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ABSTRACT

A comparison of productivity and related traits
for European larch (Larix decidua Miller) and red pine (Pinus resinosa Ait.)
across a site quality gradient in the Great Lakes region.
By
John Philip Gerlach

Productivity and related traits were compared for European larch (Larix decidua
Miller) and red pine (Pinus resinosa Ait.) in 27 forest stands, per species, that collectively
represented a broad range of site quality. There were two general objectives: 1)
determine site factor vs. productivity relationships for each species, and 2) examine the
interrelationships of soil, leaf/canopy and productivity characteristics over a range of
resource availabilities for species that differ in leaf life span and related traits.

Productivity (site index and overstory annual net primary production) were most
strongly related to the single variables of soil moisture (sign of the coefficient +) and
nitrogen availability (+). Using stepwise multiple regression models with p=0.15 for
addition and removal, the combination of growing season temperature (July T +, growing
degree days -) and site water balance (+) accounted for 71% of the variation in site index
for European larch. The combination of growing degree days (-) and foliar %N (+)
explained 32% of the variation in site index for red pine.

Larch had greater leaf N, specific leaf area, leaf area index, and productivity than red
pine and leaf N was the single species trait most strongly related to productivity for both
species. Over a gradient of increasing soil moisture holding capacity, productivity and
leaf N increased for both European larch and red pine and the rate of increase was
modestly greater for European larch. Despite these interactions, there was no trade-off in

productivity since European larch maintained higher productivity over the entire gradient.
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Chapter 1

Predicting Productivity of European larch
and red pine in the Great Lakes region



Abstract Site factor-productivity relationships were examined for European larch
(Larix decidua Miller) and red pine (Pinus resinosa Ait.) using twenty-seven, even-aged
monoculture plantations for each species distributed across the Great Lakes region.
Plantations for each species were geographically paired and averaged 36 and 38 years old
for European larch and red pine, respectively. Productivity was estimated as site index
obtained from stem analyses and as overstory annual net primary production (ANPP,)
obtained with field measurements and published allometric biomass equations. The
range and averages for physical soil characteristics and climate were similar for European
larch and red pine stands, but European larch stands had less forest floor depth, higher
soil temperatures, and greater rates of nitrogen mineralization and nitrification. Average
site index (base age 15) and ANPP, values were, on average, 42 and 31% greater,
respectively, for European larch than red pine. The single variables most strongly
associated with productivity for both species were indices of soil moisture (sign of the
coefficient +) and nitrogen availability (+). The relationships of combinations of soil,
leaf/canopy, and climate characteristics to productivity were determined with multiple
linear regression (MLR). For European larch, growing season temperature (+ July T, -
Growing degree days) and site water balance (+) were the best combined predictors of
productivity, accounting for 71% of the variation in site index. For red pine, growing
degree days (-) and foliar %N (+) explained 32% of the variation in site index. Since
climate variables were strong predictors of productivity, site effects on productivity were
isolated by extracting climate effects from the data (i.e. using the residuals of the MLR
relationship of productivity vs. climate as the predicted variable). For climate residuals,

water balance (+) and foliar *C/*2C ratio (-) explained 48% of the variation in European



larch site index and foliar nitrogen (%N, +) explained 28% of the variation in red pine
site index. For ANPP,, a combination of soil (A horizon depth (+), pH (-), organic matter
(-) and growing degree days(-) variables explained 51% of variation in ANPP,, for red
pine. For European larch ANPP,, 27% of the variation in ANPP, was explained by
nitrification rates (+) and specific leaf area (+). In general, these relations demonstrate
that both temperature and site/vegetation variables related to water and nitrogen
availability can explain a large percent of the variation in red pine and European larch
productivity across the Great Lakes region, and that each species and measure of

productivity respond uniquely to these variables.



INTRODUCTION

European larch (Larix decidua Miller) and red pine (Pinus resinosa Ait.) have long
been associated with reforestation and paper/pulp production due to their rapid growth on
some sites (McComb 1955, Wilde et al. 1965, Valade 1998). However, productivity
varies markedly across sites and little is known about the site factors responsible for this
variation, especially for European larch in the Great Lakes region (Carmean 1975).
Qualitative evidence suggests that European larch productivity is highly sensitive to site
quality whereas red pine is less sensitive. Thus, red pine may have greater productivity
on poor sites than European larch and vice versa on rich sites. Quantifying comparative
site-productivity relationships for European larch and red pine may be important for
silvicultural planning, if maximizing productivity on any given site is the focus. The
goals of this study were to 1) measure the site-productivity relationships for two
commercially important species for a collection of stands in the Great Lakes region, and
2) quantify below- and above-ground site variables that drive variation in productivity.

A popular method for determining the relationship between site factors and growth is
the use of multiple regression equations that use some combination of soil, vegetation,
topography, and climate variables as predictors of species productivity (usually estimated
as site index: the height of a dominant/co-dominant tree at a given base age) for data
collected across a broad range of sites. Several researchers studying various species have
had mixed success in developing strong predictive relations between site index and a host
of both below- and above-ground site variables. Some studies have found only

moderately strong relationships between site factors and site index despite exhaustive



sampling efforts (e.g. Gaiser 1950, Broadfoot 1969, Payandeh 1986, Harding et al. 1985,
Monserud et al. 1990). Conversely, Wang (1995) explained 83% of the variation in white
spruce (Picea glauca (Moench) Voss) site index by using combinations of soil
chemical/physical, understory vegetation, and tree foliage chemistry variables. Chen et
al. (1998) explained nearly 80% of the variation in aspen (Populus tremuloides Michx.)
site index with chemical and physical soil properties alone, and using a combination of
soil chemical and climatic variables, nearly 94% of variation was explained. There may
be several reasons for variability in site-productivity relationships: site index is an
imprecise estimate of productivity, and the predictor variables chosen may not be the
factors that truly drive variation in productivity.

One way to improve the determination of site-productivity relationships is to
simultaneously assess site index and alternative measures of site productivity. One such
alternative is aboveground net primary production (ANPP; Aber and Melillo 1991). In
the Great Lakes region, and across broad site productivity and stand composition
gradients, ANPP has been found to be highly correlated with nitrogen (N) mineralization
and soil texture (Pastor et al. 1984, Reich et al. 1997) as well as forest floor nitrogen
(%N) and carbon (C)/N ratios (Fassnacht and Gower 1997). For closed canopy forests,
ANPP of the overstory tree species (ANPP,) is an estimate of productivity per unit
ground area. For forestry, it is unlikely that ANPP, will replace site index as a measure
of stand productivity since the latter is easy to determine and almost universal in usage.
However, our basic understanding of the factors most important in driving variation in
productivity across forested landscapes will be strengthened by the simultaneous

consideration of site index and ANPP, as indices of forest productivity.



Another reason for the often relatively weak relationships found between collections
of site variables and site index is that some of the important factors driving variation in
productivity may have been overlooked (Monserud et al. 1990). In the Great Lakes
region, and throughout much of North America, forest productivity is likely to be
physiologically limited by: an over-abundance or lack of water; mineral nutrients such as
N; the base cations magnesium (Mg), calcium (Ca), and potassium (K) in some regions;
and/or temperature. It is rare that site-productivity studies consider a set of predictor
variables that encompass these potential limitations. Several studies have found at least
moderately strong relationships of soil chemistry, foliage chemistry, physical soil
properties, climatic and topographic characteristics with forest productivity, but few have
simultaneously considered these variables (but see Wang 1995, Fassnacht and Gower
1997, Chen et al. 1998). Examples of specific variables found closely related to forest

productivity include:

» soil/forest floor nutrients
nitrogen (Fassnacht and Gower 1997, Reich et al. 1997, Chen et al. 1998)
potassium (Fassnacht and Gower 1997, Chen et al. 1998)
calcium (Chen et al. 1998)
phosphorous (Alban 1972)

» foliar nutrients
nitrogen (Wang 1995, Hebert and Jack 1998, Chen 1998)
iron/potassium/magnesium (Truong 1975a, Truong 1975b)

* depth of mineral soil to an impermeable layer (Gaiser 1950, Coile 1952, Aird and
Stone 1955, Gilmore 1992, Wang 1995)

» silt+clay content (Stoeckeler 1948, Fassnacht and Gower 1997)

* topography (e.g. slope, elevation, aspect) (Day 1947, Brown and Duncan 1990,



Monserud et al. 1990, Chen et al. 1998)
* temperature or precipitation (Cook 1941, Grier and Running 1977, Gholz 1982,
Monserud et al. 1990, Churkina and Running 1998)

Efforts have been made to identify factors limiting red pine growth with soil-site
studies. In a soil-site study involving 200 sites in Connecticut, Hickock et al. (1931)
found that no single soil variable was well correlated with site index at age 15. They also
noted that nearly all sites used would have been classified as “favorable” for tree growth
and that it was only on the sandiest sites, which had lower water holding capacity, that
height growth productivity declined. In Massachusetts, Mader and Owen (1961)
concluded that red pine height and volume growth was significantly related to soil
organic matter, nutrient supply, and texture. In the Great Lakes region, van Eck and
Whiteside (1963) found that red pine growth in lower Michigan was uniform on sites
across 27 soil series in lower Michigan, but high clay content was associated with a
sharper growth decline than expected after 25 years. Also in lower Michigan, Hannah
and Zahner (1970) found that red pine stemwood production as well as site index of jack
pine (Pinus banksiana Lamb.) and bigtooth aspen (Populus grandidentata Michx.) were
significantly higher on soils with fine textural banding due to an increased supply of
moisture and nutrients. Wilde et al. (1965) found soil texture and soil nutrient
concentrations had the strongest influence in predicting site index for pine plantations in
Wisconsin. Alban (1972) showed that red pine site index in Minnesota plantations was
significantly related to soil P content.

For European larch, there are no site-productivity studies for the Great Lakes region.

However, in the northeast United States, Aird and Stone (1955) and Gilmore (1992)



found that soil depth was the most reliable site variable in predicting site index,
accounting for 82% and 57% of the variation in larch growth, respectively.

Notably, most of these site characteristics are indices, and not direct measures of
nutrient/water availability and temperature. For example, the combination of soil depth
and texture are important indices of a trees soil water environment. Texture largely
determines water-holding capacity while shallow soils can restrict root access to water
and/or result in water logging, either of which negatively impact productivity (Pritchett
and Fisher 1987). Thus, site-productivity studies often use several variables that are
indirectly related to stand productivity. If site variables are chosen that collectively
comprise, and closely index, the actual variables driving differences in productivity (e.g.
nutrients, water, temperature), then these combinations of site factors may more closely
predict productivity across forest landscapes (e.g. Wang 1995, Chen et al. 1998).

The objectives of this study were to determine the relationships of site variables to
European larch and red pine productivity and their interactions using a collection of fifty-
four stands (twenty-seven of each species) distributed across the Great Lakes region. The
predictor variables selected were considered to be close indices of the
resource/environmental variables responsible for limiting growth. Variables also were
selected with regard to the ease of collection in hopes that simple, applied silvicultural
tools could be developed (e.g. species selection criteria in plantation establishment given
certain site characteristics to increase productivity.) Predictor variables included soil
physical (depth to impermeable layers, texture, color, available water holding capacity,
bulk density), soil chemical (rates of N mineralization/nitrification, pH), foliar chemical

(carbon isotope ratios, %N), regional climate (water balance, growing degree-days), and



site topography (aspect, slope) characteristics. The specific hypothesis that was tested
was: Some combination of the site factors and tree characteristics (e.g. soil texture, soil
depth, water balance, growing degree-days, foliar nitrogen concentrations) in multiple
regression will explain a large proportion of the variation in productivity for both

European larch and red pine.



METHODS

Field Sites
The study consisted of paired stands, twenty-seven of each species, distributed in the

Great Lakes region from north-central Minnesota to eastern Ontario (See Figure 1.1.).
Stands were geographically paired ranging from directly adjacent to one another to <30
kilometers (km) apart. Selection criteria for stands included closed canopy, monoculture
plantations from ~15-50 years old that were even-age and uniform in height and
diameter. Stands with records or evidence of past damage (e.g. Erethizon dorsatum
dorsatum (Linnaeus), porcupine; Pristiphora erichsonii (Hartig), larch sawfly) were
avoided. The collection of stands was intended to span a site fertility gradient with local

pairs subject to similar climate and on sites of similar glacial history.

100 0 100 200 300 400 500 Miles
L |

Figure 1.1. Study locations (n =15) containing the 54 study stands.
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Field data were collected in 1999 and 2000 from one 10 m radius plot in each stand.
Samples were collected from within that plot systematically using predetermined random

distances from plot center at random compass bearings.

Site Productivity

In each stand, productivity was estimated with two indices: site index and overstory

aboveground net primary productivity (ANPP,).

Site index. Site index (the height of co-dominant trees at a given index age) was
determined by stem analyses on three felled undamaged, co-dominant trees. Stem
disks (5 cm thick 'cookies') were collected at the base, breast height (1.37 m), and
every 1.5 m from breast height to the top of the tree. Disks were labeled, grouped by
tree, returned to the laboratory, and then sanded until all rings were readily visible.
Ages for all cookies were determined by counting rings along two or more radii until
a common age was determined for a given cookie. Disks with slow radial growth
(i.e. tight rings) were cross-dated to identify any potential 'locally absent' rings
(Stokes and Smiley 1996) using WinDendro 6.5¢ Software (Regent Instruments,
Quebec, QC, Canada).

Before constructing a height by age curve for each stand, error in partitioning
the bole was addressed because the true total height associated with the ring count of
a given disk is most-likely higher than the sampled height (Dyer and Bailey 1987).
First, for all sections except the section above than the highest sampled cookie, a
method developed by Carmean (1972) was applied. This method assumes that 1) on

average, a cookie will be sampled in the middle of a given year’s height growth, and
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2) height growth per year between cookies is constant. This method has been shown
to be the most accurate (Dyer and Bailey 1987) and is described by Newberry (1991)

as follows (Eq. 1.1.):

ij i 2

(rx _ri+l)

Hj; = estimated height for growth ring j based on point i
h; =height at the ith section point

r; =number of growth rings at the ith point

J = growth ring number (with pith as starting point)

H =h.+[£(hr:t;r:'i))}+(j—1)x{(h"“—h‘)} (1.1)

For the section above the highest sampled cookie, the following correction after
Newberry (1991) was applied to avoid underestimating the corrected height of the

ring associated with the highest cookie (Eq. 1.2.):

_ [(r(f—r_—}io)?)] | (i —h)
H.=h+ +(5 1){( ] (1.2)

o 2 7, —1,, —0.5)

1 I

With the corrected data, a height versus age graph was plotted for each stand.
Using JMP statistical software (SAS Institute, Cary, NC, USA), a sigmoid curve and
a second order polynomial were fit using the Nonlinear and Fit Y by X platforms,
respectively. Both methods utilize least squares regression to fit a curve to the data.
The curve that produced less error (sum of squares error) was selected as being the
best descriptor of height growth for a given stand. Richards’ (1959) nonlinear

function, a flexible option for summarizing growth data, was used in fitting the data
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non-linearly. The equation, as described by Monserud (1984a), was as follows (Eq.

