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ABSTRACT
WHOLE-PLANT RESOURCE ECONOMIES AND ASSOCIATED
MORPHOLOGICAL AND PHYIOLOGICAL TRAITS: TOWARDS A
MECHANISTIC UNDERSTANDING OF PLANT RESPONSES TO RESOURCE
GRADIENTS
By
Justin Michael Kunkle

Differences in plant resource economies (i.e., resource-use efficiency, resource
access and storage capacity) and related plant traits may underlie species specific
variation in growth and survival across resource gradients. In my dissertation, I combine
potted plant and field studies to explore functional traits as the basis of these mechanisms
and how they relate to variation in whole-plant performance over resource and
disturbance gradients.

First, with respect to soil N availability, I investigated how fine root dimensions
and N concentrations vary during senescence for N fertilized and unfertilized seedlings of
species that differ in soil N affinity (Populus tremuloides Michx, Acer rubrum L., Acer
saccharum Marsh. and Betula alleghaniensis Britton). Senescence-related decreases in
root mass per length and root length indicated substantial root mass loss among species.
Mass-based root N increased from live to dead roots 10-35% among species, whereas N
decreased in dead roots when values were corrected by changes in mass (—12 to —28%).
My data along with re-analyzed values from the literature suggest that N resorption may

occur in fine roots, which would lead to increased whole-plant N use-efficiency.

Second, I quantified interrelations of whole-plant total non-structural
carbohydrates (TNCwp), relative growth rates (RGR) and associated functional traits for

seedlings of 36 temperate and boreal species grown in a common low-light environment.



Across species, plant traits related to surface area for above- and below-ground resource

capture were strongly related to RGR, whereas proportional allocation to root mass was
the strongest predictor of TNCwp. Although RGR and TNCy,p were negatively
correlated, when RGR was normalized for plant mass effects, RGR was weakly, but

positively related to TNCwp Furthermore. independent of plant mass, carbon

conservation traits were positively related to RGR and TNCwp  In contrast to previous
research, my findings suggest that in low light environments, independent of mass
effects, traits that increase growth also increase TNCwp.

Third, I examined the relationship of plant traits to tolerance (i.e., survival) of

water deficits using a conceptual framework that classified traits into water-use efficiency
(WUE) and water access (Waccess) categories. Seedlings of eight tree species differing in

soil resource affinity were transplanted across glacial landforms with differences in water

holding capacity. I found that both the ability maintain positive photosynthetic rates (i.e.,

Waccess) and high photosynthesis per unit water loss (i.e., WUE) during drought enhanced

seedling survival. Across species, increased Wccess Was realized via deeper rooting
which was positively related to seed and seedling size. Interspecific variation in WUE
was positively related to area-based leaf N (leaf Ngrea). Thus, differential expression of

these traits may partly underlie interspecifc differences in growth and survival responses,
which likely contribute to the observed species distribution patterns across glacial

landforms in northwestern Michigan.
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INTRODUCTION
General Introduction

Plant ecologists have long sought the physiological mechanisms that account for
the distribution of species through time and space. Several lines of research highlight the
importance of resource availability in shaping spatial patterns in the distribution of tree
species. For example, numerous landscape-scale studies have documented associations
between the distribution of overstory tree species and variation in soil resources
(nitrogen, soil water) (Zak et al. 1989, Reich et al. 1997a, Bongers et al. 1999, Wang et
al. 2006, Engelbrecht et al. 2007). Among seedlings and saplings, growth and survival
generally increase with increasing levels of light (Pacala et al. 1994, Kobe et al. 1995)
and nitrogen availability (Walters and Reich 1997, Finzi and Canham 2000, Walters and
Reich 2000), but responses are species-specific. Furthermore, spatial and temporal
variation in soil water availability affect juvenile tree growth and survival (Walters and
Reich 1997) and similar to nitrogen, responses differ across species (Caspersen and Kobe
2001, Engelbrecht and Kursar 2003, Engelbrecht et al. 2005, Kobe 2006). Collectively,
these observations suggest that species distribution patterns may stem from differential
species performance across resource gradients.

It has been hypothesized that species differences in growth capacities may
underlie distribution patterns across resource gradients. For example, species
composition in high resource, competitive environments may reflect rapid growth
responses, whereas species with low inherent growth rates may have the ability to tolerate
harsh growing conditions (Grime 1977, Chapin 1980). This hypothesis suggests that

there is an unavoidable “trade-off” between rapid growth under high resources versus



survival in poor resource environments, which has been supported with experimental
evidence across gradients of light (Kobe et al. 1995, Poorter and Bongers 2006, Poorter et
al. 2006) and soil resources (Schreeg et al. 2005). Thus, both theory, and differential
species performance ranks and distribution patterns across resource gradients imply that a
single plant species cannot be a superior competitor in all resource environments (i.e.,
Jack of all trades is a master of none, Bradshaw 1965). So, why can’t a given species be
superior in all aspects? Plants allocate resources to contrasting functions (e.g., growth,
support, defense, storage, resource acquisition, reproduction) and these functions are
subject to opposing demands. For example, investment in a specific structure or function
that leads to enhanced survival in chronically low resource environments, may limit a
plant’s ability to acquire carbon or capture soil resources and ultimately reduce a plant’s
growth potential.

To date, studies have primarily focused on plant traits that underlie growth rates,
especially under optimal resource environments. For example, shade-tolerant and
intolerant species differ in their leaf-level photosynthetic responses (i.e., a proxy for
potential growth rates) to growth light intensity, which may provide a mechanism for
species sorting across successional gradients of light availability (Bazzaz 1979). In
addition, based on a plant competition model, Tilman (1988) presented predictions that
relative growth rates, which are hypothesized to be influenced by a plant’s proportional
allocation to leaves and roots, are a major determinant of grassland successional
dynamics across a soil N supply gradient. Furthermore, potted plant studies showed that
allocation to leaves, leaf surface area per leaf mass and whole-plant photosynthetic rates

(i.e., integration of leaf allocation and specific rates of photosynthesis) were positively



related to relative growth rates (Poorter et al. 1990, Walters et al. 1993b). Although these
studies provide an integrative understanding of the linkages among growth, allocational
and physiological attributes and their potential role for the success of species in high
resource, competitive environments, there is a paucity of studies examining the
determinants of plant survival under poor resource conditions.

Variation in traits associated with resource economies likely contribute to the
growth versus survival trade-off. For example, three potential whole-plant mechanisms
thought to underlie plant survival in low resource environments include enhanced access
to limiting resources, storage of resources and greater use-efficiency of resources to
produce biomass. My global hypothesis is that plant traits associated with resource
access, storage and resource-use efficiency under low resources occur at a trade-off with
growth capacity under high resources. In order to gain a greater ability to explain the
mechanistic causes of differential species performance ranks across resource gradients, it
is necessary to isolate which plant functional traits (e.g., biomass allocation patterns,
morphological and physiological traits) underlie resource access, storage and resource-
use efficiency and how they relate to growth and survival in low versus high resource
environments. I have proposed an experimental framework with potted plant and field-
based transplant studies that explicitly examines the effects of nitrogen (Chapter 1), light
(Chapter 2) and soil water availability (Chapter 3) on whole-plant
physiology/morphology, allocation programs, nutrient dynamics, species-specific growth

and survival, and their interactions.



Organization of dissertation

Nutrient resorption from senescing leaves is a well-documented nutrient conservation
strategy (Kobe et al. 2005), recycling ~ 50% of maximum foliar N content across a
variety of perennial life-forms (Aerts 1996). Fine roots may function similarly to leaves,
but evidence for root resorption is equivocal. For chapter 1, I carried out a potted plant
experiment that allowed me to investigate how fine root dimensions and N concentrations
change during senescence and address the degree to which these changes inform the
unresolved issue of root N resoprtion for N fertilized and unfertilized seedlings of species
that differ in soil N affinity. I hypothesized that species associated with sites that have
low N availability (Populus tremuloides Michx., Acer rubrum L.) would exhibit greater
root N conservation than species that typically occur on soils with high N status (Acer
saccharum Marsh. and Betula allegheniensis Britton).

Allocation to carbohydrate storage has been proposed as a low light carbon
conservation strategy that contributes to the trade-off between high resource growth
potential vs. low resource survival (Kobe 1997). This notion has been partly supported
by studies showing that carbohydrate storage is positively related to survival (Canham et
al. 1999, Iyer 2006, Myers and Kitajima 2007, Poorter and Kitajima 2007) and negatively
related to growth (Iyer 2006, Myers and Kitijima 2007, but see, Poorter and Kitijima
2007). The carbohydrate storage vs. growth association is unlikely to be manifested by a
single trait (e.g., storage capacity), but rather by expressions of various morphological
and physiological growth-related traits. However, interrelationships between
carbohydrate storage and growth-related traits have received little attention and remain

incompletely understood. In chapter 2, I investigated the functional traits underlying



variation in whole-plant carbohydrate storage and relative growth rates, and potential
trait-based trade-offs between them for 36 temperate and boreal woody species
(angiosperm vs. gymnosperm) that were grown in a common low-light environment.
Traits potentially enhancing young seedling survival on drought-prone sites (e.g.,
greater proportional mass allocation to roots, deep roots, and conservative water use) may
compromise growth potential, and thus competitive ability, when water is predictably
plentiful. For example, increased allocation of biomass to root systems and/or the
production of deep rooted large diameter “taproots” may occur at the expense of
allocation to resource harvesting structures (e.g., proportional allocation of mass to leaf
and root area), which contribute to high growth capacities under optimal resource
conditions (Reich et al. 1998a, Poorter 1999, Walters and Reich 2000, Comas et al.
2002). Therefore, traits that confer survival during episodic drought events may occur at
a trade-off with traits enhancing growth potential when soil water is plentiful. In chapter
3, I examined the relationship of plant traits to tolerance (i.e., survival) of water deficits

using a conceptual framework that classified traits into water-use efficiency (WUE) and

water access (Wyccess) categories.



CHAPTER 1
MEASUREMENT BASES FOR FINE ROOT N CONCENTRATIONS:

IMPLICATIONS FOR SENESCENCE-RELATED N LOSS IN TEMPERATE
TREE SEEDLINGS

ABSTRACT

I investigated how fine root dimensions and nitrogen (N) concentrations vary during
senescence and address the degree to which these changes inform the unresolved issue of
root N resorption in perennial plants. I estimated the difference in N between live and
dead fine roots (AN) on mass, length, and calcium (N loss:root Ca) bases for fertilized (N
+ Ca) and unfertilized potted seedlings of four tree species. Compared to live roots, dead
roots had higher N on a mass basis, and lower N on length (=5 to —16%) and Ca (—14 to
—48%) bases. These differences could be partially ascribed to changes in non-N root
mass during senescence, which decreased substantially for all species (=23 to —40%).

AN on a mass basis, corrected for root mass loss ranged from —12 to —28%. For

individual seedlings, dead and live root N concentrations were positively correlated (R™ =

0.57, P <0.0001), indicating that live root N is a major determinant of senesced root N.
Although leaching and microbial immobilization may partially obscure quantification of
N in senesced roots, these results along with re-analyzed values from the literature
suggest that N resorption may occur in fine roots to a greater degree than has previously
been reported, which may have implications for whole-plant resource economies and

ecosystem N cycling.



Introduction

Patterns in nitrogen (N) resorption from senescing leaves and their possible consequences
for ecological properties such as whole-plant resource economies and nutrient cycling
have been well described (Aerts 1996, Killingbeck 1996, Silla and Escudero 2004, Kobe
et al. 2005). Fine roots (here defined as <2 mm in diameter) may function similarly to
leaves, however, the extent of N resorption from fine roots of perennial plants remains
unresolved (Gordon and Jackson 2000) for several reasons: (1) root studies are
methodologically challenging and labor-intensive; (2) assessing fine root death and
senescence is often ambiguous and subjective (Pregitzer 2002); and (3) artifacts
associated with some methodologies could confound estimates of root resorption. For
example, estimating root N resorption efficiency (%) as the difference in mass-based root
N concentrations between live and dead roots (Nambiar 1987, Aerts 1990, Gordon and
Jackson 2000) implicitly assumes that all other non-N constituents of root mass remain
static. Although never quantified for roots, resorption of non-N mass from senescing
leaves underestimates actual N resorption by as much as 20% (van Heerwaarden et al.
2003). Fine roots contain mobile compounds (e.g., 2-20% non-structural carbohydrates,
Pregitzer et al. 2000, Kobe, unpublished data) that if resorbed would, as for leaves, lead

to underestimates of mass-based N resorption. I argue that estimated differences in mass-
based N concentrations of live versus dead roots (ANpass) are confounded by
physiological (i.e., carbohydrate resportion) and dimensional (i.e., root shrinkage)

changes during senescence, and thus, these estimates are likely biased.

As an alternative to mass-based expressions, I propose that fine root N

concentrations based on unit root length (ANjength) and unit root calcium (ANc,) provide



more accurate measures of actual senescence-induced alterations in root N status. Root

mass loss during senescence can be described as the product of two dimensional

components: decreased mass per root length and decreased root length. Thus, ANjength,
which is insensitive to shifts in non-N mass per unit root length, should always be more

accurate than AN, and if alterations in root length during senescence are minimal,

then AN|ength should closely estimate N loss from live roots. However, root length,

analogous to root mass per length, could change substantially during senescence. In this

circumstance, ANc, may better estimate changes in root N than either ANpags or ANjength

because Ca is phloem-immobile (McLaughlin and Wimmer 1999) and does not resorb
during leaf (van Heerwaarden et al. 2003) and presumably root senescence. Under these

conditions, Ca is likely stable as roots senesce and differences in N per unit root Ca

(ANca) between live and dead roots would be insensitive to non-N root mass resorption.

In this paper, I focus on quantifying senescence-related changes in root mass and
N, reconciling mass-, length-, and Ca-based expressions of AN and discuss the possible
implications of these patterns for resorption of N from fine roots. Specifically I ask: (1)
Do N concentrations differ between live and dead fine roots? (2) How do AN estimates
compare among mass, length and Ca measurement bases? (3) Do fine roots lose non-N
root mass during senescence, and, if so, can this account for AN differences among
measurement bases? (4) And, lastly, do AN estimates vary with species, N supply and/or
live root N content? To address these questions, I quantified and analyzed fine root AN

on mass-, length-, and Ca-bases, and differences in root length and mass per length from



live to dead roots, for 3-year old potted seedlings of four broad-leaved tree species in

fertilized (N + Ca) and unfertilized treatments.

Materials and Methods

Plant Material, Growing Conditions and Experimental Design

The experiment took place at the Tree Research Center, Michigan State University, East
Lansing, MI (42°40' N, 84°27' W). Seeds of Populus tremuloides Michx. (quaking

aspen), Acer rubrum L. (red maple), Acer saccharum Marsh. (sugar maple) and Betula
alleghaniensis Britton (yellow birch) were germinated in bench-top flats filled with
potting soil (Faffard 2 mix, Agawan, MA) beneath 50% neutral density shade cloth in a

temperature-controlled greenhouse (Mean daily minimum and maximum temperatures
were 23.6 and 18.4°C respectively). Populus tremuloides was germinated in mid-May

2000, and the other species in mid-May 2001. In early-June 2001, single seedlings of
each species were transplanted into plastic pots (17.15 cm width x 18.73 cm height) filled
with a homogenized low fertility field soil mixture (Rubicon-Menominee, and Graycalm
and Grayling sands) and placed into randomly selected positions in two outdoor
hoophouses (4.6 m x 27.4 m). The field soil was collected from the top 15-20 cm of sub-

organic soil with a backhoe at a forested sandy glacial outwash site in Roscommon, MI
(44012' N. 84°36' W). Hoophouses were covered with neutral density shade cloth to
achieve a targeted light environment of 35% full sun. Supplemental deionized water was

applied to seedlings every 3-5 days from early-June to mid-September throughout the

experiment. Within each hoophouse x species group, half of the pots were fertilized with



a mixture of N delivered as 13.5 g-m—2 of (NH4)2S0O4 granules and Ca delivered as 150

g-m_2 of CaSO4 powder. The fertilizer was applied during late-July 2001 and in mid-

June during 2002 and 2003. Approximately 152 seedlings were allocated to each

hoophouse (2) x species (4) x fertilizer combination (2).

Root Measurements
Three to five seedlings were selected at random from each hoophouse x species x
fertilizer combination (total = 65 seedlings) over two weeks in late-September 2003 to

sample naturally-senescing roots. Soil was removed from root systems of individual

seedlings by gently rinsing with deionized water. I defined fine roots as non-woody ISt,

2nd and 3rd order lateral roots that were < 2.0 mm in diameter. More than 80% of the

total length of roots sampled (~ 1600 m) was < 0.5 mm in diameter and these
distributions were similar for live and dead collections (Figure 1.1). On an individual
seedling basis, I collected samples of root segments from live and dead root populations.
The total number of root segments per sample was determined by the mass needed for
root nutrient analyses. Classification of live versus dead roots was based on color and
easily observed anatomical features. Live roots were translucent and white to tan,
whereas dead roots were dark gray to black, but showed no visible signs of decay
(McClaugherty et al. 1982, Steele et al. 1997) (e.g., Figure 1.2). All dead roots were
physically attached to the whole-root system and were disconnected with a slight pull on
individual dead root segments. Visual classification was corroborated by removing the

root cortex and documenting the presence (live) or absence (dead) of an intact stele
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(Spaeth and Cortes 1995) on a minimum of five randomly selected root segments per
sample. If any of the selected root segments were incorrectly classified, the entire sample
was rejected and a new sample was collected from the same seedling using refined
selection criteria (i.e., based on a restricted range of root color).

Fine root collections were refrigerated < 2 days until fresh images of root samples
(5-9 images x species x fertilizer x root type combination) were acquired with a flatbed

scanner at a resolution of 400 DPI (Epson Expression 1680, Nagano, Japan). Following

digitization, root samples were dried at 70°C for at least 48 hours, and then weighed.

Digitized images were manually edited with Adobe Photoshop 7.0 (Adobe Systems Inc.,
San Jose, California) with the goal to produce a black (roots) and white (background)
image that faithfully captured the original root image. Edited images were analyzed for

total root length with WinRhizo Pro 5.0 software (Regent Instruments, Blain, Quebec).
For a subset of edited images (3-5 each for live and dead roots of éach species), 1% order

root length of individual roots was quantified (total n = 25 each for live and dead roots).
For each respective species, average first order root length data (n = 25) were used to

estimate changes in root length with senescence (i.e., root shrinkage) and was calculated

as: ((lengthy g — lengthpr)/length r)) x 100. Root mass and total root length data from

individual samples were used to estimate live and dead root mass per root length.

Dried root samples were pulverized into a fine powder with a ball mill (Kinetic
Laboratory Equipment Company, Visalia, California), or, for very small samples, with a
mortar and pestle. Nitrogen concentrations were measured with a CHN elemental
analyzer (Carlo-Erba, Milan, Italy). For root Ca measurements, sub-samples from

individual seedlings had to be aggregated over each combination of hoophouse x species
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x fertilization X root status (live/dead) to obtain enough material for analysis.
Approximately 30-150 mg from each aggregated root sample was microwave digested in
a nitric acid-hydrogen peroxide mixture (Mars 5, CEM Corporation, Matthews, NC) and
Ca concentrations were measured with Direct Current Plasma Emission Spectroscopy
(DCP-AES, SMI Corporation). During microwave digestion for Ca analysis, several
composite samples were lost due to equipment failure, which resulted in no replication

for some treatment combinations. Ca and N concentrations were expressed on an oven-

. -1 .
dry mass basis (Camass. Nmass. mg'g ) and N concentrations were also expressed on a
. -1 . .
root length basis (Njength, pg-cm ). Length-based N concentrations were estimated as
follows: (Nmass % root mass)/root length. Ca concentrations were used to express root N

on a Ca-basis (e.g., average Npass /aggregated Camass; Nca, unitless).

Calculations

Change in fine root N during senescence (AN, %) was calculated from direct

measurements of live (LR) and dead roots (DR) as AN = ([N]rLr — [N]pr)/ [N]Lr x 100,
on three measurement bases: (1) per unit root mass (ANpass ); (2) per unit root length

(ANjength); and (3) per unit Ca mass (ANc,). Note that none of these calculations

explicitly accounts for non-N root mass changes between live and dead roots.
Estimating non-N root mass change (Amass) between live and dead roots was
accomplished by combining changes in two dimensional components; root mass per root

length, and root length as:
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x100.

massyo
length length
Amass = 1-| | & DR_ xl:‘ ghDR
mass; R engthy
-lengthLR-

|

Changes in root mass per length and in 1** order root length can also be used to correct

ANpass for Amass. First, correcting AN only for changes in root mass per length yields ’

the per root length based expression of AN:

NpR (mg) ' § ' mass o (8)
ANingn = 1- massyo (g)‘ :length DR (cm)

N p(mg) | [ mass o (@)

mass; o (g) 11 lengthLR (cm)

Npg (mg)
lengthDR (cm)

x100=1
N g (mg)

100.

X

IengthLR(cm)

Modifying ANjength With a correction for changes in total root length during senescence

yields:

ANcorrected =1—

Npg (mg)

lengthDR (cm)

lengthDR (cm)

length, _ (cm)
LR x100.

N; g (mg)
lengthLR (cm)

Thus, ANcorrected accounts for both changes in root mass per length (i.e., ANjength) and

changes in length between live and dead roots. This calculation is based on the

assumption that measurements of root length changes did not include any tissue loss (e.g.,

belowground herbivory).

Unlike ANpass and to a lesser extent ANjength, ANCa may not require a correction

for mass loss because Ca is assumed to be immobile during senescence. To check the
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assumption of Ca immobility, expected dead root Ca concentrations were calculated from
measured live root Ca and estimates of Amass:

1

-1 measured Ca LR (mgg ")
expected Ca DR (mgg )=— @ ]
mass g
DR
:length DR (cm)_ s Length DR (cm)
mass o (8) Length o (cm)
_ length LR (cm)_

Statistical analyses

[ used JMP and its general linear models procedure for ANOVA for all analyses (SAS
Institute, Cary N. Carolina). Individual plants were considered experimental units for
most analyses. Before main analyses, fine root N concentrations were analyzed with a
model that included main effects and interactions of hoophouses (i.e., blocks) (n = 2) and

root status (n = 2; live root vs. dead root). Preliminary ANOV A models indicated that

hoophouse and its interactions for Nyass and Niength were not significant (P > 0.22); thus

we pooled these factors in the error term for subsequent analyses (Bancroft 1964). Fine

root N concentrations were analyzed with a model that included main effects and

interactions of species (n = 4), fertilizer (n = 2) and root status (n = 2). I analyzed ANpass

and ANjength With a model that included main effects and interactions of species (n = 4)

and fertilization treatment (n = 2). When main effects were found to be significant (P <
0.05) in final ANOVA models, I compared pairs of treatment means with tests of least
squares significant difference (Tukey-Kramer HSD). Due to lack of replication for some

treatment combinations for root Ca concentrations and the similarity of fertilized and
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unfertilized N, values within live and dead categories, I present AN, data as species

means without statistical comparisons.
[ analyzed factors affecting dead root N with a mixed least squares linear model

that included main effects and interactions of species (n = 4) and fertilization (n = 2) as
nominal factors and live root Njengh as a continuous factor. The model excludes the

fertilization main effect and its interactions since P > 0.25 in the preliminary model
(Bancroft 1964). In addition, we used simple linear regression to model the overall
relationship between live and dead root N concentrations, and in cases of significant

species effects in the mixed model, species were analyzed individually.

Results

The basis on which N concentrations were expressed strongly influenced the direction
and magnitude of apparent changes in N between live and dead roots. On a mass basis, N

was actually higher in dead than live roots. In contrast, N was lower in dead than live

roots when expressed in terms of length, Ca or when AN y55s Was corrected for changes in
mass during senescence (ANcorrected)-

Overall, mass-based root N concentrations (Nass) varied with species,
fertilization, root status (live/dead) and species x root status interactions, but root status

effects dominated (Table 1.1a). Np,ss Was higher in dead than live roots and in fertilized
versus non-fertilized treatments. For dead roots, Npass Was greater for A. saccharum and

A. rubrum than for P. tremuloides and B. alleghaniensis, whereas Npaqs did not differ
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among species within live roots (P < 0.01, Tukey HSD, Table 1.1). Averaged across

species, ANass Was 14.2% for the fertilized treatment and 27.8% for the unfertilized

treatments (Table 1.2). Among species x fertilization treatments, ANpss (Table 1.2)

ranged from a 6.6% increase in dead roots for fertilized P. tremuloides to a 40.4%

increase for unfertilized 4. rubrum.

Length-based root N concentrations (Njength) varied with species and root status,
but not with fertilization (Table 1.1a). Species rankings in Njengh Were similar to those

for Npass- In contrast to patterns for Niyass, ANjengtn values were approximately 9%

lower for dead than live roots and values were unaffected by species, fertilization

treatments, or their interactions (Table 1.2). Given the weak effects of fertilization on

ANjength and ANjengrh, the lack of fertilizer interactions for Nmags and ANmags and low
replication for Nc,, I pooled fertilizer treatments for all subsequent summaries. Like
Niength. calcium-based root N concentrations (Nc,) were greater for live roots than for
dead, and species ranked similarly (Table 1.1). Values for AN, were even lower than

those for ANjength and indicated that, averaged among species; Nca was 30% lower for

dead roots than live roots (Tables 1.1, 1.2).

Both root mass per root length and root length decreased from live to dead roots,
indicating substantial root mass loss during senescence for all species (Table 1.3).
Averaged among species, mean root mass per root length decreased 24% and mean 1*

order root length (cm) decreased by 13%, (Table 1.3), thus total mass loss was

approximately 34% (34% = 1- (0.76 x 0.87). ANpass values corrected for Aroot mass
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(ANcorrected- mean of species = —21.0%) were closer to AN, values (mean = —30.4%)
than were ANjength (mean = —9.1%) or ANas5 values (mean = 19.9%) (Tables 1.2, 1.3).

