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Abstract of the Dissertation

Plant community composition, species coexistence, and community assembly in the
riparian zones of small streams in New York State

by
Emily Joyce Rollinson
Doctor of Philosophy
in
Ecology and Evolution
Stony Brook University

2016

Many mechanisms may contribute to the diversity and composition of an ecological community.
In riparian habitats, which are often described as both very diverse and very susceptible to
biological invasions, flood disturbances may be a predominant structuring mechanism. In this
dissertation | use several approaches to describe the mechanisms governing the diversity and
composition of riparian plant communities along small streams. | performed a systematic
literature review of the role of disturbances in facilitating plant invasions in general and in
riparian plant communities in particular. General trends in the effects of disturbance on plant
communities may be difficult to detect in part because of the breadth of events described by the
term “disturbance”. In field studies, | found that riparian plant communities and nearby upland
areas did not differ in diversity or species composition at a local scale, but riparian communities
harbored more species regionally, suggesting that the riparian zones of small streams may serve
as a reservoir of regional species richness. Variation in the composition of riparian plant
communities of small streams throughout the Upper Hudson watershed (NY) was correlated with
annual mean temperature, soil texture, and the abundance of wetlands in the surrounding
landscape, and community composition was spatially autocorrelated. In greenhouse experiments,
plant growth and survival under flooding conditions were found to vary among species and
among and various types of flood effects, suggesting that while floods may exclude some
regional species from the riparian zone, it is likely not the only mechanism controlling riparian
community composition. Finally, I used information on plant traits to investigate how introduced
species might establish and succeed in riparian communities. | found that introduced and native
species differ substantially in many plant traits, suggesting that introduced species might be able
to succeed in these communities and coexist with native species by virtue of their dissimilarity
and the associated potential for reduced competition with natives. The research presented in this
dissertation taken together provides a deeper understanding of the factors controlling the
diversity and composition of riparian plant communities along small streams.
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Chapter 1: Introduction

A major goal in the field of ecology is the characterization of mechanisms that govern the
diversity and composition of communities. One such mechanism is disturbance, which has been
hypothesized to affect not only diversity (Connell 1978) and species composition (Rao et al.
1990), but also biomass accumulation (Mou et al. 1993), primary production (Houser et al.
2005), nutrient dynamics (Vitousek 1985, Evans et al. 2008), and ecosystem energetics (Sprugel
1985). Additionally, disturbed habitats are also thought to be especially vulnerable to species
invasion (Hobbs and Huenneke 1992, Burke and Grime 1996, Alpert et al. 2000, Lake and
Leishman 2004).

Riparian plant communities provide an example of a system that experiences a range of
disturbances through flooding, which may have strong effects on plant community composition
and diversity. Riparian plant communities are often highly species-rich compared to surrounding
upland areas (Gregory et al. 1991, Naiman et al. 1993, Naiman and Décamps 1997, Goebel et al.
2003). Riparian habitats are also widely considered to be more prone to invasion by introduced
plants than upland areas (DeFerrari and Naiman 1994, Planty-Tabacchi et al. 1996, Stohlgren et
al. 1998, Alpert et al. 2000, Tickner et al. 2001). The riparian zone is characterized by strong
hydrologic processes caused by proximity to flowing water and consequent flood events (Junk et
al. 1989, Naiman et al. 2005), which are likely to have a strong influence on the composition of
plant communities in this habitat (Pollock et al. 1998, Bendix and Hupp 2000). Riparian plants
are influenced by flowing water and floods in several ways. Roots are deprived of oxygen when
floodwaters saturate the soil. Fast-flowing water may cause physical damage to plants, and may
remove existing vegetation, providing an opportunity for new vegetation to establish. Floods

may also deposit sediment in the riparian zone as the floodwaters recede. Sediment deposition



may crush small seedlings. If larger plants are bent over by floodwaters, they can be buried
under sediment, hindering their ability to photosynthesize. However, sediment deposition may
also benefit riparian plants via the addition of nutrients to the soil. These consequences of flood
disturbances, taken together, are likely to have a strong effect in structuring the diversity and
composition of riparian plant communities. If so, riparian plant communities may differ in
diversity and composition from nearby upland areas due to the influence of flooding.

However, the general relationship between disturbance and diversity is far from clear.
While theory predicts that diversity peaks at intermediate levels of disturbance (Connell 1978),
observed relationships between disturbance and diversity in ecological communities are variable
(Mackey and Currie 2000, 2001, Kimbro and Grosholz 2006, Haddad et al. 2008, Miller et al.
2011, Fox 2013). General trends in nature may be elusive because ‘disturbance’ is an umbrella
term encompassing a wide range of ecological and environmental phenomena, any of which may
differ in consequences for different members of a community.

Consequently, the diversity of riparian plant communities may be best understood not by
a broad attribution to flood disturbances, but by an integration of specific consequences of flood
events on vegetation, and the consideration of additional factors that might contribute to diversity
and species composition. Flood events have many simultaneous consequences, as described
above, but also differ in characteristics (e.g., frequency, severity) among rivers. In particular, the
riparian zones of small streams experience a very different hydrological environment than those
of larger rivers. Plant communities along small streams may therefore differ from communities
along large rivers, and patterns observed in the plant communities of large river floodplains may
not hold for riparian plant communities along streams. Small streams may also be considered of

particular ecological importance as they comprise the majority of any given river network (i.e.,



there are many more small streams than large rivers). Therefore, they may play a
disproportionate role in the structuring of the regional composition of plant communities,
through both the connectivity they provide across the landscape (Décamps 2011) and the sum
total of land area that they comprise.

The diversity and composition of communities can be described not only in terms of
species richness and species identity, but by the types and range breadth of the traits of species
within communities. Trait-based approaches are increasingly useful in many subdisciplines of
ecology, and the particular plant characteristics of interest are likely to differ among these
subdisciplines. One valuable classification is the concept of “response” and “effect” traits by
Lavorel and Garnier (2002). Effect traits are of primary interest in ecosystem ecology, referring
to characteristics of organisms thought to affect ecosystem processes. Response traits are those
that are likely to affect an organism’s response to environmental conditions, including abiotic
conditions or disturbances. Identification of trait syndromes and characterization of the trait
composition of plant communities can be used to help understand how communities respond to
their environment (McGill et al. 2006, Haddad et al. 2008). Differences in relative trait
abundance between habitat types, such as between riparian and upland plant communities, may
suggest how (or if) the mechanisms that govern species co-existence in those habitats differ.

The goal of this dissertation is to identify the factors that influence the diversity and
composition of riparian plant communities of small streams. In this work, | focused on the
riparian zones of small streams in the Upper Hudson Watershed (New York). | addressed the
composition of riparian zones across multiple spatial scales by using multiple lines of evidence
(greenhouse experiments comparing responses of upslope and riparian species, surveys of local

community composition, and surveys of regional species turnover). Working across scales



provides a broader perspective of the factors that may influence community composition. For
instance, hydrology might drive differences between riparian and upland plant communities at a
local scale, while riparian plant communities may differ regionally due to broader environmental
characteristics. Greenhouse experiments were used to test for differences in responses of
confamilial pairs of upslope and riparian plant species to riparian conditions (i.e., specific
consequences of flooding), to identify conditions that might benefit some species or act as
mechanisms to exclude other species. Local-scale field surveys were used to compare the
composition of riparian and upslope plant communities, to understand the characteristics that
distinguish riparian plant communities when compared to nearby upslope plant communities,
which share similar overall climatic environments except for the influence of the stream itself
(i.e., flooding). I used information about species richness, abundance of introduced species, and
trait diversity to make inferences about the mechanisms governing assembly of riparian
communities of small streams. | also carried out a systematic literature review of studies of
disturbance in riparian plant communities to identify which specific types of disturbances are
most and least often studied. The goal of this systematic review was to identify potential gaps in
the literature on disturbances in riparian communities.

| asked the following specific questions:

1) What types of disturbances are studied most often in relation to biological
invasions and riparian plant communities? How can specific types of disturbances
be usefully categorized to better understand where there might be gaps in our
knowledge of disturbance in these systems? (Chapter 2)

2) Is species richness higher in riparian plant communities of small streams than in

nearby upland communities? Do riparian and upland communities differ in



species composition? Do riparian plant communities contain more introduced
species than upland areas? Do riparian and upland plant communities differ in
their trait diversity or trait composition, when considering traits likely to affect
plant responses to resource availability, responses to environmental conditions,
and ability to persist through or re-establish after disturbances? (Chapter 3)

3) What variation exists at regional scales in the riparian plant communities of small
streams, and what environmental factors contribute to the diversity and
composition of these communities? (Chapter 4)

4) Do different species of plants respond differently to different aspects of a flood
event (i.e., submergence, burial under sediment, and nutrient addition)? Do plant
species characteristic of riparian and upland areas differ in their responses to these
events? (Chapter 5)

5) Can information about the plant traits considered in Chapter 3 inform our

understanding of how introduced species succeed in riparian zones? (Chapter 6)

These questions examine riparian plant communities at several scales, from individual
species to local and regional spatial scales. Because communities are likely to be influenced by
different factors at different spatial scales, integrating information about plant communities
across these scales may contribute to a more general understanding of the mechanisms that
contribute to plant community diversity, composition, and biological invasions in riparian zones.
In particular, this dissertation examines these factors in the riparian zones of small streams,
which have to date been understudied in comparison to the floodplains of large rivers. Taken
together, the chapters in this dissertation provide a better understanding of the composition of

riparian plant communities along small streams, the factors that might govern their diversity and



composition at both local and regional scales, and a potential mechanism for the success of
introduced species establishing in these communities. More broadly, this dissertation offers
insight into the ecology of plant communities and potential mechanisms governing their

assembly and diversity.



