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ABSTRACT

Spatial heterogeneity in biotic and abiotic factors is one mechanism proposed to
maintain species diversity. In forests, canopy gaps are a major source of environmental
heterogeneity. providing for increased light levels that may play a central role in tree
regeneration and subsequent patterns of species diversity. While many studies have
examined the direct effects of canopy gaps on seedling recruitment, few have considered
the interaction of other sources of spatial heterogeneity with canopy gap formation. [
examine the potential for spatial heterogeneity in understory cover, mineral resources,
moisture. sced and seedling predation, and overstory condition to contribute to species
coexistence.

I begin by examining seedling recruitment and diversity in 12 canopy gaps under
two contrasting understory conditions: 6 gaps were dominated by the dense, shade-
producing shrub, Rhododendron maximum L., while the remaining gaps lacked R.
maximum. Neither species diversity nor richness consistently increased following gap
formation. Seedling densities were especially low and unresponsive to gap formation in
areas dominated by R. maximum. Understory light levels were consistently low beneath
R. maximum and did not increase with canopy gap formation. My results suggest that
dense shrub cover can neutralize recruitment opportunities in canopy gaps, that seed rain
often limits recruitment in gaps, and that canopy gaps that are larger or include
understory disturbance are needed to maintain diversity in these forests.

[ next consider the interaction of canopy gaps, understory vegetation, moisture

and nutrient availability on survival and growth of Acer rubrum, Liriodendron tulipifera,



and Quercus rubrum seedlings. I created microsites with contrasting resource
availability by removing understory vegetation, trenching, trenching and removal of
vegetation. fertilization. and unmanipulated controls. These treatments were replicated
beneath closed canopy and canopy gaps. While species and treatments greatly affected
seedling survival and growth, species rankings did not change across treatment
combinations in a manner that might promote species coexistence.

Finally. I consider the effects of predation on emergence, survival, and growth of
A. rubrum, L. tulipifera, and Q. rubra seedlings in conjunction with varied overstory
condition. understory shrub cover, and presence of leaf litter. I manipulated predation
intensity by either excluding predators from plots using wire cages or not. I found large
differences in seedling emergence, survival, and growth across species as well as across
trcatments but species performance rankings did not change across treatments.
However. species rankings of emergence probabilities did change across years,

suggesting that temporal variability may contribute to species coexistence.
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CHAPTER 1

INTRODUCTION



How do species coexist? What do we mean by coexistence? By coexistence, I
mean the co-occurence of multiple species in the same place or habitat. such that none
tend to be eliminated (Begon et al. 1996). The problem of explaining species
coexistence and maintenance of diversity is central to ecology (Hutchinson 1959). The
coexistence of plant species has been particularly difficult to explain because of the
similarity in plant resource requirements--water, light, carbon dioxide, and mineral
nutrients (Whittaker 1965). One proposed mechanism contends that spatial
heterogeneity plays a key role in promoting species coexistence (Grubb 1977, Huston
1994, Pacala and Roughgarden 1982, Pacala and Tilman 1994) and may underlie the
coexistence of multiple tree species within forest stands. This explanation requires that
species performance rankings vary as a function of microsite conditions, leading to
variable species success within close spatial proximity and, ultimately, to species
coexistence.

The potential for spatial heterogeneity to contribute to tree diversity is greatest at
early life history stages. Adult trees and saplings integrate resources over many meters,
‘averaging’ over much of the environmental variability that occurs at finer scales. In
contrast, seedlings ‘perceive’ the environment on the scale of centimeters so that the
forest understory is extremely heterogeneous from the seedling perspective. Variable
seedling recruitment and performance associated with fine scale, spatial heterogeneity,
¢.g. regeneration niches (Grubb 1977), may contribute to later patterns of species

abundance.



