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ABSTRACT

Processes operating at early life history stages of trees are thought to foster
species diversity, but empirical studies have lagged behind theory in determining which
processes maintain forest diversity. For my dissertation, [ combine extensive data with
statistical modeling to determine interacting effects of seed dispersal, seed dormancy, and
density-dependent mortality on species diversity of Southern Appalachian forests.

First, I quantify seed banking of temperate tree species. I use seed-rain and seed-
bank densities to show that many species’ seeds remain viable for several years before
germination. [ quantify seed survival, and [ show that seed-banks buffer against
fluctuations in annual seed production, allowing recruitment when seed production fails,
and reducing density-dependent mortality. A trade-off between seed size and seed
longevity may foster species coexistence.

I also explore the consequences of seed banking for Acer rubrum. Survival of
late-germinating A. rubrum seeds is low, because light and water become limiting later in
the growing season. Seed dormancy increases late in the growing season, and dormant
seeds postpone germination to the following year, when conditions are more favorable
for seedling survival. Variable seed dormancy thus maximizes recruitment, because
seeds germinate when seedling survival is likely. A. rubrum’s increasing abundance in
temperate forests may be in part explained by its ability to maximize recruitment with

variable seed dormancy.



Next, I show that density-dependent mortality affects abundant temperate tree
species. I find that past studies over or under-estimate the prevalence of density-
dependent mortality in forests, which has fueled the controversy on the role density-
dependent mortality plays in structuring forest communities. I find no evidence that
density-dependent mortality contributes to the latitudinal gradient in species diversity (as
is widely believed).

Finally, I consider effects of Rhododendron maximum and density-dependent
mortality on seed dispersal patterns. [ show that seed dispersal strongly limits most
species. Rhododendron maximum decreases recruitment and lowers diversity. Density-
dependent mortality interacts with dispersal to lower recruitment of the most abundant
species in these forests. I conclude that the interacting effects of seed dispersal,
understory competition and density-dependent mortality may control species diversity in

this Southern Appalachian forest.
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The question of how species coexist

What allows multiple plant species to coexist? Theoretical work in the 1960s
demonstrated that as many species as there were limiting resources could stably coexist
in communities (Hutchinson 1961). Plant communities with thousands of species (e.g.
tropical forests) are at odds with these models, given that plants grow vigorously on only
water, light, CO,, and a handful of nutrients. The question of what maintains species
diversity has inspired nearly four decades of research (e.g. Janzen 1970, Connell 1971,
Grubb 1977, Warner & Chesson 1985, Shmida & Ellner 1984, Tilman 1994, Hurtt &
Pacala 1995).

Removing assumptions of spatial and temporal homogeneity in simple models
predicting limited coexistence allows for diverse plant communities. Theory has shown
that niche partitioning (spatial variability in limiting resources — Tilman & Pacala 1993),
the storage effect (temporal variability in recruitment — Warner & Chesson 1985), trade-
offs between competition and colonization (spatial variability generated by differences in
dispersal ability — Shmida & Eliner 1984, Tilman 1994), and density-dependent mortality
(differential mortality generated by spatial variability — Janzen 1970, Connell 1971,
Pacala & Crawley 1992) all maintain species diversity at high levels. The central
question in community ecology has thus shifted from “How do species coexist?” to

“Which mechanisms operate in this community to promote species coexistence?”.

N



Species coexistence in forests: the role of early life history stages

Early life history stages of plant species feature prominently in theories of the
maintenance of species diversity (Janzen 1970, Connell 1971, Grubb 1977, Shmida &
Ellner 1984, Warner & Chesson 1985, Hurtt & Pacala 1995, Clark & Ji 1995), because
these stages are dynamic in comparison to adult stages. Adult trees have low mortality
rates (Table 1-1), and there are few differences among species in requirements for growth
and survival. On the other hand, seeds and seedlings experience high mortality, and
species differ enormously growth and survival (Table 1-1).