Chapter 2: A review of disturbance concepts and their applications in species introductions
and riparian plant communities

Introduction

Disturbances have long been considered important in determining patterns in vegetation
distribution (White and Jentsch 2001). The disturbance regime is thought to be one important
contributor to the determination of community composition (White 1979). Several classic
hypotheses regarding the diversity of biological communities incorporate disturbance (e.g., the
intermediate disturbance hypothesis (IDH), Connell 1978; the dynamic equilibrium concept,
Huston 1979). The relationship between disturbance and diversity in particular has produced a
great deal of theory and empirical research. For instance, while IDH predicts that diversity will
be maximized at intermediate disturbance levels, varying relationships between disturbance and
diversity have been observed empirically (Mackey and Currie 2000, 2001, Shea et al. 2004,
Miller et al. 2011). One review of empirical studies of the diversity-disturbance relationship
found that 46% of terrestrial studies conformed to IDH, while 23% were inconclusive and 17%
showed relationships other than that predicted by IDH (Kershaw and Mallik 2013). A number of
mediating factors may contribute to variation in the diversity-disturbance relationship.
Disturbance regimes can be characterized by their magnitude, frequency, intensity, and duration
(Shea et al. 2004). These characteristics of a disturbance can interact to produce different
diversity-disturbance relationships (Miller et al. 2011, Hall et al. 2012). Diversity-disturbance
relationships may also vary with resource availability (Laliberté et al. 2013). Tradeoffs between
r- and K- selection are another influential factor. A mechanistic model by Bohn et al. (2014)
showed that under intense selection for r-strategists (colonizer species with a high seed

production and fast growth rate), diversity declined with increasing disturbance, while in



scenarios selecting for K-strategists (strong competitors with large biomass), diversity increases
as disturbance increases. Different species or functional groups may also differ in their response
to disturbance (Seifan et al. 2013). Across an experimental fire frequency gradient, tree species
richness was shown to be highest in unburned locations, while forb richness was maximized
under biennial fire regimes, and richness of annual plants was highest in areas experiencing near-
annual fires (Peterson and Reich 2008). Without considering these additional factors, it may be
difficult to make adequate comparisons of the role of disturbance among systems or for different
types of disturbance.

In addition to the many factors that mediate the diversity-disturbance relationship in
communities, variation in how studies measure or define diversity may contribute to the breadth
of relationships observed in empirical studies. For example, simulations of disturbance (modeled
as a chance of removal at each time step of the simulation) support IDH when used to model
species richness, but predict a continual increase of species evenness with increasing disturbance
rather than the classic hump-shaped relationship (Svensson et al. 2012). Species richness,
evenness, Shannon index, and other diversity indices may each have different relationships with
disturbance. Svensson et al. (2012) argue that studies evaluating the diversity-disturbance
relationship need to present a priori logical hypotheses (i.e., predicted mechanisms) regarding
the relationship between disturbance and a specific measure of diversity.

Much as there are many possible descriptors of diversity, there are many concepts of
disturbance, and no single operational definition of the term disturbance exists that is used
consistently throughout the ecological literature. The term disturbance has been applied across
many ecological contexts, often inconsistently or ambiguously (Rykiel 1985). For ecological

theories of the impacts or importance of disturbance in natural communities, ambiguity in the



operational definition of this term can result in inconsistency simply due to the same terminology
being applied to different phenomena (Regan et al. 2002, Hodges 2008). More broadly, a
synthesis of current understanding of disturbance may similarly benefit from increased
clarification of operational definitions and the inclusion of a priori predicted mechanisms and
responses in disturbance studies.

There have been few literature reviews categorizing how studies have approached the
concept of disturbance and its effects, in part because of the breadth of use of the term (White
and Jentsch 2001). Many different definitions for disturbance in ecological communities have
already been put forth (e.g., Grime 1977, Paine and Levin 1981, Pickett and White 1985, Menge
and Sutherland 1987, Pickett et al. 1989, Reynolds et al. 1993, Mackey and Currie 2000, Shea et
al. 2004). The term disturbance is probably so broadly defined as to be effectively meaningless
in the absence of more specific characterization. The best path to make progress in understanding
disturbances in communities, then, is not to create a novel, singular definition, but to begin to
conceptualize questions past research has addressed regarding the effects of disturbances and
develop a framework into which disturbances might be categorized.

The goal of this chapter was to summarize existing definitions of disturbance, and then
develop a framework to categorize the way that previous research has conceptualized
disturbance. This framework includes three major dimensions differentiating disturbance studies:
1) a focus on causal agents versus on effects; 2) a focus on abiotic versus biotic factors; and 3)
temporal duration of the disturbance. I then used two systematic reviews of literature on
disturbance in plant communities to demonstrate the use of this framework and to examine how
studies in particular subsets of plant ecology have looked at disturbance in the context of this

framework. The first systematic review examined the body of literature investigating the role of



disturbances in facilitating biological invasions for plants and invertebrate animals. The second
review focused on the role of disturbances in structuring riparian plant communities. The goal of
these systematic reviews was to identify areas of ecology that deal with the effects and
importance of disturbance that have been well-studied within plant ecology, and areas that would

benefit from additional focus in future.

Existing definitions of disturbance

It is not possible to construct a single definition of disturbance that is both unambiguous
and that applies in every context in which ecologists use the term. Disturbance definitions vary in
whether they emphasize a causal agent or an effect, and what in particular qualifies as a cause or
as an effect of disturbance. For biological communities, both Grime (1974) and Paine and Levin
(1981) define disturbances in terms of specific effects on a system. Grime considered disturbance
as the partial or total destruction of biomass, and Paine and Levin (referring to mussels)
considered it to be measurable effects on the rate and size of patches created in a patchy
environment where space is a limiting resource. Other definitions emphasize nutrient availability
as the limiting resource, wherein disturbances alter nutrient availability in the system of interest
(Mackey and Currie 2000; Shea et al. 2004).

In contrast, other concepts of disturbance focus on various causal agents rather than the
responses of organisms within communities. For example, Menge and Sutherland (1987)
considered disturbance agents as being either physical, physiological, biological, or
predatory/grazing. This description contains both biotic and abiotic agents as potential
disturbances. According to Menge and Sutherland’s definition, physical disturbance is produced
by a mechanical force, such as the movement of air, water (snow, rain), and soil or sediment.

Physiological disturbances might include factors such as temperature and salinity and drought or
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flooding, although these could be also be considered stress, defined by Grime (1977) as
conditions that restrict production. Menge and Sutherland define biological disturbances as those
caused by the activity of other organisms, such as trampling, burrowing, or digging.

Definitions of disturbance may also be defined by the temporal duration with which they
impact communities. Some definitions emphasize that disturbances are discrete events (Sousa
1984, Pickett and White 1985) or abrupt changes (Reynolds et al. 1993). However, not all
definitions of disturbance in the literature specify a discrete event or effect. Many self-identified
disturbance studies focus on permanent alterations to the environment, such as considering urban
or agricultural areas to be generally ‘disturbed’ compared to rural forested areas (see the

systematic reviews below).

A proposed framework for classifying disturbance studies

| identified three major dimensions that differentiate many different definitions of
disturbance used by ecologists such as those described above. These dimensions can be used to
categorize studies of disturbance and identify operational definitions (Table 2-1). First, a
disturbance may be conceptualized either as a causal agent or as an effect. Second, a disturbance
may be either biotic or abiotic. Third, disturbances can vary in temporal scale, from discrete
events to permanent shifts in the environment. Below, | describe a systematic literature review in

which | categorized studies within this framework.

Systematic review methods

Disturbances are thought to play an important role both in biological invasions and in
riparian ecology, highlighting a need to examine the literature on disturbances in these systems

and identify potential gaps in our understanding. The probability of an introduced species’
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success in a novel habitat has been attributed to levels of disturbance in the recipient community
(e.g., Elton 1958, Hobbs and Huenneke 1992). Introduced species are also thought to be
especially common in riparian zones, with disturbance (often flooding) again being a potential
driver (Hood and Naiman 2000, Richardson et al. 2007). Because disturbances are commonly
studied in these contexts, these bodies of literature provide valuable examples for reviewing the
breadth of operational definitions of disturbance within these contexts and for the use of the
three-dimensional disturbance framework described above.

Two systematic reviews were used. The first included a subset of the literature from a
previous systematic review of biological invasions (Lowry et al. 2013), and included studies that
examined the effects of disturbance on the success of introduced plant species. | categorized
these studies within my conceptual framework of disturbances. I then performed a second
systematic review to identify published studies describing the effects of disturbance on the

success of introduced species within riparian zones in particular.

The role of disturbance in plant invasions

Papers addressing the role of disturbances in the success of introduced species were
drawn from a database of the literature on non-native, introduced and invasive species of plants
and invertebrate animals (Lowry et al. 2013). This database was constructed based on a search of
the ISI Web of Science core collection between January 1, 1900 and September 29, 2011, using
the following search string:

TopiC = (INVASI* OR INVADER OR ALIEN OR ExoTIC OR RUDERAL OR WEED OR

NON-NATIVE OR INTRODUCED OR NATURALIZ*) AND ToPIC = (PLANT OR

INVERTEBRATE OR ECOLOG* OR EVOLUT* OR MARINE OR TERRESTRIAL OR

FRESHWATER OR AQUATIC) NOT TorIC = (CANCER* OR CARDIO* OR SURG* OR
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CARCIN* OR ENGINEER* OR OPERATION OR MEDIC* OR crROP OR ROTATION OR

OVAR* OR POLYNOM* OR PURIF* OR RESPIRAT* OR "INVASIVE TECHNIQUE").

This search was then restricted using the Web of Science “refine” function to exclude
journals from non-relevant fields (e.g., medical, engineering), and further restricted by manually
screening abstracts and articles for relevance. Lowry et al. (2013) classified all papers in the
database according to which hypothesis for the success of introduced species the authors were
testing (e.g., the enemy release hypothesis, fluctuating resources, or environmental disturbance).
Here, I included the papers on plants classified as testing a disturbance hypothesis. Figure 2-1

outlines the paper selection process from the initial search to the final set of papers included.

Plant introductions in riparian zones

The hypothesis that disturbances facilitate biological invasions is a natural fit for the
riparian zone. Riparian zones are often thought to be highly invaded (DeFerrari and Naiman
1994, Planty-Tabacchi et al. 1996, Stohlgren et al. 1998, Alpert et al. 2000, Tickner et al. 2001),
potentially due to frequent flood disturbances. Therefore, | conducted a second literature review,
not derived from the Lowry et al. (2013) review, to examine studies examining factors
contributing to the success of introduced plant species in riparian zones.

| searched the ISI Web of Science core collection for papers published between January
1, 1900 and February 3, 2015, using the following search string:

Toric = (INVA* OR EXOTIC OR INTRODUCED OR NON-NATIVE) AND TorIC =

(RIPARIAN OR FLOODPLAIN) AND TorIC = (PLANT) AND ToriC = (FLUVIAL OR

HYDROGEOMORPH* OR FLOOD* OR HYDROCHOR* OR DISPERSAL OR LINEAR OR

DISTURBANCE) AND TorIC = (RIVER OR STREAM).
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This search returned 434 papers, the titles and abstracts of which were then screened for
relevance to the current review. Papers were included in the review if they examined the role of a
disturbance or disturbances (as identified by the authors) in the establishment or distribution of
an introduced species in the riparian zone. Figure 2-2 outlines the process of paper selection from

the initial search results to the final set of papers included in the review.