1.3.):

H=b x(1-e4)» (1.3.)
H =total height minus 1.37 meters (height at breast height)
A =age at breast height
e = base of the natural logarithm
b; =parameters estimated for each stand
To avoid error associated with plantation establishment or anomalous early
growth unrelated to site characteristics, the index age was based on breast height age
rather than basal cookie age (see Carmean 1972, Monserud 1984a, Monserud et al.
1990, Gilmore 1992). The resulting index curves represent height growth over time
and at one or more base/index ages (Carmean 1975, Monserud 1984b). Final
selection of a base age for a stand was set at <5 years from calculated base age (e.g.

21 year old stand extrapolated to base age 25 but site index for a 20 year old stand

reported at base age of 15).

ANNP,. Overstory annual net primary production (ANPP,) also was calculated as a
measure of productivity. It was estimated as stem/branch biomass increment plus
foliage production of the overstory species (either European larch or red pine). To
estimate stem/branch biomass increment, published species-specific allometric
equations of stem and branch mass as a function of diameter at breast height were
used for European larch (Gower et al. 1993) and red pine (Perala and Alban 1994 as
cited by Ter-Mikaelian and Korzukhin 1997). Equations for European larch were

developed in southwestern Wisconsin in three, 28-year old replicate stands using 15
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trees (Gower et al. 1993). As reported by Ter-Mikaelian and Korzukhin (1997),
Perala and Alban (1994) harvested 69 trees (dbh range 2-46 cm ) from the Upper
Great Lakes region (e.g. Minnesota, Michigan) in the development of the latter set of

equations. The equations were as follows (Eq. 1.4. and 1.5.):

Gower et al. 1993

logioY = a + blog;pX (14)
Y =component dry mass (kg)
X =tree dbh (cm)
a, b = regression coefficients for different components/species
Perala and Alban 1994 as cited by Ter-Mikaelian and Korzukhim 1997
M=aD’ (1.5)
M = component dry mass (kg)
D =tree dbh (cm)
a, b = regression coefficients for different components
Dbh for 1999, 1998, and 1997 was measured on the cookie collected at breast
height for stem analysis by subtracting ring widths from the field measurement of
dbh in 2000. Ring widths were measured using WinDendro 6.5¢ Software (Regent
Instruments, Quebec, QC, Canada). Stem and branch biomass increments were
calculated as the difference of biorﬂass accumulation between 1999-1998 (i.e. 1999
increment) and 1998-1997 (i.e. 1998 increment).
Leaf litter was collected in three 61 x 61 x 15 cm traps in November 1999.
After being returned to the laboratory within three days, litter was dried at 70 °C for

48 hours. Litter was then separated for each trap to remove non-targeted species’

litter (i.e. not European larch or red pine litter.) Samples were then re-dried at 70°C

14



to a constant mass and weighed. Litter produced per trap [grams (g) per 0.3721
square meter(m?)] was extrapolated to megagrams per hectare (Mg/ha) and averaged
across traps for a stand value.

Foliage biomass production based on 1999 litter mass was added to 1998 and
1999 stem plus branch increment to estimate ANPP,. This value was expanded to an
areal basis (i.e. Mg ha') with tree density measurements. (For the latter see
Vegetation Characteristics below.) Mean annual increment (Mg ha™' yr!, MAI) was

calculated as total biomass accumulation in 1999 divided stand age.

Predictors of productivity

Five general categories of variables assumed to be important correlates of
productivity were collected. These were physical + chemical soil properties, and

vegetation, topographic, and regional climate characteristics.

Physical soil characteristics. In August 1999, a composite (n=18) soil sample that
included friable litter (~O/O,; Brady and Weil 1996) was collected from 0-15 cm
with an Oakfield-type sampler. A second composite soil sample (n=4) was collected
from 15 to 150 cm using a bucket auger. Where 150 cm in depth was not attainable
due to impervious substrate, the depth attained was recorded. All soil was field
sieved to 4 mm, mixed thoroughly to promote homogenization, and a subsample was
collected. Samples were air dried in the field, air dried at the laboratory (within 10
days of original sampling), and then sieved to 2mm. Litter layer (O;, O,, Oe) depth
(cm) also was measured in each stand and averaged (n=9).

Soil samples from the two strata described above were used to determine the

percent sand/silt/clay using a modified hydrometer method (Grigal 1973). A
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proportionate amount of soil was taken from each sample stratum to total ~ 75 g and
~ 50 g air-dry soil for sandy and clayey soils, respectively. Also, a 10 g sample was
weighed and dried at 105 °C for 24 hours to determine the oven-dry/air-dry ratio
used to convert air dried samples used in textural analyses to an oven dry mass.

One hundred milliliters (ml) of a 5% sodium hexametaphosphate [(NaPOs)s]
solution, a dispersing agent, and ~ 200 ml of deionized water was added to each
sample and allowed to stand for 30+ minutes. Samples were then mixed for exactly
5 minutes using an electric mixer. The mixed solution was transferred to a settling
jar and the total volume was increased to 1000 ml. The solution was stirred
thoroughly and two measurements were taken using an ASTM No. 152H hydrometer
with a Bouyoucos scale in g per liter (1). The first measurement, taken at 40 seconds,
measures the sand content. The second measurement, taken at 4 hours, measures
clay content. After each measurement, a hydrometer reading in a ‘blank’ settling jar
containing 100 ml of dispersing agent and 900 ml deionized water was taken to
adjust for temperature and the viscosity of the dispersing agent. The “corrected”
reading is the initial reading minus the subsequent blank reading. Temperature was
also monitored with a StowAway®Tidbit® temperature data logger (Onset Computer
Corporation, Bourne, MA, USA) every 4 seconds in the ‘blank’ jar to ensure
changes in solution temperature were detected. Textural class (e.g. sandy loam vs.
loamy sand) was defined following Soil Survey Staff (1975) protocol. Calculations

of each textural component was as follows (Eq. 1.6., 1.7., and 1.8.):

% sand = [ 1 — (corrected 40 second reading/sample oven dry weight)] x 100 (1.6.)
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% clay = (corrected 4 hour reading/sample oven dry weight) x 100 (1.7)

% silt = 100 — (% sand + % clay) (1.8)

In May-June 2000, a 0.5 x 0.5 x 0.75m deep soil pit was dug in each stand in a
central, representative location. Excavated soil from the pit was sieved to 4
millimeters (mm). Volume of coarse fragments >4 mm was determined via
displacement of water in a calibrated bucket. Composite measures (across pit faces)
for thickness (cm) and color (Munsell® Soil Color Charts 1992, Kollmorgen
Instruments Corp., Newburgh, NY, USA) of the A horizon as well as depths (cm) to
impermeable layers and/or C horizon were taken. Bulk density (D, dry soil g/ cubic
centimeter (cm’)) was calculated using the core method (Blake and Hartge 1986).
Five mineral soil core samples of a known volume (15 cm depth @ 4.7625 ¢cm diam
= 267.2 cm’ per core) were collected using a split core sampler with a slide hammer
attachment and composited. At the laboratory, soils were dried (105 °C) to a

constant mass and weighed. Bulk density for the stand was calculated as (Eq. 1.9.):

Dy = Mass of oven-dry soil (g)/volume (cm’) (1.9.)

Soil organic matter was determined in mineral soil collected during bulk density
sampling. Sample oven dry (105°C) mass was determined. Samples were then
ashed in a 400°C muffle furnace for eight hours to determine loss of carbon (Ben-
Dor and Banin 1989). After being removed from the muffle furnace and prior to
weighing, samples were cooled over CaCl, for 12 hours. Percent weight loss was

calculated as: (mass;ps — massqp)/mass;ps. Assuming that organic matter is 1.72
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times the amount of organic carbon in the soil (Brady and Weil 1996) and that
carbon was 48% of the volatilized material (Vitousek 1982), organic matter was

calculated as follows (Eq. 1.10.):

Soil organic matter = % ash x 0.48 x 1.72 (1.10.)

Available soil water holding capacity (AWC), the difference in soil water
content at field capacity (FC, -0.01 MPa) and permanent wilting point (PWP, -1.5
MPa), was estimated from % sand and % clay using the equations of Harding and

Grigal (1984) (Eq. 1.11., 1.12., and 1.13.):

FC =27.85 + 0.14 (% clay) — 0.27 (% sand) (1.11.)
PWP = 10.69 + 0.16 (% clay) — 0.11 (% sand) (1.12.)
AWC = FC - PWP (1.13.)

AWC on a volumetric basis was calculated by multiplying AWC (g water (g dry
soil)!) and soil bulk density (g/cm’) and then subtracting the volume of soil occupied
by coarse fragments.

Soil temperature was monitored in 30 stands with StowAway®Tidbit®
temperature data loggers (Onset Computer Corporation, Bourne, MA, USA) every 8
minutes from April to July 2000. One logger per stand was placed at a depth of 7.5

cm in a representative location within the 10 m fixed-radius plot.

Chemical soil characteristics. Soil pH was measured on a sample with the 0-15 and

15-150 cm strata composited (Thomas 1996). Ten g of soil and 10 ml of deionized
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were mixed, allowed to stand for 30+ minutes, and measured with a calibrated
Consort P601 pH meter (Consort Instruments, Belgium) by submersing the electrode
into the supernatant while simultaneously stirring the solution with a glass rod.

Rates of N mineralization were calculated in three separate incubations: 1) one
28 day ex situ incubation for all stands with soils collected in August 1999 (the top
stratum, 0-15 cm, as explained above in Physical soil characteristics); 2) one 35 day
in situ incubation for 30 stands in May-June 2000; and 3) one 28 day ex situ
incubation for 30 stands with soils collected in May 2000.

In August 1999, soils were air dried upon collection in the field and transported
back to the laboratory within eight days. Two full laboratory incubation replicates
were performed. Two ‘initial’ and two ‘final’ 10 g samples per stand of air dry soil
were re-moistened four days prior to the start of the incubation due to the spike of
microbial activity that occurs after re-wetting. This period was intended to allow a
stabilization of the soil as air drying results in a portion of the microbial biomass to
become lysed, thus that biomass N is a portion of the potentially mineralizable pool
(Bartlett and James 1980, Campbell et al. 1993). The remaining two samples per
stand were kept moist and incubated in a dark, humid environment at 25°C +/- 1°C
for 28 days.

In May 2000, an in sifu incubation was begun in 30 stands using the pipe
method (Raison et al. 1987) to minimize soil disturbance (Binkley and Hart 1989).
Eight polyvinyl chloride (PVC) pipes measuring 5 cm in diameter x 18 cm deep
were driven to a depth of 15 cm. The tops were covered with duct tape to prevent

rain or debris from entering the pipe. A small slice in the tape was cut with a knife
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for ventilation. Adjacent to each pipe, another pipe was driven to 15 cm and soil
was extracted by simultaneously pulling and twisting the pipe, ensuring the soil core
was intact for the entire 15 cm. These eight cores of soil were sieved to 4 mm and
thoroughly mixed to promote homogenization. One composite sample was
collected, double-bagged in polyethylene bags to prevent drying, and kept at ~1-2°C
during transport back to the laboratory. The in situ ‘final’ samples were excavated at
35 days, transported within 3 days, and extracted in the laboratory.

In addition to the 35 day in situ incubation, a 28 day ex sifu incubation was
begun in May 2000 with ~10 g sample per stand for the same 30 stands. Incubated
samples were stored in a similar fashion to the 1999 ex situ samples: constantly
moist in a dark, humid environment at 23°C +/- 1°C for 28 days.

All extractions of ammonium (NH;") and nitrate (NO;) were carried out
following Mulvaney (1996). One hundred ml 2 M KCl and 10 g soil were combined
in a 250 ml Erlenmeyer flask, shaken on an orbital shaker for 1-2 hours, and filtered
through Whatman #42 filter paper after 30 minutes of settling. Samples were kept
cold (1-2°C) until analyzed for NH;" and NOs™ with a continuous- or segmented-
flow AutoAnalyzer (OI Analytical, College Station, Texas, USA). ‘Initial’ samples
(To) were extracted to determine standing pools of NH;" and NOs™. “Final’ samples
(Tr) were extracted to determine the amount of NH;" and NO; produced during the
incubation. Oven dry mass (g) was determined after drying (105°C) a subsample
(~10g) of soil and calculating the air-dry (1999)- or fresh(2000)-/oven-dry ratio.
Calculation of the NH," and NO; concentrations on a gravimetric basis after

Robertson et al. (1999) was as follows (Eq. 1.14.)
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ugion/gsoil=(CxV)/W (1.14.)
C = concentration of ion in extract (mg/1)
V = volume of extract (KCl plus moisture in soil sample) (ml)
W = oven-dry mass of soil (g)

NOTE: pgg' =ppm= mg kg'1

Net N mineralization was calculated as the difference between NH;" + NO;
concentrations of the incubated (‘final’) and original (‘initial’) soil samples, or
(NH;" + NO3)r — (NH4" + NO3)o. Net nitrification was calculated as the difference
between nitrate concentrations of the incubated and original soil samples, or (NO; )
— (NOj3)o. To express rates for both net mineralization and nitrification on a daily

basis, each was divided by the total incubation duration in days.

Vegetation Characteristics. Stand, canopy, and leaf characteristics for each stand were

measured as follows.

Basal area and trees per hectare. Stand basal area (BA, m” ha™), the cross sectional
area of trees at dbh, was determined as the average of four 20 basal area factor
(BAF) variable-radius plots using a CRUZ-ALL angle gauge (Forestry Suppliers,
Inc. Jackson, MS, USA). Average BA was converted to m* ha™ from the following

calculation after Avery and Burkhart (1994) (Eq 1.15.):

BA per acre = (total # of trees tallied/4 plots) x 20 BAF (1.15.)
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Trees per ha was also determined for each stand. The average BA per tree was
determined for the three selected plus trees. Total trees ha™ was then calculated on

the basis of the BA ha™' as calculated above.

Leaf life span. Leaf life span was determined for red pine by counting the cohorts of
needles present on a subsample of branches in July and August 2000. For European
larch, a leaf life span of approximately six months was assumed (Gower et al. 1993,

Reich et al. 1999) but not needed in any canopy calculations.

Foliar nitrogen. Foliar samples were collected during the growing season after
nutrient concentrations had stabilized (Myre and Camiré 1996) and sampled
consistently with regard to crown position between trees. For all collections, needles
were separated from branches immediately and only needles were retained. Samples
for 1999 were collected using a shotgun to retrieve sun-exposed, canopy branches
from two of the three selected co-dominant trees. Larch samples consisted of short
shoot needles. Pine samples consisted of second year foliage.

Samples for 2000 were collected from the co-dominant trees felled for stem
analyses. Canopies of two trees were vertically stratified into thirds by canopy
length. Needles were proportionately collected between and within these strata and
composited (i.e. each stratum selected proportionately to volume of canopy and
needles from each branch sampled proportionately to abundance of foliage on that
branch). Larch samples consisted of short shoot needles. Each cohort for pine (n=3
or 4) was sampled separately. Collected samples were stored at 1-2 °C during

transport. After being returned to the laboratory, samples were dried at 70 °C.
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Subsamples were taken for specific leaf area (SLA) and subsequent measures as
described below (See Canopy leaf area and mass and Nitrogen retranslocation.).
Other subsamples were ground using a tissue pulverizer (Kinetic Laboratory
Equipment Co., Visalia, CA, USA) and analyzed for total percent N (%N) with an
elemental analyzer (Carlo Erba NA-1500 Series II or NC-2500; CE Elantech,

Lakewood, NJ, USA). This was expressed on a mass (Niearmass, Mg g ) and area

(Nieatarea, mmol m™? x 10%) basis.