Canopy gaps are a major source of spatial heterogeneity in forests. Gaps are
‘holes’ in the otherwise continuous strata of forest trees. They are created by the
senescence of canopy trees or allogenic disturbances such as drought or wind. Gaps
provide heterogeneity in light availability—a resource that may limit growth in forest
understories (Canham 1988, Denslow et al. 1990, Pacala et al. 1994, Pearcy 1983).
While the effects of canopy gaps on recruitment patterns have been widely investigated
(e.g. Van Der Meer et al. 1998, Sipe and Bazzaz 1995, Wilder et al. 1999, Carlton and
Bazzaz 1998b. Gray and Spies 1996, 1997), other potential sources of variability, and
their interactions with canopy gaps have received much less attention. For example,
understory shrubs alter resource levels at the forest floor and may interfere with
increased seedling recruitment associated with canopy gaps (e.g. Huenneke 1983,
Veblen 1982, 1989). Light may not be the limiting resource in forest understories so
that mineral nutrients or moisture may have larger effects on seedling performance
(Denslow et al. 1998, Fahey et al.1998). Finally, gap formation may alter patterns of
seed or seedling predation so as to either reinforce or offset the direct benefits of
increased resource levels associated with gaps (Schupp 1988). In this dissertation, I
examine the potential for spatial heterogeneity in understory cover, mineral resources,
moisture. seed and seedling predation, and overstory condition to contribute to species
coexistence.

In the first portion of my research (Chapter 2), [ examine the effects of canopy
gap formation and understory shrub cover on the diversity and abundance of tree

regeneration. [ census seedling densities of all tree species in 12 canopy gaps under



contrasting understory conditions: 6 gaps were dominated by the dense, shade-
producing shrub, Rhododendron maximum, while the remaining gaps lacked R.
maximum. Recruitment responses are compared with the understory light environment,
soil moisture. litter biomass, and seed rain. The primary questions addressed are
whether species diversity increases following gap formation and how understory shrubs
modify these patterns.

In the remaining portions of my dissertation (Chapters 3 and 4), I adopt a more
mechanistic approach to studying seedling recruitment rather than examining
phenomenological patterns. I examine seedling emergence, survival, and growth
responses to experimental manipulations to determine if environmental heterogeneity
can explain species co-occurrence within forest stands. I focus on three species of
canopy trees. A. rubrum (red maple), L. tulipifera (yellow poplar), and Q. rubra
(northern red oak). These species were chosen because they are important overstory
components in southern Appalachian forests, co-occur in these stands, and exhibit a
range of life-history traits, e.g. seed size, shade tolerance, etc.

In Chapter 3, I investigate how competition for light, mineral nutrients, and water
may contribute to the coexistence of A. rubrum, L. tulipifera, and Q. rubra. I create
contrasting microsite conditions by manipulating the intensity of competition for above-
and below-ground resources by removing understory vegetation, trenching, trenching
and removal of vegetation, fertilization, and unmanipulated controls. These treatments

were replicated beneath closed canopy and canopy gaps. I examine subsequent seedling



survival and growth to determine if seedling performance rankings change in any
combination of treatments.

Lastly. in Chapter 4, I examine the role of seed and seedling predation in
determining patterns of diversity. I create plots that are either exposed to or protected
from predators by wire cages. These plots are replicated under varied environmental
conditions. e.g. contrasting overstory condition, understory cover, and amount of leaf
litter. I examine seedling emergence, survival, and growth to determine if these

microsites provide sufficient heterogeneity to promote species coexistence.



CHAPTER 2
A long-term study of tree seedling recruitment in Southern Appalachian forests: the

¢ffects of canopy gaps and shrub understories



INTRODUCTION

With awareness that competition limits diversity in constant environments
(MacArthur and Levins 1967, Tilman 1982), ecologists have searched for mechanisms
that promote variability and, thus, coexistence on a few limiting resources. In forest
understories. light is a limiting resource with tree establishment and growth linked to its
availability (Canham 1988, Denslow et al. 1990, Pacala et al. 1994, Pearcy 1983).
Canopy gaps provide the transient increases in light that many species require to reach
the canopy (Bormann and Likens 1979, Brokaw and Scheiner 1989, Pickett and White
1985, Shugart 1984, Whitmore 1989). The spatial and temporal heterogeneity resulting
from the deaths of individual trees might promote higher forest diversity than could be
maintained in a constant environment (Chesson 1982, Chesson and Wamer 1981,
Comins and Noble 1985, Huston 1979, Pacala and Tiiman 1994, Tilman and Pacala
1993).