Results
The role of disturbance in plant invasions

In the database of the biological invasions literature provided by Lowry et al. (2013), |
identified 303 papers that addressed some disturbance-based hypotheses for determining the
success of introduced plant species. The majority of these papers (n = 231) used plants as a study
system, which were then used for this review (Figure 2-1, Appendix A). Field observation
studies were the most common type of research (58%), followed by field experimental studies
(30%). Relatively few theoretical, modeling, or non-field experimental papers examined the
hypothesis that disturbance facilitates plant invasions.

Almost half (46%) of the studies focused on a single introduced species, while some
(12%) addressed from 2 to 10 species, and the remaining 42% of papers asked community-level
questions regarding species introductions (Figure 2-3). The vast majority of studies examining
the effects of disturbance on plant invasions were performed in terrestrial systems (93%), with
few studies focusing on wetlands, estuaries, marine, lotic or lentic systems. This paucity may in
part result from the search terms used in the systematic review, which may have excluded topics
such as marine algal invasions, although it is likely that the majority of studies of plant invasions

are performed in terrestrial systems.
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Approximately 28% of the studies addressed multiple potential disturbance agents
simultaneously, or quantified their results both in terms of disturbance agents and disturbance
effects. Of these, over two-thirds (69%) identified an abiotic disturbance agent, evenly split
between anthropogenic agents (e.g., proximity to roadsides or the construction of trails) and non-
anthropogenic agents (e.g., hurricanes). The remaining studies framed their discussion of
disturbance primarily in terms of biotic causal agents (15%), biotic effects (9%), or abiotic
effects (6%) (Figure 2-4). The most commonly studied topics were current anthropogenic
influences (35%), fire (16%), disruption of the soil or substrate (11%), and removal of vegetation
(10%). Overall, the vast majority of the studies examined a causal agent of disturbance, while
only 10% defined disturbance as an effect such as removal of biomass (Figure 2-4).

Studies were also classified in terms of whether the disturbances they examine
represented discrete (and potentially recurring) events, historical events from which a system is
now in recovery, or a permanent or semi-permanent shift in the environment. Fires and floods
were considered discrete events, changes in vegetation on abandoned agricultural land was
considered a historical event, and alteration to a river’s flow regime through the construction of a
dam a permanent shift. An almost equal number of studies addressed either permanent shifts or
discrete disturbance events (47% each), and very few papers described recovery from a historical

event as a disturbance (Figure 2-5).

Plant introductions in riparian zones

Of the 434 papers identified in the initial literature search, 156 were determined to be
relevant and included in this review. Criteria for inclusion and exclusion are given in Figure 2-2.
These papers are listed in Appendix B. In contrast to the systematic review including all plant

systems, for riparian zones there was a near-equal number of field experimental and field
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observational studies (both 47%), and again relatively few greenhouse, garden, laboratory or
modeling studies. While hydrological factors were by far the most common disturbance agent
studied in this context, other disturbances were also included. Some studies examined more
general anthropogenic impacts in the riparian zone, agricultural encroachment, or the effects of
fire on riparian vegetation (Figure 2-7). Discrete events and permanent shifts were similarly
abundant in the literature (52% and 46%, respectively), while relatively few studies focused on
reversal of a historical shift in the environment, such as abandonment of agriculture (2%; Figure

2-8).

Discussion

This chapter represents an effort to systematically describe and categorize the studies that
have been published to date regarding disturbances in two areas for which disturbance is
potentially of particular ecological importance: biological invasions and riparian plant
communities. Disturbance and biological invasions, as well as the interplay of these two, have
received a great deal of attention for many decades. Many definitions of disturbance have been
proposed, as have many hypotheses of factors responsible for invasion success. The way we
conceptualize disturbance affects our thinking about the role of disturbance in ecological
systems, and the concept of disturbance used in a given study may have important implications
for the inferences that can be made from that study.

| found that most studies examining the role of disturbance in the success of introduced
species examined abiotic agents of disturbance, whether anthropogenic in nature (e.g., increased
density of developed areas in the landscape) or non-anthropogenic (e.g., natural fires or floods).
Many of the anthropogenic studies compared “disturbed” areas, meaning those that have

experienced general human development and anthropogenic influences, to areas relatively
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unaffected by humans. Comparisons addressing a broad disturbed versus undisturbed dichotomy
may provide different inferences regarding the effect of disturbance than studies that examine a
specific or discrete disturbance event. The non-anthropogenic agents of disturbance largely fell
into the category of discrete disturbance events, best fitting the definition of disturbance outlined
by Pickett and White (1985), which describes a disturbance as any discrete event that causes
some disruption to the community, ecosystem or population. Relatively few studies defined
disturbance as an effect (e.g., the definitions of Grime (1977) or Paine and Levin (1971)).
Studies that define disturbance as an effect ask fundamentally different questions of biological
invasions than do studies defining a disturbance as some sort of causal agent. For example, a
study defining a disturbance as a flood event (a causal agent) may seek to determine the degree
to which biomass was removed by that flood, whereas under Grime’s definition, the removal of
biomass itself is the disturbance (an effect).

While floods or particular aspects of flooding were by far the most commonly studied
disturbances regarding biological invasions in the riparian zone, some studies did look at other
effects, such as fire or forest management. Most studies addressed either the effects of natural
flood events or on the effects of an altered flow regime (e.g., following damming of a river) in
either facilitating or hindering the success of introduced species. Natural flood events and
anthropogenically altered flow regime are fundamentally different types of disturbance. A
natural flood is a discrete event, while alteration of the flow regime permanently shifts the nature
of the habitat. Additionally, a community may be adapted to a particular flow regime, such that
its composition already reflects the natural pattern of flooding, while alteration to that flow
regime might produce distinct changes in community composition or facilitate the establishment

of introduced species (Aguiar et al. 2001, Stromberg et al. 2007, Beauchamp and Stromberg
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2008, Catford et al. 2011). Both natural flooding and changes to the natural flow regime might
be considered disturbances, but they differ in temporal scale and may have different effects.
Studies examining specific aspects of a flood event were less common in this study; these largely
defined disturbance in terms of a particular effect (clearing of vegetation, alteration of channel
morphology, sediment deposition, or nutrient addition). In the future, additional studies focused
on specific aspects of flood events may contribute to a more mechanistic understanding of the
role of disturbances in riparian invasions.

Future synthesis and generalization about the role of disturbance in ecology may benefit
from additional attention to mechanistic details of disturbance, such as those that have been
identified in studies of the relationship between disturbance and diversity. This relationship can
depend on the magnitude, frequency, and intensity of a disturbance (Shea et al. 2004, Miller et
al. 2011, Hall et al. 2012), resource availability (Laliberté et al. 2013), and types of selection
pressure facing plants in a community (Bohn et al. 2014). Different species or functional groups
may also differ in their responses to disturbance (Peterson and Reich 2008, Seifan et al. 2013).
Just as all of these factors mediate the relationship between disturbance and diversity, they may
also affect observed relationships between disturbance and biological invasions and other
ecological phenomena. In the systematic review of biological invasions, many studies focused on
comparing broadly “disturbed” and “undisturbed” areas, without pinpointing specific agents
beyond human development and other anthropogenic influences on the environment. Studies
such as these can provide broad-scale inferences about where invaders might succeed, but studies
of more specific disturbances may be more informative about mechanisms of invasion. Similarly,
while many studies in the systematic review of invasions in riparian zone focused on floods,

relatively few of those address specific aspects of flooding (e.g., submergence, burial under
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sediment, or increased nutrient availability). Additional studies in future that examine these more
specific causal agents may contribute to a detailed mechanistic understanding of the role these
disturbances play in facilitating invasions in the riparian zone.

This review points to a need for more specificity in studies that examine the effects of
various types of disturbance for facilitating biological invasions in plant communities. Many
disparate types of events have been classified under the umbrella term “disturbance”, and it is
unlikely that a consensus on the effects of disturbance will be reached when the term is used so
broadly. The framework presented in this chapter provides a set of dimensions in which to
categorize disturbances that is complementary to distinguishing disturbances by their magnitude,
frequency, or intensity. In the future, an extension of this framework that also incorporates those
factors may be useful in synthesizing the outcomes of disturbance studies and provide a more

detailed, mechanistic understanding of the role of disturbance in biological invasions.

19



Tables

Table 2-1 A framework for categorizing studies of disturbance in ecological systems considering
three dimensions: 1) Focus on causal agents versus on effects; 2) Focus on abiotic versus biotic
factors; and 3) Temporal scale of the disturbance. Specific disturbances described in the studies
included in the systematic review were summarized within this framework. Anthropogenic
influences are indicated by . Empty boxes indicate that no studies were found that fell into that
category.

Causal Agent Effect/Response
Temporal scale Abiotic Biotic Abiotic Biotic
Discrete event (days) | e Flood — e Browsing or e Flood — nutrient | e Vegetation removal
inundation grazing addition (including logging
e Flood —scouring | (beaver, deer, | e Physical or clearcuttingt)
e Flood — sediment | cattleT) disruption of
deposition o Tree fall soil or substrate
¢ Flood — nutrient
addition
e Fire
e Wind
o Wave
Medium-term ¢ Drought e Browsing or
(months) grazing
(beaver, deer,
cattlet)
Long-term (>1 e Damming of e Browsing or e Change in
year) rivert grazing hydrologic
e Urbanizationt (beaver, deer, regime
e Agriculturet cattlet)
e Change in fire
regime
o Altered climate
Long term e Dam removal f e Restoration of |e Cessation of
(consequences of ¢ Abandonment of natural vegetation removal
removal of agricultural fields hydrologic (e.g. loggingt,
disturbance agent) regime clearcuttingt)
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Figure 2-1 Flow chart detailing the process of literature collection, record review, and
elimination for the original Lowry et al. (2013) systematic review, and additional screening of
papers for the systematic review of disturbance in biological invasions presented here.
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Figure 2-3 The principal level of focus of each study in the systematic review of disturbance in
biological invasions.
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Figure 2-4 Number of studies in the systematic review of disturbance in biological invasions that
address each of these broad types of disturbance.
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Figure 2-5 Number of studies in the systematic review of disturbance in biological invasions
addressing each of these specific disturbances. “Compiled index” refers to studies that used a
general index of disturbance incorporating many different factors to describe the relative
disturbance of different areas, rather a single disturbance agent.
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Figure 2-6 Number of studies in the systematic review of disturbance in biological invasions that
focus on discrete events, permanent shifts in a system, or reversals of a historical shift.
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Figure 2-7 Number of studies in the systematic review of riparian zones that addressed each of
the disturbance agents listed.
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Figure 2-8 The number of studies in the systematic review of introduced species in riparian
zones that could be classified as studying a discrete event, a permanent shift in the environment,
or recovery from a historical effect on the environment.
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Chapter 3: Small stream riparian zones as a reservoir of regional plant species richness

Introduction

Riparian zones, defined as “areas along streams and rivers that are periodically inundated
by flowing water” (Naiman et al. 2005), have been shown to support plant communities that are
more diverse than those found in nearby upland habitats (Salo et al. 1986, Nilsson et al. 1989,
Gregory et al. 1991, Naiman et al. 1993, Naiman and Décamps 1997, Brown and Peet 2003,
Goebel et al. 2003, Biswas and Mallik 2010). While riparian plant communities may share some
characteristics with communities in the surrounding landscape due to regional environmental
conditions and a shared regional species pool, they may also differ due to the influence of the
adjacent stream or river. Factors such as soil moisture, nutrient availability, topography, and the
intensity of flood disturbances vary over small spatial scales in the riparian zone (Salo et al.
1986, Naiman et al. 1993, Naiman and Décamps 1997), while the surrounding upland landscape
is likely to be more environmentally consistent at similar spatial scales. Species richness has
been shown to be positively correlated with the occurrence, frequency, intensity and duration of
floods (Brown and Peet 2003, Jansson et al. 2005, Violle et al. 2010), and disturbance through
flooding may maintain high levels of diversity in riparian zones by interrupting natural
successional patterns (Connell 1978, Peet 1992).