Photosynthesis. Rates of light saturated photosynthesis (Amax) Were measured in the
field using a portable photosynthesis system in an open-system configuration (LI-
6400, LI-COR, Lincoln, NE, USA). Measurements were taken in the field during
July and August 2000, the point in the growing season when needles are considered
to have fully developed and nutrient concentrations have stabilized (Myre and
Camiré 1996). Measurement protocol included the following settings: incoming
stream flow rate equal to 400 pmol s, ambient carbon dioxide (CO,) concentrations
set at 370 pmol CO; mol™ air, and saturating photon flux densities of 1500 pmol
quanta m™ s™ via an enclosed LED light source in the cuvette. Following Ellsworth
and Liu (1994), measurements were taken on foliage from a subset of branches
removed from sun exposed areas of canopies. Stems from three trees were
rehydrated after removal by cutting them underwater prior to taking measurements.
Measurements were taken on short shoots for European larch and second year

foliage for red pine.
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Canopy leaf area and mass. Leaf area was measured using WinSeedle 5.0 (Regent
Instruments, Quebec, QC, Canada) for litterfall (1999) and live samples (2000). The
samples were then dried at 70° C and weighed to determine dry mass (g). (See
Foliar nitrogen and ANNP, above for live and senesced foliage sampling protocols,
respectively.) SLA was then calculated as fresh area (cm?) per unit dry mass (g).
Leaf area index (LAI) was calculated by two methods: 1) converting litter mass
to canopy mass by correcting for mass lost during senescence and then converting to
LAI via SLA for the live canopy, and 2) extrapolating the area of the litter caught
without any correction factor assuming that the area of live and senesced tissue is the
same. LAI was also measured in the field via LAI 2000 Plant Canopy Analyzers
(PCA; Li-Cor, Inc., Lincoln, NE, USA) in August 1999. For both calculation
methods, LAI was calculated for each litter trap in a stand and averaged. The

following equations summarize the calculations (Eq. 1.16. and 1.17.):

MLCGII—GV
SLA g X| litter x — 2.

lit

LAI = x cohorts (Eq 1.16.)
Traparea
SLAcan-avg = average canopy SLA (cm? g'l)‘ .
MLeanavg = live canopy foliage mass per length (mg mm™)
litter = litter collected in fall 1999 (g)
MLy, = senesced needle foliage mass per length (mg mm™)
Traparea = area of litter trap (cm”)
cohorts = number of cohorts counted in July/August 2000
*NOTE: SLA can-avg and ML 4y.avg calculated across all red pine cohorts.
2)LAT = SLu XTHer hors (Eq. 1.17.)
Traparea

SLA;; = senesced needle SLA (cm2 g'l)
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litter = litter collected in fall 1999 (g)
Traparea = area of litter trap (cm?)
cohorts = number of cohorts counted in July/August 2000
Standing canopy biomass also was calculated for each stand by correcting for
the mass loss of live to senesced foliage for litter captured in fall 1999 and then

extrapolating to Mg ha™'. This was done for each trap and then averaged for the

stand. The equation is as follows (Eq. 1.18.):

ML, _
Biomass = litter x————% x cohorts (Eq. 1.18))
lit
Biomass = standing (‘fresh’) canopy mass (Mg ha™)
litter = litter collected in fall 1999 (g)
ML canavg = live canopy foliage mass per length (mg mm™)’
MLy, = senesced needle foliage mass per length (mg mm™)
cohorts = number of cohorts counted in July/August 2000

"NOTE: MLeqn.avg calculated across all red pine cohorts.

Nitrogen retranslocation. Live canopy foliage (1999 and 2000) and senesced tissue
(1999) were used to determine percent N retranslocated. (See Foliar nitrogen and
ANNP, above for live and senesced foliage sampling protocols, respectively.) First,
on a mass basis, mass per unit length for both live and senesced foliage was
determined for both species using WinSeedle 5.0 (Regent Instruments, Quebec, QC,
Canada) to measure needle length. These samples were then dried at 70°C to a
constant mass and weighed. Average mass per unit length was then calculated. The

percent N retranslocated (% retrans,qss) was determined as follows (Eq. 1.19.):
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bz xn_ )z, xn, )
Yretrans = can___can i 27 1%100 (1.19.)
s MLcan X Ncan

MLcs = live canopy foliage mass per length (g mm™)’

Nn = live canopy needle nitrogen content (mg g”)
MLy = senesced needle foliage mass per length (g mm™)
Niir = senesced needle nitrogen content (mg g™')

*Note: ML cqn and N,,, for oldest red pine cohort.

On an area basis, this was determined using nitrogen concentrations (g kg™') and
the specific leaf mass (SLM - g cm?, the inverse of SLA) for both live and senesced

foliage. The % retrans,.., was calculated as follows (Eq. 1.20.):

W, xSt )~ xsim )
Yoretrans = carn ¥ canSLM L 1’ 1x100 (1.20.)
can™ can
Nean = live canopy needle nitrogen content (g kg™)*
SLM_4, = live canopy needle SLM (g cm® g)*
Niiy = senesced needle nitrogen content (g kg™')

SLM;; = senesced needle SLM (g cm? g'l)
Note: Ncan and SLM,,, for oldest red pine cohorts.

The calculations above which involve a live needle/senesced needle mass per
unit length correction factor (e.g. LAI equation #1, standing canopy biomass, and %
retransm,ss) assume that needle length does not change when needles senesce. It also
assumed throughout that red pine senesces only the oldest cohort each season.

Total foliar N lost in 1999 was calculated by converting litter N (mg g™) per
litter trap area (0.3721 m?) to N loss (kg ha) and averaged across litter traps for a

stand measure.
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Water use efficiency. Carbon isotope discrimination (A) was determined on all live
foliar samples (n=54) collected in July and August 2000 and a subsample (n=10) of
those collected in August 1999. Samples collected in 2000 were composited across
cohorts providing one sample per stand. Samples for 1999 were only short shoots
for European larch and second year cohort needles for red pine. All samples were
collected fresh, immediately separated from the branch, and stored at 1-2°C until
being returned to the laboratory. At the laboratory, samples were dried at 70°C and
ground using a tissue pulverizer (Kinetic Laboratory Equipment Co., Visalia, CA,
USA). A 2-3 mg subsample was then prepared and analyzed for carbon isotope
content using a isotope ratio mass spectrometer (IRMS, Finnigan Delta Plus,
Bremen, Germany) interfaced with an elemental analyzer (NC2500, CE Elantech,
Lakewood, NJ, USA). The molar abundance ratio of carbon isotopes (*C/'?C) of
CO, was measured against a reference calibrated against the standard, PDB-
belemnite (Belemnitella americana). The carbon isotope composition (8) relative to
the PDB standard in parts per thousand (%.) was calculated using the sample and

standard ratios, Rsample and Rstandard, r€spectively: (Eq. 1.21.):

R
siC =( sample -1Jx1000 (1.21.)

sample
s tandard

The molar abundance ratio was then expressed as the carbon discrimination by
the leaf (A) in %o. As noted by Ehleringer (1991), data presented in such a way
“directly expresses the consequences of biological processes”. The following

equation was used in calculating A (Eq. 1.22.):
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513Cair - é'lscsample (1 22 )
~ 1+6%C o

sample

The carbon concentration of air (813Cair) was assumed to be —8%o following
Farquhar et al. (1989) as cited by Marshall and Zang (1994), Ehleringer (1991),

Schlesinger (1997), Sparks and Ehleringer (1997), and Lambers et al. (1998).

Topographic characteristics. Stand topographical characteristics were measured in
May-June 2000. Data collected included percent slope using a clinometer. If slope
was >0°, description of slope (Grigal et al. 1999) and aspect of the plot equal to the

azimuth as measured via a compass were also recorded.

Regional climatic characteristics. Daily precipitation and temperature data for 1998
and 1999 were obtained from weather stations (n=18) 1~30 km in distance from
respective stands (Environment Canada 2000, National Oceanic and Atmospheric
Administration 2000). With these data, total annual precipitation and daily
temperature records were obtained. From temperature data, growing degrees days

(sum °C-day; GDD) were calculated as (Eq. 1.23.):

GDD = [T TP max ;T TP min ]— Temp,, (1.23.)

where Tempyq, and Tempy, are daily maximum and minimum temperatures (°C),

respectively. The base temperature (Temppqse), the temperature below which the
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species of interest are expected to be dormant, was set at 5 °C (Perala 1985). If the
mean temperature for a day was less than Tempp,., it was set equal to Tempp,s. and
the equation was evaluated as zero GDD for that day (“Method 2”, McMaster and
Wilhelm 1997).

Water balance (WB) was estimated for each stand as the difference between the
annual moisture potential (precipitation, PRECIP; soil water storage capacity equal
to field capacity minus percent coarse fragments, FC) and outputs of moisture

(potential evapotranspiration, PET) (Stephenson 1990) as (Eq. 1.24.):

WB = PRECIP + FC — PET (1.24)

Each component is commonly expressed in cm of water addition or loss (e.g. Grier
and Running 1977, Jenny 1980, Gholz 1982, Yin 1993, Hebert and Jack 1998).
PRECIP and PET are summed for the year while FC is a constant capacity for each
stand. Precipitation data described above were used to calculate annual sums of
PRECIP. FC was calculated using Eq. 8 as described in Physical soil characteristics
above after Harding and Grigal (1984). PET was calculated after Bonan (1989) and

is described therein as follows (Eq. 1.25.):

-1
2xE 380 E
E, =38~ T, +(2.5)+0.14{e, - —— |XR 1.25.

p { ( 305 )+(ez_el):| Xl: a+( )+ (eZ el)+ 550:|X s ( )

E, =PET (cm)"

E = elevation of measuring weather station (m)

T, = mean monthly air temperature (°C)

e; = saturation vapor pressure (mbar) at mean maximum daily temperature
(°C) of the warmest month of the year
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e; = saturation vapor pressure (mbar) at mean minimum daily temperature
(°C) of the warmest month of the year

es =33.8639[(0.00738T, + 0.8072)% — 0.000019 |1.8T, + 48| +0.001316]"

Rs =mean monthly solar radiation (cal cm™ day™' converted to MJ m? day™)

Note:
*  Data were converted to cm from original cal cm? day™” by the Jenson-Haise

method (Jenson et al. 1990) as cited by Hogg (1994). Dividing the R by A, the
latent heat of vaporization (24.54 MJ m? cm™), provides PET in cm.
Vapor pressures were calculated after Bosen (1960) per Bonan (1989).

*k

Solar radiation data were available for six locations in the United States from
1961 — 1990 Normal Data (National Renewable Energy Laboratory 2000) and one
location in Ontario for 1998 — 1999 (Environment Canada 2000). All data were

global radiation data collected on a flat-plate collector with a tilt angle of 0°.
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Statistical analyses

JMP (4.0) statistical software (SAS Institute, Cary, NC, USA) was used to examine
relationships between indices of stand productivity, site predictor variables, and their
interrelationships.

Pearson product-moment correlation analyses were performed to relate soil,
vegetation, and climate characteristics to site index (base ages 15, 25, and 50) and annual
biomass increment (ANPP,.1or21). The Pearson product-moment correlation coefficient (r),
a measure of the strength of the linear relationship between each pair of variables (Sokal
and Rohlf 1969), between predictor variables also was examined for evidence of
collinearity. The linear relationship between potentially confounding variables (e.g.
average stand age and/or climate) and productivity also was assessed in bivariate plots
and strength of pairwise correlation coefficients. The residuals of those bivariate
relationships were used in some analyses when regressing productivity by predictor
variables to ‘extract’ that source of error.

Multiple regression models (MLR) were constructed using soil variables (% clay,
available soil water holding capacity, bulk density, % coarse fragment, depth of
A/C/forest floor horizons, % organic matter, pH, rates of mineralization/nitrification),
climatic variables (growing degree days 1999, water balance, average July temperature
1998-1999), vegetation variables (carbon isotope discrimination, foliar nitrogen, specific
leaf area) or all (n = 17) of the above as predictor variables. To conserve degrees of
freedom in the regression procedures, only predictor variables which had values for all
stands were selected (n = 27 of each species). Separate models were constructed for
European larch and red pine in four analyses with the above predictors and the predicted

variable (Y) defined as follows:
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1) Y = productivity data as Site Index (15 & 25) .

2) Y =residuals of Site Index (15 & 25) by climate

3) Y =residuals of ANPP,.ia by average stand age ,

4) Y =residuals of (ANPP,,.1pta1 X AGE residuals) by climate

"NOTE: Climate variables included were precipitation and temperature to
‘extract’ effect of climate. Water balance was retained as a predictor due to it
being calculated with site variables.

The ‘mixed’ selection method (SAS Institute, Inc. 2000) was used in variable
selection as it has been shown to be a the most successful selection method compared
with ‘forward’ and ‘backward’ selection (Miller 1990) and an “objective screening
procedure” (McClave and Dietrich 1991). The entry/exit alpha (o)) was set at 0.10 as
recommended by Draper and Smith (1981). After the variable selection process, a least
squares regression was performed to determine the amount of variation (adjusted for
degrees of freedom, R,?) in the predicted variable that was explained by the predictor
variable(s). Residual plots were examined for variance heteroscedasticity. Final model
mean square error (MSE), R,Z, and p-value were recorded.