Expected Ca concentrations in dead roots (Expected Capg). calculated from live root Ca,

changes in mass, and assuming stable Ca during senescence (see Methods) were similar
to measured dead root Ca values for 3 of the 4 study species, although expected values

were lower than measured dead root Ca in all cases (11% lower on average, Table 1.3).
Live root Njength and species strongly affected dead root Niength and their
interactions were marginally significant (Figure 1.3 legend). However, a model including

live root Njength, species, and their interactions explained only modest additional variation
in dead root Niength (adjusted R? = 0.69) over a model with only live root Njength as a

predictor (adjusted R? = 0.57). Within species, live Niength vs. dead Niengrh relationships

were significant for A. rubrum and P. tremuloides, which had similar slopes and
intercepts (Figure 1.3 legend). Furthermore, intercepts were not significantly different
from zero for either the species pooled data set (P = 0.16) or for individual species (P >
0.84 in all cases). Collectively, these results indicate that: (1) live root N was the primary
determinant of dead root N and (2) given a zero intercept and a linear relationship, dead

root N was a constant proportion of live root N over the range of live root N examined.
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Discussion

Comparing estimates of AN

Changes in N from live to dead roots varied markedly among measurement bases,
ranging from a 20% increase for ANy, to a 30% decrease for AN, With ANjengin values

intermediate (11% decrease). A major factor contributing to these differences was root
mass loss between live and dead roots which declined, on average, by 34%. Neither

mass-based nor length-based N concentrations completely account for root mass loss as
roots senesce. ANpass values corrected for root mass loss (AN¢orrected) indicated a loss of

approximately 21% N (Table 1.3). These values likely represent the closest
approximation of actual N loss from senescing roots.

My results call into question the results of comparisons of live and dead root N
made on a mass-basis and not corrected for mass-loss during senescence. To my
knowledge, all other studies to date that have evaluated N in live vs. dead roots have done
so on an uncorrected mass-basis. These studies have found higher dead root N (Nambiar
1987, this study), no difference (Aerts 1990, Gordon and Jackson 2000), and 10% higher
N in live roots (Meier et al. 1985). If root mass changes during senescence, mass-based
measures are intrinsically biased and underestimate N loss between live and dead roots.

Since Ca is phloem-immobile, root Ca concentrations between live and dead fine
roots may be more stable (McLaughlin and Wimmer 1999) than either fine root mass per
length or length during senescence and thus I speculated that Ca should provide a more
accurate estimate of N loss than length- or mass-based estimates. In leaves, Ca moves
passively in the transpiration stream and accumulates in deciduous foliage throughout the

growing season, with the highest Ca concentrations in senescent leaves (Burton et al.
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1993, Duchesne et al. 2001). The same mechanism may not occur in roots, but it is
notable that estimates of Ca in dead roots (i.e., calculated from live root Ca
concentrations and mass changes, and assuming constant Ca concentrations) slightly but
consistently underestimated measured values of dead root Ca (Table 1.3). This
underestimate may have occurred if root Ca increases with age, as live root samples
likely contained a wide range of root ages, from recently initiated to old, whereas dead
root collections were likely dominated by older roots. Thus, my assumption of constant
root Ca from live to dead roots may be wrong, and may result in an overestimate of N
loss when expressed on a Ca-basis. Despite this caveat, estimated Ca in dead roots was,

on average, only 11% less than actual Ca in dead roots. Furthermore, AN corrected for
Aroot mass (ANcorrected) Was intermediate between ANeng and ANc, values.

Altogether, my results suggest that mass-, length- and Ca-based estimates of AN all have
their biases, and that mass-based N loss estimates corrected for root mass loss may
provide the best approximation of AN (mean of species = —21%, Table 1.3).
Nevertheless, corrected AN still has limitations given the methodology in this
study. First, there are several potential sources of root length loss unrelated to shrinkage,
such as herbivory, parasitism or decomposition, which could lead to overestimates of root

length shrinkage, and N loss. Furthermore, estimates of root length change were made on
1* order roots, but shrinkage may vary among root orders. For example, if 1** order roots

shrink more than the higher order roots that also were included in live and dead root
samples, then length shrinkage and N loss would be overestimated. Related to this, an

additional potential source of error in AN calculations, regardless of the basis measured,

is that live and dead root samples might have contained different proportions of 1% 2"
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d - . e .
and 3" order roots, with different diameter distributions. Root order (Pregitzer et al.

1997) and diameter (Gordon and Jackson 2000) are related to N concentrations, thus
differences in live and dead root collections could lead to differences in root N between
live and dead samples that are unrelated to senescence-related AN. However, the
diameter distributions of live and dead root samples were remarkably similar with > 85%
of root length being < 0.5 mm in diameter and none over 2 mm for either live or dead

root collections (Figure 1.1).

Whole plant and ecosystem implications

My data indicate that live root N concentration was a more important determinant of dead
root N concentrations than species and fertilization. Species effects were significantly
independent of live root N, but species effects were weaker and fertilization effects were
not significant (Figure 1.3 legend, and data not shown). These results suggest that
species and environmental differences in dead root N are mediated primarily by how
species and environment affect live root N and less so by species-specific or
environmentally induced variation in AN. My results for fine roots are consistent with
those for leaves in a 297 species global dataset (Kobe et al. 2005).

If, as my limited data suggests, the dead root N vs. live root N relationship is
linear and with an intercept of zero, then dead root N is a constant proportion of live root
N at any live root N concentration. It is important to note however, that, although
proportional N loss may be constant, more N on an absolute basis is lost from the dead
roots of plants with high live root N. To reiterate, however, my data are limited, and

conclusions about the determinants of dead root N will require experiments that test these
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relationships for a larger number of species and across a greater range of environmental
conditions than covered in this study.

Differences in mass-based root N between live and dead roots have been
interpreted as estimates of N resorption or lack thereof (Meier et al. 1985, Nambiar 1987,
Aerts 1990, Gordon and Jackson 2000). My results clearly indicate that it is erroneous to
conclude negligible N resorption based on studies that have used uncorrected mass-based

measures of live and dead root N. For example, using uncorrected mass-based measures
from published studies, I calculated AN, and in 63% of the estimates, my calculations

suggested that resorption did not occur (Table 1.4). In contrast, when changes in mass

were accounted for (i.e., using estimates of mass loss from this study), my calculations of
ANcorrected implied that resorption occurred in 15 out of 16 estimates and values indicated

substantial resorption (range = —4.33 to —48.52%) (Table 1.4). Altogether, results from
this study and re-analysis of data from the literature further supports the notion that
previous estimates of root resorption are likely biased, depending on the extent of root
mass loss.

Unlike leaves, differences in root N between live and dead roots do not directly
measure N resorption because other processes, including leaching and microbial
immobilization, can also contribute to changes in N. At best, AN may serve as a crude
index of resorption. If, however, I can assume that AN is a crude estimate of N
resorption, then the moderate resorption values suggested by my results (e.g., 21% for
mass-corrected estimates) is considerably less than foliar resorption values (~ 60%, Aerts

1996, Kobe et al. 2005). For example, reported foliar resorption values for the species
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included in this study are: P. tremuloides (43%, Killingbeck et al. 1990), B.
alleghaniensis (61%), A. rubrum (71%) and A. saccharum (66%) (Cote et al. 2002).

Post-senescent changes in root N that are independent of resorption pose obvious
challenges to accurately estimating N resorption from fine roots. Although I adhered to
narrow condition criteria for selecting dead roots, senesced roots may have undergone
initial stages of decomposition. During decomposition of fine root litter, N can initially
decrease then increase (John et al. 2002), a pattern that might be explained by leaching
(Chen et al. 2002) followed by microbial immobilization of N (Ostertag and Hobbie
1999). Unlike leaves, which lose negligible amounts of N to leaching (e.g., < 0.6 % of
total leaf N, Chapin and Kedrowski 1983), roots are in direct contact with the soil
solution, which likely facilitates N leaching during root death. Stress-induced loss of
membrane integrity during fine root senescence has been shown to increase the leakage
of N in amino acids (Huang et al. 2005). Even for live, intact healthy roots in aqueous
solution N efflux can exceed influx in some conditions (Lucash et al. 2005, McFarlane
and Yanai 2006) but it is unclear if this occurs for plants growing in soil (McFarlane and
Yanai 2006) and it is only relevant if large amounts are being lost relative to the total
amount of N in live roots.

N losses through leaching were not accounted for but would have been captured
by AN values and ultimately would have over-estimated resorption. Like leaching, N
immobilization would also be captured by AN estimates, but, unlike leaching,
immobilization would result in underestimates of N resorption. Unfortunately, there are

few data on leaching or immobilization per unit root during senescence, let alone studies
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that simultaneously evaluate the contributions of leaching, immobilization, and resorption
to changes in root N.

Given that previous work generally indicates that mass-based N concentrations
are similar in live and dead roots (Nambiar 1987, Aerts 1990, Gordon and Jackson 2000),
numerous investigations covering a broad spectrum of ecological processes have assumed
that fine root N is not resorbed during senescence. These processes include: fine root N
and decomposition dynamics (Dilustro et al. 2001, Ludovici and Kress 2006, Valverde-
Barrantes et al. 2007); covariance of foliar and fine root nutrient concentrations (Newman
and Hart 2006); whole-plant and stand-level nutrient-use efficiencies (Silla and Escudero
2004, Norby and Iversen 2006, Silla and Escudero 2006); and stand-level N cycling (Will
et al. 2006). I recognize the strong contributions these and other studies have made
towards understanding these processes and that progress in ecological research often
requires making pragmatic assumptions about processes that are poorly quantified. By
clearly showing that the assumption of no resorption from roots is erroneous, my aim is
to stimulate new investigations on the N dynamics of senescing roots. I believe that such
investigations will be strengthened by considering N dynamics on bases that are

insensitive to mass changes that occur in roots as they senesce, as I have identified in this

paper.
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Table 1.1. Results from ANOVA and summary of fine root nitrogen (N) concentrations.

(a) Results of a standard least squares linear model for main effects and interactions of species (n = 4),
fertilization (unfertilized, fertilized) and root status (live, dead) on mass- and length-based fine root N
concentrations.

Tukey-Kramer HSD'

ANOVA effects d.f. SS F P
-1 a

N(mgg )
Species 3 13346 109 <0.0001 Pt (ac), Ba(a), Ar (bc), As (b)
Fert 1 56.69 13.89 0.0003 fertilized > unfertilized
Species X Fert 3 16.22 1.32 0.2704
Root status 1 168.52 4128 <0.0001 dead > live
Species X Root status 3 5236  4.28 0.0069
Fert X Root status 1 3.12 0.77 0.3836
Species X Fert X Root status 3 16.93 1.38 0.2521
N (mg-cm I)b
Species 3 41.37 6799 <0.0001 Pr(a), Ba(b), Ar (c), As (c)
Fert 1 0.29 1.42 0.2400
Species X Fert 3 0.19 0.31 0.8220
Root status 1 1.81 8.92 0.0035  live > dead
Species X Root status 3 0.44 0.72 0.5400
Fert X Root status 1 0.11 0.57 0.4500
Species X Fert X Root status 3 0.74 1.22 0.3100

2 b 2
Note: aOverall model: adjusted R = 0.44, P <0.0001; Overall model: adjusted R = 0.64, P < 0.0001

“Means among species without a common letter are significantly different (P < 0.05, Tukey-Kramer
HSD). Species abbreviations are as follows: P. tremuloides (Pt), B. alleghaniensis (Ba), A. rubrum
(A4r), A. saccharum (A4s).

(b) Mean nitrogen (N) concentrations (+ one SE) in live and dead fine roots collected from unfertilized and

-1
fertilized (N + Ca) potted seedlings of four tree species as expressed on root mass (mg N-g  root), length

-1
(mg N-cm  root) and Ca bases (unitless).

Nmass Nlength
(mg-g I) (mg-cm l) N(Ca (unitless)
Species Unfertilized Fertillized Overall Overall

P. tremuloides
Live 129+13@06) 14.6+09(7) 1.4+0.1(12) 1.4+ 0.1(4)
Dead 13.1£08(7) 16.1+£0.6(7) 1.3+0.1(13) 1.0+0.1 (4)

B. alleghaniensis
Live 128+06(6) 13.7+0.6(8) 23+0.1(14) 1.5+0.1 (2)
Dead 143+x1.1 (7) 153+£03(9) 1.8+0.1(16) 0.8+£0.1 (2)

A. rubrum

Live 128+04(8) 13.8+0.5(8) 3.0+0.1(16) 2.1+02(4)
Dead 17.8+04(8) 17.6+0.5(7) 2.8+ 0.1(15) 1.4+0.1 (4)

A. saccharum
Live 13.7£06(8) 16.8+0.8(8) 2.8+0.1(16) 1.8+0.2 (3)
Dead 17.7+£0509) 18.1+1.3(8) 26+0.1(17) 14+£02(2)

. . . -1
Species group means were calculated from samples of individual seedlings for Npass (mg'g ) and

-1 ) . .
Nlength (mg-cm ). Overall species means for NCa (unitless) were calculated from composite samples.
Sample sizes are in parentheses.
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Table 1.2. Results from ANOVA and summary of changes in fine root N (AN) during

senescence.

(a) Results of a standard least squares linear model for main effects and interactions of
species (n = 4) and fertilizer (unfertilized, fertilized) on estimates of AN during

senescence. ANc, was not evaluated with ANOVA due to lack of replication for some

treatments (see methods).

ANOVA

effects d.f. SS F P Tukey-Kramer HSD’
ANpass (%)"
Species 3 4519.78 499  0.0043 Pt (a), Ba (a), Ar (b), As (ab)
Fert 1 182464 6.05  0.0176 fertilized > unfertilized
Species X Fert 3 110043 122  0.3142
ANjengtn (%)
Species 3 113799 092  0.4403
Fert 1 1778 0.04  0.8367
Species X Fert 3 1833.23 148  0.2331

Note: *Overall model: adjusted R° = 0.26, P = 0.0023; "Overall model: adjusted R” =

0.005, P = 0.4165 “Means among species without a common letter are significantly
different (P < 0.05, Tukey-Kramer HSD). Species abbreviations are as follows:
P.tremuloides (Pt), B. alleghaniensis (Ba), A. rubrum (Ar), A. saccharum (As).

(b) Means of AN (+ one SE) for unfertilized and fertilized (N + Ca) potted seedlings of
four tree species. Fine root AN estimates were expressed on root mass (mg N-g—lroot),

length (ng N-cm ' root) and Ca bases (unitless). Means of ANmass (%) and ANjength (%0)
represent the mean of all individual seedlings within a species (overall) or species X

fertilizer group. Species means for AN, (%) represent the mean of composite samples.

Sample sizes are in parentheses.

ANmass (%) ANjength (%) ANca (%)
Species Unfertilized Fertilized Overall Overall Overall

100+ 3.9 -9.1+5.5 -272+1.8

P. tremuloides 139+8.0(5) 6.6+3.1(6) (1) (10) “)
13.9+4.7 -16.1+7.1 -476+22

B. alleghaniensis 148 +8.8(6) 13.2+54(8) (14) (14) )
346+4.1 -6.3+34 -324+3.7

A. rubrum 404+56(8) 279+52(7) (15) (15) 4)
21.3+6.0 -5.0+£3.7 -144+75

A. saccharum 33.7+59(8) 8.8+8.6(8) (16) (16) (2)
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Live Roots: p = 0.36 mm
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0.0
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Dead Roots: ;1 =0.29 mm
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Figure 1.1. Proportion of fine root length across root diameter classes for both live and

dead root categories. Root length data from individual seedlings were combined for all
species and fertilizer treatments.
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Live root

2mm

Dead root

2mm

Figure 1.2. Representative examples of live and dead fine root segments for A.

saccharum. Roots were procured from individual seedlings in late-September 2003 at the
Tree Research Center, Michigan State University. Images were acquired with a flatbed
scanner (Epson Expression 1680, Nagano, Japan) at a resolution of 400 DPI and later
edited for inherent root color differences and shadowing with Adobe Photoshop 7.0
(Adobe Systems Inc., San Jose, California). All roots in this image are < 2.0 mm in

diameter.
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Figure 1.3. Live (LRN) versus dead (DRN) fine root Njength for four tree species. Data
represent individual seedlings. In a mixed linear least squared model partial P values for
LRN, species and their interaction as predictors of DRN were P = 0.0007, 0.0023, and
0.0614, respectively. Summary statistics for significant (P < 0.05) regressions are:
Overall relationship, DRN = 0.332 + 0.765(LRN), R2 =0.57, P <0.0001, n=55; P.
tremuloides, DRN = -0.025 + 0.924(LRN), R2 =0.50, P=0.0218, n = 10; A. rubrum,
DRN =-0.162 + 0.993(LRN), R’= 0.51, P =0.0029,n=15.
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CHAPTER 2

PLANT TRAIT CORRELATES OF WHOLE-PLANT CARBOHYDRATE
STORAGE AND RELATIVE GROWTH RATE IN TEMPERATE AND BOREAL
TREE SEEDLINGS: ARE THERE TRADEOFFS?

ABSTRACT

If interspecific variation in whole-plant total non-structural carbohydrates (TNCwp) is a
major trait underlying trade-offs between growth vs. survival adaptive strategies, then

TNCwp must negatively covary with traits that enhance growth potential. I explored this
hypothesis by comparing interspecific relationships of TNCwp, relative growth rates

(RGR), and functionally related allocational, morphological and CO; exchange traits for

seedlings of temperate and boreal tree species grown in low light (2.8% of open sky).

Consistent with their evergreen leaf habit and lack of sprouting ability, gymnosperms (n
= 8) had lower TNCyp, and also lower RGR, specific leaf area and root mass ratio, and

greater leaf mass ratio and leaf production rates than angiosperms (n = 28). Trait
interrelations also differed between groups, so I analyzed interrelations among all species

and for the larger angiosperm group separately. Across all species, over three orders of

magnitude, variance in seed and seedling mass were positively correlated with TNCwp

and negatively related to RGR. RGR and TNCyp were negatively correlated but the

relationship was weak and could be driven largely by covariation in plant size. In

contrast, the residuals of the RGR vs. seedling mass regression correlated positively with

TNCwp; i.e., when plant size effects on RGR are removed, RGR is positively related to

TNCwp. Among physiological and morphological traits, across all species and within the
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angiosperm group, leaf area ratio correlated most strongly to RGR, root mass ratio was
most strongly related to TNCwp, and root mass ratio and leaf area ratio were themselves

negatively correlated indicating a possible necessary trade-off between leaves for
productivity vs. roots for storage over all species. However, lower leaf light
compensation points for photosynthesis, lower leaf production rates and lower whole-

plant respiration rates contributed to greater RGR independent of plant size and/or greater

TNCwp, but were only weakly related to RGR. RGR independent of size was also

positively related to seedling survival thus providing further support for the positive
interrelations between growth-survival and carbon conservation traits in low light. In
summary, under low light conditions, carbon conservation traits that increase growth
independent of plant size also increase stored carbohydrates. Trade-offs between growth
and storage (i.e, survival) related traits are only evident when variation in plant size is not

taken into account.
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Introduction

Allocation to carbohydrate storage (total nonstructural carbohydrates, TNC) has been
proposed as a key plant trait that underlies perennial plant survival (Chapin et al. 1990,
Kobe 1997, Machado and Reich 2006, Myers and Kitajima 2007, Poorter and Kitajima
2007). TNC may enhance survival because it can be mobilized in response to tissue loss
(e.g., from fire, Kruger and Reich 1997b); herbivory (Canham et al. 1999, Myers and
Kitajima 2007) and in response to resource shortfalls that limit carbon gain (e.g., drought,
Busso et al. 1990, Volaire 1995); dormant seasons (Loescher et al. 1990, Kozlowski
1992); and periods of deep shade (Kobe 1997, Veneklaas and den Ouden 2005, Myers
and Kitajima 2007). Long-term TNC pools can constitute as much as 45% of root mass,
but are highly variable among species (range = <2%—-45%) and environments (Marquis et
al. 1997, Gansert and Sprick 1998, Canham et al. 1999, Newell et al. 2002, Gaucher et al.
2005, Iyer 2006, Myers and Kitajima 2007, Poorter 2007). In this paper, I explore some
potential sources of interspecific variation in TNC including (1) phylogeny, (2) seed and
plant size; and (3) growth vs. survival adaptive strategies. Related to (3), I investigate the
popular supposition that there are necessary trade-offs between trait expressions favoring
growth potential vs. storage, and that these define an axis along which species growth vs.
survival (storage) adaptive strategies vary.

There could be relatively simple and general allocation based trade-offs between
storage and growth related traits, such as allocation to leaves (growth) vs. roots (storage
and survival), but it is possible that other traits, including ones that vary phylogenetically,
may impact the form of these interrelations and as such different patterns could emerge

for phylogenetically broad compared to phylogenetically narrow comparisons. For
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example, general differences in the leaf habit between gymnosperm conifers (generally
long-lived leaves) and winter deciduous angiosperm species could promote differences in
TNC, their distribution among foliage, stems and roots, and their relationship with
growth-related traits. Winter deciduous species must develop a full canopy of leaves
each spring which may necessitate, compared to evergreen conifers, higher TNC reserves
overall but little TNC in their ephemeral, thin and poorly defended leaves. At the other
end of the comparative spectrum, TNC-growth related trait interrelations among closely
related species may reveal nuanced trade-offs that could be obscured by phylogeny in
comparisons of more distantly related species.

In general, seed size correlates positively with young seedling survivorship
(Leishman and Westoby 1994, Saverimuttu and Westoby 1996, Walters and Reich 2000,
Moles and Westoby 2004) and negatively with relative growth rates (Walters et al.
1993a, Leishman and Westoby 1994, Reich et al. 1998a, Poorter and Rose 2005).
Positive survival-seed size relations have been hypothesized to occur via greater reserves,
lower growth rates (dilution of reserves) and/or greater seedling size for larger seeded
species and some evidence exists for all three (Green and Juniper 2004, Quero et al.
2007). Although not a test of any one of these alternative hypotheses, a logical extension
is that seedlings of larger seeded species have greater TNC. There is evidence that,
within species, larger seedlings have greater TNC (Lusk and Piper 2007), but little
attention has been paid to interspecific relationships.

Interspecific variation in TNC has been proposed as a key trait underlying an
adaptive strategy axis defined by trade-offs between high resource growth potential vs.

low resource survival (Kobe et al. 1995, Schreeg et al. 2005, Poorter and Bongers 2006).
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This supposition has been partially supported by studies showing that that TNC is
positively related to survival (Iyer 2006, Myers and Kitajima 2007, Poorter and Kitajima
2007) and negatively associated with growth rates (Iyer 2006, Myers and Kitajima 2007,
but see, Poorter and Kitajima 2007). Given these empirical results and supporting theory,
simple trade-offs in the expression of morphological and physiological growth-related
traits may underlie growth vs. storage/survival trade-offs (e.g., allocation to roots
(storage) vs. leaves (growth)) but, to date, these interrelationships have received little
attention.

The survival-growth rate relationship was been most convincingly shown for low
light survival versus high light growth rate across seedlings of species that vary in a wide
range of traits including seed size and phylogeny (Walters and Reich 2000). But, the
shape and direction of growth-survival relations, growth-TNC relations and the traits that
underlie them may depend on the sources of variation examined. For example, within
species, greater light availability can lead to greater growth and survival (Kobe et al.
1995, Walters and Reich 2000) and greater growth and storage (Iyer 2006). Across
species under high light, the TNC-growth relationship could be strongly negative because
variation in growth and storage potentials and their underlying traits could be fully
expressed. Conversely, across species under low light, the TNC-growth relationship
could be less clear because the manifestation of growth and storage capacities are likely
muted (e.g., Walters and Reich 1999, Portsmuth and Niinemets 2007) and traits
underlying these patterns (e.g., allocation programs) may be altered in unexpected ways.

If interspecific variation in TNC is a major trait underlying trade-offs between

growth vs. survival adaptive strategies, then TNC must negatively covary with traits that
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enhance growth potential. If so, then what might some of these candidate traits be? High
growth potential, here defined as high potential relative growth rate (RGR), requires
allocation to leaves and roots with high resource acquisition capacities, which in turn
requires high surface areas (as indexed by high leaf mass ratios, leaf area ratios, specific
leaf areas and specific root areas (Poorter and Remkes 1990, Walters et al. 1993b)), and
high metabolic potentials (as indexed by nitrogen concentrations, and respiration rates
(Reich et al. 1998a, Reich et al. 1998b, Reich et al. 2003a, Tjoelker et al. 2005)). In
contrast, the metabolic costs of synthesis (Poorter and Villar 1997) and maintenance
(Kobe 1997) of TNC are low. Furthermore, TNC is not used for resource capture until
mobilized to produce growth-related structural tissue (Chapin et al. 1990), and as such
TNC storage in protected perennial organs with little chance of being consumed or
damaged should be favored over storage in other areas, including those used for resource
acquisition. Given these differences in growth- and storage-related traits, I hypothesize

that allocation to TNC storage in roots and stems occurs at the expense of allocation to

leaves and fine roots, which will lead to lower nitrogen concentrations and CO, exchange

rates (photosynthesis and respiration).
In this paper, I quantified interrelations of whole-plant total non-structural

carbohydrates (TNCwp), RGR and associated morphological and physiological traits for

seedlings of 36 temperate and boreal woody species that were grown in a common low

light environment. I focused my comparisons of these interrelations on the following
questions: (1) Does TNCwp and its distribution differ between species groups of
contrasting phylogenies and leaf habits (i.e., winter deciduous angiosperms vs. evergreen

gymnosperms), (2) How do TNCwp, RGR, seed and seedling size, and growth rates
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covary?; (3) Which morphological, allocational and physiological traits are associated
with TNCwp and/or with RGR? Based on these comparisons can I identify trade-offs

between characteristics that enhance growth vs. storage?