In addition, riparian zones typically contain more introduced species than associated
uplands (DeFerrari and Naiman 1994, Planty-Tabacchi et al. 1996, Stohlgren et al. 1998, Alpert
et al. 2000, Tickner et al. 2001). Stream channels may facilitate rapid spread of introduced
species across the landscape (Thébaud and Debussche 1991, PySek and Prach 1993, 1994,

Edwards et al. 1994, Hood and Naiman 2000), and flood disturbances may create opportunities
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for novel species to establish (Kalliola and Puhakka 1988, Tickner et al. 2001). The relative
strength of hydrologic processes, regional environmental characteristics, and the regional species
pool in determining the composition of plant communities may determine patterns at the local
and regional scale. If hydrologic processes are a stronger influence on species composition than
the regional environment and species pool, there might be more differences in species
composition between adjacent riparian and upland areas than among various riparian areas across
a region. However, the riparian zones of small streams have a relative lack of hydrologic
connectivity through regular flood pulsing as compared to the floodplains of large rivers.
Consequently, the regional environment and regional species pool may have a greater influence
than hydrology on the composition of riparian zones along small streams. In this case, species
composition of these riparian zones may be similar to that of adjacent uplands because of shared
environmental conditions.

There is some evidence that the high biodiversity of riparian zones may not be a general
rule or global pattern (Sabo et al. 2005, Sabo and Soykan 2006, Stromberg 2007). To date,
studies demonstrating high riparian biodiversity relative to uplands have primarily considered the
riparian zones of large rivers; only limited information is available for the riparian zones of
smaller streams (Richardson and Danehy 2007). Small streams differ in important ways from
larger rivers, and the community structure of their riparian zones may reflect these differences.
The small size of the riparian zone of a small stream leads to an overhanging tree canopy in
forested areas, and the effects of this shading may have a strong influence on community
composition. Small stream channels are also often less predictable in the timing of their flood
events (Junk et al. 1989), which may prevent the development of a characteristic assemblage of

plants suited to the riparian environment (Daleo et al. 2009). If disturbance events prevent
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resources from becoming limiting, species with greatly overlapping niches will be able to
coexist, and a pattern of community composition reflecting competitive exclusion and limiting
similarity will not establish in that community. Instead, species present in these communities at
any given point in time may primarily reflect colonization processes and early environmental
filters (e.g., Katabuchi et al. 2011) or tradeoffs for species that are successful colonizers versus
those that are successful competitors (Bohn et al. 2014).

Recently, many ecologists have advocated the use of plant trait information to approach
questions about species co-existence and community assembly to make inferences about the
mechanisms governing community composition (Shipley et al. 2006, McGill et al. 2006, Ackerly
and Cornwell 2007, Violle et al. 2007, Messier et al. 2010). Contrasting the trait diversity and
composition of different communities may provide another dimension by which to assess
biodiversity overall. Plant traits vary among the species within a community, as well as across
environmental gradients (Kleyer 1999, Pausas et al. 2003, Violle et al. 2010). Plant traits are
often usefully described as either response traits (those which mediate their response to
environmental conditions) or effect traits (those which determine their effect on ecosystem
properties) (Lavorel and Garnier 2002, Suding et al. 2008), although not all plant characteristics
must fall into one of these two categories. Variation in response traits within a community is an
additional way to describe the diversity of that community, just as species richness describes an
aspect of diversity. Species may need a certain suite of response traits to succeed in particular
environmental conditions, and species with similar traits may be in strong competition for similar
niche space. A trait-based approach to describing the composition of communities may facilitate
inferences about the mechanisms determining the diversity and composition of plant

communities.
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To test whether diversity and composition of riparian and upslope plant communities of
small woodland streams differed, | surveyed plant communities along second- and third-order
streams in central NY and compared these species assemblages with those found in adjacent
uplands that are elevated above the regular influence of flooding. I quantified both species
richness and the abundance of each species. | also examined the prevalence of native and
introduced species in these communities, in terms of species richness, abundance of each species,
and percent ground cover of herbaceous plants. Further, | examined the degree of plant species
turnover between riparia and adjacent uplands and among the streams. Finally, | compared the
trait composition and trait diversity of riparian and upland plant communities based on several
plant traits, selected for possible relevance to a species’ ability to establish or thrive in the
riparian environment with regard to resource availability, ability to persist through or re-establish

after disturbances, or other environmental conditions.

Methods

Field methods

| surveyed riparian plant communities at two sites along each of three streams in the
Upper Hudson watershed (Figure 3.1) — Kayaderosseras Creek (1 = 43.01310°N, 73.84237°W; 2
=43.01950°N, 73.83039°W), Ballston Creek (1 = 42.96628°N, 83.82181°W; 2 = 42.95915°N,
73.81998°W), and Indian Kill (1 =42.88205°N, 73.94018°W; 2 = 42.87092°N, 73.90864°W).
These streams are located in a suburban to rural landscape interspersed with deciduous forests.
The streams are found in wooded areas within this suburban-rural-forest matrix. I also surveyed
plant communities located upslope of each of these riparian zones. All surveys were completed
between July 31 and September 3, 2012. Kayaderosseras Creek is 55 km in length, arising in the

southern edge of the Adirondack Park and concluding in Saratoga Lake. Although the
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Kayaderosseras changes in stream order along its length, all study sites were located along a
third-order reach of the stream (Horton 1945, Strahler 1957). At the Kayaderosseras study sites,
the creek is approximately 10 meters in width and 1 meter at its deepest point during average
waterflow. Ballston Creek is a third-order stream that arises from the north end of Ballston Lake
and runs approximately 8 km to its outlet in Round Lake. Ballston Creek is approximately 5
meters wide and 50 cm deep at its deepest point during average waterflow at the study sites.
Indian Kill is a second-order stream approximately 10 km in length and concludes in Alpaus
Kill, 2 km upstream of the point where Alpaus Kill meets the Mohawk River. At the Indian Kill
study sites, the stream is about 5 meters wide; the deepest point during average streamflow at
one site is approximately 50 cm, and at the other site is approximately 1 meter. These focal
streams do not contain USGS stream gauges, as the vast majority of gauges in New York State
are located in much larger rivers. Therefore, a more detailed description of streamflow
information (e.g., daily variations) is not available. However, these three streams are broadly
similar in flow regime, and because they are located in the same region, they should have similar
flow regimes as driven by seasonality and regional rainfall patterns.

| selected two study sites along each focal stream where | documented the presence and
abundance of vascular plant species along four transects parallel to the stream channel — two at
the edge of the streambank and two at higher elevations upslope (Figure 3.2). Each streambank
transect was located along the greenline, a standard location for sampling riparian vegetation
defined as a clear linear grouping of plants near the water’s edge that has at least 25% overall
vegetation cover (Winward 2000). The greenline is often not at the edge of the average stream
flow, but rather some distance away. Substrate between the greenline and the edge of the water is

highly disturbed, and may contain only regenerating seedlings and occasional larger plants. The
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selection of the greenline as a sampling location represents a regularly vegetated area that still
experiences a degree of disturbance, not the most disturbed portion of the riparian zone. This
greenline is equivalent to the floodplain or bank in the riparian geomorphic classifications of
Hupp and Osterkamp (1985). The bottom of the greenline transect was placed along the
greenline, such that the entirety of the width of the transect included vegetated areas within the
greenline. These greenline transects were therefore parallel to the stream. Upslope transects were
also parallel to the stream and to the greenline transects. To place upslope transects, | used a
clinometer to identify points on the slope that were elevated 1 m above the greenline transect,
and ran the upslope transect along these points. Vegetation at this elevation is expected to be
removed from the regular influences of these small streams (e.qg., flooding; scouring). For
instance, although the study streams do not contain streamflow gages, the second-order
Glowegee Creek (the nearest stream to Kayaderosseras Creek that contains a USGS streamflow
gage), has an annual peak water height approximately 0.75 m above its average flow, below the
1m elevation defined here for upslope transects.

Transect lengths varied between 24 and 65 meters, in order to accurately encompass the
assemblage of species contained within a particular topographic unit (e.g., an erosional or
depositional bank) at each location. Plants were recorded in twenty 1m x 0.5 m quadrats placed
randomly along each transect, such that each transect, regardless of length, sampled a total of 10
m? across quadrats. Quadrats were rectangular rather than square to minimize the elevational
variation encompassed within the sampled area, because the topography perpendicular to the
stream is often steep. This method allowed an equal area to be sampled even along transects
differing in length. Quadrats were placed along the bottom edge of the greenline, with the long

axis of the rectangular quadrat oriented parallel to the stream. | recorded the number of
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individuals of each vascular plant species observed in each quadrat. I also recorded visually
estimated % ground cover for herbaceous species. This sampling regime provided data for 3
streams, 2 sites per stream, 2 elevations (greenline and upslope) per site, 2 replicate transects per
elevation at each site, and 20 plots per replicate transect, for a total of 480 plots surveyed. |
identified all species possible in each quadrat, visually estimated the percent cover of each, and
counted the number of individuals for those species where it was possible to discriminate
individuals. For visual cover estimates, | used Daubenmire’s modified Braun-Blanquet cover
class scale (T: < 1%; 1: 1-5%; 2: 6-15%); 3: 16-25%; 4: 26-50%); 5: 51-75%; 6: 76-95%); 7: 96-
100%) (Bonham et al. 2004). Because very few large woody plants fell within the quadrats,
species abundance was recorded for shrubs and trees rooted within 0.5 m of either side of the
transect line to maximize inclusion of species rooted along each transect.