Another set of MLR models was run using a subset of ‘simple’ (i.e. easy to
measure/collect) soil variables to predict site index. Variables selected included each
component of texture (sand, silt, and clay) grouped with bulk density, pH, and horizon
(e.g. A, C, forest floor) depth. Selection of the best subset of variables in these three sets

of four variables followed the ‘stepwise’ methods described above. European larch and

red pine site index were modeled separately.
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RESULTS
General Stand Characteristics

For the study stands, the mean age (years) ranged from 12.5 years to 67 years for
European larch and 11.5 to 65 years for red pine (Table 1.1.). For both species, most of
the younger stands were in the northern portion of the study area including Michigan’s
Upper Peninsula, northern Wisconsin, and Minnesota. Most of the older stands were in
southern Michigan and southern Ontario. Average age was similar for both species; 36.5
and 37.8 years old for European larch and red pine respectively. Average stand diameter
and height for European larch (24.6 cm and 19.5 m) were greater than for red pine (23.1
cm and 17.2 m) whereas stand density was much greater for red pine (963 trees ha™') than
for European larch (619 trees ha™). Despite red pine having greater stand density and
overstory production in 1999 (ANPPo..m, Mg ha') was on average 85% greater in
European larch than red pine stands (Table 1.3.). In general, ANPP,.i,; (Tablel.1.) and
site index (not shown) for both species was greatest for young stands at sites in the

northwest part of the study area.
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Table 1.1. Stand location (nearest town), mean age, trees per hectare, diameter at breast
height (dbh) , total height, and aboveground production (ANPP, - 1999) for the 54 study
stands.

stand spp location mean trees per mean dbh’ mean heightt ANPP,
) age  hectare (cm) (m) (Mgha™)
1 larch  Augusta, MI 59 421.1  30.6(0.6) 24.8(0.5) 4.6
2 pine Augusta, MI 46.5 800.6 29.6(1.6) 21.3(0.4) 1.6
3 larch  Augusta, MI 60.5 5237 325(3.0) 249(1.)1) 7.4
4 pine Augusta, MI 48.5 7649 29.0(14) 20.8(0.2) 2.6
5 pine Bangor, W1 27 1008.6 22.8(1.6) 15.7(0.1) 3.7
6 larch Bangor, WI 21 666.6 24.8(0.6) 19.8(1.1) 9.9
7% larch Bangor, WI 34 397.1 28.1(6.7) 24.3(1.0) 7.9
8 pine Bangor, WI 36 14412  20.1(0.4) 19.4(0.5) 2.5
9% larch Bangor, WI 34 2276  36.7(1.6) 23.3(0.7) 5.8
10 pine Bangor, WI 35 1179.1  20.7(1.9) 18.4(0.8) 2.8
11 larch  Argonne, WI 17 607.5 219(2.0) 144(1.1) 9.7
12 pine Argonne, WI 20.5 7131  21.2(14) 11.8(0.3) 6.1
13 larch Libby, MN 15 312.1 17.6 (5.2) 13.3(1.8) 52
14 pine Libby, MN 13 2063.2 12.1(1.9) 8.5(0.2) 7.0
15 larch  Cloquet, MN 17 1135.1 151 (2.3) 12.6(1.6) 8.8
16 pine Cloquet, MN 175 16151 17.3(0.7) 10.3(0.7) 7.7
17 larch Winter, W1 17.5 386.4 21.2(2.5) 13.7(L.5) 43
18 pine Winter, WI 17 1415.6 154(1.4) 10.0(0.2) 6.7
19 larch  Brampton, MI 13 701.0 17.0(1.6) 11.5(0.6) 11.0
20 larch  Brampton, MI 12.6 789.1 18.2(2.2) 10.9(0.6) 9.2
21 larch  Brampton, MI 13 800.8 17.6(0.75) 11.9(0.4) 14.5
22 pine Trenary, MI 27 950.5 22.7(3.6) 17.1(0.9) 4.0
23 pine Cornell, MI 21,5 13620 194(0.7) 12.2(0.3) 5.6
24 pine Cornell, MI 11.5 11957 15.6(1.8) 7.6 (0.4) 8.2
25 larch  Newberry, MI 39 3523 294(3.1) 18.6(1.4) 3.1
26 pine Newberry, MI 38 562.2  22.2(1.1) 18.0(0.3) 44
27 larch Turkey Point, ON 49 3437  30.3(4.7) 24.2(0.9) 2.6
28 larch Turkey Point, ON 56 4312 24124 199(1.1) 23
29 pine Walsingham, ON 36 8314 23.6(14) 17.8(04) 2.7
30 pine Turkey Point, ON 65 4315 354(1.6) 25.7(1.0) 1.2
31 larch  Fonthill, ON 58 5576  33.5(2.6) 28.6(1.2) 4.1
32 pine Fonthill, ON 29 5024  20.2(0.8) 15.1(1.1) 14
33 pine Elizabethville, ON 355 1501.5 204 (1.8) 15.9(0.7) 22
34 pine Elizabethville, ON 285 1863.4 17.5(1.0) 14.3(0.5) 2.7
35 pine Elizabethville, ON 335 1487.8 17.4(2.1) 12.0(0.04) 1.8
36 larch Elizabethville, ON 41 5725 29.8(3.3) 24.3(0.03) 8.6
37 larch Fenella, ON 67 389.1 26.6(3.4) 23.5(0.2) 3.0
38 larch Fenella, ON 46.5 482.0 309(2.5) 22.2(1.1) 52
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Table 1.1. (cont’d)

stand spp. location mean treesper mean dbh® mean heightt ANPP,

age  hectare (cm) (m) (Mgha')
39 larch Petawawa, ON 35.5 719.6  19.6(1.5) 20.0(1.1) 3.6
40 larch Petawawa, ON 44.5 577.6  24.1(1.9) 23.5(1.3) 3.7
4] pine Petawawa, ON 63 312.1 30.3(5.2) 25.0(1.5) 1.3
42 pine Petawawa, ON 64 731.8 223(2.2) 20.3(0.7) 2.1
43 larch Petawawa, ON 24 20494 15.6(0.3) 16.8(0.5) 8.3
44 pine Petawawa, ON 61.5 8184 264(1.2) 23.3(0.7) 2.8
45 larch Siloam, ON 45 396.5 25.0(1.4) 17.8(0.5) 3.1
46 pine Siloam, ON 47 676.7 23.9(4.5) 19.9(0.5) 2.2
47 larch Coppins Cs.,,ON  59.5 4340 27.1(3.5) 20.5(0.6) 4.2
48 pine Coppins Cs.,,ON  64.5 298.6 325(5.5) 242(2.0) 2.7
49 larch  Palgrave, ON 33 926.7 209(3.0) 18.4(1.6) 8.8
50 pine  Palgrave, ON 32 986.7 22.4(0.5) 16.5(1.1) 3.7
53 larch Monticello, ON 37 9504 22.4(3.2) 20.5(1.5) 8.6
54 pine Bellwood, ON 51 214.8 34 (0.7) 22.0 (0.8) 1.3
55 pine Bellwood, ON 50 281.8 29.6(2.2) 21.3(04) 1.5
56 larch Stirton, ON 35.5 570.5  25.2(3.2) 23.7(1.3) 3.8

Note: Age, dbh, and total height are means of the three selected co-dominant trees
selected for stem analysis. ANPP, is calculated with published allometric equations
assuming that the co-dominant stem analysis trees are representative of the overall

stand.

! mean (+ 1 standard deviation)
¥ Two co-dominate trees sampled.
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Table 1.2. Definition of terms and units.

Acronym Parameter Units

Slis, 25, 50 site index (base ages 15, 25, or 50) m

ANPP, 15121 total overstory annual net primary production Mgha 1999
ANPP, stem stem component of ANPP,. 1) Mg ha 1999
% sand sand fraction soil texture %

% silt silt fraction of soil texture %

% clay clay fraction of soil texture %

AWC available water holding capacity cm’ m>

Dy bulk density of soil gcm™

pH pH of soil --

% CF soil coarse fragments (> 4 mm) %

Agepth depth to A horizon cm

Ceepth depth to C horizon cm

FF deptn depth of forest floor cm

% OM organic matter fraction of soil %

NMIN nitrogen mineralization mg kg day™
NIT nitrification mg kg day™
A foliar carbon isotope discrimination %0

leaf %N nitrogen fraction of leaf %

Nieaf-mass mass-based leaf nitrogen mg g'l

Nieafarea area-based leaf nitrogen mmol m™ x 10?
annual N loss annual nitrogen loss through litterfall kg ha™

canopy biomass  mass of fresh canopy Mg ha™

SLA canopy live canopy specific leaf area cm’ g’
SLAjitter senesced tissue specific leaf area cm’ g’

LAI leaf area index m* m>

JULY average July temperature °C

GDD growing degree days count (°C)
WB site water balance cm
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Productivity

ANPP,.ioa (stems + foliage) and ANPP, ¢m (bole and branches) ranged seven fold
within species. Over 75% of annual aboveground production was in bole and branches
for both species. Site index at a base age of 15 (SI;s) ranged two fold within species and
was approximately 50% greater for European larch than red pine. Sample size was
smaller for site index at base age 25 (SIzs) and 50 (SIsp), but values were still greater for

European larch than for red pine. (Table 1.3.)

Table 1.3. Measures of productivity for European larch and red pine species.

European larch red pine
n mean range n__ mean range

27 4.66 1.82-8.65 27 3.56 1.36 - 6.53

mean annual increment
(Mgha yr™)
ANP Po—total
(Mg ha™' 1999")
ANP Po-stem
(Mg ha' 1999)
SIjs
(base age 15, m)
SIys
(base age 25, m)
Slso
(base age 50, m)

Boldface indicates significantly different means (Tukey-Kramer HSD, a = 0.05).

27 6.35 232-1451 27 343 1.18 - 8.21
27 4.84 1.67-1196 27 2.74 0.95 - 6.60
27 1322 936-1761 27 934 6.57-13.24
18 17.70 13.85-22.21 23 1421 10.24-17.69

7 22.88 18.70-28.04 10 2192 18.20-23.49

Physical Soil Characteristics

For both species, the majority of the stands were found on sandy loam soils (n = 11
and 10 of 27 stands for European larch and red pine each, respectively.) There was a
weak trend for European larch stands to be on lighter (i.e. lower bulk density), more
developed (i.e. greater horizon depth) soils, with fewer coarse fragments, than red pine

stands. Soil supporting European larch stands also had, on average, greater available
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water holding capacity (AWC), higher % organic matter, greater spring temperatures, and
lower forest floor depth than red pine stands. However, only forest floor depth and mean
soil temperature, characteristics primarily due to species effects, were significantly

different between species (Table 1.4.).

Table 1.4. Physical soil characteristics in 27 stands each of European larch and red pine.

European larch red pine

mean range mean range
sand (%) 63.90 16.28 — 94.67 67.90  12.81-95.99
silt (%) 27.05 3.33-63.69 24.20 2-55.76
clay (%) 9.05 0.67-41.86 7.90 1.34-39.79
AWC (cm® m?) ¥ 7.74 2.44 - 16.82 6.95 2.04-17.24
bulk density (g cm™) 1.18 0.83-1.41 1.22 09-1.51
coarse fragments (%) 3.47 0-25.62 4.09 0-30.58
depth to A (cm) 15.15 3-33 13.81 4-36
depth to C (cm) 47.52 19-80 4493 14-175
forest floor depth (cm) 2,81 1.17-5.56 4.53 2.61-6.5
organic matter (%) 3.37 1.54-6.20 3.32 1.16-7.23
mean soil temp (°C) 5.32 -0.22-11.15 4.37 -0.3 -9.98

Boldface indicates significantly different means (Tukey-Kramer HSD, o = 0.05).

! Available water holding capacity.

¥ Mean daily temperature at 7.5 cm depth from 4/13/00 to 4/30/00 for 14 stands of

European larch and 15 stands of red pine.

Chemical soil characteristics

In laboratory incubations, nitrogen mineralization and nitrification rates were greater
for soils from European larch stands than red pine stands (Table 1.5). Rates were greater
in 1999 versus 2000. This discrepancy may be due to the different times the soils were
collected (August 1999 versus May 2000) or by differences in handling protocol (air

dried and remoistened in 1999 versus field-fresh samples in 2000). There was a weak

trend of slightly higher soil pH in European larch than red pine stands. (Tablel.5.)
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Table 1.5. Mean chemical soil characteristics of species across stands.

European larch red pine
mean range mean range
1999 N mineralization (mg kg'day )T 150 041-3.11 115 0.35-5.30
1999 nitrification (mg kg™ day™) 1.63 0-3.15 0.94 0-3.52
2000 N mineralization (mg kg' day")? 066 -0.13-1.16 045 0.05-0.97
2000 nitrification (mg kg™ day™) 0.65 0-1.27 0.26 0-0.62
pH 583 4.64-739 574 427-1755

Boldface indicates significantly different means (Tukey-Kramer HSD, a = 0.05).

Removmg red pine outliers in 1999 (1 of n = 54) and 2000 (2 of n =
mineralization in European larch soils were significantly

mean = 0.989 mg kg™ day™'; 2000, mean = 0.3816 mg kg day™).

Vegetation characteristics

Compared to red pine, European larch foliage had greater

30), rates of N

%reater than red pine (1999;

carbon isotope

discrimination (A), mass-based fresh canopy and senesced leaf litter N, canopy and litter

SLA, leaf area index, and %N retranslocated but lower area-based N and mean canopy

biomass versus red pine (Table 1.6.).

Table 1.6. Vegetation characteristics of European larch and red pine in all stands.

European larch red pine
mean range mean range

foliar A (%o) ¢ 21.03 1933 -22.22 20.02 18.76-—-21.18
foliar nitrogen (%) 1.94 1.26 - 2.66 0.96 0.77-1.42
foliar nitrogen (mmol m? x 10%) 1.13 0.79 - 1.66 1.91 1.38-2.92
litter nitrogen (%) 0.57 0.30-1.09 0.37 0.29-0.53
foliar N turnover (kg ha yr'") 12.23 5.65-23.45 7.05 1.89-14.20
canopy SLA (cm®g')* 123.86 102.29-161.71 36.09 32.02-43.24
litter SLA (cm® g!) ¢ 117.29 90.26-14596 36.25 31.39-44.30
leaf area index 4.08 1.99-6.24 2.82 0.63 —4.56
canopy biomass (Mg ha™) 3.31 1.72 - 5.46 795 1.73-14.25
% nitrogen retranslocated 79.55 58.50-93.21 72.05 58.16-—83.08

Boldface indicates significantly different means (Tukey-Kramer HSD, o = 0.05).

S Carbon isotope discrimination.
Spec1ﬁc leaf area.
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Topographical characteristics

Nearly half of the stands for each species had a slope of 0%; 60-80% of the
remaining stands were located on a shoulder slope with a mean slope of ~4% and a
southeast aspect. Due to the very skewed distribution (mostly 0’s) and small % slope in

the remaining stands, topographical characteristics were not used in further analyses

(Table 1.7.).

Table 1.7. Topographical characteristics of study stands by species.

European larch red pine
mean range mean range
slope (%) 437 0-14 4.81 0-12
aspect (azimuth) 161.33 6 — 346 150.19 18 — 360

Climatic Characteristics

The climate across the sites can be generally characterized by cold winters and
warm, humid summers (Table 1.8.). Sites in the northwestern part of the study (e.g.
Minnesota and Wisconsin) were generally coldest (average Jan. temp —9.83 °C). The
lowest average precipitation and stand water balance were in southwestern Ontario,

763.19 mm and 41.48 cm, respectively.

Table 1.8. Mean climatic characteristics for 1998 — 1999 across the study area.

mean range
annual precipitation (mm) 833.74 675.3 -970.15

- January temp (°C) -7.30 -10.89 —-2.77
July temp (°C) 21.11 18.50 —22.98
growing degree days 2390.84 1925 - 2823.06
water balance (cm) 48.80 24.70—70.41

Note: Data are from 18 climate stations <30 km from study areas.
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Predicting productivity

Three approaches were taken to predict productivity: 1) investigate the effects of
single variables in predicting ANPP, 11 and SIps, 2) use combinations of variables in
stepwise multiple linear regression to predict ANPP,.ia1 and SIys, and 3) use a subset of

simple to measure variables to predict SIys.

Relationships of individual soil, vegetation, and climate variables with productivity.
In general, correlations of site index to soil, climate, and vegetation variables were
stronger for SIys than for SI;s or SIsy (Table 1.9.; See Table 1.2. for definition of terms.).
Average July temperature and A were associated with both SIs and SIso for European
larch. NIT, %clay, and FF4epm were all associated with SI;s and SI,s for European larch.
No predictor variable was significantly correlated with SIjs or SIso for red pine.
Temperature variables (e.g. average July, GDD) were positively correlated with SIs and
SIso for European larch but negatively correlated with ANPP,.1o1a1 and the ANPP o1 —
age residuals for red pine. NIT, SLA, and Cgepm and temperature variables were
associated with ANPP,.iota1 and the ANPP,, 11 — age residuals for European larch and red
pine, respectively.

Pearson correlation analysis was used to examine collinearity among predictor
variables. Some variables exhibited strong co-linearity. AWC was correlated with sand
(r=-0.9711, r = -0.9714) and clay (r = 0.7467, r = 0.8699) for European larch and red
pine, respectively. The correlation between average July temperature and GDD was also

strong (r = 0.9573).
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Predictor variables were also correlated with the residuals of a smoothing spline (A =
3000) fit to ANPP, a1 versus age since there was a strong negative relationship of
ANPP, 1;; with stand age for both European larch (R? = 0.473) and red pine (R? = 0.846)
stands. The correlation between site index and stand age was not significant as is
expected since it is determined retrospectively at a common base age (e.g. 15, 25, 50)
with stem analysis. In general, the same variables that were correlated with ANPP, a1

were correlated with the residuals of ANPP, 1) Versus age.