Spatial variability in the production of juveniles may maintain diverse forest
communities. Limited dispersal causes distributions of juveniles to be clustered around
parent trees (Clark et al. 1998, Figure 1-1). Limited dispersal thus increases the strength
of intra-specific competition relative to inter-specific competition, promoting species
diversity (Shmida & Ellner 1984, Hurtt & Pacala 1995). Differences among species in
dispersal (Table 1-1) also affects species diversity, because dispersal distance is
negatively correlated to seed size (Smith & Fretwell 1974, Clark et al. 1998), and early
seedling survival is positively correlated to seed size (Jurado & Westoby 1992, Greene &
Johnson 1998). Trade-offs between dispersal and competitive ability allow inferior
competitors (e.g. Liriodendron tulipifera, Figure 1-1, Table 1-1) to coexist with superior
competitors (Nyssa sylvatica, Figure 1-1, Table 1-1) by better capturing space (Tilman

1994).



Seed production of forest trees varies annually (Tapper 1996, Clark et al. 1998,
Figure 1-2), in turn fostering species coexistence. If seed production is not correlated
among species (e.g. Figure 1-2), inferior competitors may recruit in years when seed
production of more competitive species fails. Long-lived stages with low mortality (in a
tree’s case, the adult) maintain populations through years of low recruitment (Chesson &
Warmer 1981, Wamner & Chesson 1985).

Dispersal, density-dependent mortality, and seed dormancy may interact to
promote coexistence (Pacala & Rees 1998, Chesson 2000). Seed dormancy can reduce
mortality due to density-dependent mortality by dampening fluctuations in annual seed
rain (Ellner 1985). Dispersal and density-dependent mortality cause high mortality of
con-specific juveniles near adult trees, increasing the probability that trees are not
replaced by con-specifics (Janzen 1970, Connell 1971). The ability to disperse seeds
through space and time (seed dormancy) may be linked, due to biophysical constraints
(large-seeded species that have short dispersal distances may have short seed longevities
due to high seed predation). Seed dispersal and seed dormancy may also co-evolve,
because both are selected to reduce negative effects of environmental variation (Venable
& Brown 1988).

Although we might suspect that multiple processes such as seed dispersal, seed
dormancy, and density-dependent mortality interact to promote species coexistence,
documenting these effects has proven difficult. The very factors that make early life

history stages good places to look for processes that structure forest communities (high



mortality, spatial and temporal variability) are also those that make them difficult to study
(Table 1-1). With few exceptions, we simply do not have enough data (Clark et al. 1999)
to determine which processes are instrumental in maintaining diversity in a particular

community.

Objectives

In this dissertation, I focus on seed dormancy, density-dependent mortality, and
seed dispersal of temperate forest tree species. I quantify seed banking for temperate
forest tree species, and show that seed banking greatly enhances recruitment (Chapter 2).
I demonstrate that spring seed dispersal combined with seed dormancy of Acer rubrum
enhances recruitment; seeds germinate immediately if conditions are favorable thus
avoiding high mortality over winter, or seeds postpone germination to the following
growing season if conditions are unfavorable for seedling survival (Chapter 3). Because
co-occurring tree species set seed in the fall, seed-banking may explain Acer rubrum's
success in eastern deciduous forests. I also show that density-dependent mortality affects
abundant temperate forest tree species, contrary to long-standing hypotheses that this
process is more prevalent in tropical forests (Chapter 4). Finally, [ document the effects
of density-dependent mortality and understory competition on seed dispersal patterns,
and show that the interactive effects of these processes have enormous potential to affect

species diversity in temperate deciduous forests (Chapter 5).



Chapter 2.