Species identification followed Gleason and Cronquist (1991). Of the 243 total species
observed, twenty could not be identified because of a lack of reproductive material, and in most
cases, very little vegetative material present. However, they were identifiable as being distinct
from observed named species. These were classified as unique morphospecies for inclusion in
analysis. Eight additional samples were identified only to genus. Each identifiable species was
defined as native or introduced to the United States using the USDA PLANTS database
(http://plants.usda.gov; data accessed 2013). All species observed are listed in Appendix C

(Table C-1).

Statistical analysis
| examined four characteristics of plant communities (response variables) along each
transect: 1) species richness (number of species) in the transect, 2) total number of individuals of

each species in the transect, 3) percent cover of herbaceous plants, and 4) trait diversity. To
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determine trait diversity, | obtained information on 19 traits of interest from the TRY Plant Traits
Database and contributors to the database (Niinemets 1999; Niinemets 2001; Kerkhoff et al.
2006; Kattge et al. 2011; http://www.try-db.org). Traits were chosen for possible relevance to a
species’ ability to establish or thrive in the riparian environment with regard to resource
availability, ability to persist through or re-establish after disturbances, or other environmental
conditions. | used the R package FD to calculate the trait diversity of each transect. The trait
diversity index is based on an abundance-weighted sum of squares that takes into account both
character values (traits) and the abundance of each of those values to describe the breadth of
traits within that community (Mason et al. 2005).
| fit multiple candidate generalized linear models (GLMs) of increasing complexity,

either containing no explanatory variables (Model 0), only stream (Model 1, S = stream, meaning
the three different streams included in the study), site within stream (Model 2, | = site), and bank
type (i.e., riparian or upslope) within site within stream (Model 3, B = bank type). Species
richness and abundance of individual plants were each modelled using a Quasi-Poisson model,
Y; ~ QuasiPois(4; ¢), where the underlying intensity of the Poisson process is modelled as a
function of Stream, Site, and Bank Type:

0:log(1;) =2

1:log(4) =1+ S;

2:log(A) = A+ S+ 1

3:log(A)) =A+ S;+1;j + Bjk
and the overdispersion parameter ¢ was not estimated from or influenced by site characteristics

but was estimated separately for each of models 0 through 3.
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Percent data (vegetation cover) were modeled using a Quasi-Binomial model,

Y; ~ QuasiBinom(n, p;, ¢), where the associated probability was modelled as a function of
Stream, Site, and Bank Type:

n =100

0: logit(p;) = p

1: logit(p;)) =p + S;

2:logit(p;)) =p+ S+ 1;;

3:logit(p;)) =p+ S; + I;j + Byjx
and the overdispersion parameter ¢ was not estimated from or influenced by site characteristics
but was separately estimated for each of models 0 through 3.

Although the family of binomial distributions is not ideal for modelling percentage data,
using the Quasi-Binomial distribution allowed the incorporation of the spatially nested structure
of the sampling design, and is a reasonable if not ideal distribution for percentage data. The
binomial family of distributions models the probability of a given number of observations in n
total events. Using a binomial distribution to model percent data implicitly assumes that these
data are a number of observations out of 100 events, and not a true proportion between 0 and 1.
The beta distribution would be a better fit for cover data, as it is defined between [0, 1], and is a
more natural fit for true proportion rather than count data. As cover was visually estimated in
discrete categories, a multinomial model may have provided an appropriate fit, but this would
have precluded the use of nested models. Given all of these compromises, | chose a Quasi-
Binomial distribution for these models.

The explanatory power of each model was compared to the previous model using a chi-

squared test of deviance reduction (Hastie and Pregibon 1992, Guisan et al. 2002). In this
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approach, a significant increase in explanatory power indicates a significant contribution of the
added explanatory variable in the more complex model (e.g., a significant reduction in deviance
from Model 2 to Model 3 would indicate significant explanatory power of bank type on the
response variable). The hierarchical nature of this model testing parallels the structure of a nested
ANOVA. | compared the results of this analysis to those using a more conventional nested
ANOVA approach to note if there were any disparities due to the statistical methodology.

| also used GLM to test for differences in the abundance of native and introduced species,
using three response variables: species richness, number of individual plants, and herbaceous
cover. The models used were the same as described above, with the addition of a fifth model
(Model 4) including species origin (native or introduced) as a final explanatory variable to be
tested against the nested spatial variables. Species richness and abundance of individual plants

were each modeled using a Quasi-Poisson distribution, Y; = QuasiPois(/li’¢), where the
underlying intensity of the Poisson process was modelled as a function of Stream, Site, and Bank
Type:

0:log(1;) =2

l:log(A) =1+ S;

2:log(A) = A+ S+ 1

3:log(A) = A+ S;+1;j + Bjj

4:log(A4;) =1+ 0; + Sj + Iy + Bjy
Vegetation cover was modeled using a Quasi-Binomial model, Y; ~ QuasiBinom(n, p;, ¢),
where the the associated probability was modelled as a function of Stream, Site, and Bank Type:

n =100

0:logit(p;)) =p
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1: logit(p;)) =p + S;

2:logit(p;)) =p+ S+ 1

3:logit(p;) =p + S; +Ijj + Byji

4:logit(p)) =p+ 0;+S; + L + Bjy
| used the R package vegan to perform non-metric multidimensional scaling (NMDS) ordinations
of Bray-Curtis dissimilarities among transects using a species by site abundance matrix. I also
conducted an analysis of similarity (ANOSIM) to determine if there were differences among the
three streams or between streambank and upslope sites in abundance-weighted community
composition. | conducted a second ANOSIM to compare abundance-weighted trait composition
between streambank and upslope sites using a trait matrix.

| compared the species richness of riparian and upslope transects at the regional scale

using a species rarefaction curve (i.e., comparing the species present regionally in all riparian
sites to those in all upslope sites). I used the function specaccum within the vegan package to
find the species rarefaction curve across all quadrats sampled in the riparian zone and all
quadrats sampled upslope. I used 999 permutations to find the mean species rarefaction curve
and its standard deviation for riparian sites and for upslope sites, subsampling all quadrats

without replacement in a random order in each permutation (Gotelli and Colwell 2001).

Results
Species richness and abundance

At the local scale, species richness did not differ significantly between greenline and
upslope transects, neither overall (x*>= 12.68, p = 0.8370) nor for introduced (y* = 7.592, p =
0.7357) or native (%~ = 6.284, p = 0.9521) subsets of the community (Table 3.2). Greenline

transects (n = 12) contained a mean of 2.8 (+ 0.28 SE) species m, and upslope transects (n = 12)
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contained a mean of 1.8 (+ 0.25 SE) species m (Figure 3.3A). Greenline and upslope transects
had similar richness of introduced species (0.4 + 0.09 SE and 0.3 + 0.07 SE m™ respectively).
Natives appeared more abundant in greenline than upslope transects, although this difference
was not significant, as stated above (2.0 + 0.24 SE and 1.4 + 0.20 SE m respectively; Figure
3.4A). Native species were more abundant than introduced species by all three measures of
abundance: species richness (x> = 336.43, p < 0.0001), abundance of individual plants (x* =
3087.28, p < 0.0001), and herbaceous cover (x> = 4.6058, p < 0.0001).

On average, greenlines contained almost twice as many individual plants (i.e., the total
number of individuals, irrespective of species identity) as did their paired upslope sites (36.9 =
4.45 SE and 20.2 + 4.97 SE individuals m respectively; x> = 960.6, p = 0.0462; Figure 3.3B).
This difference remained significant when just considering native individuals (26.4 + 4.12 SE
and 11.8 + 2.13 SE m respectively; x> = 1085, p = 0.0400). The same trend was observed for
introduced individuals, although it was only marginally significant (6.7 = 1.58 SE vs. 3.5 + 1.34
SE m2; 42 = 324.8, p = 0.0581; Figure 3.4B). Mean herbaceous cover did not differ between the
greenline (45% =+ 8.8% SE) and upslope (27% =+ 6.2% SE) transects (x> = 1.283, p = 0.3339;
Figure 3.3C). This was true both native (37% + 7.5% SE and 21% + 4.0% SE for greenlines and
upslope respectively; x> = 1.333, p = 0.3588), and introduced species (7.5% * 2.0% SE vs 6.3%
+2.8% SE respectively; x> = 0.2762, p = 0.1136; Figure 3.4C).

While at the local scale individual stream reaches were not more diverse at the greenline
compared to upslope sites, at the regional scale, the total number of species observed across all
greenline sites (n = 198 species) was greater than total number of species observed in upslope
sites (n = 156 species) as indicated by non-overlap of 95% confidence intervals on species

accumulation curves (Figure 3.7).
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Species richness differed among streams (%~ = 40.16, p = 0.012, Table 2, Figure 3.5A)
and ranged from 1.9 + 0.37 SE species m™ (Ballston Creek, n = 8 sites) to 2.9 + 0.35 SE species
m2 (Indian Kill, n = 8). The number of native species (x> = 59.68, p = 0.0005; Table 3.2) also
differed among streams, although the number of introduced species did not (y° = 5.483, p =
0.276, Figure 3.6A). The number of native species ranged from 1.4 + 0.21 SE species m
(Kayaderosseras Creek) to 2.3 + 0.28 SE m (Indian Kill); introduced species richness ranged
from 0.2 + 0.09 SE m™2 (Ballston Creek) to 0.5 + 0.08 SE m (Kayaderosseras Creek). Individual
abundance (i.e., the number of individual plants within a quadrat) did not differ among streams
(x? = 228.3, p = 0.218) (Table 3.2, Figure 3.5B), nor did abundance of just native individuals (?
=134.7, p = 0.441) or introduced individuals (x> = 123.9, p = 0.097) (Table 3.2, Figure 3.6B). A
significant portion of the total variance in herbaceous cover was accounted for by differences
among the three streams (® = 1.325, p = 0.029). This was also true for herbaceous cover of only
introduced species (x? = 1.348, p < 0.0001), but not for native herbaceous cover (3> = 0.5147, p =
0.279) (Figures 3.5C, 3.6C). Additionally, differences between streambank and upslope sites
explained a significant portion of the observed variance in the total abundance of individuals (p =
0.040). Coefficients and dispersion parameters for the fitted GLMs can be found in the
supplementary material (Appendix C, Tables C-2 through C-5). Results for the ANOVA
approach did not differ substantively from those of the GLM approach, except in two cases. With
the GLM, there was a significant difference between greenline and upslope communities in
overall abundance of individual plants and in abundance of native plants, which were not
significant in the ANOVA approach (p = 0.079 and p = 0.069 respectively) (Appendix C, Table

C-6).
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Trait diversity and composition

Trait diversity was 0.74 + 0.03 SE among streambank sites, and 0.73 + 0.03 SE among
upslope sites and did not differ significantly between streambank and upslope sites (x> = 0.1186,
p = 0.180; Table 3.2). There was also no difference in trait composition between streambank and
upslope plant communities (ANOSIM; R = 0.0164, p = 0.268; Figure 3.8).
Species composition

Species composition significantly differed among the three stream locations (ANOSIM,;
R = 0.365, p = 0.001; Figure 3.9). However, there was not a significant difference in community

composition between streambank and upslope sites (ANOSIM; R = 0.064, p = 0.128).