42



(01°0 = ) UOIIB[a1I09 JUBOIJIUTIS S)BIIPUT IeJP[0Y °SULID) JO UONIULIIP I0] ‘7'[ S[qeL 39S
"pasowar Jurod 2U0 YIIM JuBOYIUSIS J0U UOUR[ALIO)D, (000E =) surfds e gym 31y o3e pue)s afe1ase £q FOHOJINY JO S[eNpIsaY

STE0- SSE0 6,00  6L0°0 STI0- 1500 <810 S000-  SZO 9€0°0 €M 66
€60 9YI'0- 8010~  I8S0 69¥°0- 8290 9¥0 €100  STO- 961°0 aan 66
€0 1900~ S000-  6Sb0- L8E0- LY0  $T90 70 801°0- ¥ZT0 Any Sae
¥6¥0- S0TO- 9S00  VLIO 992°0- 20T0- 8100~ 9ST0  vbO VEY'O VIS
90S'0 LLVO EIE0 9S00 b0°0- 2600- 8650 SYTO  ¥8TO L6E'0 N%
PSI'0- 6V1'0  E€4T0  SPE'O €170 7180~ 650~ 6800-  ¥TT0 20°0 v
610 8£00- ¥910-  vvCO- 880 PSL'0- S8T0- 6900  v8CTO 6LE0 Hd
CET0  TLEO 8100  ¥9I°0- 9¥1°0- 1120 SIF0  6VED  €4S°0 60 1IN 66
801°0- T¥P'0 600  LLOO 9%0°0 TEL0  PST'0  LLOO- 100 S01°0 NI 66
¥PI0- 1600 8610~  LLTO- 7600 S¥9°0 61c0 €800  8¥CO $60°0 WO %
LEO'0 SOT'0- $8TO-  60T0 0%0°0 9TI'0- $9¥°0- L9VO-  THYO- 610°0- B 1 4
S000 LSK0- TTEO-  E£VTO- TST0 ¥ZTO0 9600 1€T0-  SOV0- 9E°0- wdpy
S0'0 TPI'0- 1¥TO-  9STO- SYT0 €01°0- TEEO- €I¥'0-  8TS'0- 19°0- ey
SE0'0 S10°0- 1L00- 1800 8Y1°0 LTO 00 SEI'0-  8SI'0- £00°0- a0 %
STI0 900 8010  SIIO 180°0- STE0- 1900 S0TO  ¥¥TO TIE0 a
€220 IPK0  LOTO  TvI°0- 1SSE'0- SEE0 TS0 65T0  9IE0 90€°0 DMV
¥ITO TOP'0 90T0  990°0- 601°0- S50 7990 86€0  LOTO 671°0 Keo %
€10~ 91€0 800  6TT0 186€°0- 8870 TSE0 S600  9vT0 LLTO s %
STO  ¥8€°0- I¥1°0- 810 11€0 V0~ 6VS0-  LETO-  69T0 092°0- puEs %
1 S (S A__%omﬂwmwv mwmm ﬂm.wwmmmmw B S I A__%mﬁmm% @w.mm mﬂwﬁv mmMB

auird gore| ueadomyg

‘saroads £q pepodoar sajqerrea 10jo1paid pue Kyaponpoiad Jo somsesul J0J SJUSISIJJ09 UONIR[31I00 Juswow-1onpold uosresd “6'1 9[qel

43



Multiple Linear Regression. Climate variables JULY and GDD as well as WB (a
combination of climate and soil characteristics), explained the most variation (71.9%) in
European larch SIs (Table 1.10., Y group 1). For red pine, the combination of GDD and
foliar %N was the best predictive model for SI»s explaining over 30% of the variation in
site index (Table 1.10., Y group 1). Removing the effects of climate by using the
residuals of Sls predicted by JULY, and GDD; A and WB explained 48.2% of the
variation in SI,s residuals for European larch (Table 1.10., Y group 2). Regressed against
the same residuals for red pine, foliar %N alone explained 28.2% of the variation in Sls
(Table 1.10., Y group 2). Notably, models predicting SI;s could not be developed in most
cases since no variables met stepwise criteria of P < 0.10 to enter and P > 0.10 to exit.

For European larch, NIT and SLA explained 27% of variation in the ANPP,.ia
residuals of the ANPP,.a Versus age relationship (Table 1.10., Y group 3) whereas, for
red pine, the combination of Agepm, pH, % OM, and GDD explained 51.3% of the
variation in ANPP,.i, residuals (Table 1.10., Y group 3). An age and climate extracted
data set was obtained by first obtaining residuals from the ANPP,.. versus age
relationship (smoothing spline fit, A = 3000). The next step was to regress these residuals
using stepwise multiple linear regression on climate variables and finally saving the
residuals of the model as an ‘age then climate extracted’ data set. When “extracting” the
effects of both age and climate from ANPP, o1 for red pine, A and pH were still able to

explain 38.7% of the variation in productivity (Table 1.10., Y group 4).
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To build simpler models intended as silvicultural tools, relatively easy to measure
site factors were used to predict SI;s. Variables considered included % sand, % clay, %
silt, Db, pH, Agcpth, Cacpths FFaepm. Using these variables, % sand and pH were the best
predictors of SIs for European larch. A model with only %clay was the best predictor of

SIs for red pine but explained variance was low (Table 1.11.).

Table 1.11. Multiple regression equations for 'simple' measures of predicting
productivity (SIys) for European larch and red pine.

spp. Model R, MSE P
larch SIps =29.18 — 0.074(%SAND) — 1.19(pH) 0469 3.56 0.0034
pine SIs =13.631 + 0.067(%CLAY) 0.122 2.89 0.0573

NOTE: Model components: %SAND — percent sand of soil texture; pH — soil pH,

%CLAY - percent clay of soil texture. All variables significant (P < 0.10).

Given the potential confounding effects of climate across the geographic gradient of
sites, the same predictor variables were regressed against the residuals of SI,s predicted
by climate for a conservative analysis of soil variables predicting SI»s. The amount of
variation explained for predicting European larch and red pine Sl s decreased (model R,
= (0.15 and 0.116, P = 0.0602 and 0.0624, respectively). Percent sand and % clay were
the only significant variables selected via stepwise regression for European larch and red
pine, respectively. However, both were significant with or without the effect of climate

in the data.
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DISCUSSION

Productivity
Compared to red pine, European larch achieved greater net productivity and

greater height growth rates, especially in earlier stages of plantation growth. In only one
study area did the height growth of red pine exceed that of European larch at the age of
15 or 25 (SI ;s for stands #54 @ 16.11 m and #53 @ 14.72 m, respectively.) At 50 years,
in one of three study areas with both species old enough for SIsq calculations, red pine
height growth surpassed that of neighboring European larch (21.8 m vs. 18.7m. for stands
#46 and #45, respectively.) However, the mean annual increment (MAI, Mg ha™' yr'") for
both species was 2.23 Mg ha™ yr’. In other study areas European larch stands generally
had higher rates of growth than red pine at all ages. For example, for two neighboring
~40 year old stands mean annual increment (MAI) for European larch was over 20%
greater than the MAI of red pine stands (stands #36 and #33: 5.8 vs. 4.6, Mg ha' yr at
41 and 35.5 years, respectively).

Measures of productivity for both species for this study are in the range of estimates
found in other studies (Table 1.12.). Results reported from Miller et al. (1993) are from
European larch plantations on shallow peat soil and had been thinned regularly. Gower
et al. (1993) data are from one study area used in this study (southwest Wisconsin.)

Alban and Laidly (1982) and Schlaegel (1975) data are from Minnesota.
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Table 1.12. Comparison of biomass production data for European larch and red pine.

Productivity Stand Age

Mgha'yr')  (years) oD
1.82 - 8.65 12 - 67 this study
European larch 6.82 28 Ggwer et al. 1993
1.77 63 Miller et al. 1993
1.63 19 Miller et al. 1993
1.36 - 6.53 12 -65 this study
red pine 5.85 28 Gower et al. 1993
4.56 43 Alban and Laidly 1982
3.68 40 Schlaegel 1975

Predictors of productivity — comparison by species

Although the two species occupied a similar range of soils in terms of physical
mineral soil characteristics, differences in species leaf litter chemistry and leaf habit may
have been largely responsible for species differences in microclimate, organic soil
components, and N mineralization. However, differences in soil are modest compared to
differences in site index and ANPP,. Red pine leaf litter was significantly deeper, a
result of more recalcitrant, lower N material necessary for foliage to persist for 3 to 4
years (Scott and Binkley 1997, Fassnacht and Gower 1999). During leaf off, the
deciduous habit of European larch promotes insolation throughout the winter and early
spring — increasing soil temperature and increasing the amount of moisture infiltration
(Sartz and Tolsted 1976). The combination of higher litter quality (higher N) and higher
spring temperatures promotes higher NMIN and NIT for European larch as warmer,
moister soils are beneficial for the soil microorganisms which control soil N availability
in forest ecosystems (Linn and Doran 1984, Barnes et al. 1998, Zak et al. 1999). Thus,
the significantly different FFgc, and NMIN/NIT rates are likely species influenced given

the higher Nieafmass, litter N, annual N turnover, and deciduous habit of European larch.
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Correlation of soil, vegetation, and climate variables with productivity

In general, moisture as well as the physical soil factors controlling moisture were
strong predictors of productivity for both species. The correlation of higher productivity
with greater moisture availability in the largely sandy soils encountered should not come
as a surprise because tree growth and microbial activities providing nutrients are moisture
dependent (Zak et al. 1994). Other studies have reported increased productivity with
moisture in the Great Lakes region (e.g. Pastor et al. 1984, Fassnacht and Gower 1997).
Results of this study also follow Marshall and Zhang (1994) and Kloeppel et al. (1998)
with an evergreen coniferous species (red pine) exhibiting greater water use efficiency
(defined as lower A) compared to a deciduous conifer. This suggests that European larch
uses water less efficiently on a leaf area basis relative to red pine.

There are many reasons why some predictor variables were not correlated with all
of the chosen measures of productivity. First, sample sizes differed between measures
(e.g. site index at different base ages.) An explanation of why SI;5 was not sufficient in
differentiating site quality may be due to the fact that forest plantations are still relatively
young at 15 years. Variation inherent in site fertility/quality, may not yet be fully
expressed. Resources (e.g. nutrients, moisture) even on relatively poor sites may be
relatively abundant in young, monoculture plantations as compared with older stands
since conditions are right for high mineralization rates and demand is low.

The productivity of both species also was correlated with NMIN and/or NIT.
There was a stronger correlation of productivity with NIT than with NMIN for European

larch, while the opposite was true for red pine. The results for European larch are
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opposite of what Zak et al. (1989) observed in nine upland deciduous forests in northern
Lower Michigan. Similar to Zak et al. (1989), rates of NMIN and NIT from this study
are from ex situ incubations that represent a potential versus a field measure. One
explanation for the stronger correlation between NIT and productivity for European larch
than red pine is that European larch is more efficient in NH;" and NO3™ uptake compared
to some species (e.g. Scots pine, Pinus sylvestris L.) (Malagoli et al. 2000). Thus,
European larch may be able to utilize both forms of inorganic nitrogen more effectively
than red pine.

One of the puzzling outcomes of correlating European larch productivity with site
variables was the consistent negative correlation with Agepsn O Cgeptn. Aird and Stone
(1955) and Gilmore (1992) found measures of soil depth as their best positive predictors
of European or Japanese/European larch site index, respectively. However, Aird and
Stone (1955) used log transformed soils depth data that excluded soils “characterized by
coarse texture or shallowness to rock”. The predicted variable, Slso, was developed
anamorphically from pure or mixed European and Japanese larch stands spread across
southern New England (mostly New York) with an average age of 20 and 15 years,
respectively. Gilmore (1992) noted that there was no significant correlation between
solum thickness (~depth to C) and S, but it was found to be an important factor in site
quality assessment with discriminant analysis.

Lastly, another sharp contrast in the correlation analyses was the positive association
of temperature variables with European larch SIs productivity but the opposite for red
pine ANPP, oa. While no clear explanation is available, the answer may be related to

moisture supply for red pine more sensitive in warmer temperatures.
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Prediction of productivity in multiple linear regression

Similar to the correlation analyses, connections can be drawn with moisture and
the best predictors of European larch productivity and, to a lesser extent, red pine. The
best model for European larch explained over 70% of variation in SIs using climate
variables, including an increase in WB. However, this model involves an increase in one
temperature variable (JULY), a decrease in the other temperature variable (GDD), and
greater WB occurring simultaneously. This may be a result of two collinear factors (e.g.
average July temperature and GDD) being used as predictor variables. When ‘extracting’
the effect of climate, an increase in WB and greater water use efficiency (decrease in A)
both involve increased moisture and explain nearly half of the variation in Sls for
European larch. Regarding the predictor variables for red pine Slps or ANPPg o1, a
decrease in temperature (GDD) could be related to increases in moisture as
evapotransporation would be lower.

In this study foliar %N was a significant predictor of red pine site index, a result
similar to what Wang (1995) and Chen et al. (1998) found for white spruce and trembling
aspen, respectively. For European larch productivity, the increase of both SLA and NIT
explain 27% of variation in ANPP,.1, Potential explanation of this relationship could
be increased productivity related to an increase in the canopy area available for

photosynthesis but also increased inorganic N supply from higher NIT.
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Conclusion

On average, European larch was more productive than red pine. The only average
site variables that differed between species were greater FFgepm and lower NMIN/NIT
rates for red pine than European larch. These characteristics may have been strongly
influenced by differences in species foliar chemistry. Compared to red pine, European
larch had higher A, Nicafmass, litter N, annual N turnover, SLAcanopy, SLAuitter, LAI, % N
retranslocated and lower Niesf.area and canopy biomass.

In multiple linear regression analyses, up to ~70% and ~50% of the variation in
productivity was explained for European larch and red pine, respectively. In more
conservative analysis, where potential confounding effects were removed (e.g. average
stand age and/or climate), ~40-50% of variation in growth was explained. However,
excluding climate also may remove some of the effects of site variables that covary with
climate, and thus should be interpreted with caution.