Materials and Methods

Study species, growing conditions and experimental design

A total of 36 temperate and boreal woody species, mostly from North America, but some
with Eurasian distributions were used in this study (Table 2.1). Species differed in seed
mass, taxonomic orders and leaf habit (broad-leaved, winter deciduous angiosperms and
evergreen (except Larix laricina) gymnosperms), shade tolerance, and drought tolerance.
Seeds used in the experiment were collected from the Beal Arboretum at Michigan State
University (MSU), East Lansing, MI, or purchased from commercial sources (Ontario
Tree Seed, Angus, ON; Lawyer Nursery, Inc., Plains, MT; Ministry of Forests, Surrey,
B.C.; Sheffield's Seed Co., Inc., Locke, NY). Seeds were pre-treated and stratified
according to Young and Young (1992) and germinated in bench-top trays filled with
potting soil (Faffard 2 mix, Agawan, MA) underneath a 50% shade lathe house at the
Tree Research Center (TRC), MSU in mid-May 2004. Over a two week interval starting
in mid-June 2004, germinant seedlings were planted into individual poly-coated bleached
board plant bands (7.6 cm x 7.6 cm x 25.4 cm; Zipset Plant Bands, Monarch
Manufacturing, Inc., Salida CO). Plant bands in groups of 8 (large-seeded species) or 16
(small-seeded species) were inserted into milk crates (30.5 cm x 30.5 cm x 27.9 cm) and
species positions within milk crates were randomly selected. Between 40 and 200

seedlings per species were planted resulting in a total of ~2275 seedlings. Seedlings were
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grown in a 60/25/15% homogenized mixture of a field soil mix, silica sand and pea
gravel. The field soil mix was collected from the top 15-20 cm of sub-organic soil with a

backhoe at a forested sandy glacial outwash site and a moraine site in Roscommon, MI
(4401 2'N, 84°36' W) and later combined in equal amounts. Milk crates were randomly
distributed to fixed positions within a 30 m x 50 m area in the understory of a closed
canopy, self-thinning, 39 year old Pinus strobus plantation at the TRC (42°40' N, 84°27'

W). The experimental area was fenced with 5 cm mesh welded wire to 1.5 m height and
1.25 cm wire mesh to 1 m height to prevent browsing by mammals. Supplemental water
was only applied to seedlings during extended dry periods (i.e., more than 7 days without
rain). A controlled release fertilizer (Osmocote® Plus by Scotts Fertilizer, Marysville,
Ohio, USA) was applied on 13 July 2004 at the rate of 200 kg N/ha to the soil surface
layer within each plant band. Canopy openness, an index of light availability, was
estimated in mid-August 2004 with paired LAI-2000 plant canopy analyzers (LI-COR,
Inc. Lincoln, NE). Briefly, measurements above each milk crate (n = 232) were obtained
when the sky was uniformly overcast with one LAI-2000 unit, while an identical remote
unit was placed on a tripod in a nearby clearing and simultaneously recorded open-sky
values. Data from each unit were combined later to calculate canopy openness values
and the mean light environment (+ SE) for the experimental area was 2.81 £ 0.05 % of
open-sky. Air temperature was recorded with Hobo Tidbit v2 data loggers (Onset
Computer Corporation, Bourne, MA) from 30 June through 27 September 2004 and mean

daily minimum, maximum and average temperatures (+ SE) were 13.9 + 0.1, 24.3 £ 0.1

and 18.4 + 0.1°C, respectively.
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Measurements

Seedlings were harvested at three stages during the experiment, with harvest day varying
slightly among species. Harvests, time since transplant and number of seedlings
harvested were: (1) germinant harvest, ~ five seedlings (mean 5.4, range 3-9, total 194),
just prior to transplant; (2) harvest 1, ~ 8 seedlings (mean 8.1, range 4-16, total 293), 49-
65 days, and; (3) harvest 2, ~7 seedlings (mean 7.4, range 2-18, total 267), 85-102 days.
In this report, germinant harvest mass is sometimes used as a proxy for seed mass, which
can be justified since seedlings were harvested within a couple days of germination and
germinant mass was strongly correlated with published values of seed size (P <0.0001, r
= (.98, data not shown). For the germinant harvest, entire seedlings were dried. For
harvests 1 and 2, seedlings were partitioned into leaves/needles, stems and roots and
dried. Since most cotyledons had started to detach from seedlings by harvest 1, they

were excluded from estimates of whole-plant biomass for harvests 1 and 2. Seedlings
were dried in a forced air-oven at 100°C for 1 hour to quickly stop respiration and then at
70°C for 48 hours, after which the dry mass of each sample was obtained.

Leaf net photosynthesis was measured 25 August through 19 September 2004
from 8:30 to 16:00 local time with a CO; analyzer operating as a closed system (LI-6200,

LI-COR, Inc., Lincoln, NE). The CO; infrared gas analyzer was calibrated daily against

CO; standards. For angiosperm species, photosynthesis was measured on the second or

third fully-expanded leaf as close to their natural orientation as was possible within either
a 0.25 or 4 liter gas-exchange chamber. The small seedling size of gymnosperm species

precluded photosynthesis measurements on intact seedlings. Since photosynthetic rates
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of isolated foliage do not differ from whole-shoot measures for small conifer seedlings

(Reich et al. 1998b), photosynthesis was measured on conifer shoots. Individual shoots
(stem and needles) or multiple shoots (several individuals) were clipped along the stem
and photosynthesis was measured on intact needle canopies within the 0.25 liter gas-

exchange chamber. All photosynthesis measurements were expressed on a dry mass

basis (nmol CO; g_I s—'). During measurements, chamber air temperature was 26.3 +

0.1°C (mean * SE), relative humidity was 57.4 + 0.4% and ambient CO; was 372.8 + 0.4

ppm. Prior to photosynthesis measurements, photosynthesis was induced by placing
seedlings in naturally occurring sunflecks for 5 to 10 minutes. Individual seedlings were
placed within a three-sided enclosure (1 m x 1 m x 2 m) that was covered on the top and

three sides with black shade cloth (~5% full sun) and located within the experimental

. - . . -2
area. This structure maintained light levels that were consistently lower than 1 umol m

-1 . . ..
s and a small house fan was used to circulate air to maintain temperatures and CO;

concentrations within the enclosure that were nearly identical to ambient experimental
conditions. An incandescent lamp was equipped with a dimming device and placed

directly above seedlings to produce photosynthetic photon flux densities (PPFD) that
were < 50 pumol m °s ' atleaflevel. The light source was used to develop
photosynthetic light response curves that consisted of 5-10 PPFD levels, starting at values
slightly < 50 umol m s ' and ending at values > 2 umol m s |. This particular light
range was used to provide data for the estimation of leaf-level quantum yield, light

compensation points and photosynthetic rates at a common PPFD (see Parameter

calculations subsection for details). Two or three replicate light response curves were
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obtained from randomly selected individuals for each species (overall: 10-30 points per
species).

At the end of each day following photosynthesis measurements, seedlings were
harvested and partitioned into leaves/needles, stems and roots to acquire: (1) biomass of
seedling components; (2) images of individual leaves/needles used for gas-exchange; (3)
images of whole-plant leaf/needle canopies; and (3) images of whole-plant root systems.
Digitized root images were manually edited with Adobe Photoshop 7.0 (Adobe Systems
Inc., San Jose, California, see Chapter 1). Leaf images were analyzed for projected leaf
area with WinFolia Pro software (Regent Instruments, Blain, Quebec) for angiosperm
species and WinSeedle software (Regent Instruments, Blain, Quebec) for gymnosperm
species. Edited root images were analyzed for total root surface area with WinRhizo Pro
5.0 software (Regent Instruments, Blain, Quebec).

Prior to sunrise during harvest 2 (24 to 27 September 2004), seedlings randomly
selected for whole-plant respiration measurements were moved to a dark room in a
laboratory on the campus of MSU. Intact seedlings were harvested and root systems

were rinsed with deionized water to remove soil prior to respiration measurements.
Whole-plant dark respiration (Rwp) was measured at 25°C + 0.03 SE witha CO3 analyzer
operating as a closed system (LI-6200, LI-COR, Inc., Lincoln, NE). In order to obtain
adequate changes in CO; concentrations over the course of a measurement interval, 1 to 4

intact seedlings were placed in either a 0.25 or a 4 liter gas-exchange chamber, depending
on individual plant size. Seedlings were allowed to stabilize for 2-5 minutes before

measurements were recorded. Between 2 and 4 replicate measurements were obtained
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for each species and respiration rates were expressed on a dry mass basis (nmol CO; g

s_‘).

Total non-structural carbohydrate and nitrogen concentrations

Individual seedling tissue samples from harvest 2 were aggregated by tissue type (i.e.,
leaves, stems, roots) for each species. Aggregated tissue samples were pulverized into a
fine powder with a ball mill (Kinetic Laboratory Equipment Company, Visalia,
California) prior to TNC and N analyses. TNC was quantified using a modification of
Roper et al. (1988) and Marquis et al. (1997). This procedure involved a two-stage
analysis with an extraction of soluble sugars from the plant tissue followed by starch

analysis of the extraction residues. Approximately 15-20 mg of each aggregated tissue
sample was extracted three times at 75°C using 2ml of 80% ethanol and then centrifuged

at 1900g for S minutes. The supernatants were collected and diluted with 6 ml of
deionized water. Concentration of soluble sugars (i.e., glucose equivalents) in extracts
was measured at 490 nm with a visible spectrophotometer (Spectronic 20D+, Thermo
Scientific, Waltham, MA) using a phenol-sulfuric acid colorimetric assay (Dubois et al.

1956). The pellet remaining after ethanol extraction was dried and then gelatinized by
autoclaving at 125°C for 10 minutes along with 2 ml of 0.1 M sodium acetate buffer, pH
4.8. After cooling, samples were incubated with ~60 units of amyloglucosidase from
Aspergillus niger (Sigma-Aldrich, St. Louis, MO) at 55°C for 3 hours. The extract was

analyzed colorimetrically for starch using a glucose-specific trinder reagent (Pointe

Scientific, Inc., Canton, MI). Absorbance was measured at 505 nm with a UV
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spectrophotometer (Lambda 20 scanning spectrophotometer, Perkin-Elmer, Waltham,

MA). TNC concentrations (mg g—I dry mass) for aggregated tissue samples were

calculated as the sum of glucose equivalent measures for soluble sugars and starch.
Lastly, mass-based N concentrations of aggregated tissue samples were assessed with dry
combustion gas-chromatography (NA 1500 elemental analyzer, Carlo-Erba, Milan, Italy)

for each species.

Parameter selection and calculations
A priori, | selected six morphological traits (leaf mass ratio, LMR; specific leaf area,
SLA; leaf area ratio, LAR; stem mass ratio, SMR; root mass ratio, RMR; specific root

area, SRA), two allocational traits (leaf partitioning ratio, LPR; root partitioning ratio,

RPR), five CO; exchange traits (leaf-level photosynthesis, A3gp; whole-plant
photosynthesis, A3gwp; leaf-level light compensation point, LCP. quantum yield, QY
whole-plant dark respiration rate, Ryp), and one physiochemical trait (whole-plant N

concentration, Nyp) to relate to TNCwp and RGR (described following and Table 2.1).

Traits chosen were ones that have been theoretically and empirically related to RGR
and/or TNC (Walters et al. 1993b, Reich et al. 1998b, Poorter 2001, Kobe et al.

unpublished manuscript). Hereafter, to simplify presentation, this group of traits, and

TNCwp and RGR will be referred to collectively as functional traits.
LMR (leaf mass/total plant mass, in g g_l), SMR (stem + petiole mass/total plant

mass, ing g ') and RMR (root mass/total plant mass, in g g_') were calculated for both
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harvest 1 and harvest 2 data. SLA (leaf area/leaf mass, in cm’ g-l) was determined on
plants harvested during CO; exchange measurements (between Harvests 1 and 2). These

values were used to calculate leaf area ratio (LAR; leaf area/total plant mass, in cm’ g_l).
for both harvest 1 and harvest 2 mass data as LMR x SLA = LAR. Similarly, root
surface area determined during gas exchange measurements was combined with biomass
data from this harvest to calculate SRA (root area/root mass, cm2 g_l).

In contrast to LMR and RMR, which are static descriptors of biomass fractions,
the allocational traits LPR and RPR ( leaf partitioning ratio, A leaf mass/A total plant
mass; root partitioning ratio, A root mass/A total plant mass, respectively, in %) capture
the dynamics of newly produced biomass fractions during defined growth intervals
(Poorter 2001). LPR and RPR were calculated for the harvest 1 to harvest 2 interval.
Since our harvest interval was from early August to late September, the negative LPR
values we calculated for eight of the 36 species likely resulted from the initiation of leaf
senescence in some angiosperm species or from the loss of cotyledons in conifer species.

In these cases, species with negative LPR values were assigned a LPR value of 0.
The leaf-level CO; gas exchange vs. PPFD relationships were within the linear

portion of the response curve (<2 to <50 PPFD), so they were fitted with least squares

simple linear regression (JMP 4.0, SAS Institute, Cary, North Carolina, USA). The
resulting species-level fits from these models (P < 0.0001, for all; R’ range = 0.869 —
0.992, see Appendix, Table A.1) were used to estimate photosynthesis at a PPFD of 30

-2 -1 . .
pmol m ~ s , alevel commonly observed in temperate forest understories (Weber et al.

1985, Sipe and Bazzaz 1995). Photosynthesis at 30 umol m s ' PPFD was expressed
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on both a leaf mass basis (A3o., nmol CO; (g leaf I) s'l) and a plant mass basis (A3owp,

nmol CO, (g whole-plant'l) s'l), where Awp30= A3oL X LMR). The slope of species-

level A-PPFD fits is the apparent quantum yield of photosynthesis (QY, unitless), and the

Y-intercept of this fit is the leaf-level light compensation point for photosynthesis (LCP,
PPFD at which net photosynthesis = 0). Since whole plant respiration rate (Rwp, in nmol
CO, g'l s_l) was measured on whole seedlings it was calculated from whole-plant CO,
exchange and dry mass data.

Average relative growth rate (RGR, mg g_l d—l) was calculated as: (/n[mean
biomass at harvest 2) — /n[mean germinant biomass])/days (Evans 1972), where days
ranged among species from 85-102. From TNC concentrations for leaves (TNC)eaf),
stems (TNCgem) and roots (TNC;qc), we calculated whole-plant TNC concentrations
(TNCwp) as: TNCwp = (TNCjear * LMR) + (TNCgtem * SMR) + (TNCioot X RMR).
Similarly, whole-plant N concentrations (Nwp) were calculated as: Nwp = (Njeaf X LMR)

+ (Nstem X SMR) + (N0t X RMR). Whole-plant TNC pool distribution (%) among

organs was calculated as: (organ-level TNC pool size/whole-plant TNC pool size) x 100.

Statistical analysis
All analyses were completed with JMP statistical software (SAS Institute, Cary, North

Carolina, USA). For all analyses, species means were considered experimental units.

Due to distribution characteristics all traits except RGR and TNCwp required Logo
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transformation to normalize distributions in order to satisfy the assumptions of least

squares methods.
Differences in functional traits, TNCwp, RGR and size between angiosperm and

gymnosperm groups were compared with t-tests (Table 2.1). Many of the plant traits
were related to mass at the time of measurement for both angiosperm and all species data
sets (Table 2.2), and, on average, gymnosperms seedlings were smaller than angiosperms
(Table 2.1). These factors led me to compare gymnosperm and angiosperm groups
normalized for mass by comparing partial P-values for taxonomic order (angiosperms,
gymnosperm) in models also including mass, and presenting least squares means adjusted
by mass. Based on the results of gymnosperm-angiosperm comparisons above (see Table
2.1 for results) subsequent analyses were conducted for three data sets, angiosperms (n =
28), gymnosperms (n = 8) and all data (n = 36). Data were also analyzed for Quercus
spp., the most well represented genus (# = 9). For the sake of brevity, analyses of groups
with limited sample sizes (gymnosperm and Quercus spp.) are only presented when they
provide unique insight to the overall analysis. To analyze differences in the distribution
of TNC between gymnosperms and angiosperms, ANOVA was used to evaluate TNC as
a function of order, organ type (leaves, stems, roots) and their interactions. For
significant nominal effects (P < 0.05), treatment means were compared with Tukey-
Kramer HSD for organ types within orders and Student’s t test for orders within organ

type.

TNCwp, RGR, plant sizes and plant trait interrelations were first examined with

Pearson correlations. Due to the potential influence of plant size on both TNCwp and

RGR (MacFarlane and Kobe 2006), the relationship between residual values for
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regressions of RGR and TNCwp vs. plant mass were generated for both all data and

angiosperm data sets. Both of these residuals and raw values of RGR and TNCyp were

correlated with plant traits. Correlations between these residuals and plant traits can be

interpreted as the correlation between TNCwp or RGR with the plant trait independent of

plant mass effects. I compared correlations of residuals for TNCwp and RGR vs. mass

for each harvest with plant traits, and patterns were similar among harvests (data not

shown). For further analyses with plant traits, I used the residuals of germinant mass

with RGR and the residuals of Harvest 2 mass for TNCyp. Justification for this

approach includes: (1) brevity, (2) residual RGR values are thus expressed as
independent of germinant mass and thus independent of seed size and size at the

beginning of the interval used to calculate RGR, and (3) Harvest 2 mass was the harvest
at which TNCwp was determined.

Based on the results of correlation analyses, I developed multiple regression
models of RGR and TNCwp using combinations of plant traits as predictors. Models

were developed by first including the strongest bivariate predictor, then adding the

variable with the second strongest bivariate predictor, and its interaction. If the added
variable and its predictor did not both improve the adjusted R’ and have a significant
partial P (at P < 0.10) then it was removed. This process was continued iteratively until
all plant traits were examined. Models were developed for RGR and TNCywp both with

and without mass (germinant harvest mass and harvest 2 mass, respectively) as the first

added predictor so as to provide the multiple regression equivalents of correlations with
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residuals of regressions of TNCwp and RGR with plant mass. In addition to multiple

regressions with RGR and TNCwp as predictor variables, I also developed multiple
regression models of RMR at harvest 2 with RMR at harvest 1 as the first added
predictor. I did this because RMR was overwhelmingly the best predictor of TNCwp

with no other trait contributing extra explained variance, and RMR increased between

harvest 1 and harvest 2. Thus, modeling increases in RMR as a function of plant traits

can provide additional insight on the contribution of plant traits to increases in TNCwp.

Results

Functional trait comparisons for ggmnosperms and angiosperms

Among the 18 traits measured (Table 2.1), germinant mass varied the most (2,874-fold)

and Nwp the least (two-fold). Reflecting the low light growth environment, RGR was

low overall but only one species Quercus phellos, had negative RGR. TNCyp varied 13-

fold across all species but varied less within angiosperm (five-fold) and gymnosperm

groups (two-fold) as the orders formed distinct groups (Student’s t-test) with
gymnosperms having 1/5 the TNCwp of angiosperms. Compared to angiosperms,
gymnosperms also had, on average, similar RGR, higher LMR and LPR, lower RMR and

RPR, lower SLA and a slightly lower LAR, slightly higher SRA, lower A3oL and slightly

lower A3owp, similar QY but higher LCP, higher Rwp and slightly higher Nwp.

However, gymnosperms had, on average, lower mass than angiosperms and several

functional traits varied strongly with mass (Tables 2.2, 2.3) such that differences in
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functional traits between angiosperms and gymnosperms could be driven by differences
in mass. Normalized by covariation in mass, the general differences (but often not the

magnitude of differences) between gymnosperms and angiosperms were preserved for

LMR, LPR, RMR, RPR, SLA, LAR, A3g., A3owp, LCP, and TNCwp. Particularly for

LAR and A3zowp. the magnitude of differences at a common mass were much greater than

for comparisons of raw data means between groups with angiosperms having much
greater values. Differences in direction and/or significance for gymnosperm vs.

angiosperm comparisons at a common mass as compared to raw data include: for

gymnosperms, lower RGR, lower SRA, modestly lower QY, and no difference in Ryp or

Nwp.

In a mixed model, plant order and plant organ (leaves, stems roots) had strong
interacting effects on TNC (P < 0.0001) revealing differences in TNC distribution among
organs between plant orders. For angiosperms, TNC concentrations ranked leaves <
stems < roots, whereas for gymnosperms TNC concentrations were much lower and did
not differ among organs (Figure 2.1a). Calculated as the product of organ-based TNC
concentrations and mass fractions, TNC pool partitioning differed between plant orders
for roots and leaves but not stems with angiosperms having a greater proportion of the
total TNC pool in roots (> 70% vs. 35%) and gymnosperms having a greater proportion

in leaves (> 50 % vs. ~7%) (Figure 2.1b).
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Interrelations of plant size, TNC;:p and RGR

Seedling mass right after germination at the beginning of the experiment (Germinant

mass) correlated strongly with mass (Final) approximately three months later at the end
of the experiment (Table 2.2), a pattern explained by large variation in germinant mass
combined with low RGR (Table 2.1) resulting from the low light environment in which

seedlings were grown. Across all species, RGR was strongly negatively related to mass,
especially germinant mass, and TNCwp was positively related to mass, especially final
mass which was when TNCwp was determined (Table 2.2, Figure 2.2a,b). However,

despite a generally strong relationship overall, angiosperms and gymnosperms had
different relationships with lower RGR for a given germinant mass for gymnosperms
(Table 2.1, Figure 2.2a). Despite these differences, RGR consistently declined with

germinant mass for angiosperms, gymnosperms and Quercus spp. (Figure 2.2a). For

TNCwp, the inclusion of gymnosperms (i.e., all species data) strengthened the positive
relationship between TNCywp and final mass, but this was due to low final mass for
gymnosperms as TNCwp was unrelated to final mass within the gymnosperm group

(Figure 2.2b). TNCwp was negatively related to RGR for the angiosperm group, but-the
relationship was weak and could have been driven by the combination of positive size-
TNCwp covariation and negative size-RGR covariation (Figure 2.2c). Furthermore,
TNCwp-RGR correlations were insignificant for gymnosperms and strongly positive for

Quercus spp. seedlings which varied little in size (Table 2.1, Figure 2.2c). To remove

plant size effects from the relationship between RGR and TNCwp_I correlated the
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residuals of the germinant mass—RGR relationship with TNCyp and found a positive

significant relationship for all data and a positive, but insignificant (P = 0.106)

relationship for angiosperms (Table 2.2, Figure 2.2d, inset).

Relationships of functional traits with size, RGR and TNCyp

Most functional traits were strongly related to seedling size (Table 2.3). Relationships
were generally a little stronger for final mass when most of the traits were measured than
for germinant mass, but overall relationships were similar, likely due to the strong
correlation between germinant mass and final mass (Table 2.2). Differences between
correlations for all data and angiosperms are due to fundamentally different interrelations
for some characteristics and/or differences in average mass between the two groups
(Table 2.1 and data not shown). For angiosperms, negative relationships with mass were
strong for morphological traits including biomass fraction traits (LMR, RMR), leaf

morphology (SLA), and especially surface area to mass ratios (LAR, SRA). They were

also negative for indices of metabolism including Nwp and Rwp and photosynthetic traits

(QY, LCP, A3oL, A3owp)

For all species, angiosperm and gymnosperm data sets, LAR was the single trait
most strongly related to RGR and the form of the relationship was similar for all groups
(Table 2.3, Figure 2.3a). SLA, a component of LAR, and SRA, like SLA and LAR a

measure of surface area per unit mass, were also closely and positively related to RGR
(and negatively related to mass). Whole plant photosynthetic rate (A3owp), a

physiological manifestation of LAR, was also strongly related to RGR (Table 2.3).
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For all species, angiosperm and gymnosperm data sets, RMR was the single trait
most strongly related to TNCwp and the positive relationship was consistent for all
groups (Table 2.3, Figure 2.4a). Many of the traits negatively related to size and
positively related to RGR were negatively related to TNCwp. Those traits that followed
this pattern for both angiosperm and all species groups included LMR, SMR, RMR,

SRA, RWP, and QY. LPR, RPR, and LCP were related to TNCyp, but unrelated to RGR

and more weakly related to mass than to TNCwp (Table 2.3, Figure 2.4b,c). Thus, lower
relative allocation to leaves, greater allocation to roots and maintaining positive
photosynthesis at lower PPFD contributed to higher TNCwp, but not to lower RGR. For

both angiosperm and all data groups, RGR independent of mass (i.e., the residuals of the
RGR vs. germinant mass relationship) correlated negatively with LPR and LCP and

positively with RPR (Table 2.3, Figure 2.3b,c). The only variable significantly correlated

with TNCwp independent of whole-plant mass effects on TNCwp was RMR (Table 2.3).

Thus, at any given size, species with greater RMR had greater TNCwp.

In multiple regressions, the only trait that contributed to explained variance in
RGR over and above LAR was SRA and this was only for the all data group (Table 2.4).
For models of RGR with germinant mass as the first term in the model (i.e., RGR
independent of size effects), SLA was most important additional predictor for the all
species data group and the addition of either LCP or LPR to SLA and germinant mass
explained additional variance in RGR. For angiosperms, SLA was unimportant. Instead,
LPR and LCP added to models already including germinant mass explained additional

variance in RGR. For both all data and angiosperm data groups, no functional trait
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explained variance in TNCwp over and above that explained by RMR. RMR increased

for all species from harvest 1 to harvest 2 (data not shown). Modeling harvest 2 RMR by

first including harvest 1 RMR as a predictor provides insight into the factors responsible
for increases in RMR (and thus TNCwep). The factors that increase RMR between
harvests 1 and 2 were generally the same that contributed to increased RGR independent
of mass; LPR and LCP. In addition, Rwp explained additional variance in harvest 2
RMR for the angiosperm group. Substituting RPR for LPR in models where LPR was
significant yielded similar, but slightly weaker results. Thus, TNCwp increases with
RMR, and RMR and RGR independent of mass increase with lower LCP and LPR, and

for angiosperm RMR, lower Ryp.