Discussion

Unlike previous studies that have focused on larger rivers (Salo et al. 1986, Gregory et al.
1991, Naiman et al. 1993, Naiman and Décamps 1997), | found no statistically significant
differences in species diversity, vegetative cover, or trait diversity overall or within native and
introduced subsets of riparian and upslope plant communities along small streams in northern
New York State; however, the density of individuals was greater in riparian than upland sites. At
a regional scale (across all sites), riparian zones harbored significantly more species than did
upslope communities, as shown in the species rarefaction curve (Figure 3-7). This suggests that
for the metrics of community composition used in this study, differences in regional
environmental conditions or in the regional species pool may have a greater influence on the
plant community than does the influence of the abiotic environment of the stream. The similarity
of trait composition between streambank and upslope plant communities suggests that the
regional accumulation of species within the riparian zone reflects accumulation of species with

similar traits, rather than an accumulation of trait diversity.
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While | found no significant differences between greenline and upslope communities in
total species richness or number of introduced species, previous studies on riparia of larger
streams suggest that riparian zones are higher in diversity compared to the surrounding
landscape, and are also more vulnerable to species invasion (Pysek and Prach 1993, Planty-
Tabacchi et al. 1996, Stohlgren et al. 1998, Hood and Naiman 2000, Brown and Peet 2003). One
possible explanation for this difference is that relatively few streams were considered in this
study. There were, on average, 50% more species in the greenline than in upland sites (1.8 vs.
2.8 species m respectively), though this difference was not significant. If this study were treated
as a pilot study to guide additional vegetation surveys in this area, sixteen additional transects
(four additional streams, over twice that included in this study) would be needed to obtain
sufficient power (f = 0.84; o = 0.05) to find the difference in species richness observed in this
study significant, assuming the observed variance remained the same with the increased
sampling. Additionally, sampling vegetation more broadly throughout the landscape (i.e., a
greater spatial extent) might represent a greater breadth of ecological and environmental
conditions, in which different patterns might be observed. It is also possible that a significant
difference would be found between riparian zones and the surrounding landscape by selecting
upslope transects at a higher elevation (and thereby a greater horizontal distance). However,
gauged streams of similar size in the region do not generally show an annual peak flow higher
than 1 m above the average flow (data derived from streams with archived flow height data
within the Mid-Atlantic watershed, http://waterdata.usgs.gov/usa/nwis/).

Small differences in diversity between the riparian zone and uplands might be expected
here for a variety of reasons. Along smaller streams, the absolute distance between plants that

experience flood disturbances and those that do not is often quite small. For example, in the
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second-order Glowegee Creek (the nearest stream to Kayaderosseras Creek, which contains a
USGS streamflow gage), the annual peak gage height is approximately 0.75 m higher than the
average height of the stream throughout the growing season. For many small streams, this degree
of elevational change away from the streambed occurs over a short horizontal distance. In this
study, riparian and upland transects varied between 4 and 25 m of horizontal separation with a 1
m change in elevation as a consequence. Riparian zones of small streams are likely to experience
very similar environments to upslope plant assemblages due to this proximity, with the exception
of the influence of the stream itself. It is also possible that plant roots extend from the upland
into riparian water sources, in which case these two zones may not represent radically different
environments. Flowing water and flood events will affect established riparian vegetation, and the
stream may also contribute to seed dispersal and colonization. The riparian zones of small
streams are often under a closed canopy, and shaded similarly to upslope communities (Vannote
et al. 1980). Additionally, the underlying hydrology of riparian and upslope sites at this spatial
scale is very similar, due to lateral water pathways moving downslope under the soil. In contrast,
greater absolute distance is needed to escape the flooding influence of a larger river, which is
likely to introduce additional environmental differences between floodplains and uplands beyond
the direct influence of the stream itself. For large streams and rivers, the effects of flooding on
community composition may be small compared to other factors such as light availability, unlike
the case of smaller streams, where flooding is likely to be the predominant differentiating factor.
Flood disturbances can directly increase light availability in large floodplains, while in the
riparian zones of smaller streams in forested areas, the canopy coverage of the surrounding area
provides a more constant reduction in light availability that is not as profoundly influenced by

flooding (Vannote et al. 1980).
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The timing, duration, frequency, and magnitude of flood events differ between small
streams and large rivers. Flood events in small streams may correspond more strongly with
individual rainfall events, peaking and receding rapidly, while these are dampened into
attenuated, longer high-flow events in larger channels downstream (Dunne and Leopold 1978,
Vannote et al. 1980, Montgomery and Bolton 2003). In large rivers, floods are largely
predictable, and plant communities in the floodplains may be maintained at an early successional
stage (Junk et al. 1989), such as in Odum’s (1969) pulse-stability concept. This may be the
process that maintains high species richness in riparian zones in the cases where it has been
observed. Different hydrologies may have different consequences for patterns in streambank
vegetation. From an organismal perspective, unpredictable floods may act as catastrophic events
that periodically “reset” the physical and biotic environment (Junk et al. 1989), perhaps leading
to different patterns and dynamics in the riparian plant communities of small streams than those
observed in communities experiencing more regular disturbance regimes. Therefore, patterns in
the riparian plant communities of small streams might differ from those observed in larger
floodplains due to flooding patterns alone.

| also found a significant difference in species identity among streams, although not
between riparian zones and uplands within a site. A meta-analysis by Sabo et al. (2005) similarly
found no overall differences in diversity in studies comparing riparian and upland habitats, but
did find that spatial variation in species composition was much higher in riparia than uplands.
The size of the rivers used in this meta-analysis is not given, and may have been weighted
toward larger rivers. In a study of the riparian zones of small streams, Goebel et al. (2003) found

that while individual stream reaches were not more diverse than a given upland site, riparian
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areas when pooled together were more diverse than the uplands as a whole, again consistent with
the results of the present study.

Understanding the composition of the riparian plant communities of small streams in
particular is critical to developing a broader understanding of the general contribution of riparian
zones to biodiversity. Small streams differ both hydrologically and ecologically from larger
rivers, and comprise the vast majority of the total linear length of river systems in most
watersheds (Richardson and Danehy 2007). While the riparian zone of one particular reach of a
small stream may not make a substantial or disproportionate contribution to regional plant
diversity, it appears likely that the riparian zones of small streams may be quite important when
considered collectively because of the variation they contain at the regional scale. Under the
model of the intermediate disturbance hypothesis (Connell 1978), the banks of small streams
may be too frequently disturbed to develop higher diversity than nearby upslope areas in a single
location. However, not all streambanks are alike — regional patchiness, turnover, and chance
colonization by different species may be maintaining higher diversity collectively along the

banks of small streams in a region.
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Tables

Table 3-1 Traits selected from the TRY-DB Plant Traits Database for use in trait diversity and
composition analysis.

Trait
C (mg/g dry leaf)
N (mg/g dry leaf)
P (mg/g dry leaf)
K (mg/g dry leaf)
Leaf traits C:N
N:P
Specific leaf area (cm?/g dry leaf)
Leaf weight ratio (% of plant)
Stomatal conductance per leaf area

Stem specific density (g/cm®)

Stem trait
em traits dry mass (% of plant)

N (mg/g dry root mass)

Root traits .
! Rooting depth (cm)

Number of seeds per reproductive unit (tussock or individual plant)
Seed traits Seed protein content per mass (%)
Seed mass (mg)

Relative growth rate (g/g/day)
Other Photosynthesis (nmol CO./g dry leaf/s)
Leaf respiration (nmol CO2/g dry leaf/s)
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Table 3-2 Model comparisons (chi-squared test) of GLMs for each response variable. Models
increase in complexity from 0 to 3, representing the nested structure of the sampling. Model 0
contains only an intercept and no predictors. Model 1 includes the three streams as a predictor
Model 2 includes the streams as well as sites within streams. Model 3 contains all predictor
variables (bank type, site, and stream). The explanatory power of each model was tested against
the previous model. Significant p-values at a. = 0.05 are marked with asterisks (*).

Model Residual df Residual Dev. df Deviance (y?) p
Number of species

Model 0 23 116.18

Model 1 21 76.014 2 40.16 0.0124*
Model 2 18 68.463 3 7551 0.6481
Model 3 12 55.785 6 12.68 0.8370
Number of native species

Model 0 23 120.06

Model 1 21 60.385 2 59.68 0.0005*
Model 2 18 53.663 3 6.722 0.6328
Model 3 12 47.379 6 6.284 0.9521
Number of introduced species

Model 0 23 52.151

Model 1 21 46.668 2 5.483 0.2758
Model 2 18 40.775 3 5.893 0.4288
Model 3 12 33.193 6 7.582 0.7357
Total abundance of individuals

Model 0 23 22086

Model 1 21 2295.8 2 2283 0.2183
Model 2 18 1905.3 3 1090 0.0023*
Model 3 12 944.80 6 960.6 0.0462*
Total abundance of native individuals

Model 0 23 3019.6

Model 1 21 2884.9 2 1347 0.4408
Model 2 18 2160.0 3 7249 0.0318*
Model 3 12 1074.8 6 1085 0.0400*
Total abundance of introduced individuals

Model 0 23 1271.8

Model 1 21 1147.9 2 123.9 0.0971
Model 2 18 696.42 3 4515 0.0007*
Model 3 12 371.61 6 324.8 0.0571
Herbaceous cover

Model 0 23 6.5543

Model 1 21 5.2298 2 1325 0.0290*
Model 2 18 3.8972 3 1.333 0.0681
Model 3 12 2.6138 6 1.283 0.3339
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Model Residual df Residual Dev. df Deviance (x?) p

Native herb cover

Model 0 23 5.8203

Model 1 21 5.3056 2 0515 0.2793
Model 2 18 4.1720 3 1134 0.1317
Model 3 12 2.8390 6 1.333 0.3588
Introduced herb cover

Model 0 23 2.3483

Model 1 21 0.9998 2 1349 <0.0001*
Model 2 18 0.6540 3 0.346 0.0049*
Model 3 12 0.3777 6 0.276 0.1136
Trait diversity

Model 0 23 0.2935

Model 1 21 0.2911 2 0.002 0.9144
Model 2 18 0.2787 3 0.012 0.8184
Model 3 12 0.1601 6 0.119 0.1802

49



Table 3-3 GLM model comparisons (chi-squared test of reduction of deviance) comparing the
diversity of native and introduced species (richness, number of individuals, and vegetative
cover). Models increase in complexity from 0 to 4. Model 0 contains only an intercept. Model 1
includes the three streams as a predictor. Model 2 includes the streams as well as sites within
streams. Model 3 contains bank type (greenline or upslope), site, and stream. Model 4 contains
species origin in addition to the nested spatial factors. The explanatory power of each model is
tested against the previous model. Significant p-values at a = 0.05 are marked with asterisks (*).