While the majority of variation in productivity was unexplained for certain models
using multiple linear regression, moisture and nitrogen avaialability were identified as
important predictors of productivity. For species selection criteria in plantation
establishment, European larch outgrew red pine consistently over a broad range of site

qualities.
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Chapter 2

A comparison of site factors, productivity,
species traits, and their interrelationships
for European larch and red pine in the
Great Lakes region
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Abstract The objectives of this study were to 1) examine the interrelationships of soil
site factors, leaf/canopy characteristics and measures of productivity (site index and
overstory annual net primary production, ANPP,) for European larch (Larix decidua
Miller) and red pine (Pinus resinosa Ait.) over an array of stands that constitutes a broad
landscape scale moisture/nutrient gradient, and 2) compare species productivity for
species with different leaf life spans and associated traits to examine if a trade-off exists
such that red pine (long leaf life span) has greater productivity than European larch (short
leaf life span) on poor sites and vice versa. The relationships between soil, vegetation
characteristics, and productivity were examined using least squares regression. Site
index for European larch and red pine were strongly correlated with indices of moisture
(available water holding capacity - AWC, r= O‘.502 and 0.441, respectively) and nitrogen
availability (nitrification, r = 0.415 and 0.372, respectively). Species traits correlated
with site index productivity for European larch and red pine were foliar nitrogen (%N, r
= 0.598 and 0.477, respectively) and specific leaf area of senesced foliage (r = 0.400 and
0.506, respectively). Because the study species affected chemical and organic soil
characteristics, I compared species productivity and related traits over the physical soil
resource availability gradient, AWC. Both species productivity increased with AWC and
the rate of increase was weakly, and not significantly, greater for European larch than for
red pine. Over the entire range of AWC, European larch maintained greater productivity,
indicating that there no trade-offs in productivity due to differences in species traits, as

was predicted.
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INTRODUCTION

On well-drained sites in the Great Lakes region, tree productivity is limited by
nutrient and water supply and by differences in species’ abilities to utilize those
resources. Differences in species’ abilities to use resources may be due to species-
specific variation in physiological and morphological traits. Among these traits are leaf
life span and associated characteristics. In general, species with short leaf life span also
have high light-saturated photosynthetic rates (Amax), leaf nitrogen (Njeas), leaf area per
unit mass (specific leaf area, SLA), and canopy nitrogen (N) loss rates, and low canopy
mass and water use efficiency (WUE), whereas species with long leaf life span have low
Anmax, Nieas, and canopy N loss rates and high canopy foliage mass and WUE (Reich et al.
1992, 1995, 1997a, 1999; Kloeppel et al. 2000). These collections of traits, and observed
abundances of evergreen (long leaf life span) vs. deciduous (short leaf life span) species
across landscape to global-scale fertility gradients suggest that evergreen species have
relative productivity advantages over deciduous species on sites of low fertility/moisture
status and vice versa;, deciduous species have productivity advantages on high
moisture/fertility sites. The goals of this study were to consider a species of short
(European larch (Larix decidua Miller), ~6 months) and long (red pine (Pinus resinosa
Ait.), ~40 months) leaf life span and address the following questions: (1) what are the
importance of differences in leaf life span and associated traits (e.g. Nieaf; N turnover; leaf
area index, LAI) to productivity for trees growing across fertility/moisture availabilities,

and (2) do differences in these traits represent a trade-off such that evergreen trees have
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greater productivity on poor sites and vice versa. If so, what is the specific nature of
these trade-offs?

European larch and red pine have leaf life spans averaging 6 and 40 months,
respectively. Gower and Richards (1990) speculate that deciduous larch spp. can have
similar productivity in the marginally productive environments that favor the
conservative characteristics of evergreen conifers due to a number of characteristics (e.g.
the deciduous habit, architecture, relatively high rates of photosynthesis). While larch
needles have higher An.y, they also have relatively high rates of leaf and N loss (Gower
and Son 1992) and lower foliage mass compared with evergreen conifers (Gower et al.
1993). Conversely, red pine often has a denser canopy (higher LAI and canopy mass)

and retains its needles longer, but has lower Amax (Reich et al. 1999).

Table 2.1. Comparison of characteristics for European larch and red pine on a
moderately high fertility site in Wisconsin."

European larch red pine
leaf life span (growing seasons) -- 3-4 times greater
leaf area index (leaf area/ground area) -- 1.2 times greater
Annual leaf loss (mass) ~ the same
leaf N concentrations 2 times greater --
annual N losses 1.8 times greater -
maximum rates of photosynthesis (Amaxmass)  2.5-4 times greater --
specific leaf area (leaf area/leaf dry mass) 3.5 times greater -
overstory biomass production (ANPP,) 1.2 times greater --

T(Data from Gower et al. 1993 and Reich et al. 1999.)

Common garden studies have shown levels of productivity can be similar for species
with different leaf habits on a given site (e.g. Matyssek 1986, Tyrrell and Boerner 1986,
Gower et al. 1993). Matyssek (1986) found that despite larch spp. maintaining higher
Niear and Amax.(mass & area) and lower WUE than spruce, the two species attained similar

stem increment. In another larch and spruce comparison, Tyrell and Boerner (1986)
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reported that both species had similar relative growth rates and growth efficiency (wood
produced per nutrient loss in litter) despite vastly different leaf life spans. Gower et al.
(1993) also reported that productivity, measured as aboveground tree biomass, was not
significantly different for larch, spruce, and pine species despite large species differences
in SLA, leaf N, and LAI. These studies compared functionally different species on
similar sites. However, it is unclear how these relationships may change across a broad
range of site fertilities. Because of this limitation, Gower et al. (1993) could only suggest
that differences in leaf traits may result in trade-offs in productivity across a soil
moisture/fertility gradient.

Other studies have aimed to quantify how a single species acclimates to variation in
resource availability by assessing species’. attributes across a gradient of resources.
Bockheim et al. (1989) measured changes in foliar nutrient concentrations and
productivity of red pine across a precipitation-chemistry gradient in Wisconsin. While
within-site variation was too large to be able to draw conclusions about differences in
precipitation chemistry affects among-sites they did find that needle N was significantly
and positively related to site index. Hebert and Jack (1998) quantified variation in LAI
and site water balance in loblolly pine (Pinus taeda L.) plantations across a historically-
based precipitation gradient in Texas. They reported that anomalous precipitation
patterns just prior to study masked the gradient, but they did find a significant correlation
between LAI and foliar N and P.

Past studies also have investigated multiple species over a range of sites. Pastor et
al. (1984) reported increased productivity (ANPP) across an N mineralization gradient on

a 70 ha island but the design did not allow a comparison of the six species along its
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entirety. Kloeppel et al. (1998) compared physiological traits of Larix spp. (including
European larch) and co-occurring evergreen conifers (not including red pine) at various
locations in the northern hemisphere. They reported that, despite lower WUE, Larix spp.
can have similar rates of productivity compared to those of evergreen conifers. Again, all
species were not present at all locations. In another study, Kloeppel et al. (2000)
compared leaf-level resource use for western larch (Larix occidentalis Nutt.), a deciduous
conifer, and two sympatric evergreen conifers, Douglas fir (Pseudotsuga menziessi,
Beissn., Franco) and lodgepole pine (Pinus contorta Engelm.) along a resource
availability gradient in Montana. Contrary to Kloeppel et al. (1998), they found that both
types of conifers were equally water limited as measured with carbon isotopes. Kloeppel
et al. (2000) were able to show that the deciduous conifer had higher SLA, mass-based
photosynthetic rates and foliar N but evergreen conifers exhibited higher N-use
efficiency. Yin (1993) found that differences in foliar N concentrations were strongly
correlated with climatic factors (e.g. mean July temperature, light availability). Neither
Kloepplel et al. (2000) nor Yin (1993) measured productivity.

Studies have also assessed the relationships of regional variation in N mineralization
(Reich et al. 1997b), LAI (Fassnacht and Gower 1997), potential net nitrification and
mineralization (Zak et al. 1989), or soil microbial biomass (Zak et al. 1994) with stand
productivity (measured as ANPP or ANPP,) for multiple species. These studies reported
significant and positive relationships between their respective predictor variables and
stand productivity, yet the designs did not permit a separation of species from site.

The Extended COllaboration to Link Ecophysiology And forest Productivity

(ECOLEAP) project is an effort initiated in 1996 to improve the understanding of site-
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level controls on boreal and sub-boreal forest productivity as extracted by multispectral
satellite data on a landscape scale in Canada (Bernier et al. 1999). While this study is
directed towards estimating forest productivity, it is too coarse in focus to identify
species’ trade-offs.

In review, studies have provided fragments of information, but have lacked a design
that quantitatively assesses interrelationships among soil moisture/fertility, leaf traits, and
productivity for species with contrasting leaf traits. The goals of this study were to
compare leaf and canopy traits of European larch and red pine and their relationship to
productivity across a broad soil resource gradient in the Great Lakes region. In addition
to furthering basic understanding of the interrelationships of species’ traits, resource
availability, and productivity, this information could be used as a silvicultural tool for
improving productivity through better species selection in plantation establishment.
Pinpointing the bottlenecks of productivity for a species also improves the possibility that
genetically superior stock could be developed for enhanced production. Original

predictions and general hypotheses are:

e European larch will be more productive than red pine on fertile sites. In addition,
European larch will have higher Nir and Apax than red pine if moisture is not
limiting (Gower et al. 1993). On less fertile sites, European larch will have much
lower Niear, Amax, and LAI due to high N turnover (Gower et al. 1993). European
larch will also be more sensitive to droughty sites with a less efficient use of water
(Kloeppel et al. 1998).
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e On less fertile sites, red pine productivity will be higher than European larch due to
characteristics leading to greater nutrient conservation: longer leaf life span leading to
greater foliage mass, LAl and WUE, and lower N turnover than European larch
(Gower and Son 1992). Extended leaf life span for red pine will compensate for
lower N uptake rates, thus maintaining productivity by maintaining relatively high
Nieaf.areas Amax-areas LAI, and foliage mass. On high fertility sites, red pine will not have
greater productivity than European larch due to inherent Apay limits. Overall, due to
its plasticity in leaf life span, the productivity of red pine will be less sensitive to

changes in fertility or moisture than European larch.

larch

Stand productivity

poor rich
Site quality
(productivity as f(x) soil texture, moisture, etc.)

Figure 2.1. Hypothesized relationship between stand productivity and site quality (as
defined by productivity being a function of site factors — e.g. soil texture, moisture, etc.)
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Specific hypotheses that are tested include:

Leaf N will scale closely with light-saturated photosynthesis (Amax.)

European larch will have higher ANPP, than red pine on rich sites (see Fig. 2.1.)
because of higher Nieafmass (Fig. 2.2.d) and Amaxmass (f), despite only slightly higher
Amax-area (€) and LAI (h) and a lower foliage mass (g) than red pine.

Red pine will be have higher ANPP, than European larch on poor sites (see Fig. 2.1.)
due to much greater leaf life span (Fig. 2.2.a) and foliage mass (g), moderately higher
LAI (h), Amaxarea (€), and WUE (j), and lower annual N losses (i), despite much lower

Nieafmass (d) and Amax-mass (f) than European larch.

Compared to poor sites, European larch on rich sites will have similar leaf life span
(Fig. 2.2.a), slightly lower SLA (b), lower WUE (j), and greater Nicaf.(area & mass) (C &
d), Amax-(area & mass) (€ & f), annual foliage turnover, N losses (i), and foliage mass (g)

and area (LAI; h) per unit ground area.

Compared to poor sites, red pine on rich sites will have shorter leaf life span (Fig.
2.2.a), slightly lower WUE (j), and higher SLA (b), Nieat(area & mass) (¢ & d), Amax-(area &
mass) (€ & f), foliage mass (g) and area (LAI; h) per unit ground area, annual foliage

turnover, and N losses (i).
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leaf life span

c)

Nleaf-area
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SLA
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Amax-mass
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LAI

i)

— pine

y

pine

larch

pine

\

poor rich
site quality

Figure 2. 2. Hypothesized responses of foliar and canopy characteristics and productivity
to site quality (~moisture/nutrient gradients) for European larch (“larch”) and red pine

(t tpine”) )
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e ANPDP, is a function of the product of foliage (mass (Figure 2.3.a) or area (Figure
2.3.b)) times foliar N (mass or area) per unit ground area and these relationships will
be similar for European larch and red pine.

a)
ANPP,

foliage mass X Nieafmass LAI X Nieaarea

Figure 2. 3. Hypothesized relationship between productivity (ANPP,) and foliage mass
(either mass or area basis) and foliage N per unit ground area.

e The combination of (foliage mass X Niesfmass) and Be/MC ratio explains more
variation in ANPP,, than (foliage mass X Niearmass) alone (Figure 2.4.).

ANPP,

(foliage mass X Nieafmass)
and ®C/"*C

Figure 2.4. Hypothesized result of multi?le regression ANPP, and [(foliage mass and
foliage N per unit ground area)] and *C/**C].

e Species’ productivity relative to one another will be greater for red pine than
European larch on low fertility sites whereas productivity will be greater for
European larch than red pine on high fertility sites (Figure 2.1)
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METHODS

Measurements were made to determine physical soil characteristics, foliar/canopy
traits, and productivity as described in Chapter 1. These data were used to test and model

interrelationships as well as the success of foliar/canopy traits to predict productivity.

Statistical methods.

Pearson product-moment correlation analyses were performed to relate soil and
vegetation characteristics to site index (base ages 15, 25, and 50) and annual biomass
increment (ANPPg.ow). The Pearson product-moment correlation coefficient (r), a
measure of the strength of the linear relationship between each pair of variables (Sokal
and Rohlf 1969), between predictor variables also was examined for evidence of
collinearity.

Two-factor models were used to test the effects of pairs of predictor variables and
their interactions on productivity. If interactions had P > 0.25, the variances were pooled
(Bancroft 1964). The coefficient of determination (R?) adjusted for degrees of freedom,
Mean Square, and model P value were reported.

Least squares regression models were used to exam the relationship of physical soil
variables with productivity. Variables were chosen with their independence from species
in mind (e.g. % sand instead of forest floor depth since the latter is influenced by
species.) The variable with the largest average coefficient of determination with
productivity among species was then substituted as a gradient across which changes in

physiology/morphology for each species could be compared. This was done by

73



regressing leaf/canopy traits (e.g. carbon isotope discrimination, foliar nitrogen, canopy
biomass) by the physical site factor to assess changes in species’ attributes given a

change in inherent site productivity.
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RESULTS

Relations of soil variables with productivity

For both European larch and red pine, site index at base age 25 (SIy5) was positively
correlated with available water holding capacity (AWC) and the textural characteristics
that determine it (i.e. % sand , silt, and clay) (Table 2.2.; See Table 2.3. for definition of
terms). In addition, rates of nitrification (NIT) and total N mineralization (NMIN)
obtained from laboratory incubations were positively related to SIs for red pine, whereas,
for European larch, only nitrification rates were positively associated with SIs. No soil
variables were significantly correlated with red pine ANPP;.o1a1 and only NIT and FFgepm

were correlated with European larch ANPP,.ota).

Table 2.2. Pearson product-moment correlation coefficients for measures of physical soil
attributes and productivity by species.

European larch red pine
ANP Po-total SI ANP Po-total SI

(Mg ha'' 997) 25 (Mg ha' 99 25
% sand -0.269 -0.549 0.18 -0.384
% silt 0.246 0.352 -0.229 0.316
% clay 0.207 0.662 -0.066 0.402
AWC 0.316 0.502 -0.141 0.441
Dy 0.244 0.061 0.115 0.06
FFgepth -0.442 -0.464 -0.209 -0.105
% OM 0.248 0.319 -0.277 0.091
99 NMIN 0.041 0.154 -0.077 0.442
99 NIT 0.543 0.415 -0.164 0.372
pH 0.284 -0.285 -0.244 -0.038
WB 0.250 -0.005 0.079 0.307

Boldface indicates significant correlation (o = 0.10).
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To investigate if soil attributes in addition to AWC explain additional variance in

productivity, single factors were combined in regressions with AWC to predict Slys.

AWC was chosen as the first variable in these regressions since it explained, on average

Table 2.3. Definition of terms and units.