Discussion
Angiosperm and gymnosperm seedlings differed strongly in TNCwpand TNC

distribution among leaves, stems and roots. TNCwp was markedly higher in angiosperms
than gymnosperms, which is consistent with patterns found for root TNC concentrations
of four temperate species (Kobe 1997) and TNCwp of three cold-temperate species

(Machado and Reich 2006). Root systems dominated whole-plant TNC pools for
angiosperms due to a combination of high root TNC concentrations and high RMR. In
contrast, for gymnosperms a majority of the overall low whole-plant TNC pools were in
leaves due to high LMR, but not higher leaf TNC concentrations as concentrations were

similar among organs. Strikingly different TNC patterns for gymnosperms likely reflect
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two general differences between the species representing these groups; differences in leaf
habit, and differences in sprouting ability. Except for Larix laricina, gymnosperms were
all evergreen and all angiosperms were winter deciduous. Following complete leaf
senescence in the autumn and winter dormancy, angiosperms have to mobilize TNC
reserves from stems and roots early in the spring in order to initiate carbon gain through
new leaf production and subsequent photosynthesis (Teng et al. 1999). By contrast, the
existing evergreen needle cohorts of gymnosperms are able to support early growing
season photosynthetic carbon gain for later needle production obviating the need to store
large amounts of TNC to develop a canopy. In this study the higher LPR of
gymnosperms and the negative relationship between LPR and storage across all species
indicates that gymnosperms continue to develop a leaf canopy late in the growing season
at the expense of allocating carbon to TNC. Resprouting of lost aboveground stem tissue
is nearly ubiquitous among angiosperms but rare among gymnosperms (Del Tredici 2001,
Bond and Midgley 2003). Perhaps especially for angiosperms associated with
environments with a high probability of aboveground damage or death (e.g., fire prone
and herbivore modified ecosystems ), there may be a selective premium placed on TNC

storage, especially in roots, which would allow vigorous resprouting following

aboveground tissue loss. Similar TNCywp for winter deciduous Larix laricina and the

evergreen gymnosperms is somewhat surprising, given that this species must completely
replace its leaves on an annual basis, but it may reflect a low sprouting capacity which

has been reported for the congener Larix kaempferi (Shibuya et al. 2007).

In addition to differences in TNCwp between plant orders, differences in leaf

habit and related traits led to fundamentally different relationships between functional
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traits and RGR for gymnosperms and angiosperms. Gymnosperms had lower A3g and

SLA, but a higher LMR than angiosperms with the patterns in leaf traits consistent with

the leaf lifespan differences between these groups (Reich et al. 1999). This resulted in
gymnosperms having higher RGR at a given A3p. and SLA given their higher LMR and

vice versa. However, because LAR integrates SLA and LMR, LAR relationships with
RGR had the same form across groups. At a similar mass, despite two-fold greater LMR
for gymnosperms, SLA was > three-fold greater for angiosperms resulting in greater
LAR and RGR for angiosperms. Differences in LAR between similar sized first-year
seedlings of angiosperms and gymnosperms may dissipate as seedlings get older as
evergreen gymnosperms will continue to accrue new foliage cohorts while retaining at
least one older cohort (Reich et al. 1999), whereas angiosperms will not.

Across all species, LAR was the single trait most closely related to RGR, and in
combination, only SRA described additional variance in RGR. It should be noted that the
strength of the relationship between LAR and RGR could be artificially inflated due to a
statistical artifact because the same whole-plant mass values were used to calculate LAR
(X axis) and RGR (Y axis) (Prairie and Bird 1989, but see, Berges 1997). However, this
statistical difficulty does not invalidate the importance of this relationship because LAR

is one of the theoretical determinants of RGR (i.e., RGR = LAR x net assimilation rate,
Evans 1972). Whole-plant photosynthetic rate (A3zowp) a physiological manifestation of
LAR (Walters et al. 1993b, Kruger and Volin 2006), was also strongly related to RGR.
These functional traits and RGR were also among the most strongly negatively related to

mass. Collectively, the strong negative relationship between RGR and size can be

explained by the necessary decline in resource acquiring surfaces (root surface area and
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leaf area) as a proportion of total mass as structural and support tissue (and storage) in
stems, and higher order roots increases (Givnish 1988). It was not surprising that
variation in RGR independent of size effects (i.e., residuals of RGR vs. germinant mass)
was unrelated to the functional traits that were themselves strongly size dependent and
strongly related to raw RGR data as there was little residual variation in these traits
independent of mass. In other words, at any given mass, there was little variation in LAR
to explain variation in RGR at the same given mass. Instead, light compensation point
(LCP) and leaf and root partitioning ratios (LPR, RPR) which were unrelated to raw RGR
values and more weakly related to mass than many other functional traits, were the most

strongly related functional traits with RGR-mass residuals.

While I show that TNCwp is related to mass, it was the stronger relationship
between mass and RMR that drove this relationship, as RMR was the strongest single
variable related to TNCwp and the only trait that explained additional variation in
TNCwep over and above mass effects. Thus, bigger seedlings tended to have greater

fractions of total mass in roots and greater TNCwp, but RMR and TNCywp varied

independent of size. TNCwp, RMR and RGR independent of mass were all associated

with mostly the same set of carbon conservation traits (lower values for new leaf

production, light compensation points for photosynthesis and whole plant respiration).
This combined with the weak positive relationships between TNCwp and RGR

independent of mass (and the strong positive relationships within Quercus spp which

varied little in initial mass) suggests that for young tree seedlings in low light; (1) growth

independent of mass and TNCwp are positively related, (2) carbon conservation traits

57



lead to greater growth independent of mass and TNCwp, (3) these carbon conservation

traits are not the same ones driving growth in high light (Walters et al. 1993b, Kruger and
Volin 2006) and/or driving growth when differences in initial mass are not taken into

account. Thus, seedlings with high storage capacity (i.e., large germinant size, high
TNCwp) were still “growing” and accumulating biomass, but newly acquired

photosynthates were preferentially allocated to TNC in stems and roots, instead of to

growth-related structural components (e.g., leaves). The particular relationships I found
among TNCwp, RGR and functional traits might be restricted to low light environments

like the one I used (mean = 2.81 % canopy openness). Traits such as LAR have been
shown to have a diminishing effect on growth as light decreases which might result in the
increased importance of other traits to RGR (Walters and Reich 1999, Portsmuth and
Niinemets 2007). However, even in my low light environment, when initial mass was
unaccounted for, LAR was the single most important driver of RGR. Furthermore, these
results suggest that indeterminate (i.e., continuous production of leaves, high LPR) vs.
determinate growth patterns (low or zero LPR values later in the growing season) may
distinguish species that store a little vs. a lot of TNC (Kays and Canham 1991, Kobe
1997, but see Canham et al. 1999).

A strikingly strong general result of this study is the predominant influence that
seed size has on plant characteristics. While some of these relations may represent
necessary allometric constraints (e.g., biomass fractions) it is also possible that strong
relationships between functional traits and seed mass represent selection for combinations
of traits including seed size that confer greater fitness in a given set of environmental

conditions (Wright and Westoby 1999, Reich et al. 2003b). For example, large seed mass
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was associated with large seedlings, with greater RMR, lower LAR and growth rates and
higher TNCywp. Attaining a large stature as a juvenile tree is a function of initial

germinant size and growth rates and growth rate and seed size are often inversely related
(Walters and Reich 2000, Green and Juniper 2004, this study). Yet, after nearly three
months of growth, final mass was strongly related to germinant mass (and seed mass),
with very similar rankings among species (Spearman’s p = 0.97, data not shown). In
another study (Chapter 3), large seeded species had larger seedlings even after over two
years of growth independent of resources and that these seedlings have deeper roots and
during drought have greater access to water and greater survival. Other studies show
increased representation of large seeded species as aridity increases (Wright and Westoby
1999). Thus, the combination of traits large seedlings have may confer greater survival
under low resource conditions and thus may be under similar selection pressure rather
than merely being allometrically constrained.

My results may help to reconcile some of the equivocal data on TNC—plant size
relations that have been reported in previous studies. The positive TNCyp—germinant
mass (and final mass) relationship I found contrasts with Myers and Kitajima (2007),

who found that across a more limited number of species (n = 7) TNC concentrations and

pool sizes in stems and roots were not correlated with seed mass for tropical tree
seedlings. The positive TNCwp—germinant mass association in our study may provide an

explanation for the positive relationship between seed size and early seedling survival
(Walters and Reich 2000), as it has been hypothesized that over the short term storage
reserves from large seeds could be mobilized to sustain metabolic activity and may

replace tissues that are lost to herbivores or pathogens (Leishman and Westoby 1994,
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Green and Juniper 2004). However, this is merely speculation as I did not determine
TNCwep for young germinants and TNCyp was more a function of RMR than mass.
Within a narrow light range (2-5% of open sky), Lusk and Piper (2007), found that
TNCwp in large seedlings (400—600mm) was higher (22% of dry mass) than those of

small seedlings (40-60mm, 14% of dry mass) of six broad-leaved evergreen species, but

this difference was driven by light demanding taxa (Aristotelia chilensis, Northofagus

dombeyi, Eucryphia corditolia). Based on the positive association between TNCyp and

growth rates in our study, it is probable that the light demanding species in Lusk and
Piper (2007) had higher growth rates, which over time led to the accumulation of more
TNC in larger seedlings. In a complementary study with some overlapping species and
similar growing conditions (2-5% of open sky), Lusk (2004) found that two of the more
light demanding species (Aristotelia chilensis and Eucryphia corditolia) sustained higher
growth rates than species with higher shade tolerance early in ontogeny, but this pattern
reversed in later stages of ontogeny (i.e., size x species interaction). A model of
carbohydrate allocation predicts that small plant size is an outcome of allocation to TNC
(Kobe, 1997) and Machado and Reich (2006) found that whole-plant and tissue-level
TNC concentrations generally decreased with increasing size within three cold-temperate
sapling species. However, in Machado and Reich (2006), plant mass was associated with
age and saplings varied widely in age (range = 6—24 years), which may partly explain the

negative relationship between TNCwep and plant mass. Unlike TNCwp, mass-based

whole-plant and tissue-level respiration rates increased with plant size/age, presumably

due to higher costs of protein turnover in older saplings (Machado and Reich 2006).
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Therefore, it is possible that larger saplings in this experiment actually allocate similar or
higher amounts of photosynthates to TNC, but higher respiration rates may ultimately
reduce TNC concentrations.

Collectively, our observations along with empirical data from other studies imply
that there is a trade-off between high storage capacity (and associated carbon
conservation traits) and allocation of carbohydrates to structural components for the
interception of light (i.e., leaves). It is hypothesized then that allocation to TNC enhances
survival in stressful environments but likely compromises growth capacity and thus
competitive ability in high resource environments. The evaluation of the TNC-survival
versus growth capacity trade-off requires one important caveat and that is I did not
explicitly examine this life history trade-off because I did not measure growth rates
and/or competitive ability in a comparable high light treatment. However, I did find a

positive relationship between survival (over the three months of the experiment) and
TNCwep (Figure 2.5) thereby providing additional support for the positive interrelations

between growth-survival and carbon conservation traits in low light environments.
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Table 2.1 Summary of seedling characteristics for angiosperm and gymnosperm species.

seed mass  final mass RGR LMR SMR
-1 -1 -1 -1 -1 -1
(mg) (mg) (mgg d) (g g) (g8 g)
Angiosperms
Acer negundo 21.5 174.5 20.3 0.25 0.36
Acer rubrum 5.5 127.8 31.1 0.33 0.28
Acer saccharinum 73.9 1067.9 25.2 0.25 0.35
Acer saccharum 45.7 498.6 23.7 0.25 0.21
Aesculus glabra 2796.6 34194 2.0 0.11 0.15
Aesculus hippocastanum 4023.7 5301.0 2.6 0.17 0.26
Ailanthus altissima 12.1 121.6 229 0.27 0.21
Alnus incana 23 26.0 25.1 0.40 0.33
Carya tomentosa 1435.1 1689.0 1.6 0.23 0.08
Catalpa speciosa 13.7 271.7 30.1 0.30 0.30
Cornus amomum 6.0 96.5 28.0 0.29 0.27
Cornus sericea 42 81.2 30.6 0.33 0.21
Gleditsia triacanthos 96.6 754.9 19.4 0.20 0.35
Juglans cineraea 1285.1 45923 12.6 0.20 0.31
Lindera benzoin 43.6 380.0 21.6 0.27 0.13
Platanus occidentalis 1.8 19.6 24.7 0.48 0.25
Quercus alba 557.0 1126.3 6.6 0.21 0.11
Quercus bicolor 21134 2776.9 29 0.27 0.20
Quercus coccinea 1079.9 2088.3 6.5 0.31 0.12
Quercus macrocarpa 732.5 1302.3 5.8 0.28 0.11
Quercus phellos 491.4 489.7 0.0 0.33 0.20
Quercus prinus 1906.9 2203.6 1.4 033 0.13
Quercus robur 880.8 1138.0 2.6 0.20 0.11
Quercus rubra 1863.1 2184.1 1.6 0.31 0.16
Quercus velutina 1327.9 1894.2 3.6 034 0.13
Rhus typhina 6.8 74.8 242 0.33 0.31
Robinia pseudoacacia 27.7 136.6 15.8 0.25 0.34
Ulmus americana 10.1 84.0 21.0 0.36 0.25
Mean 111.6 492.2 14.8 0.27 0.20
LS mean (for mass) 17.1 0.29 0.22
Gymnosperms
Abies amabilis 20.4 39.3 6.5 0.49 0.20
Abies concolor 13.1 425 11.8 0.53 0.21
Larix laricina 1.6 13.2 21.5 0.55 0.25
Picea stichensis 1.4 9.0 18.6 0.48 0.29
Pinus nigra 13.3 59.2 15.0 0.52 0.22
Pinus ponderosa 25.0 84.1 12.1 0.57 0.22
Pinus strobus 8.7 31.6 12.9 0.58 0.25
Pseudotsuga menciesii 7.5 29.4 14.1 0.53 0.21
Mean 7.8 31.3 14.0 0.53 0.23
LS mean (for mass) 5.8 0.42 0.18
P, t-test 0.007 <0.001 0.86 <0.001 0.458
Partial P, model incl. mass <0.001 0.001 0.268
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Table 2.1 (cont’d).

RMR LPR  RPR SLA LAR SRA
-1 -1 2 -1 2 -1 2 -1
(8 8) (%) (%) (cmg) (mg) (cm g )
Angiosperms
Acer negundo 0.39 0.0 101.5 431.6 148.4 567.6
Acer rubrum 0.38 9.1 50.0 365.4 154.8 373.2
Acer saccharinum 0.40 12.0 516 440.0 1379 286.2
Acer saccharum 0.54 9.5 699 368.4 124.0 326.8
Aesculus glabra 0.74 0.0 100.3 3474 355 513
Aesculus hippocastanum 0.57 13.1  65.1 256.6 41.7 116.6
Ailanthus altissima 0.52 9.2 80.8 657.5 193.4 4223
Alnus incana 0.27 20.7 285 554.9 228.1 711.2
Carya tomentosa 0.70 0.0 0.0 376.5 91.3 100.2
Catalpa speciosa 0.40 00 670 589.5 206.8 450.7
Cornus amomum 0.44 0.0 60.7 5154 191.6 460.8
Cornus sericea 0.45 16.0 56.5 446.7 159.1 380.4
Gleditsia triacanthos 0.45 10.0 544 4144 82.2 194.6
Juglans cineraea 0.50 0.0 241.0 542.6 138.2 98.7
Lindera benzoin 0.59 169 71.7 5254 164.2 409.0
Platanus occidentalis 0.28 40.2 29.8 575.7 347.0 834.9
Quercus alba 0.69 170 735 273.5 55.2 75.7
Quercus bicolor 0.54 162 654 2749 78.8 172.7
Quercus coccinea 0.57 183 732 253.2 80.5 106.3
Quercus macrocarpa 0.62 19.1  72.1 299.1 82.0 161.2
Quercus phellos 0.47 26.5 59.2 259.2 117.7 317.7
Quercus prinus 0.53 229 63.0 2304 56.6 128.7
Quercus robur 0.68 3.6 89.2 230.8 58.3 185.0
Quercus rubra 0.53 1.7 65.5 291.7 95.9 169.9
Quercus velutina 0.53 228 654 2394 77.9 1394
Rhus typhina 0.36 254 417 740.2 3189 790.8
Robinia pseudoacacia 0.40 00 584 540.9 307.2 405.6
Ulmus americana 0.39 34.2 0.0 389.3 116.6 342.2
Mean 0.48 140 66.3 385.0 117.5 245.3
LS mean (for mass) 045 --e-mem- — 423.0 141.2 313.3
Gymnosperms
Abies amabilis 0.32 312 644 137.7 62.1 420.2
Abies concolor 0.26 60.5 0.0 150.2 81.1 475.1
Larix laricina 0.20 455 282 316.2 154.1 636.6
Picea stichensis 0.23 474 280 195.5 96.7 398.7
Pinus nigra 0.26 0.0 903 149.8 90.6 454.5
Pinus ponderosa 0.21 63.8 4.8 178.7 94.1 376.6
Pinus strobus 0.17 592 213 150.1 101.8 428.6
Pseudotsuga menziesii 0.26 41.0 34.1 194 4 1144 467.1
Mean 0.23 44.0 339 178.0 96.4 451.8
LS mean (for mass) 030 -mecoomm e 129.0 50.8 192.3
P, t-test <0.001 <0.001 0.049 <0.001 0.037 0.031
Partial P, model incl. mass <0.001  -----—- 0.799 <0.001 <0.001 <0.0001
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Table 2.1 (cont’d).

A3oL A30wPp LCP QY
(nmol g ! S I) (nmol g ! s l) (umol m 2 s l) (unitless)
Angiosperms
Acer negundo 42.0 15.1 10.2 0.072
Acer rubrum 36.0 17.3 73 0.062
Acer saccharinum 38.5 13.2 5.5 0.049
Acer saccharum 56.6 22.5 33 0.091
Aesculus glabra 28.8 4.0 6.0 0.042
Aesculus hippocastanum 304 5.8 4.1 0.05
Ailanthus altissima 79.3 26.5 9.8 0.073
Alnus incana 64.5 349 10.3 0.079
Carya tomentosa 52.6 10.6 4.6 0.049
Catalpa speciosa 69.5 294 5.8 0.069
Cornus amomum 53.1 223 6.8 0.064
Cornus sericea 68.8 29.3 8.9 0.093
Gleditsia triacanthos 315 9.3 83 0.052
Juglans cineraea 29.9 9.8 7.4 0.040
Lindera benzoin 57.5 20.1 29 0.052
Platanus occidentalis 79.3 44.5 11.6 0.088
Quercus alba 239 6.1 7.0 0.046
Quercus bicolor 27.4 9.9 4.5 0.053
Quercus coccinea 24.9 94 6.4 0.051
Quercus macrocarpa 28.9 10.6 5.6 0.053
Quercus phellos 27.8 8.8 82 0.047
Quercus prinus 27.7 10.2 7.4 0.058
Quercus robur 18.2 5.1 7.6 0.048
Quercus rubra 29.5 12.4 6.8 0.060
Quercus velutina 29.2 12.0 4.6 0.058
Rhus typhina 94.4 452 9.6 0.091
Robinia pseudoacacia 36.7 16.1 114 0.063
Ulmus americana 65.0 24.9 9.1 0.086
Mean 40.6 14.2 6.8 0.060
LS mean (for mass) 47.0 17.7 7.3 0.064
Gymnosperms
Abies amabilis 21.8 114 9.9 0.084
Abies concolor 23.0 12.0 124 0.085
Larix laricina 273 17.1 15.0 0.065
Picea stichensis 26.5 12.8 11.0 0.072
Pinus nigra 7.5 49 20.2 0.063
Pinus ponderosa 4.0 2.3 25.7 0.051
Pinus strobus 23.5 13.9 10.7 0.082
Pseudotsuga menziesii 12.0 6.9 17.2 0.052
Mean 15.3 8.6 14.5 0.068
LS mean (for mass) 9.2 4.0 11.4 0.053
P, t-test <0.001 0.0642 <0.001 0.203
Partial P, model incl. mass <0.001 <0.001 0.01 0.021




Table 2.1 (cont’d).

RWFI’ , NWPI TNCW]P
(nmolg s ) (mgg ) (mgg )
Angiosperms
Acer negundo 16.6 26.1 121.1
Acer rubrum 10.6 239 129.5
Acer saccharinum 7.7 15.4 118.2
Acer saccharum 4.0 20.6 192.8
Aesculus glabra 3.5 28.3 180.7
Aesculus hippocastanum 4.6 16.4 147.1
Ailanthus altissima 5.6 24.3 1303
Alnus incana 19.5 29.7 52.0
Carya tomentosa 49 27.0 163.9
Catalpa speciosa 9.8 19.8 94.5
Cornus amomum 12.3 18.2 103.9
Cornus sericea 13.9 20.4 1323
Gleditsia triacanthos 53 22.6 125.3
Juglans cineraea 84 20.3 177.8
Lindera benzoin 84 21.7 165.8
Platanus occidentalis 18.7 28.3 55.7
Quercus alba 35 16.9 2453
Quercus bicolor 5.9 14.9 112.6
Quercus coccinea 42 14.5 161.8
Quercus macrocarpa 4.6 16.5 169.7
Quercus phellos 4.8 15.0 114.1
Quercus prinus 6.8 18.0 138.2
Quercus robur 44 18.4 1133
Quercus rubra 5.6 15.7 107.0
Quercus velutina 43 15.7 157.6
Rhus typhina 23.7 23.3 110.4
Robinia pseudoacacia 15.6 315 122.1
Ulmus americana 12.6 249 81.2
Mean 7.5 204 133.3
LS mean (for mass) 8.8 214 124.0
Gymnosperms
Abies amabilis 14.4 26.4 37.1
Abies concolor 15.0 23.0 20.3
Larix laricina 18.0 229 26.0
Picea stichensis 9.7 21.3 38.2
Pinus nigra 33.0 29.3 20.0
Pinus ponderosa 16.7 30.3 19.5
Pinus strobus 114 28.0 18.8
Pseudotsuga menziesii 19.3 26.7 25.5
Mean 16.1 25.8 25.7
LS mean (for mass) 9.2 21.9 57.0
P, t-test 0.001 0.012 <0.001
Partial P, model incl. mass 0.84 0.788 <0.001

65



Table 2.2. Correlation matrices for germinant mass, final mass, relative growth rate
(RGR), residuals of RGR vs. germinant mass, whole-plant total non-structural

carbohydrates (TNCwp) and residuals of TNCwp vs. final mass. The top number is the

correlation coefficient for angiosperms only and the bottom number represents the
coefficient for all species. * P <0.05, ** P <0.01, *** P < 0.0001.

Germinant
mass
0.96*** Final Angiosperms
0.95%** mass All species
-0.92%** | -0.77*** RGR
-0.81*** | -0.58***
0.00 0.28 0.39* Resid. RGR
0.00 0.32* 0.58*** VS. germ mass
0.54** 0.61*** | -0.38* 0.31 TNCwp
0.64*** 0.77*** | -0.21 0.53*%*+*
-0.05 0.00 0.12 0.18 0.79*** Res. TNCwp
-0.15 0.00 0.37* 0.44** 0.64*** | s final mass
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Table 2.3. Correlation statistics for interrelationships between plant functional traits and
germinant mass, final mass, relative growth rate (RGR), residuals of RGR vs. germinant

mass, whole-plant total non-structural carbohydrates (TNCwp) and residuals of TNCwp
vs. final mass. The top number is the correlation coefficient for angiosperms only and
the bottom number represents the coefficient for all species. * P < 0.05, ** P < 0.01, ***

P <0.0001.
Initial Final mass RGR Residuals Residuals
TNCwp
mass RGR vs Mass TNCwp vs Mass
LMR All -0.72%** () 78*** 0.44** -0.24 -0.83*** .0.35*
Ang -0.56** -0.64*** 0.58** -0.08 -0.58***  -0.24
SMR All -0.59%**  .0.46** 0.64***  0.29 -0.43** -0.11
Ang -0.59***  .0.48** 0.65*** 0.27 -0.54** -0.31
RMR All 0.76***  (.84*** -0.47** -0.25 0.90***  (0.38*
Ang 0.79***  (.78*%** -0.73***  _0.11 0.77***  0.37*
LPR  All -0.39* -0.56%** -0.03 -0.59%** -0.64***  .0.32
Ang -0.17 -0.30 -0.02 -0.45* -0.29 -0.14
RPR  All 041* 0.50** -0.13 0.35* 0.48** 0.15
Ang 0.34 0.44* -0.15 0.41* 0.40* 0.18
SLA All -0.17 0.07 0.57%*%  (.74%** 0.40* 0.54%%*
Ang -0.76***  -0.68*** 0.77***  0.19 -0.36 0.07
LAR All -0.62***  .(0.52** 0.80***  0.36* -0.21 0.30
Ang -0.84%**  _(.82*** 0.82***  0.08 -0.55%* -0.05
SRA All -0.89***  _0.86*** 0.69***  0.00 -0.69***  .0.13
Ang -0.89***  _(.89*** 0.77***  .0.14 -0.70***  -0.19
AL All -0.20 0.00 0.48** 0.55%** 0.35* 0.56***
-0.80 -0.76*** 0.75***  0.03 -0.43* 0.05
Ang
Asowp All -0.67***  -0.40* 0.68***  (0.40* 0.11 0.42*
-0.87 -0.84*** 0.80***  -0.01 -0.56** -0.05
Ang
LCP  All -0.56***  .0.69*** 0.16 -0.49** -0.75%**  -0.35*
Ang -0.50** -0.58** 0.27 -0.46* -0.58** -0.20
QY All -0.71%**  _0.69%** 0.55***  0.04 -0.45** 0.14
Ang -0.78*** (. 79%** 0.66***  -0.14 -0.50** -0.02
Rwp Al -0.78*%*  -(0.79%** 0.54***  .0.16 -0.75%**  -0.21
-0.80***  -0.80*** 0.69***  .0.11 -0.67*** .0.24
Ang
Nwp  All -0.54***  .(0.50%** 0.29 -0.26 -0.48** -0.04
-0.53** -0.58** 0.39* -0.26 -0.29 0.09
Ang
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Table 2.4. Multiple regression models of relative growth rate, relative growth rate with

initial mass as a covariate, whole-plant total non-structural carbohydrates, and root mass
ratio. Models were developed by first including the strongest bivariate predictor (Table

2.1), then adding the variable with the second strongest bivariate predictor, and its

interaction. Additional variables were left in the model if adjusted R™ values and Pratt
indices indicated that their inclusion explained additional variance in the predicted term.