Model Residual df Residual Dev. df Deviance (x?) p
Number of species

Model 0 47 508.64

Model 1 45 467.70 2 40.95 0.0006*
Model 2 42 457.24 3 10.45 0.2913
Model 3 36 447.66 6 9.590 0.7536
Model 4 35 111.23 1 336.43 < 0.0001~*
Total abundance of individuals

Model 0 47 7378.6

Model 1 45 7224.1 2 154.58 0.2435
Model 2 42 6359.3 3 864.73 0.0012*
Model 3 36 5081.9 6 12774 0.0007*
Model 4 35 1994.6 1 3087.3 < 0.0001*
Herbaceous cover

Model 0 47 11.990

Model 1 45 11.515 2 04751 0.1032
Model 2 42 9.8738 3 1.6416 0.0013*
Model 3 36 8.8121 6 1.0618 0.1184
Model 4 35 4.2062 1 4.6058 < 0.0001~*
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Figures

Regional map
Upper Hudson Watershed

Local map
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Figure 3-1 Map of the study area in the Upper Hudson watershed (central NY, USA), showing
focal streams and locations of the six study sites.
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Figure 3-2 (A) Longitudinal diagram of placement of greenline and upslope transects. Both
transects were parallel to the stream channel. Upslope transects were placed 1 m in elevation
(vertical) above the greenline transects. The horizontal distance between transects therefore
depended on the slope of the land away from the stream channel. (B) Overhead view of the
placement of transects. Both greenline and upslope transects were placed parallel to the stream
channel. Greenline transects were placed at the greenline, defined as the closest clear linear
grouping of plants to the water’s edge with at least 25% vegetation cover (Winward 2000).
Upslope transects were parallel to greenline transects and to the stream, located 1 m in elevation
above the greenline transect.
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Figure 3-3 Greenline (GI) and upslope (Up) diversity. Tukey boxplots comparing community
composition variables between greenline and upslope transects. The top and the bottom of the
box indicate the first and third quartiles, respectively; the line inside the box indicates the
median. Whiskers extend to the highest and lowest values within 1.5 times the interquartile
range; data that extend beyond the end of the whiskers are plotted as individual points. No
factors significantly differed between greenline and upslope transects. (A) Number of species m™
in greenline and upslope transects; (B) Total abundance of individuals m in greenline and
upslope transects; (C) Herbaceous cover in greenline and upslope transects.

53



(Al 60-Bl | 125-[C] introduced []
native [l
3 E
“‘E . ﬂq_) ?100-
o) 2 =
o (Cu 40+ :1_.)
E ) o 3 75-
3 E <
o 3 g
%) 2 3
= 2 D
: E S 50
g 5 201 | 5
E 1- e T
= | 2 '
S 254 . .
=}
z
15 0 L2

GI Up dl Up Gl U'p
Location Location Location

Figure 3-4 Tukey boxplots comparing community composition variables between greenline (Gl)
and upslope (Up) transects, showing native and introduced species separately. The top and the
bottom of the box indicate the first and third quartiles, respectively; the line inside the box
indicates the median. Whiskers extend to the highest and lowest values within 1.5 times the
interquartile range; data that extend beyond the end of the whiskers are plotted as individual
points. No factors significantly differed between greenline and upslope transects. (A) Number of
native and introduced species m in greenline and upslope transects; (B) Total abundance of
native and introduced individuals m in greenline and upslope transects; (C) Herbaceous cover
of native and introduced species in greenline and upslope transects.
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Figure 3-5 Tukey boxplots comparing community composition variables among streams. The
top and the bottom of the box indicate the first and third quartiles, respectively; the line inside
the box indicates the median. Whiskers extend to the highest and lowest values within 1.5 times
the interquartile range; data that extend beyond the end of the whiskers are plotted as individual
points. The number of species per m? (A) differed significantly among the three streams (Table
3-1). “Bal” = Ballston Creek; “Ind” = Indian Creek; “Kay” = Kayaderosseras Creek. (A) Number
of species m™ at each stream; (B) Total abundance of individuals m at each stream; (C)
Herbaceous cover at each stream.
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Figure 3-6 Tukey boxplots comparing community composition variables among streams,
showing native and introduced species separately. The top and the bottom of the box indicate the
first and third quartiles, respectively; the line inside the box indicates the median. Whiskers
extend to the highest and lowest values within 1.5 times the interquartile range; data that extend
beyond the end of the whiskers are plotted as individual points. Only A, average species
richness, was significantly different among streams (*) (Table 3-1). “Bal” = Ballston Creek;
“Ind” = Indian Creek; “Kay” = Kayaderosseras Creek.
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Figure 3-7 Mean species rarefaction curves (cumulative number of species observed) for
greenline transects (solid line) and upslope transects (dashed line), generated by 999
permutations of sampling all quadrats in the dataset in random order. Confidence intervals (95%)
on each SAC are shown with dotted lines. A total of 198 species were found across all greenline
transects; 156 species were found across all upslope transects.
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Figure 3-8 NMDS ordination of trait dissimilarity measures among transects (2D stress = 0.11).
Greenline and upslope transects are distinguished by closed and open points, respectively.
Ellipses represent 1 SD around the centroid of each group.
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Figure 3-9 NMDS ordination of Bray-Curtis dissimilarity measures (i.e., dissimilarity in species
composition) among transects (2D stress = 0.16). Greenline and upslope transects are
distinguished by solid and hollow points, respectively; streams are distinguished by different
shapes. “Bal” = Ballston Creek; “Ind” = Indian Creek; “Kay” = Kayaderosseras Creek; “GI” =

greenline; “Up” = upslope.
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Chapter 4: The role of large-scale abiotic factors in structuring local diversity, species
distribution and species coexistence in riparian plant communities

Introduction

Riparian plant communities are often described as highly species-rich in comparison to
nearby upland communities (Gregory et al. 1991, Naiman et al. 1993, Naiman and Décamps
1997, Goebel et al. 2003). There is a great deal of interest in characterizing the composition of
riparian plant communities as well as identifying any links between this vegetation and
underlying environmental conditions. Characteristics of riparian plant communities are often
attributed to the hydrological and geomorphological characteristics of the riparian zone (Gregory
etal. 1991, Auble et al. 1994, Bendix 1994, Toner and Keddy 1997). Physical conditions (e.g.,
water volume, flow and flood regime) change along the gradient from headwater or low-order to
higher-order channels. Disturbance processes and associated habitat characteristics differ along
this gradient (Montgomery 1999). The riparian zones of small streams are understudied relative
to floodplains of larger rivers, and may differ in the characteristics of their plant communities.

Spatial patterns in the species composition of riparian plant communities may also be
influenced by other environmental gradients outside of the direct role of flooding, such as
regional climate, anthropogenic influences, or soil characteristics. Climate and environmental
variables, and regional variation in these, have long been used as predictors of plant distribution,
particularly in describing global patterns in the distribution of broad vegetation types, but also at
other spatial scales (e.g., Woodward and Williams 1987, Franklin 1995, Hayden 1998,
Stephenson 1998). Climate and topography affect soil development, moisture regime, and
temperature regime of a habitat, which together determine which species may or may not
succeed in that location (Franklin 1995). From that potential species pool, processes within a

habitat (e.g., disturbance, competition) will influence which species are actually found in a local
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plant community. Micro-scale factors such as the slope, aspect, and other conditions of the
terrain will also influence species composition at the local scale. In the northern reaches of the
watershed of the Hudson River in New York State (hereafter called the Upper Hudson), riparian
vegetation has been observed to have higher species turnover among localities within the region
than upland vegetation at the same scale (Chapter 3). While microclimate variation within and
among riparian zones is likely to contribute to this variation, some variation might also be
attributable to regional environmental variation. At the regional scale, factors such as climate,
topography and geology will influence the type of community that develops (Vannote et al.
1980, Montgomery 1999). These factors can determine the large-scale environment upon which
more local controls of vegetation are superimposed. Variation in environmental characteristics
across the landscape may be one way to explain species turnover among communities across a
region. It is also possible that variation in dispersal rate among sites influences their
compositional similarity. If dispersal of propagules is more common between sites in close
proximity to one another than between distant sites, as is likely true for the majority of plants,
compositional similarity may largely be explained by proximity (spatial autocorrelation) rather
than variation in environmental conditions.

This study examined potential determinants of regional community composition and
species turnover among riparian plant communities in the Upper Hudson watershed. The specific
objectives of this study were to: (1) evaluate associations between local riparian plant
community composition and large-scale environmental conditions, (2) determine if different
groups of plants (i.e., annuals versus perennials and native versus introduced species) were
distributed differently across the same suite of environmental conditions; and (3) assess spatial

autocorrelation in community composition and environmental conditions.
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Methods
Study area

This study was conducted in the riparian zones of small streams throughout the Upper
Hudson watershed (NY, USA). Fifty-three riparian plant communities along second- and third-
order streams were surveyed. To minimize selection bias, the sites were chosen using a random
sampling approach across the landscape without stratification. Five hundred potential points
were randomly selected using ArcGIS along second- and third-order streams in the Upper
Hudson Watershed via the National Hydrography Dataset Plus (http://www.horizon-
systems.com/nhdplus). These potential points were assessed for plausibility of sampling, based
on the ability to obtain land access permissions and the physical accessibility and safety of the
site. Inaccessible sites were discarded from further consideration, as were points that fell on
developed land (e.g., paved areas or lawns). Of the suitable sites, 50 were selected to be used in
this vegetation sampling. These fifty sites were selected in a haphazard fashion to be
approximately evenly distributed across the eight sub-basins in the Upper Hudson watershed.
Two of these sub-basins (Rondout and Hudson-Wappinger) were relatively under-sampled due
to substantial amounts of development in these areas; they contained few suitable sites.
Additionally, three sites surveyed earlier (Chapter 3) were re-surveyed for inclusion this study,
for a total of 53 communities (Figure 4-1). Geographic coordinates of sites are given in

Appendix D (Table D-1).