Acronym Parameter Units

SIis, 25, 50 site index (base ages 15, 25, or 50) m

ANPP, 1ta1 total overstory annual net primary production Mg ha™ 1999
ANPP, stem stem component of ANPP,,.ota) Mg ha! 1999
% sand sand fraction soil texture %

% silt silt fraction of soil texture %

% clay clay fraction of soil texture %

AWC available water holding capacity cm’ m”

Dy bulk density of soil gem”

pH pH of soil -

% CF soil coarse fragments (> 4 mm) %

Agepth depth to A horizon cm

Clepth depth to C horizon cm

FF depth depth of forest floor cm

% OM organic matter fraction of soil %

NMIN nitrogen mineralization mg kg day™
NIT nitrification mg kg day™
A foliar carbon isotope discrimination %0

leaf %N nitrogen fraction of leaf %

Nieaf-mass mass-based leaf nitrogen mg g'1

Nieafarea area-based leaf nitrogen mmol m? x 10°
annual N loss annual nitrogen loss through litterfall kg ha™!

canopy biomass  mass of fresh canopy Mg ha’

SLA canopy live canopy specific leaf area cm’ gt

SL Ajitter senesced tissue specific leaf area cm? g'l

LAI leaf area index m* m>

JULY average July temperature °C

GDD growing degree days count (°C)
WB site water balance cm
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across species, a high % of variation in Sl,s, and because, compared to % clay and %
sand (other strong predictors of Sls), it was more normally distributed. For red pine,
AWC, % OM, and their interactions explained more variation in SI;s than AWC alone
(R? = 0.16) and all three terms were significant (P=0.01, 0.099, and 0.04 respectively).
However, explained variance was relatively low for the combined model (R* = 0.26). No
other variable in combination with AWC explained appreciably more variation in red
pine SIys than AWC alone. In contrast, for European larch, the combination of pH and
AWC explained 49.4% of the variation in SI,s compared to 20% for AWC alone and both
AWC (P=0.0012) and pH (P=0.006) were significant.

Although NMIN and NIT rates were important corollaries of SI)s for red pine,
inclusion of NMIN or NIT did not markedly increase the amount of variation explained
by AWC alone. This may be due to the generally strong collinearity of NMIN and NIT

with AWC (data not shown).

Table 2.4. Analysis of variance for regressing SI,s by physical soil attributes, available
soil water holding capacity (AWC), and their interactions. Mean Square, P value, and
adjusted R? are reported.

MS (P>F) R’
% organic matter 7.25 0.099
red pine AWC 19.59 0.010 0.264
%OM*AWC 11.76 0.040
pH 34.38 0.006
European larch 0.494
AWC 53.795 (0.0012)

NOTE: For interactions P>0.25 variances were pooled (Bancroft 1964). R” reported are
adjusted for degrees of freedom (R,’).
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Interrelations of soil physical and chemical variables

Nitrogen mineralization and AWC, the soil characteristics most strongly related to
SI»s for both species, were themselves strongly positively related (Table 2.5.). This
relationship was stronger for NIT than for total NMIN rates. Of all variables correlated
with NMIN, % OM was the strongest. Percent OM is a characteristic related to both soil
moisture holding capacity (but notably not incorporated into the AWC calculation) and to
the supply of organic material for NMIN. Forest floor depth was negatively associated
with all measures of nitrogen cycling, but was only significant with nitrification for red
pine. In part the weak relations could be an artifact of the laboratory incubation
technique since forest floor material was mostly screened and removed from the soils. In
a mixed model of the effects of % OM, species and their interactions on N
mineralization, species affected NMIN independent of % OM (both effects P < 0.001) but
interactions were not significant (P>0.10). For any given % OM larch sites had higher
NMIN rates, and NMIN increased with % OM for soils from both European larch stands
and red pine stands in parallel. Similarly AWC and Species both affected NIT strongly
(both effects P<0.001), and interactions were not significant (P>0.10). At any AWC,
NIT was greater for soils from larch stands and NIT increased with AWC for soils from

larch and red pine stands in parallel.

78



Table 2.5. Pearson product-moment correlation coefficients for measures of physical soil
attributes and rates of soil nitrogen mineralization and nitrification.

European larch red pine

N mineralization nitrification N mineralization nitrification
(mgkg'day') (mgkg'day') (mgkg'day') (mgkg'day?)

% sand -0.570 -0.519 -0.409 -0.676
% silt 0.617 0.422 0.411 0.635
% clay 0.260 0.493 0.319 0.596
AWC (cm’® m?) 0.495 0.583 0.304% 0.639
Dy -0.109 0.029 -0.358 -0.263
pH 0.175 0.499 -0.283 0.318
% OM 0.665 0.407 0.541 0.271
WB 1999 (cm) 0.383 0.134 0.411 0.421
FF geptn (cm) -0.230 -0.319 -0.011 -0.346

'Correlation significant (r = 0.393) when one outlier removed. Note: Rates of
mineralization (‘N MIN’) and nitrification (‘NIT’) are from laboratory incubations
(1999). Boldface indicates significant correlation (o = 0.10).

Relations of vegetation characteristics and productivity-Site index

Several leaf/canopy traits were strongly associated with SIs and ANPP, o (Table
2.6.). Foliar N was more strongly correlated with SIs than any other variables. For red
pine, the relationship of foliar N to SI,s was strongest when N was expressed on a per
unit leaf area basis (Nicararea) Whereas, for European larch, foliar N expressed on a mass
basis (Nicarmass) Was most strongly related to SI,s. Carbon isotope discrimination (A) was
negatively associated with SI,s for European larch but was unrelated to SIys for red pine.
Thus productive European larch stands tended to be more water use efficient in
photosynthesis than less productive stands. In general, variation in leaf area per unit leaf
mass (specific leaf area, SLA) was not as closely related to SI,s as was variation in leaf
N. However, SLA determined from needles senesced in autumn (SLAjxer) was strongly

related to SIys for red pine. Furthermore, SLA i Was consistently more strongly related
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to both SIys and ANPP,. o than was SLA determined from foliage collected in mid-

summer (SLA-canopy)-

Out of the four foliar variables related to SIps for red pine and/or European larch,

only the effects of %N were independent of species (Table 2.7., Figs. 2.5., 2.6., 2.7. and

2.8.). For species pooled, % N mass explained 57% of the variation in Slys (Fig. 2.6. and

data not shown).

Table 2.6. Pearson product-moment correlation coefficients for leaf/canopy traits and
measures of productivity (total increment 1999, ANPP,.io1a; site index at 25 yrs., Sls).

European larch red pine
ANP Po—total SI ANP Po-tota] SI
(Mg ha 1999 3 (Mg ha™ 19991 2
A 0.224 -0.590 0.345 0.149
Nieaf:mass 0.284 0.598 -0.056 0.477
Nieafarea -0.005 0.471 -0.132 0.553
SLA canopy 0.440 -0.018 0.174 -0.205
SL Aritter 0.444 0.400 0.800 0.506
LAI 0.597 -0.046 -0.318 0.155
canopy biomass 0.431 -0.027 -0.364 0.201
annual N loss 0.339 -0.016 -0.371 0.227

Boldface indicates significant correlation (o0 = 0.10).

terms.
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Figure 2.5. Area-based leaf nitrogen
(Nieafarea) in relation to site index (SIys) for
European larch and red pine.
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Figure 2.7. Senesced tissue specific leaf
area (SLAjier) in relation to site index (Slys)
for European larch and red pine.
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(Niearmass) in relation to site index (SIzs)
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Figure 2.8. Foliar carbon isotope

discrimination (A) in relation to site index
(SIs) for European larch and red pine.
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Figure 2.9. Actual SI,s in relation to Predicted SI,s for European
larch. Predicted values from two factor regression of SI,5 by carbon
isotope discrimination (A) and mass-based leaf nitrogen (Nieaf:mass)-
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Table 2.7. Least squares model for the effects of foliar attributes, species, and their
interactions on site index at base age 25 (Sls.) Mean Square, P value, and R’ are
reported.

MS (P>F) R’
Nicafrmace 43.775 (0.0011)
spp. 4.824 (0.2472)  0.581
Nleaf-mass*spp- - -
Nicafarea 45.661 (0.0013)
spp. 132.767  (<0.0001)  0.541
Nleaf-area*spp- - -
A 12.795 (0.0860)
Spp. 126.687  (<0.0001)  0.493
A*spp. 28.145  (0.0109)
SLAjitter 24901 0.0549
Spp. 16.47 0.0190  0.467
SLA jitter *spp. 11.422 0.1048

NOTE: If significant interactions P>0.25 variances were
pooled (Bancroft 1964). R? adjusted for degrees of freedom.

Although leaf Nicafarea and Niearmass Were strong, consistent predictors of SI,s for both
species they were also strongly collinear (Nieafmass Versus Nieafarea — European larch, r =
0.81 P =<0.0001; red pine, r = 0.89, P = <0.0001). These relations were much stronger
than those between SLA and Nieag.area O SLA and Nieagmass (P never > 0.03).

There was also a strong relationship between Nieafarea and A. In a least squares model
of the effects of species, Nieaf.area, and their interactions on A, Nieararea Was strongly related
to A but species and interaction terms were insignificant (Table 2.8.). If one red pine
outlier was removed, both species and the interactions were still not significant ( P =
0.6115 and 0.5315, respectively) and the model explained over half of the variation in A
(R? = 0.529). This suggests that Nieararea i the primary determinant of variation in A

(Table 2.8.). Thus, there was a decrease in A with an increase in Nieafarea independent of
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species (Figure 2.10.). This can be interpreted as water use efficiency increasing with

Nieafarea independent of species.
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Figure 2.10. Area-based leaf nitrogen (Njeararea) in relation to foliar carbon isotope
discrimination (A).

Table 2.8. Analysis of variance for testing species, leaf nitrogen (Nieafarea), and their

interactions in predicting change in foliar carbon isotope discrimination (A). Mean
Square, P value, and R? are reported.

MS 2
(P>F) R
Nleaﬁarea 2.82
(0.0055)
spp. 0.3508
(0.3112)
SPP- * Nleaf«area 05839
(0.1929)
NOTE: If significant interactions P>0.25 variances were
pooled (Bancroft 1964). R” adjusted for degrees of freedom.

0.500

For both European larch and red pine, the combination of the two strongest
vegetation corollaries of site index markedly increased the amount of variation explained

in site index over the individual variables. For European larch, A and Nieafmass €xplained

51% of the variation in SIs (Table 2.9. and Figure 2.9.) compared to 31% for A and 32%
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for Niearmass alone (data not shown). For red pine SLA e and Nieararea accounted for 46%

of the variation in SIs (Table 2.9.), compared to 21% for Nieaf area and 20% for SLAjter

alone.

Table 2.9. Least squares models of site index at base age 25 (SIys) as a function of

carbon isotope discrimination (A), and leaf nitrogen (Njeafmass) for European larch, and
SLAhner, and N]eaf mass fOI' I'ed pine.

European larch

Predictor MS (P>F) R?
A 24.361 0.0153

0.510
Nleaf-mass 25413 0.0136

Red pine

Predictor MS (P>F) R?
SL Ajitter 14.21 0.0088

0.46
Nleaf-area 16.10 0.0058

Note: For both models interactions were pooled since P>0.25 (Bancroft 1964).
Mean Square, P value, and R are reported.

Relations of vegetation variables and productivity — ANPP, i,

For both species ANPP,., was positively related to several characteristics
measured on the same basis as ANPP, 011, (i.€. per unit area of ground). These included
leaf area index (LAI), canopy biomass, and annual N loss (% nitrogen in leaf litter x leaf
litter mass per unit area). As expected, canopy biomass was positively associated with
ANPP, a1 for European larch, while, surprisingly, the opposite was true for red pine —

increased canopy biomass was associated with decreased ANPPo.iow (Figure 2.13).
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SLAjiwer was the single strongest predictor of ANPP,y, for red pine and was a
significant, although weaker corollary of ANPP,.it,1 for European larch.

Similar to the strong needle-level based vegetation corollaries of SIs (i.e. Nieafareas
Nieafmasss SLAuitter), Some of the ground-area based vegetation corollaries of ANPP, o
were themselves correlated (e.g. annual N loss versus canopy biomass — European larch, r
=0.36 P =0.06; red pine, r=0.75 P =<0.0001).

Although, within species, SLA anopy is only relatively weakly correlated with ANPP,,
total, » ACTOSS Species it was a relatively strong predictor of ANPPq.iota since high-SLA canopy
European larch has greater ANPP, ota than low-SLAcanopy red pine (Table 2.2., Figure
2.12.). For LAI, canopy biomass, and SLA ., there were both strong species effects and
strong interactions with species in their relation to ANPP,.i1, indicating that these
vegetation characteristics affected productivity differently for European larch and red

pine (Table 2.2., Figures 2.11.,2.13., 2.14.).

Table 2.10. Analysis of covariance for foliar attributes, species, and their interactions in
predicting ANPP,o. Mean Square, P value, and R? are reported.

MS (P>F) R’
Canopy biomass 27.979 (0.0392)
spp. 94.831 (0.0003) 0.321
Can. biomass*spp. 60.136 (0.0031)
Leaf area index 9.672 (0.1877)
Spp. 56.154 (0.0023) 0.409
LATI*spp. 71.950 (0.0006)
SLA canopy 52.382 (0.0054)
Spp. 20.657 (0.0741) 0.346
SLA.canopy*SPP - -
SLAjitter 100.223 (<0.0001)
Spp. 76.225 (0.0003) 0.455
SLAjitter*spp. 42.076 (0.0056)

NOTE: If significant interactions P>0.25 variances were
pooled (Bancroft 1964). R? adjusted for degrees of freedom.
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(NOTE: The following figure legends are for Figures on next page.)

A red pine

® European larch

Figure 2.11. Leaf area index (LAI) in relation to 1999 total biomass increment (ANPP,.
total)-

Figure 2.12. Canopy specific leaf area (SLA anopy) in relation to 1999 total biomass
increment (ANPP,.¢ota1).

Figure 2.13. Canopy biomass in relation to 1999 total biomass increment (ANPPg_t1a1).

Figure 2.14. Litter specific leaf area (SLAy;er) in relation to 1999 total biomass
increment (ANPP,.tota1)-

Figure 2.15. Mass-based leaf nitrogen (Njeafmass) in relation to 1999 total biomass
increment (ANPP,.o1a1).

Figure 2.16. Carbon isotope discrimination (A) in relation to 1999 total biomass
increment (ANPP,_¢1a1).

Figure 2.17. Actual ANPP,.iota1 in relation to predicted ANPP,.¢ra values for European
larch. Predicted values from two factor regression of ANPP,.io1a; by canopy biomass and
mass-based leaf nitrogen (Nieafmass)-

Figure 2.18. Actual ANPP,.i in relation to predicted ANPP,.(oa) values for red pine.
Predicted values from two factor regression of ANPP,, o121 by carbon isotope
discrimination (A) and litter specific leaf area (SLAjer).
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For red pine, an increase in ANPP,.1ay Was associated with increases in A and SLAjer
(Figures 2.14. and 2.16., respectively). The amount of variation in ANPP,.1a explained
by the combination of A and SLAjqer (variance pooled) was greater than either variable
alone (Table 2.11.), as evidenced by the close relationship between actual values of
ANPP,, o121 and ANPP,_total values predicted by A and SLAyer (Figure 2.18.). For European
larch the combination of A and SLAj. did not explain more variation in ANPP,.total
than either variable alone (Table 2.11.). For European larch, the combination of canopy
biomass and Niearmass €xplained a greater amount of variation in ANPP, 1. than did of
canopy biomass Or Niearmass alone. This is illustrated by the tighter relationship of
ANPP, o1a1 With the ANPP, o1a values predicted by canopy biomass and Niefmass than
with canopy biomass or Niearmass (Figures 2.13., 2.15. and 2.17.). This relationship is not
surprising since the product of canopy biomass and Nieaf.mass is the amount of foliar N per
unit ground area, a characteristic which might be expected to scale with productivity.
However, for red pine the combination of canopy biomass and Niearmass failed to increase

the amount of variation explained for ANPP,.o1a1 by canopy biomass or Nieafmass alone

(Table 2.11.).
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Table 2.11. Least squares models predicting total increment (ANPP,.1a1) as a function of
1) canopy mass and leaf nitrogen (Njeatmass), and ii) carbon isotope discrimination (A) and
specific leaf area of litter (SLAjixer) and their respective interactions. Mean Square, P
value, and R? are reported.