Predicted Predictor | Standard. b | Pvalue |F M.S. | Agj. R
All data
RGR LAR e <0.0001 | 60.3 2208 | 0.63
RGR LAR 0.605 <0.0001 | 36.3 1186 | 0.67
SRA 0292 0.0300
RGR Germ. mass | -—----- <0.0001 | 65.45 0.65
RGR Germ. mass | -0.737 <0.0001 |93.48 | 1468 | 0.84
SLA 0.444 <0.0001
RGR Germ. mass | -0.874 <0.0001 | 74.6 1007 | 0.86
SLA 0.355 <0.0001
LCP -0.218 0.0165
RGR Germ. mass | -0.826 <0.0001 69.5 998 0.85
SLA 0.337 0.0003
LPR -0.182 0.0520
TNCwp RMRsept |~ <0.0001 | 139 94885 | 0.80
RMRsept RMRAug S <0.0001 | 316 0.903 | 0.90
0.809 <0.0001 | 277 0473 | 094
RMR
Sept RMRAwg | 9250 <0.0001
LPR
0.720 <0.0001 |[239.00 [ 0.319 | 095
RMR RMR
Sept LPR Aug | 9230 <0.0001
LCP -0.150 0.0076
Angiosperms
RGR LAR S <0.0001 | 532 2221 | 0.66
RGR Germ. mass | ------- <0.0001 147.1 2809 0.84
RGR Germ. mass | -1.030 <0.0001 | 1014 | 1472 [0.88
LCP -0.230 0.0055
RGR Germ. mass | -0.953 <0.0001 |93.14 | 1457 [087
LPR -0.181 0.0156
Germ. mass | -1.050 <0.0001 87.07 1009 091
LCP -0212 0.0046
TNCwp RMRsept | = <0.0001 |[38.07 |27313 | 0.8
RMRsept RMRA g <0.0001 | 135 0.28 0.83
0.880 <0.0001 87 0.146 | 0.86
RMR RMR
Sept Aug | 0190 0.0132
LPR
0.625 <0.0001 | 88 0.102 [ 091
RMR RMR
Sept LPR Aug | 0180 0.0062
-0.110 0.0019
Rwp
RMRsept RMRAug (()).:I;Lg <8.8m 66 0.099 | 0.88
LPR 0.110 0.0630
LCP e :
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Figure 2.1. Box plots of tissue-level (Lf = leaves, St = stem, Rt = roots) non-structural
carbohydrate concentrations of Angiosperms (n = 28) and Gymnosperm (n = 8) species
(a). Lower and upper ends of the boxes represent the 25™ and 75" percentile, lower and

upper whiskers represent the 10" and 90" percentile and the horizontal lines within the
boxes represent the median. Tissue-level TNC concentration means that do not share a
common letter are significantly different (P < 0.05, Tukey-Kramer HSD). Total non-
structural carbohydrate (TNC) partitioning for angiosperms and gymnosperms (b).
Significant t-test statistics (* P < 0.0001) indicate differences between plant orders
(angiosperms, gymnosperms). In TNC partitioning to specific organs (leaves, stems,
roots). Results of ANOVA for TNC as a function of order, organ (leaves, stems, roots)
and their interactions are indicated as: *** P <0.0001.
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Figure 2.2. Relationships between relative growth rate and germinant mass (a), total non-
structural carbohydrates and final mass (b), total non-structural carbohydrates and relative
growth rate (c), and total non-structural carbohydrates and the residuals of the regression
of relative growth rate vs. germinant mass (d). The inset on (d) is for the residuals of the
regression of relative growth rate vs. germinant mass for angiosperms only and has the
same axis scales as the larger figure panel. In the larger panels, solid lines are regression
fits of all data, and hatched lines are for angiosperms, and in (a) and (c) for Quercus spp.
Correlation statistics for these relationships are in Table 2.2.
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Figure 2.3. Relative growth rate vs. leaf area ratio (a), and residuals of the regression of
relative growth rate vs. germinant mass vs.leaf partitioning ratio (b), and vs. leaf light
compensation point (c). Corresponding correlation statistics are in Table 2.3. See Figure
2.2 legends for other details.
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Figure 2.5. Seedling survival vs. the residuals of the regression of relative growth rate vs.
germinant mass for all data (larger panel) and of seedling survival vs. the residuals of the
regression of relative growth rate vs. germinant mass for angiosperms for the inset panel.
Fits are for all data (larger panel) and angiosperms only (inset). Pearson correlations are
r=0.52, P =0.001 for all data and r = 0.55, P = 0.002 for angiosperms.
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CHAPTER 3

ASSOCIATION OF MORPHOLOGICAL AND PHYSIOLOGICAL TRAITS
WITH NORTHERN TEMPERATE TREE SPECIES LANDFORM AFFINITY

ABSTRACT
Greater water use efficiency (WUE) and access to water (W,ccess) may be two general

adaptive mechanisms to low soil water availability. Contrasting glacial landforms with
differences in water holding capacity (outwash-low, ice contact-moderate, moraine-high),
and dominant vegetation, in northwestern lower Michigan provide an ideal system to
develop a mechanistic understanding of the association between plant traits and plant
performance. First-year seedlings of eight tree species (in order of increasing site
moisture affinity, (Quercus velutina, Quercus alba, Quercus rubra, Prunus serotina,
Acer rubrum, Acer saccharum, Fraxinus americana, Betula alleghaniensis)) were
transplanted across these landforms. In their third year, leaf gas-exchange and soil
moisture were measured monthly, and seedlings were completely excavated early-
summer and fall to obtain growth, size and morphological characteristics. 2002 had a dry
growing season with July-September precipitation of 11.2 mm vs. a 30-year average of

31.8 cm. Soil moisture decreased from moraine to outwash sites and all sites were lowest
in July. The ability to maintain positive photosynthetic rates (i.e., Waccess) and high
photosynthesis per unit water loss (i.e., WUE) during drought enhanced seedling survival.
Across species, increased Waccess Was realized via deeper rooting which was positively
related to seed and seedling size. Interspecific variation in WUE was positively related to

area-based leaf N (leaf Nyrea). Quercus spp, which were generally the most xeric adapted

of the species, had greater leaf Ngrea, root depth, seed and seedling size and survival on
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all sites. Conversely, more mesic-associated species had lower survival, but had the
highest values of traits related to surface area for resource capture and growth potential
under optimal resource conditions, especially on the most mesic sites. Thus, these
contrasting suites of traits may partly underlie interspecific differences in growth and
survival responses, which likely contribute to the observed species distribution patterns

across glacial landforms in northwestern Michigan.
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Introduction

Composition of temperate forest communities depends on the species-specific responses
of individual trees, particularly seedlings and saplings, to spatial and temporal variation
in resource availability (Kobe 1996, Pacala et al. 1996). To date, most studies examining
interspecific variation in plant growth and survival in relation to natural and experimental
resource variation have mostly focused on nitrogen and light (Kobe et al. 1995, Canham
et al. 1996, Walters and Reich 1997, Carlton and Bazzaz 1998, Fahey et al. 1998, Finzi
and Canham 2000, Walters and Reich 2000). In contrast, much less is known about
water despite the fact that tree species distribution patterns are associated with regional
rainfall gradients (Swaine 1996, Bongers et al. 1999, Wang et al. 2006), regional
variation in potential evpotranspiration (Gholz 1982) and species-specific differences in
drought sensitivity (Engelbrecht et al. 2007). Species-specific variation in young
seedlings’ sensitivity to water deficits may function as an important ecological filter by
controlling species composition via mortality (Haeussler et al. 1995). For example, soil
water availability is an important limiting resource to juvenile tree growth and survival
(Coomes and Grubb 2000, Tanner and Barberis 2007) and species vary markedly in these
responses (Caspersen and Kobe 2001, Sack 2004, Engelbrecht et al. 2005, Kobe 2006, de
Gouvenain et al. 2007). Suites of plant traits likely underlie these responses; however,
our understanding of the physiological mechanisms and associated plant traits that govern
plant performance across gradients of soil water availability is limited.

Two general mechanisms thought to underlie adaptations to low water availability

are greater efficiency in using water to produce biomass (WUE) and enhanced access to

water (Waecess). Greater WUE occurs primarily by maximizing photosynthetic gain per

76



unit water lost through transpiration, especially in extreme xeric environments (Cowan

and Farquhar 1977, Cowan 1986). Evidence for WUE as an adaptation to soil water
deficits remains equivocal. Based on interpretation of carbon isotope ratios (|3C :‘ZC),

WUE has been found to be greater in xeric than mesic habitats in some studies
(Gurevitch et al. 1986, Ehleringer and Cooper 1988, Dudley 1996), but not others
(Schulze et al. 1996, Schulze et al. 1998). For seedlings of four temperate tree species,
using instantaneous gas-exchange measurements as an index of WUE (i.e.,
photosynthesis/stomatal conductance to water vapor), Ni and Pallardy (1991) found no
clear trend towards increased WUE for more xeric species. Higher WUE has been found
for wheat cultivars adapted to drought prone habitats (VandenBoogaard and Villar 1998).
However, an annual crop completes its life cycle in a single season, placing a selective
premium on rapid growth. Rapid growth is characterized by high leaf nitrogen, and high

photosynthetic rates (Reich et al. 1998a, Reich et al. 1998b), resulting in greater WUE
mostly as a consequence of higher photosynthetic rates drawing down intercellular CO;
concentration rather than stomatal regulation minimizing water loss (Field et al. 1983).
Furthermore, higher WUE via lower stomatal conductance could increase soil water

availability to competing plants, depending on how transpiration is manifested on a

whole-plant basis (Cohen 1970) and several studies demonstrated that the preemption of

water (i.e., presumably through greater Waccess) is more important than WUE to growth

and survival in drought-prone environments (Bunce et al. 1977, Delucia et al. 1988,
Delucia and Heckathorn 1989, Royce and Barbour 2001). Thus, empirical evidence

suggests that high WUE may not be a fundamental component of drought adaptation.
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Reich and Hinckley (1989) showed that greater Wccess, as evidenced by higher
pre-dawn leaf water potential, was highly correlated with daily maximum leaf
conductance and presumably photosynthesis. Thus, greater Wyccess may sustain

photosynthesis during drought events. Similar to the positive association between sapling

survival and photosynthetic rates under waterlogged conditions (Pennington and Walters

2006), the maintenance of positive carbon balance via enhanced Wyccess could increase

seedling survival during prolonged water deficits. Greater Wcess may be realized by

attaining a large size and/or through increased proportional allocation of mass to roots
(root mass ratio, RMR), surface area (Givnish 1986, VandenBoogaard and Villar 1998)
or rooting depth (Nepstad et al. 1994, Canadell et al. 1996, Jackson et al. 1996, Schulze et
al. 1996, Jackson et al. 1999). Since water availability typically increases with soil depth
during extended dry periods (Landsberg 1986), deep roots are likely the primary location
of water uptake. Variation in root depth may be related to species differences in seed size
(Kohyama and Grubb 1994, Guerrero-Campo and Fitter 2001) or species associated with
xeric environments may produce deeper tap-roots for a given investment in root mass
(Yamada et al. 2005). Although there is evidence of greater rooting depth in extreme
environments (Canadell et al. 1996) and modest increases in root mass allocation in
response to water limitation (Poorter and Nagel 2000), information on rooting depth
patterns and root morphology of species grown together across soil moisture gradients
under realistic field conditions is scant. However, one recent study showed that variation
in rooting depth among first-year seedlings of five Mediterranean woody species growing

in a common garden were strongly related to survival during a prolonged drought event
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(Padilla and Pugnaire 2007). This finding suggests that rooting depth is an important
species-level trait with potential consequences for seedling establishment in dry

environments and community dynamics across gradients of soil water availability.

Traits potentially enhancing young seedling survival on drought-prone sites (e.g.,
greater proportional mass allocation to roots, deep roots, and conservative water use) may
'compromise growth potential, and thus competitive ability, when water is predictably
plentiful. For example, increased allocation of biomass to root systems and/or the
production of deep rooted large diameter “taproots” may occur at the expense of
allocation to resource harvesting structures (e.g., proportional allocation of mass to leaf
and root area), which contribute to high growth capacities under optimal resource
conditions (Reich et al. 1998a, Poorter 1999, Walters and Reich 2000, Comas et al.
2002). Therefore, traits that confer survival during episodic drought events may occur at
a trade-off with traits enhancing growth potential when soil water is plentiful.
Quantifying the interrelationships of plant performance and specific plant traits during
drought events will contribute significantly to the efforts to understand current species
distribution patterns and aid in predicting the future outcome of climate change (e.g.,

altered precipitation regimes IPCC 2001) on landscape-level forest composition patterns.

Striking differences among dominant forest communities are apparent among
contrasting glacially derived landforms in northern lower Michigan that differ in soil
texture (Host et al. 1988), nitrogen availability (Zak et al. 1989) and calcium availability
(Schreeg et al. 2005). For example, slow-growing oak-dominated stands on low-fertility
drought-prone outwash plains are adjacent to productive mesic hardwood forests on high

fertility, mesic moraines (Table 3.1). This landscape provides an ideal model system to
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develop a more complete mechanistic understanding of the plant traits that underlie
species-specific responses to variation in soil water availability as site differences in soil

water and nutrient availability are not confounded by variation in regional climate.

In this study, eight species (Acer rubrum, Acer saccharum, Betula alleghaniensis,
Fraxinus americana, Prunus serotina, Quercus alba, Quercus velutina, and Quercus
rubra) differing in soil resource affinity were transplanted across six sites, two on each
post-glacial landform within this regional landscape (outwash = 2, ice contact = 2,
moraine = 2). One site on each of the landforms was chosen to be well-drained and the
other to have an elevated water table in order to try to minimize covariation in nutrients
and water availability across sites. For multiple seedling plots on each site we quantified
soil resource availability (soil N and water) species-specific rooting depth, root
morphology, gas-exchange, seedling water status and survival in response to natural

seasonal variation in soil moisture. Specific predictions were:
H1. Across sites and gas-exchange sampling dates, at higher soil moisture, interspecific
variation in leaf-level photosynthesis will be most strongly associated with leaf N status

as opposed to traits associated with Wyccess.

H2. Across sites and gas-exchange sampling dates, at lower soil moisture, interspecific

variation in leaf-level photosynthesis will be most strongly associated with some
combination of traits that confer Wccess (€.g., whole-plant mass, RMR, root surface area,

root depth).
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H2a. The association between leaf-level photosynthesis and root depth and
photosynthesis during the peak of a drought will be strongest on the most xeric

site and weakest on more mesic sites.

H2b. Compared to species associated with mesic sites, species associated with
drought prone sites will have greater rooting depths.
H3. Following a prolonged drought event, species with the greatest survival will have
greater expressions of traits associated with Wyccess and higher photosynthetic rates under

low soil moisture, whereas WUE will be generally unimportant.

H3a. WUE will be strongly associated with leaf N.

H4. High allocation to traits that promote W,¢cess during drought events will occur at a

trade-off with traits associated with high growth potential under optimal resources (e.g.,
proportional allocation to leaf and root area) and this trade-off may partly underlie

current overstory species distributions across this post-glacial landscape.

Materials and Methods

Research Sites and Plot Layout
This study was conducted in the Manistee National Forest (MNF), Wexford and Manistee

counties, in the northern lower peninsula of Michigan (Figure 3.1). The MNF’s glaciated
landscape results in wide landscape scale variation in forest composition (Table 3.1) that
is associated with post-glacial landform variation in soil nutrients (Nitrogen, N and

Calcium, Ca) and soil water holding capacity. The forests are second growth stands that

established after extensive logging around the turn of the 20™ century. Mean annual
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precipitation totals 81 cm (Albert 1994) and is distributed, on average, evenly throughout
the year; however, year to year growing season precipitation is variable due to stochastic
drought events. The MNF provides an ideal natural soil moisture gradient without the
confounding effects of climate, elevation and latitude. In order to span a gradient in soil
mineral nutrients and water, field sites were established in six forest stands across the
glaciated landscape in the MNF, including two on outwash plains (OW, low water), two
on ice contact landforms (IC, intermediate water) and two on moraines (MOR, high
water). Sites were selected to achieve some variation in soil water independent of
nutrients by choosing three well-drained (OW, IC, MOR) and three sub-irrigated sites
(OW, IC, MOR). Sites were chosen with the aid of the ecosystem classification systems
of Cleland et al. (1993) and all three well-drained sites were previously used as reference
sites in the development of this system.

Based on visual estimates, seedling transplant plots were positioned across a
continuous light gradient (~1-32 % open sky) within each site. However, due to species-
and site-specific differences in the openness of overstory canopies (e.g., open oak
canopies on xeric sites versus closed sugar maple canopies on moraine sites), the lowest
light levels were not present at ice contact and outwash sites. Plots were established
within five targeted light levels on the two outwash sites, six levels on the two ice contact
sites and six or seven levels on moraine sites. Plots were weeded as necessary throughout
the experiment to maintain consistent light levels at the seedling level, but this
maintenance was minor.

Seedling plots consisted of four subplots for two separate seedling harvests, which

were used to quantify species-specific morphology, rooting depth, physiology and
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survivorship in relation to natural variation in aboveground and belowground resources,
especially soil water availability. Plots were fenced with 2 inch welded wire to
approximately 1.5 m in height and 1.25 cm wire mesh to a height of 1.0 m to prevent
mammalian herbivory. Subplots were 120 cm by 140 cm with a 40 cm buffer zone
between subplots and between the fence and outer subplots. Individual seedlings were
randomly placed into subplots within a 7 x 8 grid system with 20 cm spacing between
seedlings. Three to eight seedlings (depending on germination success) of each species
(Acer rubrum, Acer saccharum, Betula alleghaniensis, Fraxinus americana, Prunus
serotina, Quercus alba, Quercus velutina, and Quercus rubra) were transplanted into

field plots.

Seedling establishment and transplanting

For all eight species, we obtained seed from a commercial source (Sheffield's Seed Co.,
Inc., Locke, NY) and all seed originated from USDA Hardiness Zone 4 or 5. Seeds were
pre-treated and stratified according to Young and Young (1992) throughout late winter
and early spring 2000 at MSU. Recent germinants were planted into seedling flats
(individual root plugs were 12 cm deep by 5.5 cm in diameter) at the Department of
Forestry’s Tree Research Center (TRC), MSU. Seedlings were grown in low fertility
field soil obtained from a sandy glacial outwash site in Roscommon County, MI and
watered with deionized water in order to minimize nutrient carryover effects to field
plots. Starting in April 2000, seedlings were initially grown in a whitewashed,
temperature and humidity controlled greenhouse at the TRC and transferred in mid-May

to an outdoor lathe house and grown under 25% of full sun until mid-July.
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In mid-July, seedlings were transported in vans to MNF, where they were kept
outdoors under moderate light conditions and watered with tap water until transplanting.
Due to low germination, young naturally established germinants of F. americana and P.
serotina were excavated and directly transplanted into field plots. Overall, I transplanted
approximately 7600 seedlings into field plots between July 20 and October 15, 2000.
Before transplanting, soil from seedling flats was gently rinsed from seedling root
systems and seedlings were stored on trays with wet newspaper. Given the large scale of
this transplant experiment, only enough seedlings were prepared in this manner that could
be manageably planted in a single day. This process was repeated each day throughout
the duration of the transplanting. To minimize the potential confounding factors
associated with transplant shock, seedlings received supplemental water for

approximately two weeks after initial transplant.

Resource measurements

Canopy openness (%), an index of light availability, was estimated at the top of the
seedling canopy for each sublot across all six sites during late summer 2002 with paired
LAI-2000 plant canopy analyzers (LI-COR, Inc. Lincoln, NE). Briefly, measurements
above each subplot were obtained when the sky was uniformly overcast with one LAI-
2000 unit, while an identical remote unit was placed on a tripod in a nearby clearing (< 1
km away from each site) and simultaneously recorded open-sky values. Data from each
unit were combined later to calculate canopy openness values and subplot estimates were

averaged to obtain plot-level means (n = 35).
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To characterize landform variation in soil N availability, we measured standing
extractable pools and mineralization rates in the upper 20 cm of mineral soil with in situ
incubation of soil cores (Raison et al. 1987). Separate incubations took place over three
intervals (May 16—June 12, July 9—August 13, August 20—September 18) during the
2002 growing season. Within each plot, closely spatially paired PVC cores (5.08 cm
diameter) were placed in the buffer zone near each respective subplot. One core from
each pair was bulked (time 0 = initials) at the plot-level, placed in polyethylene bags
inside an ice-filled cooler and transported to the laboratory for analysis. The remaining
core from each pair was covered with a loose fitting cap to prevent leaching and was
allowed to incubate for approximately 30 days (finals). Like initial cores, incubated
cores were bulked at the plot-level and transported to the laboratory for processing and
analysis. In the laboratory at MSU, approximately 20 g fresh weight soil from bulked

samples was sieved (4 mm sieve), homogenized and extracted with 50 ml of 2M KCIl.
Nitrate (NO3 ) and ammonium (N H4+) in solutions were measured colorimetrically with
a continuous flow ion autoanalyzer (OI Analytical, College Station, Texas, USA).
Differences in NO3 —N and NH4+—N between initial and final extracts were used to
calculate net rates of N—mineralization (mg g soil d™"). Calculated N mineralization

rates from the three incubation intervals were averaged to estimate integrated growing

season variation in soil N availability within and between sites.

To assess landform variation in soil water availability, sub-samples (20 g) of soils

from bulked plot-level samples used for initial N extracts (May 16, July 9, August 13,

September 18) were dried in a forced-air oven at 105°C for 48 hours to determine
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gravimetric soil water (%). To determine vertical profiles in soil moisture, additional
samples were collected with a bucket auger at 0-20 cm, 20-40 cm, 40-100 cm depths
from each subplot on June 25, July 25 and September 9, 2002. For all samples, sub-plot
values were averaged to obtain plot-level means (n = 35) for each respective depth

interval.

Seedling physiology measurements

At all six sites, we measured leaf-level CO, and H,O exchange at four different sampling

intervals throughout the 2002 growing season. Measurement periods were: (1) June
9-25, (2) July 11-23, (3) July 24—August 8, and (4) August 12—-30. For each site and
measurement period, measurements were collected on a single cloudless day from 8:30 to
18:00 h local time (24 days of measurements total). Due to a variety of logistical
constraints, measurement times differed slightly between sites and measurement periods,
but importantly for species comparisons, measurement times did not differ between
species, and species x site and species x measurement period interactions were not
significant (Appendix, Tables A.2, A.3). On each measurement day, gas exchange was
measured multiple times in all plots (range = 4—8) and plots were sampled in an order
that would approximately distribute sampling times evenly throughout the day for each
respective plot. Upon arrival at each plot, a subplot was randomly selected to start
measurements and when I returned to each plot later in the day, a second subplot was
selected. Sampling within plots alternated between each of the selected subplots
throughout the day. Within subplots, one leaf from a seedling of each existing species

was sampled for gas exchange and to the degree possible leaves were not re-sampled as
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sampling was dispersed throughout the seedlings and leaves of a given species within

each respective subplot over the course of the day.

I simultaneously measured leaf-level photosynthesis, stomatal conductance to
water vapor and transpiration and photosynthetic photon flux density (PPFD) with two
LI-COR 6400 portable infrared gas analyzers (LI-COR Inc., Lincoln, NE). Gas-
exchange was measured under ambient conditions with the 2 x 3 cm leaf chamber and the
LI-COR 6400 was operated as an open system. The inlet air stream was attached to a

buffer volume consisting of a 20 gallon garbage bag with air containing 377.0 (+ 20.1
SD) ppm of CO», that was attached to the LI-COR 6400 with a 2 m long (3 mm inside
diameter) section of Bev-A-Line® IV plastic tubing (Thermoplastic Processes, Inc.,
Stirling, NJ, USA). This approach was used to minimize ambient CO, induced variation

in photosynthesis. For measurements at each subplot, a new buffer volume of air was

collected at approximately seedling level. Depending on the light environment, flow
rates were adjusted in order to maximize CO, differentials between the reference and
sample infrared gas analyzers. Measurements were collected only after stable
photosynthetic photon flux density (PPFD, umol m—2 s—l) values and CO», differentials
had been maintained for at least 10 s. For leaves that were too small to completely cover
the chamber, a transparent grid system (150; 0.04 cm’ blocks) was used to estimate the

amount of leaf area that was sampled during gas-exchange measurements. Leaf area
estimates were used to re-calculate gas-exchange rates. Gas-exchange was measured
concurrently with volumetric soil moisture measurements. Volumetric soil moisture was

measured to a depth of 20 cm with a time domain reflectrometor (TDR, Environmental
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Sensors, Inc., Victoria, British Columbia) and based on variation in volumetric soil
moisture between the four gas-exchange measurement periods, periods were classified

into very low, low, moderate and high soil moisture categories (Appendix, Table A.4).