Although the importance of gap-phase replacement has long been recognized in
forest dynamics (Bormann and Likens 1979, Botkin 1993, Shugart 1984, Watt 1947),
the role of intermediate-sized canopy gaps in maintaining diversity is less certain despite
their high abundance. We consider intermediate-sized gaps to be those created by the
death of one to several canopy trees, as opposed to small gaps resulting from the partial
death of canopy trees (e.g. loss of a branch, etc.) or large gaps formed by the death of
many contiguous trees (e.g. large windthrows). Based on this definition, > 80% of gaps
in temperate deciduous forests would be considered intermediate-sized (Cho and
Boerner 1991, Dahir and Lorimer 1996, Runkle 1990). Alternatively, we can base a
definition of intermediate-sized gaps on the 25" and 75™ quantiles of the distribution of
gap area. For eastern mesic forests, intermediate-sized gaps would then be gaps with

expanded areas between 150m? and 400m?, respectively (based on data from Runkle



1982); this definition largely intersects the first definition. Some studies have
emphasized the importance of intermediate-sized gaps (Barden 1979,1980, 1981, 1983,
Drobyshev 1999, Kneeshaw and Bergeron 1998, Lorimer 1980, Runkle 1981,
Williamson 1975), while others have questioned their efficacy (Brewer and Merritt
1978, Cho and Boerner 1991, Della-Bianca and Beck 1985, Hibbs 1982). Most of these
studies have been observational in nature; few have created gaps and gauged effects
against pretreatment data, or have monitored variation in factors likely to impact
recruitment such as seed rain. Others did not measure recruitment in intact canopies for
comparison to that in gaps, making an assessment of gap effects difficult. Experiments
that create replicated gaps and that concurrently monitor factors that impact seedling
establishment. e.g. seed rain, light availability, etc., would circumvent some of these
limitations and. perhaps, help clarify the role of intermediate-sized gaps in forest
dynamics.

While interference from forest understories can inhibit seedling recruitment
beneath intact canopies (George and Bazzaz 1999a. 1999b, Lorimer et al. 1994, Maguire
and Forman 1983), few studies have explicitly investigated the interaction between
understory shrubs and seedling establishment in gaps. Enhanced recruitment following
gap formation depends on increased availability of limiting resources. Many forests
support dense understories that buffer the forest floor against canopy changes that affect
light, moisture. and nutrients (Clinton et al. 1994, Dolling 1996, Ehrenfeld 1980,
Harmon and Franklin 1989, Huenneke 1983, Nakashizuka 1989, Veblen 1982, 1989,
Yamamoto et al. 1995), so that understory shrubs might neutralize recruitment
opportunities for tree seedlings in gaps. Some studies have associated low seedling

densities with dense understories (Ehrenfeld 1980, Huenneke 1983, Nakashizuka 1989,



Yamamoto et al. 1995), but we are unaware of studies explicitly examining how
understory shrubs interfere with the gap-phase paradigm.

To investigate the impact of canopy gaps and shrub understories on forest
dynamics. we created replicated experimental gaps and followed responses of
environmental variables and seedling recruitment for five years. Our study design
included gaps with both dense understories of Rhododendron maximum L and gaps with
open understories. Our artificial canopy gaps emulated those formed during droughts in
the southern Appalachians (Clinton et al. 1993): the gap makers are standing dead and
the gap area approximates that of a typical drought-induced gap. We measured the
understory light environment, soil moisture, litter biomass, seed rain, and seedling
densities (including pretreatment densities) to address the following questions: 1).
Which tree species have increased seedling densities in intermediate-sized gaps? 2).
Does species diversity of tree seedlings increase in gaps? 3). What effect does the

understory shrub R. maximum have on seedling recruitment in gaps?