European larch red pine
MS 2 MS 2
(P>F) R (P>F) R
canopy mass 58.26 16.259
124 (0.0094) (0.0613)
" 31.49 1.587
Nleaf-mass (00489) 0.309 (05448) 0.146
can. mass* Nieafmass - -
A 19.79 9.89
(0.1217) (0.0122)
57.102 70.023
SLAjitter (0.0118) 0.275 (< 0.0001) 0.728
A¥* SLAlitter == -

NOTE: If significant interactions P>0.25 variances were pooled (Bancroft 1964). R?
adjusted for degrees of freedom.

Comparing species productivity and related traits over physical soil gradients

To compare changes in leaf and canopy traits between species and across soil
resource gradients, a physical soil gradient was identified. Chemical soil variables
including pH, NMIN, NIT, % organic matter and forest floor depth were not used, since
these characteristics are influenced by species. AWC and % clay were, on average, the

best physical soil predictors of SI,s (Table 2.2.). AWC was also the physical soil variable
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most closely associated with ANPP, ot for both species. However, it was not significant
in both cases (data not shown), perhaps because the relation of site variables to ANPP is
partially confounded by age (Chapter 1) and potential stand density effects (this Chapter)

on ANP Po-mta] .

Table 2.12. Model statistics for fitting productivity (site index at base age 25) by
physical soil characteristics with least squares regression.

European larch red pine

R’ P R* P
%sand 0.302 0.018 0.147 0.070
%clay 0.439 0.002 0.162 0.057
bulk density 0.004 0.809 0.004 0.785
AWC 0.252 0.033 0.195 0.035

In addition, clay had a skewed distribution, which resulted in a few data points
overly affecting regression results. For these reasons, AWC was selected as the best
single measure of a physical soil productivity gradient over which both species could be
compared (Figure 2.19.). In least squares models of the effects of Species, AWC and
their interactions on leaf/canopy characteristics, Species effects were significant for all
traits (Table 2.13.). AWC significantly affected Nieatmass, Nieararea annual N loss, N-leaf
mass, and SLAjit, independent of species. For SLAj., Species x AWC interactions
were significant, indicating that for each species, SLAje responds differently to the

AWC gradient.

90



24

22 o [
20 4 L ®
o
18 o e®
- @
E A
i 16 1 ° o ® o ® A
7S A A A —_—
14 ,}éA —%A/ - A
i
12 - A
A
10 - A
8 T T T T T T L L]
0 2 4 8 8 0 12 14 18

Available water holding capacity (cm3 m'3)

18

A

red pine

European larch

Figure 2.19. Available water holding capacity (AWC) in relation to site index (base age

25, SIys).

For vegetation characteristics where AWC effects were significant at P<0.2,

regression statistics further illustrate that as AWC increased, Nieafmass and Nieafarea

increased in parallel for both species with Niearmass higher for European larch than red

pine and vice versa with Nieararea for red pine (Figure 2.20. and 2.21.). For the two

characteristics that showed significant AWC * species interactions, canopy biomass was

greater for red pine than European larch at any AWC and it increased with AWC for red

pine but was insensitive to AWC for European larch (Table 2.13., Figure 2.23.). For

SLAjiter, European larch had higher values than red pine at any AWC and it increased

with AWC for European larch but was insensitive to AWC for red pine (data not shown).
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Table 2.13. Analysis of variance for leaf/canopy attributes as predicted by available
water holdin§ capacity (AWC), species (SPP), and their interactions. Mean Square, P

value, and R” are reported.
AWC SPP SPP x AWC R*
A 0.002 14.093
(%) (0.9377) (< 0.0001) - 0.426
(mgg™) (0.0003) (< 0.0001) (0.2193) '
Nieafarea 0.6304 8.256 B 0.727
(mmol m™ x 10%) (0.0028) (< 0.0001) '
annual N loss 128.62 316.859 _ 0.420
(kg ha™") (0.0035) (< 0.0001) '
litter N 0.025 0.543 B 0.423
(%) (0.2243) (< 0.0001) '
SLA canopy 173.344 99738.098 B 0.045
(cm® g™ (0.2256) (< 0.0001) '
SLAjiter 482.59 85533.35 446.39 0.953
(cm® g™ (0.0194) (< 0.0001) (0.0243) '
1.47 21.10
LAI (0.2864) (0.0002) - 0.276
canopy biomass 10.69 292.31 11.67 0.550
(Mgha™) (0.1357) (<0.0001) (0.1194) '
leaf life span
. 0.0007 58.58
(# growing (0.9101) (< 0.0001) - 0.957

seasons)

NOTE: If no significant interactions (P>0.25) variance pooled and R reported. If
otherwise, R? adjusted for degrees of freedom (Ry).
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Table 2.14. Least squares regression results for vegetation characteristics versus AWC

for each species. Model R% P value, and coefficients of slope (m) and intercept (b) are
reported by species.

spp. R’ P m b

larch  0.223  0.013 0.391 16.42
pine  0.376  0.000 0.202 8.213
larch  0.122  0.074 0.018 0.991
pine  0.215 0.015 0.033 1.681

Nleaf-mass (mg g-l)

Nicatarea (mmol m™ x 10%)

canopy biomass (Mgha'y 1@ 0.000 0920 -0004 335
Py & pine  0.104 0109 0215 643
g lach  0.192  0.022 1385  106.57

SLAsi(cm” g7) pine  0.001 0866 0027  36.06

anmual N Ioss (kg ha) lach  0.092 0556 0337  9.617

pine 0349  0.002  0.394 4.251
Note: Boldface indicate significance (o0 = 0.10).
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Figure 2.20. Productivity/site moisture (AWC) in relation to area-based leaf nitrogen
(Nieararea) for European larch and red pine.
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Figure 2.21. Productivity/site moisture (AWC) in relation to mass-based leaf nitrogen
(Nieaf-mass) for European larch and red pine.
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Figure 2.22. Productivity/site moisture (AWC) in relation to annual nitrogen loss for
European larch and red pine.
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European larch and red pine.
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DISCUSSION

Relations of soil variables with productivity

Consistent with other studies in the Great Lakes region, productivity was
positively correlated with soil water (e.g. Pastor et al. 1984, Fassnacht and Gower 1997)
and nutrient supply (e.g. Fassnacht and Gower 1997, Reich et al. 1997b). Zak et al.
(1989) showed that N supply was strongly related to productivity at low N supply, but at
high N supply on morainal sites, productivity became insensitive to variation in N.
Although there were strong correlations of both N cycling and soil water variables with
productivity, N cycling and moisture variables were themselves highly correlated. Thus
it is impossible to determine if productivity is more limited by water, nitrogen, or co-
limited by both. The negative correlation between FFgepm and productivity (ANPP.totar)
for European larch suggests that moisture and nitrogen limitation are inextricably linked
since microbial activity, which is responsible for litter decomposition, is moisture
dependent (Linn and Doran 1984, Barnes et al. 1998, Zak et al. 1999).

As Sartz and Tolsted (1976) showed, spring infiltration rates of water in European
larch stands can be substantially higher than in evergreen conifer stands. Field data from
(Chapter 1) also show soil temperature to be warmer in critical spring periods where
microbial activity could persist earlier in the season as compared with neighboring

conifer stands.

95



Interrelations of physical and chemical soil characteristics

The interrelations of physical and chemical soil characteristics provided further
evidence of a relationship between soil moisture and both productivity and N cycling.
Measures of potential moisture (e.g. AWC, WB) as well as %OM, which both increases
water holding capacity markedly (Brady and Weil 1996) and provides the short term
source for mineralizable N, were positively associated with nitrogen cycling rates. The
positive correlation between %0OM and NMIN also suggests that microbial populations in
these stands are carbon limited (sensu Zak et al. (1994). Similarly, NIT increased with
AWC for both species — also suggesting that moisture was an important determinant of
microbial nitrification. In both cases, NMIN and NIT were greater for European larch
than red pine. Consistently higher NMIN and NIT rates at any given level of AWC or
OM, even in potential laboratory incubations, suggest that soils supporting European
larch stands have greater nitrogen supply capabilities, perhaps due to high quality % OM,
higher leaf litter N, warmer soil temperature, higher spring infiltration, and less lignified,
higher N litter (Chapter 1, Sartz and Tolsted 1976, Scott and Binkley 1997). Fassnacht
and Gower (1999) observed that species on richer sites in northern Wisconsin tended to
have higher N turnover but also higher litter quality (lower C:N), and lower nutrient and
organic matter residence time. In this study, European larch supplied, on average, ~twice
as much N annually than red pine but also had higher decomposition (i.e. less forest
floor) and higher rates of nitrogen mineralization.

While European larch stands do have a number of characteristics that could lead to
higher potential NMIN and NIT, the microbial processes ultimately responsible for

mineral transformation could be pH dependent (e.g. activity of bacteria and
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actinomycetes). There were positive, although weak relationships between pH and
NMIN and NIT for European larch (1999: R* = 0.03 P = 0.382, R = 0.249 P = 0.008;
2000: R?=0.217 P = 0.079, R = 0.307 P = 0.032). Furthermore, the combination of pH

and AWC explained nearly 50% of the variation in SIys for European larch.

Relations of vegetation characteristics and productivity

The vegetation characteristics that best predicted productivity for either species
were measures of foliar N. The increase in productivity from increased foliar N could be
parallel with the increases in productivity correlated with moisture and nitrogen supply
via nitrogen mineralization. Increase N supply, N uptake, and foliar N should then scale
with increased canopy photosynthesis and productivity (Matyssek 1986, Reich et al.
1995; but see Kloeppel et al. 2000). The combination of canopy biomass and N for
European larch explained more variation in productivity than either component alone.
This argues that greater N in a larger light-capturing, photosynthesizing canopy is
positively correlated with productivity. SLAcanopy and SLAjuer Were strongly related to
productivity across species. This is not surprising since high SLA leaves tend to have
high Niearmass (at least across species) and Niearmass Was a strong determinant of
productivity. More surprising was the fact that SLAju., Was more strongly related to
productivity than SLAcanepy both within and across species. This could reflect SLA anopy
being more variable due to carbohydrates or non-structural material that change in
amount daily or through the season and bear no direct relation to productivity. Senesced
tissue, on the other hand, contains only basic structural components and may be a better

quantitative measure of productivity as predicted by leaf structure. Fassnacht and Gower
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(1997) also found that SLAjye explained a surprisingly high proportion (76%) of
variation in productivity among conifer, mixed conifer-hardwood, and hardwood stands.

For European larch, a decrease in A also was associated with an increase in
productivity — a result opposite of that hypothesized. The decrease in discrimination
against the heavier C (lower A) indicates that intercellular CO, is lower, thus high
productivity trees are more efficient in their use of water but less efficient in their use of
N. * The fact that Niearmass not only increased independent of A, but contributed to
explaining over 50% of variation in Sls productivity also suggests that increased
photosynthetic capacity was related to both increased productivity and increased water
use efficiency.

However, it should be noted that, if water were never limiting, a lower
intercellular CO, would result in lower photosynthesis per unit leaf N, and thus lower
photosynthetic nitrogen use efficiency. In contrast to European larch, A for red pine
increased with productivity. It is possible that, for red pine, low water constrained
productivity on some sites as reflected by lower A (i.e. more closed stomata) for low
productivity red pine stands. An increase in productivity for red pine was associated with
other unexpected results: both a smaller canopy and lower LAI. Given the increase in A,
this may suggest that the reduced amount of canopy improved water availability, thus
opening stomata wider and discriminating more against the heavier °’C. Lower LAI with
increased productivity equates to a higher photosynthetic efficiency per unit needle.
However, nitrogen also increased for red pine with increases in productivity. It is
possible that higher N in less (lower canopy biomass) but more exposed (higher SLA)

foliage resulted in higher rates of productivity.
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Other limitations of the data may give a partial explanation for inconsistencies in
relationships (e.g. canopy biomass for red pine decreased with higher productivity).
ANPP, productivity was estimated with only three trees per stand. While the stands were
even-aged, monoculture plantations, a sample size of three trees may be too small to
represent the entire stand. Also, area-based measures (e.g. canopy biomass, LAI) were
calculated from litter caught from August to late November. There is a chance some
litter was not captured and all measurements dependent upon litterfall are underestimated.

Furthermore, another caveat for interpretation of relations of area based
productivity (ANPP,) with its determinants is that several of the study stands were
thinned in the past. Although closed canopy conditions were a stand selection criterion, it
is possible that interrelations between ANPP, and vegetation characteristics were affected

by density and past thinning regimes.

Species comparison across a productivity gradient

It was hypothesized that differences in leaf life span and associated traits for two
species would confer an advantage in productivity for each species at different positions
along a soil resource gradient; i.e. difference in species traits would be productivity trade-
offs over a resource gradient. As hypothesized, short leaf life-span species European
larch, had higher Niearmass, SLA, and annual N losses but lower water use efficiency,
Nieararea and canopy biomass than long leaf life-span species red pine. Leaf life span for
red pine was less plastic than expected; 24 of the 27 stands carried three cohorts and only
three carried four cohorts. Also, it was not hypothesized that LAI would be higher for

European larch on more productive sites.
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While species productivities and foliar and canopy traits were affected by
resource availability (i.e. the AWC gradient) these responses were generally parallel for
the species and only weak interactions were observed. Thus there was no support for the
hypothesis for species productivity trade-offs based on differences in leaf traits;
European larch was always more productive than red pine. Even on poor sites, European
larch had higher Nieafmass, LAI, and NMIN compared to red pine. As productivity of
European larch productivity increased, not only did Niearmass increase, but so did water
use efficiency. Given that nitrogen and soil moisture were the strongest corollaries with
productivity, the leaf/canopy traits of European larch thus were able to promote

productivity across the entire site quality gradient of the study.

Conclusion

The strongest corollaries of growth for both species were foliar N, SLA ., and
soil moisture. Simultaneously considering physical and chemical soil properties, the
supply of moisture is undoubtedly influential in the rate of productivity for both species.
Given the species effects on litter quality, and perhaps on microbial physical
environments, European larch promotes higher nitrogen cycling rates than red pine. This
may be part of the reason that European larch out produced red pine across the entire site
quality gradient. Short leaf life span European larch was associated with high Nieafmass,
annual N turnover, and SLA. The long leaf life span of red pine may be more
advantageous for productivity as stands mature (Reich 1998), but for the relatively young
stands compared, productivity was lower for red pine across a broad site quality gradient

despite it having higher Nicararea, canopy biomass, and water use efficiency.
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Larch had higher productivity than red pine over the entire site quality gradient.
Thus there were no productivity trade-offs as was hypothesized based on species

differences in leaf and canopy traits.
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