Photosynthesis measurements provide an index of Wccess for a given soil moisture and

light availability. Water use efficiency of photosynthesis (WUE, mmol CO; mol H,0)

was calculated from instantaneous gas-exchange measurements as
photosynthesis/transpiration. A total of 3516 instantaneous gas-exchange measurements
were made during 2002. At all six sites, for each of the measurement periods, individual
gas-exchange measurements within subplots were averaged at the species-level and

subplot values were averaged to determine plot-level species means.

Seedling Survivorship and Harvests

Throughout the three year experiment I monitored seedlings for survivorship at five
different census dates (July and September 2001, June, August and October 2002). For a
particular census interval (e.g., June-Aug 2002), species-specific seedling survival at the
plot-level was calculated as: (number individuals surviving at end of interval/number
individuals surviving at beginning of interval) x 100. There was a prolonged dry-period
during each year seedling survival was tracked and in the year following the experiment
(August 12001, July 25 2002, August 19 2003). Furthermore, gravimetric soil moisture
during these drought events was strongly correlated (Appendix, Figure A.1) and species-
specific seedling survival during a single drought event (June-Aug 2002) scaled well with

survival over the entire experiment (July 2001-October 2002) (Appendix, Figure A.2).
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Due to the frequent occurrence of drought events in this landscape and the strong
association between subsets of seedling survival data, we believe that seedling survival
over the duration of the experiment more effectively integrates species- and subplot-
specific survival responses to drought than during a single census interval. Thus,
hereafter, survival (%) will refer to survivorship over the entire experiment.

Within each plot, all surviving seedlings in two of four subplots were harvested
June 18-30 2002 (harvest 1, n = 1559) and in the remaining two subplots from October
5-November 2002 (harvest 2, n = 1380). Pre-dawn on the mornings of harvest 1, leaf
xylem water potential was determined for a sub-sample of seedlings and plots (n = 223

individual seedlings) with a pressure bomb (PMS Instruments, Corvallis OR, USA).
These values provide an additional index of W .ss as seedlings should be in equilibrium

with soil water potential at this time of the day, and predawn water potentials have been
found to be closely related to leaf conductance during the photoperiod (Reich and
Hinckley 1989). At each harvest, seedlings were completely excavated and sandy soils
enabled high recovery of fine roots. Maximum rooting depth was measured for each
individual seedling with a meter stick (to the nearest 0.1 cm). Seedlings were placed in
polyethylene bags inside ice-filled coolers and transported to a nearby field laboratory
where they were stored in refrigerators (0—24 hours) until processed. Seedlings were
gently rinsed with deionized water to remove excess soil and were partitioned into root,

stem (including petioles) and leaf fractions. Plant fractions were dried in a forced air-

oven at 100°C for 1 hour to quickly stop respiration and then at 70°C for 24 hours. After

preliminary drying, samples were transported to MSU, dried at 70°C for another 24
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hours, and then weighed. From harvest 1 primary biomass data, we calculated root mass

ratio (RMR; root mass/total plant mass, in g g_l).

Prior to drying at the field laboratory, images of whole-plant root systems and
leaves were acquired with a flatbed scanner at resolutions of 400 and 200 DPI,
respectively (Epson Expression 1680, Nagano, Japan) and archived for image analysis.
Digitized root images were manually edited with Adobe Photoshop 7.0 (Adobe Systems
Inc., San Jose, California) with the goal to produce a black (roots) and white
(background) image that faithfully captured the original root image. Edited root and leaf
images were analyzed for total surface area with WinRhizo Pro 5.0 and WinFolia Reg
2003b, respectively (Regent Instruments, Blain, Quebec). From harvest 1, primary
biomass data and root and leaf surface area data were used to calculate specific root area
(SRA, cm’ g—') and leaf area ratios (LAR, cm’ g_I).

Within subplots from harvest 1, leaves from individual seedlings of each
respective species were bulked and pulverized into a fine powder with a ball mill (Kinetic
Laboratory Equipment Co., California). To assess plant nitrogen (N) status, sub-samples
(2—4 mg) of bulked leaf samples (n = 426) were measured at MSU with dry combustion
gas-chromatography (NA 1500 elemental analyzer, Carlo-Erba, Milan, Italy). Species-

specific leaf N values for bulked subplots were averaged to obtain plot-level means,

which were expressed on a leaf area basis (leaf Nyrea, pg cm_z).

Statistical analysis
Unless noted otherwise, all statistical analyses were carried out with JMP 4.0 statistical

software (SAS Institute, INC., Cary, North Carolina, USA). Gravimetric soil moisture
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was first analyzed with a mixed linear model that included main effects and interactions
of site (n = 6) and sampling date (» = 6) as nominal factors and canopy openness (%) as a
continuous factor. Based on the significant effect of sampling date on gravimetric soil
moisture (Appendix, Table A.S), linear models were also developed that included main
effects and interactions of site (n = 6) and canopy openness (%) for each respective
sampling date and for growing season averages. For the July 25 sampling date (i.e., the
peak of the drought), vertical gravimetric soil moisture profiles were evaluated with
linear models that included main effects and interactions of site (n = 6) and depth interval
(n=3;0-20 cm, 20—40 cm, 40—100 cm). Variation in seasonal averages of N-
mineralization rates was tested with models that included main effects and interactions of
site (n = 6) and canopy openness (%). Analyses of soil characteristics were based on
plot-level means (n =35) of canopy openness and soil resources. When main effects of
site were found to be significant (P < 0.05), I compared pairs of site means with Tukey-
Kramer HSD.

Plant trait values were compared among species and other sources of variation on
two bases: (1) as means of seedlings at a common harvest time and (2) as estimates at a
common mass based on trait—mass allometric functions. 1 decided to use estimates at a
common mass because plant traits scaled non-proportionally with whole-plant mass
(Appendix, Figure A.3) and plant mass varied among species, sites and light
environments. Preliminary analyses indicated that site-specific allometric relations by
species were appropriate functions for these estimates. My justifications for this decision
were (1) within each site, mixed models for the main effects and interactions of species (n

= 8), mass (whole-plant or root mass, depending on the trait) and canopy openness on
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plant traits showed that species and mass effects dominated, whereas canopy openness
and its interactions were generally unimportant (data not shown). (2) Mixed models of
the main effects and interactions of mass, site (n = 6) and species on traits indicated
strong mass and species effects, but also significant site main effects and interactions
(Appendix, Tables A.6-A.9). Using data from individual seedlings from harvest 1 (n =
1520), standardized major axis (SMA) linear regression (after Warton et al. 2006) was
used to estimate allometric relationships of whole-plant mass with root mass, rooting
depth and leaf area (SMARTR, Version 2.0) and of root mass with root area for every site
by species combination. SMA fitting techniques were considered appropriate, as there
was error associated with both the X and Y variables. These regressions (Tables 10-33)
were used to estimate RMR, root depth and LAR at a common whole-plant mass of 0.5 g
and SRA at a common root mass of 0.3 g. These values were selected to maximize the
degree of overlap among data. Species traits were not estimated at a common mass if
regression equations were not significant (P > 0.05) or species were not within £+ 0.1 g of
the common whole-plant (0.5 g) or root mass (0.3 g). The influence of interspecific
variation in seed size on whole-plant size and rooting depth patterns of transplanted
seedlings was explored with linear regression. Published values of seed mass were used
for these analyses (Young and Young 1992). SMA techniques were not applied to seed
mass interrelationships because seed mass was estimated without associated error as a

published value.
In this study, indices of Wyccess included pre-dawn water potential for a sub-
sample of individual seedlings from harvest 1 (i.e., beginning of the drought event) and

Agrea during measurement periods that varied in soil moisture status. Several plant traits
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were examined for their associations with W,ccess and/or WUE, including leaf Nyyea,

whole-plant mass, total root area, SRA, RMR, and maximum root depth. We assessed
these associations with two complementary approaches. First, Pearson’s correlations
were used to test for associations between pre-dawn water potential and plant

characteristics at the individual seedling level. Secondly, leaf-level photosynthesis was
analyzed as a function of PPFD (umol m’ s_l) with simple linear regression and as a

function of PPFD in combination with plant traits with multiple linear regression. Values
used for regressions were species-specific plot-level means (» = maximum of 280).
These models were evaluated for each measurement period (very low, low, moderate and
high soil moisture conditions) and then compared to identify plant characteristics driving

plant gas-exchange responses to increases and decreases in soil moisture.

Preliminary models of WUE as functions of PPFD, leaf Nye,, site and their
interactions indicated significant site effects (Appendix, Table A.34), thus, PPFD and leaf
Narea effects on WUE were assessed for sites separately. Models were generally weaker

or not significant at higher moisture status (data not shown) so I only present data from
the measurement period with very low soil moisture.

Within the three well-drained sites (OW1, IC 1, MOR 1) which tended to have
lowest soil moisture during drought, canopy openness data were fitted to seedling

survival data (%) with a Gompertz growth function (i.e., general form:
61exp[—exp(02— 83—Log canopy openness)]). The Gompertz growth function has been

used previously to predict survival as a function of seedling relative growth rates

(Walters and Reich 2000) and due to the strong relationship between light availability
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and RGR (Walters and Reich 2000), we expected canopy openness to model survival
with a similarly shaped function. Within each well-drained site, the function was solved
iteratively for the best fit (i.e., minimized residual sum of squares) using the nonlinear
platform within JMP. Due to an inability to fit a function to survival data at MOR 1, data
from the plot with the highest light availability were excluded and the analysis was
repeated. All fits were significant at P < 0.05. Based on model estimates of seedling

survival from nonlinear model fits, species-plot residuals of light-survival functions
(SURV ¢siq) were calculated for each plot as follows: observed species survival — overall

plot-level survival estimate (for all species combined). Alternatively, species-specific
survival deviations from overall plot-level average survival were calculated as: average

plot-level species survival — overall average plot-level survival (for all species
combined). The advantage of this approach was that unlike the calculation of SURV/siq.
which excluded high light data from MOR, all data were used for estimates of survival
deviations. Species-specific SURV.siq and survival deviations represent variation in

survival that was unexplained by canopy openness (i.e., removing the effects of canopy

openness in seedling survival) and my goal was to account for this unexplained variance.

As aresult, I used linear regression to examine relationships between SURV g4, survival

deviations and size (whole-plant mass), morphological (root area, SRA, RMR, root

depth) and physiological characteristics (leaf-level photosynthesis, WUE).
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Results

Resource availability

Across all six landform study sites, canopy openness within seedling transplant plots
ranged from 0.7 to 46 % (Table 3.2) and generally ranked as follows across landforms:
OW >1C > MOR. Variation in canopy openness was greatest in MOR sites (43 and 18
fold) and lowest within OW sites (6 and 3 fold). Measures of canopy openness were
highly correlated with averages of instantaneous PPFD obtained during gas-exchange
measurements both within (Table 3.2) and across sites (P < 0.0001, r = 0.92, data not
shown).

The 2002 growing season was marked by a prolonged drought in which July
through September precipitation was approximately 1/3 of the 30-year mean (11.2 vs.
31.8 cm average, 1971-2000 period, Wellston Tippy Dam NOAA Climatic Station,
Figure 3.2). Soil moisture varied markedly among sampling dates, with averages across
sites ranging from a low of 5.3 % at the peak of the drought on 25 July to a high of 13.5
% on 16 May (Appendix, Table A.S, Figure 3.2). Site effects explained most of the
variation in soil water (Appendix, Table A.35), whereas canopy openness effects
independent of site were weak. Soil moisture varied across sites for all sample dates, but
only moderately on July 9, and was generally highest at MOR sites and lowest at OW 1
(Table 3.3, Figure 3.2). Furthermore, for MOR and OW sites, but not IC sites, the well-
drained site had lower soil water than the corresponding sub-irrigated site. Surprisingly,
soil moisture decreased with increasing soil depth (0-20 cm = 20-40 cm > 40-100 cm) on
five of the six sites for all measurement dates (height of the drought, Figure 3.3; other

data not shown).
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Similar to soil water, site effects explained most of the variation in average
growing season N-mineralization rates (Appendix, Table A.35), and canopy openness
effects independent of site were weak (canopy openness: P > 0.1276, Appendix, Table
A.36). Among sites, N-mineralization rates varied 3—5 fold, with MOR sites generally

having higher N-mineralization rates than the others (Figure 3.4).

Seedling characteristics

Averaged across species, site-level leaf Nye, varied from 56.7 to 66.8 pg cm_z, with

landforms generally ranked OW = MOR > IC. In general, leaf Nyea was highest for the

Quercus species, intermediate for B. alleghaniensis and lowest among P. serotina, A.

rubrum, A. saccharum and F. americana (Figure 3.5). Across all sites, intraspecific
variation in leaf Nyrea Was low for most species, except for F. americana, which varied

1.5—fold (Figure 3.5).

Among species, average whole plant mass, root surface area, RMR and root depth
were highest for the three Quercus species, intermediate for A. saccharrum and F.
americana, and lowest for P. serotina, A. rubrum and B. alleghaniensis across most sites
(Appendix, Figures A.4-A.6; Figure 3.6). When compared at a common mass, species
rankings were similar for RMR, however, patterns of root depth were the reverse of the
general; root depths were actually lowest for the Quercus species at a common mass of
0.5 g (Figure 3.6). Across landforms, whole-plant mass and root surface area generally
ranked as follows: MOR > OW > IC (Appendix, Figures A.4, A.S), whereas root depth

ranked: OW > IC > MOR (Figure 3.6). Despite two years of post-germination growth,
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species variation in whole-plant mass and root depth was strongly positively associated
with seed size for all sites (Figure 3.7).

Across species, SRA and LAR varied 2.3—fold and 5—fold, respectively. For
most sites, species values of SRA were highest for B. alleghaniensis and A. rubrum,
intermediate for F. americana, A. saccharum and P. serotina and lowest for Quercus
species (Appendix, Figure A.7). When species were compared at a common mass,
Quercus species maintained the lowest SRA and LAR values and this trend was most
evident at moraine sites (Appendix, Figure A.7; Figure 3.8). However, differences in
SRA among the other species were more subtle than species comparisons at a common
harvest, whereas differences among estimates of LAR were more pronounced. Across

landforms, SRA and LAR generally ranked as follows: MOR > IC > OW.

Gas-exchange interrelationships

Throughout the 2002 growing season, A e, varied considerably among species, sites and
measurement periods that differed in soil moisture status (Appendix, Figure A.8). Agarea

was positively related to PPFD and the slopes and the amount of variance in Agrea

explained by PPFD increased with soil water (Tables 3.4-3.6, Figure 3.9), except for the
date with the highest soil water (Table 3.7). At this early growing season date leaves of
Quercus species had not fully developed, especially within the MOR sites and this may
explain the weaker relationship for this date (J. Kunkle and M. Walters, personal

observation).
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Models with PPFD, leaf N, and their interaction explained more total variation

in Agrea than models with just PPFD and their overall effects increased as soil moisture

status increased (e.g., 3% additional variance explained at very low water vs. 11% at

moderate soil water), again, except for the highest, and earliest soil water sampling date
(Tables 3.4-3.6, Figure 3.10). The PPFD x leaf Ny, terms were significant for low and
moderate soil water conditions (Tables 3.5, 3.6). The lack of a significant independent
effect of leaf Nyrea 0n Agrea at high water (Table 3.7) may be due to leaves that were not
fully developed by this early season sampling period.

In comparison to PPFD and leaf Ngrea, which had the largest influence on Agpe, as
soil moisture increased, variation in root depth, whole-plant mass and root surface area

had the greatest effect on Agrea On the lower soil water measurement dates. For example,

at the highest soil water, root depth was not a significant predictor of Agre, independent of
PPFD (Table 3.7), whereas at moderate soil water, the interaction of PPFD and root depth

was significantly related to Aaea (Table 3.6). Under low and very low moisture levels,

root depth was positively related to Ag,rea and the interaction of PPFD and root depth was

also significant, but only under low moisture conditions (Tables 3.4, 3.5, Figure 3.11).
Notably, in comparisons of models at low and very low soil moisture, the influence of

PPFD was stronger under low moisture (i.e, F-value: 99.22 vs. 47.24), whereas variation
in root depth showed a greater effect on Agrea under very low soil moisture (i.e., F-value:
21.49 vs. 13.15). In models with PPFD, whole-plant mass, root area and their

interactions with PPFD showed effects similar to that for root depth on Ajea (Tables 3.4-
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3.7). Unlike whole-plant mass, root surface area or root depth, RMR was generally not a

strong positive predictor of A,rea, and especially at low soil water. SRA was a significant

positive predictor of Agrea independent of PPFD during high soil water conditions (Table

3.7), whereas under moderate and low soil moisture conditions, SRA and the interaction

of PPFD and SRA were negatively associated with Agrea (Tables 3.5, 3.6).

As root surface area and root depth displayed similar effects on Agyes as soil

moisture levels changed throughout the growing season (Table 3.4-3.7) and because they

are themselves highly correlated (P < 0.0001, » = 0.73, data not shown) it is difficult to
ascertain if they are independently important for Wccess. In order to examine this issue,
root area was added as a main factor to a model that included root depth and PPFD as
predictors of Ayrea under very low moisture (i.e., peak of the drought). The addition of
root area to the model explained almost no additional variation and the model containing
only PPFD and root depth explained more variance in A, than the model containing
only PPFD and root area (Table 3.8). Collectively, these models indicate that root depth
was more important for increasing Waccess and maintaining photosynthesis during the
peak of the drought than root surface area.

In mixed models of A, that included main effects and interactions of site, PPFD

and root depth, A, e, differed across sites under very low moisture conditions (P =

0.0036, Appendix, Table A.37). Thus, in an effort to examine the influence of root depth

on Agrea during the peak of the drought across sites that differed in soil water status (very

low moisture dataset), Agrea Was also analyzed separately within the three well-drained
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sites (OW 1, IC 1, MOR 1) with models that included PPFD, root depth and their

interaction. In OW 1, the driest site during the drought, A, did not vary with PPFD,

but Agzrea Was positively and strongly related to root depth and the PPFD x root depth
interaction (Table 3.9). In contrast, on IC 1 and MOR 1, sites with greater soil water,
PPFD was positively related to A,rea and explained the most variation in the overall
model. In addition, in both of these sites, the PPFD x root depth term was significant and

negatively associated with A, (parameter estimates —2.14 and —3.19, respectively,

Table 3.9). A negative interaction term indicates that A e, decreased more with PPFD at
deeper rooting depths.

In a mixed model with PPFD, leaf Narea, site and their interactions, WUE differed
across sites under very low moisture levels (Appendix, Table A.34) and WUE tended to
be highest at OW 1 (Appendix, Figure A.9). Thus, in site-specific models for well-
drained sites, leaf Ngrea Was positively related to WUE and PPFD was a moderate

predictor, but only for OW 1 (Figure 3.12).

Pre-dawn water potential

During the onset of the drought, root depth and pre-dawn water potential were positively
correlated and this association was consistent in both well-drained (P < 0.0001, r = 0.47,
data not shown) and sub-irrigated (P < 0.0001, r = 0.52, data not shown) sites and within
five out of the six study sites (P range = 0.0077-0.0001, » range = 0.38-0.63, data not
shown). The association between root depth and pre-dawn water potential was stronger

than for whole-plant mass (P < 0.0001, r = 0.45, data not shown), root surface area
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(Figure 3.13), RMR (P = 0.72, r = 0.02, data not shown), or SRA (Figure 3.13).
Intraspecific variation in root depth and pre-dawn water potential were also positively
associated for 5 of the study species (P < 0.01 for all, r = 0.46-0.65, data not shown), but
not for A. saccharum, F. americana and B. alleghaniensis (P > 0.05), the most mesic

species.

Seedling survival interrelationships

Across species, seedling survival was significantly associated with canopy openness (P <
0.05 within each site), but responses differed among sites (Figure 3.14), depending on
site-level soil moisture status and variation in light availability. For example, within OW
1 the site with the lowest soil moisture status, seedling survival was similar (estimate =
36%) across plots that ranged from 11 to 16 % canopy openness and survival decreased
markedly under 30 % canopy openness (estimate = 5%). In comparison to OW 1, overall
seedling survival was generally higher within IC 1, which tended to have slightly higher
soil moisture, but survival responses as a function of canopy openness were similar for
both sites (Figure 3.14). For instance, in plots that ranged from 3 to 10% canopy
openness, survival estimates were invariable (estimate = 53%) whereas survival declined
appreciably under 43% canopy openness (estimate = 32%). Due to the lack of fit for the
nonlinear survival function across all data within MOR 1 (P > 0.05), data from the plot
with the highest canopy openness (46%) were excluded from the final model fit (Figure
3.14). Similar to OW 1 and IC 1, under the highest light environment at MOR 1,
seedling survival decreased considerably (mean = 18%) to a level that was the same as

the estimate at the lowest light level (estimate = 18%) (Figure 3.14). In contrast to the
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other two well-drained sites, MOR 1 had highest overall survival and survival showed a
positive relationship with canopy openness in plots that spanned from 1 to 18% of full
sunlight (survival estimate range = 18—-81%).

The residuals from the nonlinear survival versus canopy openness relationships
(SURV/¢siq) were most strongly related to whole-plant mass, root surface area and root
depth for all well-drained sites (Table 3.10, Figure 3.15). The amount of variation in
SURV.siq explained by these linear models and the slopes all increased from the most

mesic site (MOR 1) to the most xeric site (OW 1), indicating that these traits had
increasingly positive effects on seedling survival as site-level soil moisture status
decreased. However, covariance among whole-plant mass, root depth and root area
(Appendix, Figure A.3, and data not shown) make it difficult to determine which

predictor had functional importance for survival. In an effort to tease apart the relative
importance of these predictors for survival, linear models of SURV ¢si¢ for OW 1 were

developed as follows: (1) root area added as a predictor with whole-plant mass, (2) root
depth added as a predictor with whole-plant mass and (3) root depth added as a predictor

with root area. When root area was added as a predictor along with whole-plant mass,
the model explained less variation in SURV/siq than a model with only whole-plant mass

(Table 3.11). In contrast, when root depth was added as a factor with whole-plant mass,
the model explained greater variation in SURV ¢4 than in a model with just whole-plant
mass (Table 3.11). Furthermore, a model with root depth and root area as main factors
explained 10% more variation in SURV ;4 than a model with only root area, but only

5% more variation was explained than a model with only root depth (Table 3.11).
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Collectively, results from a variety of models suggest that root depth is more strongly

related to seedling survival than root surface area. Leaf Nyrea, Aarea and WUE were

positively correlated to SURV/¢siq but only within OW1 (Table 3.10, Figure 3.15). For
seedlings at IC 1 and MOR 1, RMR was weakly and positively associated with
SURV,¢siq (Table 3.10, Figure 3.15). In contrast to the other morphological and
physiological characteristics, across all well-drained sites, SRA showed a negative
relationship with SURV 4 (Table 3.10, Figure 3.15).

In a complementary analysis to the one using residuals of PPFD vs. survival
model fits, species-specific survival deviations from plot-level averages were related to

the same set of morphological and physiological traits. The advantage of this approach
was that unlike the analysis for SUR V/eiq. all of the transplant seedling survival data
could be utilized in this alternative analysis. Results for the survival deviation versus

species trait interrelationships were consistent with SURV g versus trait

interrelationships, with the exception of leaf Ngrea Which also showed a weak relationship

with survival deviation at MOR 1 (Appendix, Table A.38, Figure A.10). The striking

similarity in results between both indices of seedling survival was not surprising,
considering that the SURV ;g were highly correlated with the species-specific deviations

from plot-level averages of survival within all sites (P < 0.0001, » range = 0.96-0.99, data

not shown).
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Discussion

Water jccess vs. WUE as a basis for drought tolerance

I found that both the ability to maintain positive photosynthetic rates (i.e.,increased
Waccess) during the peak of the drought and high photosynthesis per unit water loss (i.e.,
water use efficiency, WUE) contributed to tolerance of drought for tree seedlings
common in northern temperate forests (Figure 3.16). Increased Waccess Was achieved via

deeper rooting, which varied among species with seed and seedling size and not with

interspecific variation in root-whole plant allometry. Interpspecific variation in WUE
was positively related to area-based leaf N content (leaf Nyrea). Although direct positive

relationships of survival with photosynthetic rates and WUE were only evident at the
driest site at the height of the drought, several lines of indirect evidence suggest the

general importance of these mechanisms.
This study demonstrates that the drivers of leaf-level photosynthesis (Agrea) are

highly dependent on soil water status and these relationships have important implications

for seedling survival during extended drought events. For example, photosynthetic

photon flux density (PPFD) and leaf N, became increasingly important predictors of

Aarea as soil water increased (supporting H1). This should be expected under high water

availability given the dependence of instantaneous photosynthetic rates on light
(Bjorkman 1981), and of photosynthetic capacity on leaf N concentrations both within
(Walters and Reich 1989) and across (Field and Mooney 1986, Reich et al. 1997b)

species. However, at low water availability, this relationship changed somewhat. Light
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and leaf Nre, were still significant drivers of photosynthesis, but both were weaker. At
lower soil water availability increased rooting depth became an increasingly important
driver of Agrea, especially on the most xeric site (supporting H2, H2a).