SEED BANKING IN TEMPERATE FORESTS:
IMPLICATIONS FOR RECRUITMENT LIMITATION




Abstract

Seed banking is assumed unimportant for temperate woody species, because their
seeds are usually short-lived (<<5 years) and at low densities in forest soils. However,
short-term seed longevity could buffer seedling recruitment against fluctuations in seed
production, and low soil seed densities may result from low seed production, rather than
from low seed longevity. [ monitored seed-rain, seed-bank, and seedling densities in a
temperate forest community to identify which species have seed-banks, to quantify seed
losses from the soil, and to determine the effects of seed dormancy on seedling
recruitment. I found that the seeds of ten woody species (Acer rubrum, Betula spp.,
Kalmia latifolia, Liriodendron tulipifera, Nyssa sylvatica, Rhododendron maximum,
Robinia pseudoacacia, Rubus spp, Sassafras albidum, and Vitis spp.) remain viable in the
soil for more than one year, while seeds of six species (Amalanchier spp, Acer
pennsylvanicum, Fraxinus americana, Quercus prinus, Quercus rubra, and Tsuga
canadensis) were never found in the soil seed-bank, despite high seed production and
germination. Seed loss rates of Acer rubrum, Betula spp. and Liriodendron tulipifera
exceeded 30% per year. Loss rates due to mortality and germination of Acer rubrum,
Betula spp., and Liriodendron mulipifera were greatest in high-light and high-moisture
plots, suggesting germination rates are highest under optimal conditions. Over 50% of
seeds that germinate do so after residing more than one year in the soil. Seed-banks are
the only source of recruitment in one of every four years, when seed production fails.

These results show that seed banking is underestimated in temperate forest communities,



and may be crucial for consistent recruitment of many species. Moreover, a tradeoff
between the ability to seed bank and seedling competitive ability may foster coexistence

of temperate tree species.

Key words: Bayesian statistics, bet hedging, Markov Chain Monte Carlo, recruitment
limitation, seed dormancy, seed banking, species coexistence, Southern Appalachians

forests.

Introduction

Seed banking, the ability of seeds to remain dormant in the soil for several years
before germination, can be crucial for the maintenance of plant populations. Spreading
reproduction over many years guards annual plants against reproductive failure,
especially in deserts, where environmental conditions favorable to recruitment are
unpredictable (Phillipi 1993, Pake and Venable 1995, Pake & Venable 1996). Pioneer
species often recruit from dormant seed during disturbance events, long after mature
plants have disappeared due to succession (Marks 1974, Dalling et al. 1997, Dalling et al.
1998, Tierney & Fahey 1998). Regeneration of many chaparral depends on fire and
seeds that remain dormant until germination is stimulated by exposure to heat or smoke
(Keeley & Keeley, 1988, Keeley & Fotheringham 1998).

Seed banking is often assumed unimportant for temperate trees, despite evidence

that seeds of some woody species remain viable for several years in the soil (Clark &



Boyce 1964, Marks 1974, Marquis 1975, Haywood 1994, Houle 1994, Peroni 1995).
There are a number of reasons for this view. In comparison with seed densities of annual
or herbaceous species, tree seeds are not abundant in temperate forest soils (Mladenoff
1990, Matlack & Good 1990, Roberts & Vankat 1991, Schiffman & Carter-Johnson
1992, Thompson 1992, Yorks et al. 2000). The seed longevity of woody species is
unimpressive (< 5 years: Clark & Boyce 1964, Granstrom & Fries 1985, Granstrom
1987, Houle 1992, Houle 1994) in comparison with seed longevity of other species; for
example Verbascum seeds buried by Beal in the late 1800s were still 50% viable after
120 years (Brown 2001). Theoretical work has emphasized the need for a long-lived
stage to buffer against periods of low recruitment (Cohen 1966, Chesson & Warner 1981,
Warner & Chesson 1985, Chesson 2000). Dormant seeds of annuals are often cited as an
example of this long-lived stage (Chesson 2000), so seed banking is generally associated
with annual plants, not tree species.

The view that seed-banks do not play an important role in the dynamics of
temperate deciduous forests is based, in part, on limited data (Clark et al. 1999). Low
seed-bank densities may result from low seed production, but does not necessarily imply
that woody species do not rely on seed-banks for recruitment. Because seed-bank
estimates are rarely coupled with estimates of seed production (Mladenoff 1990, Roberts
& Vankat 1991, Schiffman & Carter-Johnson 1992, but see Houle 1994), it is usually
impossible to calculate the transition probability from dispersed seed to soil seed-banks

(Pickett & McDonnell 1989). Because seed production fluctuates annually (Houle 1994,






