.234 7.460
BS 94 1.229 88.508 2.437 2.157 7.268
BS 98 1.120 74.902 2.225 1.979 6.631
BS 99 0.753 72.525f 1.760 2.326 5.244
BS 101 12531 119.572]  2.901 2.297 8.557
T 3 1.173] 130.324 2.130 1.842 6.397
T 4 1.0I18{ 103.900 2.266 2.359 6.779
T 5 1.0221 110.320 2.197 2.223 6.538
T 7 0.765] 109.005 1.894 2.648 5.642
T 10 1.157) 127312 1.992 1.800 5.867
T 13 0.975] 109.552 1.865 2.189 5.501
T 15 1.023 110.801] 1.753 1.809 5.125
T 16 0.887 83.275 1.398 1.651 4.175
T 17 0.846 66.784 1.239 1.472 3.682
T 19 0.899 59.020 1.492 1.680 4.475
T 21 1.045 95.550 1.960 2.064 5.808
T 22 0.923 75.769 1.899 2.213 5.632
T 23, 0.941 87.169 1.795 1.988 5.239
T 27 0.986 89.023 2.068 2.150 6.054
T 294 1.233 98.433 2.249 1.851 6.627
T 3. 0.926 99.389 1.819 2.035 5.235
T 31! 0.778] 104.638 1.977 2.560 5.623
T 331 _0.762 99.067 2.072 2.760 5.824
T 35]  0.656 88.088 1.693 2.646 4.788
T 36 1.159f 103.435 2.177 1.883 6.407
T 38 1.078] 102.198 1.833 1.785 5.410
T 39 1.169] 152.556 1.964 1.723 5.781
T 41 0.905 91.828 1.587 1.776 4.681
T 42 0.869] 310.970 1.979 2.400 5.801
T 44 1.062] 103.224 1.873 1.924 5.535
T 45 1.002{ 101.760 1.436 1.657 4.263
T 46 0.982] 114.448 1.689 1.869 4.991
T 47 0.837] 158.406 1.900 2.295 5.582
T 50 1.035 92.194 1.909 1.926 5.580
T 51 0.972] 147.361 1.850 2.066 5.504
T 52 1.369] 106.500 2.345 1.796 7.062
T 53 1.264] 100.220 2.078 1.720 6.247
T 54 0.879 74.502 1.335 1.597 4.023
T 57 1.177 84.777 1.876 1.648 5.624
T 61 0.9921 109.524 1.642 1.686 4.899
T 62 0.941 87.518 1.668 1.903 4.968
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T 63 0.829]  93.920 1.894 2.498 5617
T 65 0.795]  87.813 1.326 1835 3.931
T 66 0.699] " 101.979 1.357 2 766 3.999
T 67 0.837]  74.889 1.537 1. 64 4.519
T 69 0.973]  91.049 1.663 1701 4.888
T 72 0.745] 121.042 1.761 2.401 5.094
T 73 1.006] 159.480 1.860 1.862 5.454
T 76 0.818]  58.473 1.433 1.785 4.193
T 77 0.927] 102.795 1.774 1.916 5.167
T 79 1.112]  89.594 1.647 1.509 4.836
T 80 0.744]  92.487 1.662 2.305 4.922
T 81 0.915]  60.323 1.456 1.581 4.350
T 83 0.945] 104.992 1.941 2.070 5.754
T 84 1.058]  104.720 2.324 2.344 6.917
T 87 0.708] 131.820 1.958 2.883 5.791
T 88 0.834] 88572 2.134 2.654 6.297
T 89 0.905]  101.940 2217 2.576 6.557
T 90 0911]  78.036 2.075 2.310 6.189
T 91 09611  62.444 1.862 2.045 5.574
T 92 0672 98.0a1 1.686 2.666 4.977
T 93 0.749]  92.066 1.996 2.796 5.881
T 94 0.793]  87.757 2.004 2.661 5.891

Note: Units same as Table 5. Values are means of four measurements.
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