As expected, species associated with drought prone sites had greater rooting
depths than mesic species when compared at a common harvest, which is consistent with
H2b. Surprisingly, after accounting for differences in plant mass with the use of
allometric approaches, mesic species actually had deeper roots than xeric species. My
results conflict with those of Yamada et al. (2005), who found that within two genera
(Dryobalanops, Scaphium) in Malaysian tropical forests, sandy-soil specialists (i.e., drier
soils) had deeper taproots than the clay-rich-soil specialists (i.e., wetter soils).
Alternatively, in my study, differences in root depth were associated with variation in
seed size (Figure 3.16), a result that is consistent with shade-tolerant seedlings in a warm-
temperate rainforest (Kohyama and Grubb 1994) and with more than 300 adult woody
plant species from Britain and northeast Spain (Guerrero-Campo and Fitter 2001).
Furthermore, other studies showed that the abundance of large seeded species increases
as environments become increasingly xeric (Wright and Westoby 1999). Thus, it appears
that initial root depth advantages via larger seed sizes could be preserved until later life-
history stages, but this relationship should be evaluated for a broader size and age range
of individuals for the same species.

I found that variation in whole-plant mass, associated differences in root depth
and the maintenance of higher rates of A,rea during the peak of the drought were all
positively related to seedling survival (Figure 3.16), which is consistent with H3 that

increased Wyccess and associated traits enhances survival during water shortages.
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Collectively, my results may provide a physiological basis for the strong positive
relationship between root depth (but not whole-plant mass) and first year seedling
survival that Padilla and Pugnaire (2007) found for first-year seedlings of five

Mediterranean woody species. In my study, the root depth—survival relationship was

more robust than the association between A,rea during the peak of the drought and

seedling survival. This result was not surprising because Agarea Was only measured once
at each site during the peak of the drought (on different days), whereas root depth, which
was positively and strongly associated with Agrea, Serves as a quantitative plant trait that
integrates potential carbon gain during extreme water shortages.

Interpretation of the interrelationships between root depth, Wyccess and seedling

survival necessitates one key caveat. During drought events, soil water availability
typically increases with root depth (Landsberg 1986, Padilla and Pugnaire 2007), but I

did not observe this pattern within my study sites. This pattern appears to be in conflict

with the notion that deeper roots enhance Waccess and the positive relationships that I

found between root depth and Agrea and survival. However, the positive association

between root depth and pre-dawn water potential provides compelling evidence that deep
anchored roots increase the water status of seedlings during water shortages. If moisture
is lower at increasing depths then how can I reconcile the greater water status of
seedlings that have roots deployed within these “drier” soil strata? Soil organic matter
has been shown to increase water holding capacity; however, water may be held more
tightly within soil organic matter and may not be completely available to plants. Within

my study system, I speculated soil organic matter decreased with increasing soil depth, a
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pattern that has been documented in other systems (Don et al. 2007). If this pattern
occurs, even though gravimetric soil water was lower at deeper soil strata, plant available
water might have been higher than in the upper soil horizons, which had the highest
levels of gravimetric soil moisture.

Within the most xeric site whole-plant mass explained 6% greater variation in
seedling survival than for root depth. This suggests that whole-plant mass may be
interrelated with additional unmeasured traits besides root depth that confer survival
during drought events (Figure 3.16). For example, I found a strong association between
whole-plant mass and whole-plant carbohydrate storage for 36 temperate and boreal
woody species (Chapter 2). Carbohydrate reserves may provide a carbon source for
maintenance respiration and growth during drought events when photosynthesis is
severely limited. There is direct, but fragmentary evidence for the importance of
carbohydrate storage for drought tolerance. For instance, several species have greater
carbohydrate pools in drought, than well-watered treatments (Dina and Klikoff 1973,
Busso et al. 1990, Oosthuizen and Snyman 2001) and Busso et al. (1990) demonstrated
that post-drought biomass production was associated with TNC pools in cool season
grasses. However, we are not aware of any studies that directly examined the importance
of interspecific variation in carbohydrate storage for drought tolerance in woody plants.

Contrary to my expectations (H3), WUE during the peak of the drought was
positively related to seedling survival on the most xeric site. Although stomatal

conductance was reduced considerably during the peak of the drought, my results suggest

that leaf N,ea contributed to increases in WUE by enhancing photosynthetic rates and

drawing down intercellular CO; concentrations (Field et al. 1983). Altogether, these
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results imply that the physiological basis of the relationship between WUE and seedling

survival stems from the maintenance of relatively high photosynthetic rates via high leaf

Narea rather than from primarily limiting water loss.

Drought tolerance vs. competitive ability at high water availability

Collectively, my observations along with empirical data from other studies imply that
there is a trade-off between traits that enhance Wa.cess and characteristics that are related

to surface area for the interception of light and acquisition of soil resources, which likely
compromises growth capacity under optimal resource conditions (H4). These contrasting
suites of traits may underlie interspecifc differences in growth and survival responses,
which likely contribute to observed species distribution patterns across glacial landforms
in northwestern Michigan. For example, in comparison to species associated with mesic

sites, Quercus species had the largest seed sizes, whole-plant mass and root depths, which
enhanced Wccess (as indexed by pre-dawn water potential and Agrea) and survival of

transplanted seedlings during acute water shortages (Figure 3.16). These results suggest
that Quercus species possess collections of traits that enable these species to persist on
ice contact and outwash landforms, which tend to have lower soil water status than
moraine sites. Conversely, when compared at a common harvest or a common mass,
more mesic species displayed the highest values of SRA and LAR and these expressions
of traits likely maximize growth rates under high resource conditions. Due to the
extreme drought event during the 2002 growing season, which resulted in severe water
limitations across all sites and greatly diminished growth rates (data not shown), our

ability to assess the contribution of SRA and LAR to growth capacity in this experimental
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framework was extremely limited. Therefore, any examination of trade-offs can be no
more than speculative since this notion could not be directly evaluated with data from this
field transplant study. However, empirical data from the literature and from my study in
Chapter 2 allowed me to further explore this notion. For example, SRA scales well with
specific root length (SRL, P < 0.0001, » = 0.93, Chapter 2, data not shown), which has
been found to be positively related with mass-based N uptake rates (Reich et al. 1998b)
and growth rates (Reich et al. 1998a). Numerous multi-species studies have
demonstrated that LAR is the morphological trait that is most strongly related to growth,
especially in moderate to high light environments (Walters et al. 1993b, Lusk et al. 1997,
Reich et al. 1998a, Poorter 1999, Walters and Reich 1999). Furthermore, in combination,
LAR and SRA explained more variance in growth rates than LAR alone for 36 temperate
and boreal woody seedling species (Chapter 2). In this study, differences in SRA and
LAR between xeric and mesic species suggest that mesic species may realize higher
growth rates when soil water is plentiful. Thus, over time, higher growth potential may
enable mesic species to overtop xeric species on moraine sites, which typically have
higher N-mineralization rates and soil water, especially during non-drought years.
Interpretation of the seedling trait data requires one important caveat. Although
comparisons of plant traits at a specific common whole-plant mass (0.5 g) or a common
root mass (0.3 g) were selected to maximize overlap in the masses of study species,
common masses were considerably lower than the published values of seed mass for the
three Quercus species (> 1.85 g). Thus, at a common mass, it appears that estimates of
plant traits for the Quercus species were based on individuals that were experiencing

negative carbon balance and potentially near death. As a result, estimates of Quercus
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traits may have been biased (RMR, SRA, LAR), but the consistency in species ranks at a
common mass and averages at a common harvest (Appendix, Figures A.6, A.7; Figure
3.8), which include all seedlings, suggests that biases associated with these estimates
were negligible. Furthermore, aithough species rankings of rooting depth were reversed
when compared at a common mass and a common harvest, these rankings were consistent
at progressively higher common plant masses, with the exception of the species that were

excluded from these analyses due to non-overlap in masses (data not shown).

If there is a trade-off between traits that enhance W,.cess and characteristics that

are related to surface area for garnering resources, then why is Q. rubra, a species
characterized by low growth capacity as a young seedling (Walters et al. 1993a), one of
the dominant species on more mesic moraine landforms (Table 3.1)? The present
abundance may, in part, reflect legacy effects from disturbance histories. For example, in
the early 1900s, extensive logging, subsequent fires and mass dieback of competing
vegetation may have played a role in the proliferation and current dominance of this basal
sprouting species (Host et al. 1988), a notion that is supported by experimental evidence
in mesic hardwood stands in southwestern Wisconsin (Kruger and Reich 1997a).
Additionally, why is A. saccharum, a species characterized by low photosynthetic and
growth rates (Walters et al. 1993a), the most dominant species on moraine sites (Tabl¢
3.1)? The success of 4. saccharum suggests that additional unmeasured physiological
traits may also contribute to the success of some mesic species. I speculate that these
traits may be associated with low-light carbon balance because moraine sites without
frequent or severe disturbances are typically dominated by low light regeneration niches

(Table 3.2). In these environments, seedling success is dependent on enduring shade for
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prolonged periods of time as advance regeneration in a “seedling bank” while
maintaining the capacity to respond rapidly to increased light availability from canopy
openings created by the death of overstory trees (Marks 1975, Canham 1985). Based on
a compilation of data from unpublished studies and from the literature, leaf-level light
compensation points and respiration rates, two traits likely to play an important role for
tolerance to low light availability (Lusk and Del Pozo 2002), varied considerably among
our study species (Table 3.12). For example, for one of the most mesic species, 4.
saccharum tended to have a relatively low light compensation point and respiration rates,
whereas Q. alba, one of the most xeric species had the highest values. These carbon
conservation traits may help A. saccharum to persist in the understory until eventual
canopy recruitment on moraine sites. Therefore, variation in these physiological traits

may also contribute to species sorting across glacial landforms.

111



Table 3.1. Mean species basal area across glacial landforms in Manistee
National Forest, near Cadillac, MI (condensed from Host and Pregitzer 1992).
Outwash has the lowest water holding capacity and rich moraines the highest.

Species Common  QOutwash Ice contact Rich Moraines
name (n=22) (n=22) (n=8)
Quercus velutina Black oak 9.3 7.8 -
Quercus alba White oak 8.4 6.3 -
Acer rubrum Red maple 0.3 1.2 0.1
Prunus serotina Black cherry - - 24
Quercus rubra Red oak 1.1 7.3 4.7
Acer saccharum Sugar maple - - 11.6
Fraxinus americana White ash - - 23

Betula alleghaniensis

Yellow birch  Not reported, assoc/w mesic/hydric sites
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Table 3.2. Mean, standard deviation, ranges and Pearson’s correlation for the different
indices of light availability used in this study.

Canopy 2 4

Site n openness (%) PPFD (umolm “s ') Correlation

OW-1 5 Mean (SD) 17.1 (7.6) 324.7 (282.5) 0.91**
Range 11.3-30.4 170.4-829.2

OW-2 5 Mean(SD) 19.3 (14.4) 180.2 (86.5) 0.85
Range 7.7-44.0 84.1-310.5

IC-1 6 Mean (SD) 12.2 (15.0) 172.4 (177.8) 0.88*
Range 3.2-42.5 43.7-517.1

IC-2 6 Mean(SD) 15.0 (12.2) 174.3 (181.4) 0.93**
Range 3.8-36.5 35.8-506.3

MOR-1 6 Mean (SD) 12.2 (17.5) 107.0 (155.1) 0.96**
Range 1.1-45.6 17.7-419.5

MOR-2 7 Mean (SD) 55@4.1) 77.9 (58.8) 0.91**
Range 0.7-12.5 12.2-186.0

Note: *P < 0.05, **P < 0.01.
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Table 3.4. Linear relationship of leaf-level photosynthesis (Aarea) With photosynthetic
photon flux density (PPFD) at very low soil water availability (See methods and
Appendix, Table A.4. for more details about soil moisture categories). Multiple linear

regression models of Agrea as a function of PPFD in combination with plant traits (leaf
nitrogen, whole-plant mass, root area, root mass ratio, specific root area, root depth).
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Table 3.4.

Par. Whole-model
2
ANOVA effects df. SS F P Est. P Adj. R
PPFD
2 -l
Logjo PPFD (umolm "s ') | 38.73 91.73 <0.0001 1.04 <0.0001 0.28
Leaf Nitrogen
2 -1
Logio PPFD (umolm s ') 1 2974 72.66 <0.0001 0.95 <0.0001 0.31
2
Logjg leaf N (ugem ) 1 492 12.02  0.0006 1.29
Whole-plant mass
2 -1
Logio PPFD (umolm s ') | 2621 63.7 <0.0001 0.92 <0.0001 0.30
Logjo whole-plant mass (g) 1 442 10.74 0.0012 0.32
Root area
2 -1
Logjo PPFD (umolm s ) | 28.01 66.67 <0.0001 0.95 <0.0001 0.29
2
Logjgroot area (cm ) 1 249 592 0.0158 0.34
Root mass ratio
2 -1
Logio PPFD (umolm s ') | 35.12 8149 <0.0001 1.02 <0.0001 0.27
-1
RMR(gg ) ] 0.05 0.12 0.7294 0.12
Specific root area
2 -
Logio PPFD (umolm s ) | 30.86 73.54 <0.0001 0.97 <0.0001 0.29
2 -1
LogioSRA(ecm g ) ] 2.58 6.14 0.0139 -0.41
Root depth
2 -1
Logjo PPFD (umolm s ') | 18.59 4724 <0.0001 0.81 <0.0001 0.33
Logq root depth (cm) ] 8.46 21.49 <0.0001 1.03

Note: Models exclude interaction term when P > 0.25 in preliminary model (Bancroft,

1964)
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Table 3.5. Linear relationship of leaf-level photosynthesis (Aarea) With photosynthetic
photon flux density (PPFD) at low soil water availability (See methods and Appendix,
Table A.4. for more details about soil moisture categories). Multiple linear regression
models of Agrea as a function of PPFD in combination with plant traits (leaf nitrogen,
whole-plant mass, root area, root mass ratio, specific root area, root depth).
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Table 3.5.

Par. Whole-model
ANOVA effects df. SS F P Est. P Adj. R2
PPFD
LogigPPFD (umolm~s') | 9154 14770 <0000l 174 <0000l 0.39
Leaf Nitrogen
LogigPPFD (umolm™>s™') | 6888 13322 <0000 156  <0.0001 0.49
Log1o leaf N (g cm ™) I 1303 2522 <0.0001  2.11
Logjo PPFD x Logjg leaf N | 9.05 17.52 <0.0001 5.30
Whole-plant mass
Log10 PPFD (umol m” s") 1 6453 11955 <0.0001  1.53 <0.0001 0.47
Log1o whole-plant mass (g) 1 13.87 25,69 <0.0001 0.54
Logio PPFD x Logjo WP
mass 1 774 1435  0.0002 1.08
Root area
Logio PPFD (umol m> s") 1 69.84 12063 <0.0001 1.58 <0.0001 0.43
Logjgroot area (cm2) 1 920 1589 <0.0001 062
Logjo PPFD x Log|q root
area 1 355 614 0.014  1.03
Root mass ratio
Logio PPFD (umol m” s']) 1 8899 14128 <0.0001 1.76 <0.0001 0.38
RMR (g g'l) 1 058 092 0339 =040
Specific root area
LogioPPFD (umolm™~s') 1 7503 12698 <0.0001 163  <0.0001 0.42
Logjo SRA (cm2 g'l) 1 542 917  0.0027 =-0.57
Logio PPFD x Logjo SRA 1 554 938  0.0025 ~-149
Root depth
LogioPPFD (umolm™”s™") | s6.18 9922 <0000l 148  <0.0001 0.44
Logj root depth (cm) 1 745 1315 00004 091
Logio PPFD x Logq root
depth 1 669 1181  0.0007 241

Note: Models exclude interaction term when P > 0.25 in preliminary model (Bancroft,

1964).
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Table 3.6. Linear relationship of leaf-level photosynthesis (Agrea) With photosynthetic
photon flux density (PPFD) at moderate soil water availability (See methods and
Appendix, Table A.4. for more details about soil moisture categories). Multiple linear

regression models of Agrea as a function of PPFD in combination with plant traits (leaf
nitrogen, whole-plant mass, root area, root mass ratio, specific root area, root depth).
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Table 3.6.

Par. Whole-model
ANOVA effects df.__ SS F P Est. p Adj. R’
PPFD
Logjo PPFD (umol m” s°]) 169.24 317.36 <0.0001  2.26 <0.0001 0.58
Leaf Nitrogen
Logjo PPFD (mmol m” s") 1 14406 35644 <0.0001 2.17 <0.0001 0.69
Logio leaf N (ug cm ™) I 960 2375 <0.0001 1.3
Logjo PPFD x Logjg leaf N | 19.03  47.08 <0.0001 7.31
Whole-plant mass
Logio PPFD (umol m” s") 1 158.14 35221 <0.0001 2.28 <0.0001 0.65
Log|o whole-plant mass (g) 1 449 10.00 0.0018 0.31
Logio PPFD x Logjo WP
mass 1 1507 33.56 <0.0001 1.42
Root area
LogigPPFD (umolm >s) 1 16241 33854 <0.0001 230  <0.0001 063
Logjgroot area (cmz) 1 2.09 435 0.0382 0.30
Logig PPFD x Logjq root
area 1 11.66 2430 <0.0001 1.80
Root mass ratio
Logjo PPFD (umol m” s") 1 165.33 309.08 <0.0001 2.30 <0.0001 0.58
RMR (gg ) I 062 116 02822 -043
Logjo PPFD x RMR 1 075 139 02392 116
Specific root area
Log)o PPFD (umol m” s") 1 15862 323.92 <0.0001 226 <0.0001 0.62
Logio SRA (cm2 g") I 280 571 00177 -042
Logio PPFD x Logjg SRA 1 879 17.95 <0.0001 -1.85
Root depth
Log)o PPFD (mmol m” s") 153.04 320.10 <0.0001 232 <0.0001 0.63
Logj root depth (cm) 1 0.59 124 02676 026
Logio PPFD x Logjg root
depth 1 11.63  24.32  <0.0001  2.76
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Table 3.7. Linear relationship of leaf-level photosynthesis (Agarea) With photosynthetic
photon flux density (PPFD) at high soil water availability (See methods and Appendix,
Table A.4. for more details about soil moisture categories). Multiple linear regression

models of Ay as a function of PPFD in combination with plant traits (leaf nitrogen,
whole-plant mass, root area, root mass ratio, specific root area, root depth).
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Table 3.7.

Par. Whole-model
2
ANOVA effects df. SS F P Est. P Adj. R
PPFD
2 -1
Logio PPFD (umolm s ) | 90.46 130.99 <0.0001 1.63 <0.0001 0.35
Leaf Nitrogen
2 -
Logio PPFD (umolm s ') | 89.02 12843 <0.0001 1.67 <0.0001 0.35
2
Logjo leaf N (ng cm ) 1 0.19 028 05993 0.25
Whole-plant mass
2 -
Logio PPFD (umolm s ) 89.18 128.96 <0.0001 1.70 <0.0001 0.35
Log1o whole-plant mass (g) 1 058 084 03592 -0.11
Root area
2 -
Logio PPFD (umolm s ) 88.64 128.07 <0.0001 1.70 <0.0001 0.35
2
Logjoroot area (cm ) ] 044 063 04285 - —0.13
Root mass ratio
2 -
Logio PPFD (umolm s ') 1 103.92 171.52 <0.0001 1.88 <0.0001 0.43
-1
RMR(gg ) ] 21.53  35.53 <0.0001 -2.55
Logjo PPFD x RMR 1 2.10 347 00638 -2.19
Specific root area
2 -
Logio PPFD (umolm s ) | 97.84 147.78 <0.0001 1.78 <0.0001 0.38
2 -1
Logjo SRA(cm g ) 1 783 11.83  0.0007 0.677
Logjo PPFD x Logjg SRA 1 0.93 1.41 02369 0.62
Root depth
2 -]
Logjo PPFD (umolm s ') | 88.42 128.46 <0.0001 1.74 <0.0001 0.35
Log|¢ root depth (cm) 1 1.34 194 0.1649 -0.37

Note: Models exclude interaction term when P > 0.25 in preliminary model (Bancroft,

1964).
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Table 3.8. Multiple linear regression models of leaf-level photosynthesis (Agrea) during
very low soil moisture at OW 1 with PPFD as a covariate, root area, root depth or both
root depth and root area.

Predicted Parameter Whole-model
o2
variable  Predictor SS F P Estimates P Adj.R
Aarea logjo PPFD 28.0 66.7 <0.0001 0.95 <0.0001 0.28
Logjprootarea 25 59 0.0158 0.34
Aarea logjo PPFD 18.6 472 <0.0001 0.81 <0.0001 0.33
logjprootdepth 85 21.5 <0.0001 1.03
Aarea logjo PPFD 182 46.7 <0.0001 0.80 <0.0001 0.34
logjgrootdepth 70 17.8 <0.0001 1.44
log]0 root area 10 25 0.1142 -0.33

123



61'€E— L0000 LLEl €91 1 ydop 100101307 x (q4dd 913071
Tro  8sTL0  TI0 100 1 (wo) yadap 3001 013077
L¥'0 10000 > ¥6°0 10000> 9T6T 9¥'€ 1 (.5 ;. jowr) @4dd 0'307]
18 (01
vI'T- 80200 #8'S €1 I yidop 100101307 x Q4dd 01807
v0'0- €6160 100 000 I (wo) ydap 1001 01307
$T0 $€00°0 60 #0000 €0°ST THE 1 (.5 ;wjowrr) @.dd 0'307]
0]
90l  ¥¥L00 SFE  OL'I I ydap 100101307 x 4dd 0'80]
SL'T Y1000 T8TL TE9 1 (wo) yadap 1001 01307]
8€°0 €100°0 LY0  L09S0 SE0 LIO I (.5 ;W jowr) @ddd 01307
I MO
Ay d Ajewysy d A SS ¥p $1931J9 VAONV
[apowt Igjourered
-3[0ym

"SUON)IPUOD JIMYSIOU [I0S MO[ AI19A SuLmp

(1 JOW ‘1 DI ‘T MO) S3UIs pauleIp-[[am 331y} Y3 UIYILM UOHORISUI J1ay) pue (wo) yidap joo1 A_.m 3 [ourt ‘q4dd) Ansuap xny
uojoyd snsyyuisojoyd jo uonounj e se A..m W [owrl ®8yy) sisayjuAsojoyd [9A5[-Jed] JO s[opow uoissaidal reaur] siduny "6'¢ dqeL

124



(500 <d) suse

paresipul a1e suoissaIdar JuedJrudis-UuoN ‘(10000 > d) +x+ (100> d) #+ (SO0 > d) « :Se pajedIpul a1e suoissaidal Juedjiugig 30N

su /g su  op STT-(X)S0l=A  LLI'0 1€ aNm
su /g su  of SYI -8 1=K .10 1€ wrey
6 —(X)6vy =4  4a810 9€ 165 - (P ES =K  «40T0 LY 6LII—(X)986 =K +4x650 bE yidap 1001 01807
£6S+(X)6SsT-=4  4p1'0 9€ 1'66 + (09— =4 44070 LV 0EST+(N9PL— =4 wxe8V0 PE vys 01807
80C-(X)TLy=K €10 9¢ 6TS-(XLL6=K w910 L¥ suU pe YA
9T -(X)007=4  «€1'0 9¢ 6S—(X)TEP =K +aal€0 Lb 8001 - (X)S99 =4  44ubS0 vE  eore 30eys 3001 01507
88+ (X961 =4  L€1'0 9¢ 8T+ (X0EE =4 «xs€E€0 LV 1T+ (X)8Hr =K  44uS90 #E  ssew juejd-sjoym 01307
su - 9¢ su Ly TUL-(XS¥9=K  L110 SE N Jeaj 0180
uoijenba uoissaIday A u uoijenba A v u uonenba uoissaiday dlpy U 3[qelseA juspuadapuj
..w_u< uorssaiday < [4
1 4JON 10l I MO

A_.m B 20D [owt ‘y3noip ay) jo yead sy Furmp sisayiuAsojoyd [aAs]-Jea|) By ‘(wd) yidap 1001 ( _-w

‘(O'H Jow 20D 1oww y3noi1p ayy Jo yead ay) Suump Aous1o1j39 asn I19jem) M

Lo ‘eaIe J001 o1J192ds)

VIS A_.m 3 ‘onea ssew j001) YN ..ANEUV BaIe doe)ns J001 ‘(3) ssews jued-ajoym AN-Eo 3r ‘N) uaBoniu Jes| :smo[[0] Se Ie s[qeLreA
juspuadapul 10} sjiun pue sUOlBIAdIqQe 10] suonuyda(g ‘'€ 2m31,{ woly suonouny resurjuou ssauuado Adoued 0130f 'sa (P ANS)
[eATAINS JO s[enpisal si d[qerrea yuapuadap ay) ‘sased [[e u] "¢['¢ am31] ul ejep 10j sasA[eue uoissaidal Jeaui| Jo Arewrwng “0[°¢ d[qeL

125



843 18100 T9 €861l vaIe J001 0130]

90 100000> 679 0€00°0 Y0l T°¢00C yidap 1001 0130] AMOSpisal

650 100000> 986 100000> L'Ly 669901 yidap 1001 0130] AMNSpISal

S0 10000> 699 100000 > 9'6€ L'+986 eare jool 0130  AMNSprsax
6'1% SL900 9€  L0£9 ydap 3001 0130]

L9°0 10000> 6°6C 8€00°0 86 I'SILI ssew AMOSpisax
juejd-ajoym 0130f
9~ 89080 900 611 ®aIe j001 0130]

Y90 100000> V'8 6£00°0 L6 1'¥061 ssewt AMNSpisax
juejd-ajoym 0130f

$9°0 10000> 8b 10000> 619 69SLIIT ssew  AMMSpisax
yuejd-sjoym 0130f

A v d sajewnsy d A SS 1010ipa1d  djqeLreA

¢ paloIpalg

[opoWw-3[0YA\  I9jowered

"S31ISUd)oRIRYD SUI[Pads ISaY) JO UOHRUIqUIOD
e 10 yidap jo01 ‘eare jooi ‘sseus Juejd-ajoym yiim [ A\ QO 10y AUNSpIsal Jo sjopowr uoissaidal resul| sidynu pue sjdwig "[{°¢ d|qeL

126



Table 3.12. Leaf-level light compensation points (LCP) and respiration rates (Ry ) of

study species from shaded understory or greenhouse conditions. Data compiled from

unpublished studies and from the literature. Species values with multiple superscripts
represent averages from cited studies.

Species LCP (mmolm?s') Ry (umol CO;m™s™)
Quercus velutina 4.6° 0.5°

Quercus alba 8.2¢ 0.7

Acer rubrum 6.8° 0. 4b,d,¢.f,h
Prunus serotina _ 0.1 Ob
Quercus rubra 7.3¢ 0.38b.c.d,f

Acer saccharum 3.3° 0.2 5a,b,g,i
Fraxinus americana 1.12 0.44%

Betula alleghaniensis 51 0.16'

Note: *(Bazzaz and Carlton 1982), *(Jurik et al. 1988), (Kloeppel et al. 1993),
d(Kubiske and Pregitzer 1996), e(Kunkle and Walters, unpublished data), f(Loach 1967),

&L usk and Reich, unpublished data), "(Teskey and Shrestha 1985), '(Walters and Reich,
unpublished data), (=) no data.

127



//} ll L/

Figure 3.1. Map of study area with arrow pointing to Lake, Wexford and Manistee
counties, in the northern lower peninsula of Michigan.
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Figure 3.2. Mean gravimetric soil water availability at 0-20 cm depth for study sites
located on different glacial landforms (OW = outwash, IC = ice contact, MOR =
moraine) and daily precipitation from May 1 to Septmeber 15, 2002 (Wellston-Tippy
Dam Weather Station). Sites followed by a 1 are well-drained, whereas sites followed by
a 2 are sub-irrigated.
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Figure 3.3. Vertical profiles (0-20 cm, 20-40 cm, 40-100 cm) of mean gravimetric soil
water availability on different glacial landforms (OW = outwash, IC = ice contact, MOR
= moraine) on July 25, 2002 (i.e., peak of the drought). Sites followed by a 1 are well-
drained, whereas sites followed by a 2 are sub-irrigated. Results of ANOVA for soil
water with site, depth and their interaction as factors.

130



0.6

Site (P < 0.0001) c

T

0.5

04

T
—
1

03+

HH©
-

HA®

——i

0.0

Growing season average in situ nitogen
mineralization rates (ug N g'1 soil day'1)

OW1 OwW2 IC1 IC2 MOR1MOR2
Study Sites

Figure 3.4. Means (x 1 SD) of in situ nitrogen mineralization rates across landform sites
for different measurement dates and averaged across the growing season. For pairwise
comparisons of sites, means followed by a different letter are significantly different at P
< 0.05 according to Tukey HSD.
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Figure 3.5. Species-level means (+ SD) of leaf nitrogen content (N, pug cm'z) across field
sites from the June 02 seedling harvest. Numbers within or above bars denote sample
sizes (number of plots) for each respective species. Sites are separated into well-drained
(outwash = OW 1, ice contact = IC 1, moraine = MOR 1) and sub-irrigated categories
(outwash = OW 2, ice contact = IC 2, moraine = MOR 2) (see methods for details).
Species are arranged in order of their drought tolerance. Species abbreviations are as
follows: Qv = Quercus velutina, Qa = Quercus alba, Qr = Quercus rubra, Ps = Prunus
serotina, Ar = Acer rubrum, As = Acer saccharum, Fa = Fraxinus americana, Ba =
Betula alleghaniensis.
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Figure 3.6. Root depth (cm) expressed as species-level means (+ SD) and as estimates at
a common whole-plant mass (see materials and methods) across field sites from the June
02 seedling harvest. Numbers within or above bars denote sample sizes (i.e., number of
plots) for each respective species. (n.d.) indicates that the specified common mass was
beyond the range of individuals for a given species x site combination. Sites are arranged
top to bottom from the most xeric site to the most mesic site. Species are arranged in
order of their drought tolerance. Species abbreviations are as follows: Qv = Quercus
velutina, Qa = Quercus alba, Qr = Quercus rubra, Ps = Prunus serotina, Ar = Acer
rubrum, As = Acer saccharum, Fa = Fraxinus americana, Ba = Betula alleghaniensis.
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Figure 3.6. Common harvest time
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Figure 3.7. Relationships between whole plant mass, root depth and published values of
seed mass. Relationships were examined within each of the study sites.
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Figure 3.8. Leaf area ratio (cm2 g-]) expressed as species-level means (+ SD) and as
estimates at a common whole-plant mass (see materials and methods) across field sites
from the June 02 seedling harvest. Numbers within or above bars denote sample sizes
(i.e., number of plots) for each respective species. (n.d.) indicates that the specified
common mass was beyond the range of individuals for a given species x site
combination. Sites are arranged top to bottom from the most xeric site to the most mesic
site. Species are arranged in order of their drought tolerance. Species abbreviations are
as follows: Qv = Quercus velutina, Qa = Quercus alba, Qr = Quercus rubra, Ps = Prunus
serotina, Ar = Acer rubrum, As = Acer saccharum, Fa = Fraxinus americana, Ba =
Betula alleghaniensis.
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Figure 3.8. Common harvest time
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Figure 3.9. Leaf-level photosynthesis (Aarea) as a function of photosynthetic photon flux

density (PPFD, mmol m’ s°l) for sampling periods that varied in volumetric soil water
content (very low, low, moderate, high; see methods and Appendix, Table A.4 for more
details). Linear regression summary statistics are provided within each respective graph
panel. See Tables 3.4-3.7 for parameter estimates.
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Figure 3.10. Multiple regression model of leaf-level photosynthesis (Agrea, pmol m s'l)
in relation to photosynthetic photon flux density (PPFD, pmol m ™~ s™") and leaf Nyrea (g

-2 . . o
cm “) across all sites during (1) very low, (2) low and (3) moderate soil moisture
conditions. Each datum represents a species x plot mean. Regression models are as

follows: (1) very low, Aarea = -2.978 + 0.949 (logo PPFD) + 1.294 (log) ¢ leaf Narea),
adjusted R = 0.31,n=227, P <0.0001; (2) low, Agrea =-5.176 + 1.555 (logio PPFD) +
2.115 (logjo leaf Ngrea) + 5.308 (logio PPFD x logjg leaf Ngrea), adjusted R2 =049, n=
230, P <0.0001; and (3) moderate, Aarea = -5.999 + 2.174 (logo PPFD) + 1.833 (log)o

leaf Ngrea) + 7.307 (log1o PPFD x log)g leaf Narea), adjusted R2 =0.69,n=230,P<
0.0001.
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Figure 3.11. Multiple regression model of leaf-level photosynthesis (Aarea, pmol m” s'l)

in relation to photosynthetic photon flux density (PPFD, pmol m™ s'l) and root depth
(cm) across all sites during (1) very low and (2) low soil moisture conditions. Each
datum represents a species x plot mean. Regression models are as follows: (1) very low,

Agrea =-1.612 + 0.81 (log;o PPFD) + 1.028 (log¢ root depth), adjusted R2 =0.33,n=
227, P <0.0001; (2) low, Aarea = -2.380 + 1.482 (log 9 PPFD) + 0.911 (log;o root depth)
+ (log1o PPFD x log|o root depth), adjusted R2 =0.44, n=230, P <0.0001.
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Figure 3.12. Multiple regression model of instantaneous water-use efficiency in relation

OW 1 during very low soil moisture conditions. Each datum represents a species x plot

mean. Regression model: WUE

0.28, n =30, P = 0.0042.
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Figure 3.13. Relationships between pre-dawn water potential (MPa) and specific root

area (cm2 g'l), total root surface area (cmz) and root depth (cm). Each datum represents
individual seedlings of all species across all study sites. Sites followed by a 1 are well-
drained, whereas sites followed by a 2 are sub-irrigated. Associated correlation statistics
are provided within each graph panel.
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Figure 3.14. Relationships of seedling survival (%) versus Log;o PPFD across all species
within well-drained sites (OW 1, IC 1, MOR 1). Seedling survival was estimated as the
percentage of the original seedling population (July 01) that was alive in October 02.
Each datum represents a plot-level PPFD average. Data were fitted with a Gompertz
function with the general form: 8,exp[—exp(6,— 63—Logo canopy openness)]. Each site-
specific function was solved for the best ft function (i.e., minimized residual sums of

squares) iteratively using the nonlinear fit platform within JMP (SAS Institute, Cary,
North Carolina). All fits were significant at P < 0.05.
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Figure 3.14.
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Figure 3.15. Relationships of SURV siq (i.€., residuals of survival vs. canopy openness

nonlinear functions) with leaf Ngrea, size (Whole-plant mass) and morphological (root
area, SRA, RMR, root depth) and physiological characteristics (leaf-level photosynthesis,

Agrea; Water-use efficiency, WUE). Relationships were examined within each of the

three well-drained sites (OW 1, IC 2, MOR 1). Regression equations, adjusted Rz, P
values and » for these relationships are presented in Table 3.10.
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Figure 3.16. Conceptual diagram of factors influencing interspecific survival of field
transplanted seedlings. Plus signs (+) indicate significance in correlation analyses or
best-fit linear models. Dashed line indicates that additional, unmeasured traits that are
associated with plant mass may have a positive effect on seedling survival.
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Table A.2. Means, standard deviations and ranges of measurement times (0.0—24.00 h
local time) across sites and measurement periods during the 2002 growing season.

Measurement Periods

1 2 3 4
Site (June 9-25)  (July 11-23)  (July 24—August 8)  (August 12-30)
OW-1 n 134 122 142 102
Mean (SD) 13.4 (2.5) 13.6 2.1 13.8(2.3) 13.3(2.3)
Median 13.8 14.1 14.2 13
Range 9.2-17.6 9.9-17.0 9.5-17.0 9.8-17.1
OW-2 n 110 114 144 148
Mean (SD) 147 2.7) 13.32.1) 13.6 2.2) 12.8 (2.4)
Median 15.3 13.1 13.8 12.4
Range 9.5-18.2 9.5-16.8 9.8-16.9 9.0-17.2
IC-1 n 169 201 126 138
Mean (SD) 13.8(22) 13.8(1.8) 134 2.1 133 (2.5)
Median 13.9 14.1 132 13.1
Range 9.8-17.4 10.8-16.9 10.2-16.9 9.4-17.3
IC-2 n 222 134 124 111
Mean (SD) 13.0 2.3) 13.3(2.2) 13.2 (2.6) 13.4(2.3)
Median 12.9 132 13.6 13.6
Range 9.0-17.6 9.8-16.9 9.0-17.2 9.8-16.9
MOR-1 n 246 133 182 94
Mean (SD) 13.5(2.3) 13.2 (2.5) 12.8 (2.5) 14.4 (1.9)
Median 13.7 13 129 14.7
Range 9.3-17.4 9.2-17.0 8.8-16.8 11.0-17.5
MOR-2 n 219 104 145 109
Mean (SD) 13.72.1) 13.8(2.5) 13.7(24) 13.72.1)
Median 13.9 13.7 14.1 13.9
Range 9.8-17.4 9.6-17.7 9.3-17.2 10.3-17.1
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Table A.3. Results of a standard least squares linear model for main effects and
interactions of measurement periods (n = 4), site (n = 6) and species (n = 8) on
measurement times of leaf-level gas-exchange.

ANOVA effects d.f. SS F P

Measurement period 3 45.42 2.89 0.034
Site 5 74.88 2.86 0.014
Measurement period x Site 15 424.36 540 P <0.0001
Species 7 3.88 0.11 0.998

Note: Overall model, P < 0.0001; Adjusted R2 =0.022442. Weak
interactions (P > 0.25) were removed from the model (Bancroft, 1964).
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Table A.4. Summary of soil moisture categories for gas-exchange analyses. Categories
were based on variation in volumetric soil moisture which was measured concurrently
with gas-exchange measurements during the 2002 growing season across seedling
transplant plots.

Volumetric soil moisture (%)

Soil moisture

category Sampling dates n mean SD Min Max
Very low 11-23 July 280 33 2.2 1.1 121
Low 24 July—8 August 280 42 24 09 124
Moderate 12-30 August 224 6.8 4.1 1.6 18.1
High 9-25 June 248 11.2 5.2 45 321
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Table A.S. Results of a standard least squares mixed linear model for main effects and
interactions of canopy openness (%), site (n = 6) and sampling date (n = 6) on
gravimetric soil moisture (%) across seedling transplant plots.

Whole-model

ANOVA effects df. SS F P P Adj. R
site 5 25 194 <0.0001 <0.0001  0.64
date 5 55 434 <0.0001
site X date 25 1.0 1.6 00387

log¢ canopy openness (%) 1 0.1 4.0 0.0461

Note: Models exclude interaction terms when P > (.25 in preliminary model (Bancroft,
1964).
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Table A.6. Results of a standard least squares mixed model for the main effects and

interactions of log)o (Whole-plant mass) (g), site (n = 6) and species (» = 8) on log; (root
mass) (g). The model is based on data are from all individual seedlings that were
harvested from transplant plots in June 2002.

Whole-model
ANOVA effects df. _SS F P P Adj. R’
Site 5 0.54 13.63 <0.0001 <0.0001 0.98
Species 7 233 42,02 <0.0001
Site x species 35 0.69 248 <0.0001
log 10 whole-plant mass 1 66.46 8399.10 <0.0001
Site x log whole-plant mass S 0.03 0.68 0.6389
Species x logg whole-plant mass 7 0.15 2.65 0.0102
Site x species x log)g whole-plant mass 35 0.51 1.83 0.0024

Table A.7. Results of a standard least squares mixed model for the main effects and
interactions of log) ¢ (root mass) (g), site (n = 6) and species (n = 8) on log;o (root area)

(cm2). The model is based on data are from all individual seedlings that were harvested
from transplant plots in June 2002.

Whole-model
ANOVA effects df. _SS F P P Adj. R’
Site 5 056 5.56 <0.0001 <0.0001 0.87
Species 7 1.70 5441 <0.0001
Site % species 35 1.77 2.50 <0.0001
log g root mass 1 4751 2350.07 <0.0001
Site x log( root mass 5 0.11 1.08 0.3669
Species x log]( root mass 7 080 5.65 <0.0001

Site x species x logjg root mass 35 1.01 1.43 0.0499
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Table A.8. Results of a standard least squares mixed model for the main effects and

interactions of log) (whole-plant mass) (g), site (n = 6) and species (n = 8) on log¢ (root
depth) (cm). The model is based on data are from all individual seedlings that were
harvested from transplant plots in June 2002.

Whole-model
ANOVA effects df. SS F P P Adj. R’
Site 5 052 3.18 0.0074 <0.0001 0.55
Species 7 053 2.30 0.0250
Site x species 35 1.87 1.63 0.0116
log) ¢ whole-plant mass 1 10.13 30932 <0.0001
Site x log|o whole-plant mass S 0.19 1.16 0.3259
Species x log|( whole-plant mass 7 143 6.23 <0.0001

Site x species x log)g whole-plant mass 35  1.85 1.61 0.0135

Table A.9. Results of a standard least squares mixed model for the main effects and
interactions of log;o (whole-plant mass) (g), site (n = 6) and species (n = 8) on log¢ (leaf

area) (cmz). The model is based on data are from all individual seedlings that were
harvested from transplant plots in June 2002.

Whole-model
ANOVA effects df. SS F P P Adj. R?
Site 5 5.50 14.15 <0.0001 <0.0001 0.75
Species 7 1516 27.85 <0.0001
Site x species 35 4.46 1.64 0.0110
log1 whole-plant mass 1 102.86 1322.70 <0.0001
Site x log) o whole-plant mass 5 0.69 1.79 0.1129
Species x log| whole-plant mass 7 2.07 3.81 0.0004

Site x species x logjo whole-plant mass 35 3.27 1.20 0.1971
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Table A.34. Results of a standard least squares mixed model for the main effects and
interactions of logo (photosynthetic photon flux density, PPFD) (umol m” s'l), logio

(leaf Narea) (ug cm-z) and site (n = 6) on water-use efficiency (WUE) under very low soil
moisture (see methods for soil moisture classification scheme).

Whole-model
Ad).
ANOVA effects if. S8 F P P R’
Site 5 527 164 <0.0001 <0.0001 034
LogioPPFD (umolm s ') 1 113 17.7 <0.0001
Logjo leaf N (ug cm ) 1 05 08 03853

Site % logjg leaf N (ugem 2) 5 85 27  0.0237
Note: Weak interactions (P > 0.25) were removed from the model (Bancroft, 1964).
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Table A.35. Results of a standard least squares mixed linear model for main effects and
interactions of canopy openness (%) and site (n = 6) on gravimetric soil moisture (%o)
across seedling transplant plots. Models were evaluated for five different sampling dates
(16 May, 25 June, 9 July, 25 July, 20 August, 8 September) and averaged across the 2002
growing season.

Whole-model
.22
Date ANOVA effects df. SS F P P Adj. R
16 May Log)o canopy openness (%) 1  0.08 5.04 0.0328 0.0010 0.43
Site 5 020 245 0.0582
25 June Log)g canopy openness (%) 1 0.01 044 0.5114 0.0281 0.24
Site 5 036 324 0.0197
9 July Logjo canopy openness (%) 1 0.03 122 02793 0.0635 0.19
Site S 0.19 167 0.1737
25 July Log)p canopy openness (%) 1  0.01 0.81 0.3764  0.0002 0.50
Site 5 054 6.11 0.0006
20 August Log|o canopy openness (%) 1 0.11 3.81 0.0611 0.0001 0.51
Site 5 064 457 0.0036
8 September Log|0 canopy openness (%) 1 0.00 0.00 09538 0.0002 0.51
Site 5 149 6.48 0.0004

Overall Mean  Logjo canopy openness (%) 1 002 173 0.1996 <0.0001 0.58

Site 5 042 6.83 0.0003

Note: Models exclude interaction term when P > 0.25 in preliminary
model (Bancroft, 1964).
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Table A.36. Results of a standard least squares mixed linear model for main effects and
interactions of canopy openness (%) and site (n = 6) on in situ nitrogen mineralization
rates averaged across the 2002 growing season.

Whole-model
ANOVA effects df. SS F P P Adj. R?
Logjo canopy openness (%) 1 0.06 247 0.1276 <0.0001 0.58

Site 5 077 6.18 0.0006
Note: Model excludes interaction term when P > (.25 in preliminary
model (Bancroft, 1964).
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Figure A.1. Correlation matrix of gravimetric soil moisture (%) for the driest sampling
date from the 2001, 2002 and 2003 growing seasons. Each datum represents a plot-level
average from the seedling transplant experiment. All values were log; transformed prior

to analysis. Sample size, Pearson’s correlation coefficients and significance of
coefficients are shown in each respective panel.
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Figure A.2. Correlation between seedling survival (%) recorded after the peak of the
drought in 2002 (6/02-10/02) and seedling survival (%) throughout the duration of the
seedling transplant experiment (7/01-10/02). Each datum represents a species-specific
average of seedling survival at the plot level. Sample size, Pearson’s correlation
coefficients and significance of coefficients are shown within the panel of the graph.
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Figure A.3. Correlations of leaf area ratio (LAR), specific root area (SRA), root mass
ratio (RMR), root depth and root surface area with total plant mass. Sample size,
Pearson’s correlation coefficients and significance of coefficients are shown next to each
respective panel.
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Figure A.3.
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Figure A.4. Species-level means (+ SD) of whole-plant mass (g) across field sites from
the June 02 seedling harvest. Numbers above bars denote sample sizes (number of plots)
for each respective species. Sites are separated into well-drained (outwash = OW 1, ice
contact = IC 1, moraine = MOR 1) and sub-irrigated categories (outwash = OW 2, ice
contact = IC 2, moraine = MOR 2) (see methods for details) and are organized top to
bottom from the most xeric to the most mesic. Species are arranged in order of their
drought tolerance. Species abbreviations are as follows: Qv = Quercus velutina, Qa =
Quercus alba, Qr = Quercus rubra, Ps = Prunus serotina, Ar = Acer rubrum, As = Acer
saccharum, Fa = Fraxinus americana, Ba = Betula alleghaniensis.

194



Well-drained Sub-irrigated

202! | ow2 Xeric
A
80 | | - -
A oo [T el
~ 0 mmumﬁmmm 51/ 5 smm || s|[s]
e IC1 IC2
S 120} I
o
§ 8o 6
“t‘ 40+ [ ﬁ
- : 6 [0
3 o Dmu%rﬁmm% ﬂml:lﬁ.{—.m 8l
& MORT | MOR 2
120 | I 7|
. i 7
o 5 - Y
, 2 I —] !
minn e e A
oLlelle slcal el 6|l srrlrhm Mesic

Qv Qa Qr Ps Ar As Fa Ba Qv Qa Qr Ps Ar As Fa Ba
Drought Drought
High<€——toierance——> Low High<—— Tojerance—> Low

Figure A.5. Species-level means (= SD) of root surface area (cmz) across field sites from
the June 02 seedling harvest. Numbers within or above bars denote sample sizes (number
of plots) for each respective species. Sites are separated into well-drained (outwash =
OW 1, ice contact = IC 1, moraine = MOR 1) and sub-irrigated categories (outwash =
OW 2, ice contact = IC 2, moraine = MOR 2) (see methods for details). Species are
arranged in order of their drought tolerance. Species abbreviations are as follows: Qv =
Quercus velutina, Qa = Quercus alba, Qr = Quercus rubra, Ps = Prunus serotina, Ar =
Acer rubrum, As = Acer saccharum, Fa = Fraxinus americana, Ba = Betula
alleghaniensis.
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Figure A.6. Root mass ratio (g g_]) expressed as species-level means (+ SD) and as
estimates at a common whole-plant mass (see materials and methods) across field sites
from the June 02 seedling harvest. Numbers within or above bars denote sample sizes
(i.e., number of plots) for each respective species. (n.d.) indicates that the specified
common mass was beyond the range of individuals for a given species x site
combination. Sites are arranged top to bottom from the most xeric site to the most mesic
site. Species are arranged in order of their drought tolerance. Species abbreviations are
as follows: Qv = Quercus velutina, Qa = Quercus alba, Qr = Quercus rubra, Ps = Prunus
serotina, Ar = Acer rubrum, As = Acer saccharum, Fa = Fraxinus americana, Ba =
Betula alleghaniensis.

196



Figure A.6.  Common harvest time Common whole-plant mass: 0.5 g
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Figure A.7. Specific root area (cm2 g_l) expressed as species-level means (+ SD) and as
estimates at a common root mass (see materials and methods) across field sites from the
June 02 seedling harvest. Numbers within or above bars denote sample sizes (i.e.,
number of plots) for each respective species. (n.d.) indicates that the specified common
mass was beyond the range of individuals for a given species x site combination. Sites
are arranged top to bottom from the most xeric site to the most mesic site. Species are
arranged in order of their drought tolerance. Species abbreviations are as follows: Qv =
Quercus velutina, Qa = Quercus alba, Qr = Quercus rubra, Ps = Prunus serotina, Ar =
Acer rubrum, As = Acer saccharum, Fa = Fraxinus americana, Ba = Betula
alleghaniensis.
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Figure A.7.
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Figure A.8. Species-level means (+ SD) of leaf-level photosynthesis (Aarea) across field
sites at four ling dates that cc d in volumetric soil moisture content (%) during
the 2002 growing season (left to right, very low = 3.3%; low = 4.2%; moderate = 6.8%;
high = 11.2%; and see also Appendix,Table A.4, for additional details). Numbers
contained within or above bars denote sample sizes (number of plots) for each respective
species. Sites are organized top to bottom from the most xeric to the most mesic (well-
drained sites, outwash = OW 1; ice contact = IC 1; moraine = MOR 1; and sub-irrigated
sites, outwash = OW 2; ice contact = IC 2; moraine = MOR 2) (see methods for details).
Species are arranged in order of their drought tolerance. Species abbreviations are as
follows: Qv = Quercus velutina, Qa = Quercus alba, Qr = Quercus rubra, Ps = Prunus
serotina, Ar = Acer rubrum, As = Acer saccharum, Fa = Fraxinus americana, Ba =
Betula alleghaniensis.
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Figure A.9. Species-level means (+ SD) of leaf-level water-use efficiency (WUE) across
field sites (OW1, OW 2, IC 1, IC 2, MOR 1, MOR 2) at four sampling dates that
contrasted in volumetric soil moisture content (%) during the 2002 growing season (left
to right, very low = 3.3%; low = 4.2%; moderate = 6.8%; high = 11.2%; and see also
Appendix, Table A.4 for additional details). Numbers contained within or above bars
denote sample sizes (number of plots) for each respective species. Sites are organized
top to bottom from the most xeric to the most mesic (well-drained sites, outwash = OW
1; ice contact = IC 1; moraine = MOR 1; and sub-irrigated sites, outwash = OW 2; ice
contact = IC 2; moraine = MOR 2). Species are arranged in order of their drought
tolerance. Species abbreviations are as follows: Qv = Quercus velutina, Qa = Quercus
alba, Qr = Quercus rubra, Ps = Prunus serotina, Ar = Acer rubrum, As = Acer
saccharum, Fa = Fraxinus americana, Ba = Betula alleghaniensis.
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Figure A.10. Relationships of survival deviations (i.e., species average plot survival —
overall average plot survival for all species) with leaf Nyea, size (Whole-plant mass) and
morphological (root area, SRA, RMR, root depth) and physiological characteristics (leaf-

level photosynthesis, Agrea; Water-use efficiency, WUE). Relationships were examined
within each of the three well-drained sites (OW 1, IC 2, MOR 1). Regression equations,
adjusted R%, P values and n for these relationships are presented in Appendix, Table
A.38.
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