Vegetation sampling
| used a timed meander method of vegetation sampling (Goff et al. 1982). The timed
meander method has been shown to be an effective and rapid method of documenting plant

species richness (Goff et al. 1982, Huebner 2007) and has previously been used to describe
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riparian vegetation along the shores of the Hudson River (Strayer et al. 2012). Timed meander
methods provide data only on species presences, rather than more detailed descriptions of the
plant community (e.g., species abundances or vegetative cover), but are advantageous when
more intensive methods (e.g., Peet et al. 1998) are too time-intensive and costly to adequately
sample the desired area. Therefore, all analyses were conducted on presence/absence data. At
each site, | followed a systematic procedure to delineate the search area, providing consistency
necessary to use timed meander data in comparative studies of these communities. | outlined a 1
m x 50 m sampling area parallel to the river channel and located directly above the greenline.
The greenline is defined as a clear linear area along the edge of a stream with at least 25%
vegetation cover, and is a standard location for sampling riparian vegetation (Winward 2000;
Figure 4-2). Transects included a 1 m band of greenline vegetation, and did not overlap into
areas of the riverbank closer to the water than the greenline, where little vegetation establishes. |
recorded the presence of all species observed in this search area within a 30 minute observation

period.

Environmental characteristics

Environmental variables expected to affect the spatial distribution of riparian vegetation
at a landscape scale were derived from various online databases, and were incorporated into a
geodatabase using ArcGIS. Variables are listed in Table 4-1. The resolution of all climate and
land cover layers was smaller than the distance between the closest pair of sites, which was 2
km. Elevation and latitude were initially used as explanatory environmental variables, but were
found to be highly correlated with annual mean temperature, and so were removed from
environmental analyses. Bioclimatic variables (annual mean temperature and annual

precipitation, 800 m resolution) were obtained from the PRISM climate group
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(http://www.prism.oregonstate.edu/). Land cover variables (30 m resolution) were obtained from
the 2006 National Land Cover Database (NLCD, http://www.mrlc.gov/). This database contains
20 land cover types that fall under 8 broader categories as defined by the NLCD classification
system: water, developed, barren, forest, shrubland, herbaceous, cultivated, and wetlands.
Developed areas are largely those that are anthropogenically modified and contain impervious
surfaces, but can also include lawns and golf courses. Cultivated areas are those used either for
livestock grazing pasture or the production of annual crops. | used the broader categories of
developed, forest, cultivated, and wetland areas for analysis. Soil data were derived directly from
field samples taken at each field site and analyzed in the lab. At each site, 10 cm deep soil cores
were taken at six points evenly spaced along the transect (every 10 meters from 0 to 50 meters).
All samples were air-dried, pulverized and sieved though a 2 mm mesh prior to analysis to
exclude gravel and larger particles (Hoskins and Ross 2011). Soil pH was measured using an
Oakton pH 700 benchtop pH meter following calibration with buffer solutions (pH of 4, 7 and
10). Sand content was determined using sedimentation rate by measuring the proportion of the
soil sample that settled out of suspension in water after 60 seconds (Kilmer and Alexander 1949,
Bohn and Gebhardt 1989). Soil organic matter was determined by loss-on-ignition. Samples
were first oven-dried at 110°C for 24 hours to ensure that all residual moisture was removed
from the soil samples and then weighed using a Sartorius ED323S-CW scale (precision 1 mg).
Samples were then combusted in a muffle furnace at 360°C for 2 hours (Schulte and Hoskins
2009, Salehi et al. 2011) and reweighed with the same scale (precision 1 mg). Correlations

among environmental variables and summary statistics for each are given in Table 4-2.
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Statistical analysis

| identified relationships between environmental conditions (standardized to unit variance)
and community composition via constrained correspondence analysis (CCA; Ter Braak 1987), a
direct gradient analysis ordination approach, using the R statistical software (version 3.1.1)
package vegan (Oksanen et al. 2013). Direct gradient analysis is used to directly relate species
presence or species abundance to particular environmental characteristics, by maximizing
correlations between variables in those two datasets. | performed a permutation test for
significance (n = 999 permutations) of the environmental constraints in the CCA using the vegan
function ‘anova.cca’. The CCA axes are related to environmental characteristics, and the strength
of the relationship of any one variable is indicated by the length and direction of the vector. |
also used the “BIOENV” approach first outlined by Clarke and Ainsworth (1993), as
implemented in vegan, to identify the best subset of three environmental variables that
maximizes correlation with dissimilarities in species composition among communities. This
analysis used Mahalanobis distance to describe dissimilarities in site environmental
characteristics. Mahalanobis distance scales the environmental factors to unit variance and forces
orthogonality of explanatory variables in the matrix.

| looked for associations among these three dissimilarity-maximizing variables and
particular groupings of plants (lifespan: annual versus perennial; species origin: native versus
introduced). | used the ade4 package (Dray and Dufour 2007) in R to perform an RLQ analysis
to identify associations between these groups of plants and the selected environmental conditions
(Legendre et al. 1997, Dray and Legendre 2008). While CCA models relationships between
species composition and environmental conditions, RLQ partitions the variation in species

composition among communities into groups of interest (usually defined by functional traits,
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although this is not required) to examine correlations between environmental conditions and
those groups. In this method, three data matrices are used: site by environment (R), site by
species (L), and species by trait/characteristic (Q). The site by species table is used to link the
other two tables, to produce an environment by trait matrix. Correlations between environmental
characteristics and traits (or other plant characteristics or groupings) are then derived from that
matrix. | used RLQ fourth-corner analysis (Dray et al. 2014) to test the relationships between
environmental conditions and annual versus perennial plants, as well as relationships between
environment and native species versus those introduced to the United States. In the RLQ fourth-
corner method, significance is tested by a permutation procedure. Most permutation models for
this analysis have an inflated Type I error (Legendre et al. 1997). To avoid this, | used a model 6
permutation, which combines the outputs of a permutation model that permutes the values of
each site (i.e., permutes rows) and a model that permutes the values of each species (i.e.,
permutes columns) as recommended by Dray and Legendre (2008) and ter Braak et al. (2012). |
used the FDR (false discovery rate) method of correcting for multiple comparisons in the
analysis (Benjamini and Hochberg 1995).

Finally, I used a Mantel test implemented in vegan to assess spatial autocorrelation by
comparing spatial variance in plant community composition to spatial variance in environmental
factors. I then performed a multiple regression of distance matrices (MRM; Lichstein 2007)
using the ecodist package (Goslee and Urban 2007) in R to determine if environmental factors
remained a significant explanatory factor for variation in community composition when spatial

distance between communities was taken into account.
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Results

The average species richness of the surveyed riparian plant communities was 30.5 £ 1.2
SE within a 50 m? transect. Across all sites, | identified a total of 287 plant species (Appendix D,
Table D-2). Almost one-quarter (22.7%) of the variation in species composition among sites was
explained by the eleven environmental variables considered (CCA, Table 4-3, Figure 4-3). Taken
together, the explanatory power of environmental variables was statistically significant (F =
1.096, p = 0.001). Annual mean temperature showed a strong loading on CCA Axis 1, and the
abundance of wetlands in the 1 km? surrounding the site showed a strong loading on CCA Axis 2
(Figure 4-3).

The three environmental variables with the best correlation to variation in community
composition as shown by the BIOENV analysis were annual mean temperature, percent
sandiness of the soil, and percent coverage of wetlands in the surrounding 1 km (R? = 0.166). |
found a significant, positive correlation between annual plant richness and annual mean
temperature (RLQ, pagj = 0.027), but no significant correlation between native or introduced
species richness and any environmental conditions (Table 4-4, Figure 4-4).

Species composition was significantly positively correlated between pairs of sites closer
than 20 km (Mantel test, rm = 0.143, p = 0.003; Table 4-5, Figure 4-5), and marginally positively
correlated between pairs of sites separated by 20 to 40 km (Mantel test, rm = 0.063, p = 0.051;
Table 4-5, Figure 4-5). Species composition was significantly negatively correlated between
pairs of sites separated by more than 70 km (Table 4-5, Figure 4-5). Similarity in environmental
characteristics between pairs of sites was also significantly spatially autocorrelated (rm=0.185, p
=0.017), although this appears to largely be driven by high similarity between the closest pairs

of sites (Figure 4-6). When spatial autocorrelation of community composition was taken into
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account, the association between community composition and environmental conditions was no

longer significant (MRM, Table 4-6).

Discussion

The eleven environmental variables considered in this study explained slightly less than
one quarter of the variation in species composition among the 53 riparian plant communities
considered. Annual mean temperature, abundance of wetlands in the surrounding 1 km, and soil
sandiness were the three strongest predictors of variation in species composition. When spatial
autocorrelation was taken into consideration, environmental gradients were no longer a
significant explanatory factor in the variation of species composition among these communities.

The number of introduced species present in a community was not correlated with annual
mean temperature, local wetland abundance, or soil sandiness. While these conditions might
favor particular introduced species, it appears that they do not influence the overall number of
introduced species present in a location. However, the number of annual plant species in a
community was positively correlated with annual mean temperature. Annual mean temperature
at the sites included in this study varied from 4.7°C to 9.8°C. This likely reflects an underlying
correlation between annual mean temperature and seasonality or length of the growing season in
a given location. It is possible that annual plant species may be more abundant in warmer areas
where they are able to grow and reproduce over a longer warm season, while in the cooler areas
of this study region (e.g., the Adirondack Mountains), shorter growing seasons may instead favor
perennial plants, if they are so short that annual plants cannot reliably reach reproductive age.
Warmer summers might also result in greater growth and reproduction as compared to areas with

cooler summers.
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It is possible that additional environmental variables might be able to explain more of the
variation in species composition. Notably, my analyses did not directly consider the influence of
flooding on these plant communities, as the focus was to understand potential environmental
gradients outside of variation in flooding that might explain regional variation in riparian plant
community composition. Like the climate and land cover variables, the two hydrological
variables included in this study were much broader than the scale at which vegetation patterns
were described. Stream order is a measure of the position of a channel in the river network
(Horton 1945, Strahler 1957) and a rough proxy of the size and discharge of the stream. Drainage
area is a large-scale variable, and more local variables such as slope, aspect, and terrain shape are
likely to drive patterns of water availability at local scales. This study focused on small streams;
large-scale drainage patterns may affect large rivers differently. The riparian zone is
characterized by strong hydrological processes caused by proximity to flowing water and
consequent flood events (Junk et al. 1989, Naiman et al. 2005), and plant distributions in the
riparian zone are likely controlled at least to some degree by the frequency of inundation and the
susceptibility of plants to flood damage (Bendix and Hupp 2000). Considering smaller-scale
flood-related variables directly might add substantial explanatory power to a model of variation
in species composition among these communities.

Another possibility is that community composition in the riparian zone of small streams
is largely determined by lottery-type processes (Chesson and Warner 1990, Chesson and Huntly
1997) in which fluctuations in environmental conditions favor species coexistence if those
fluctuations open colonization or niche opportunities. For lottery-type processes, available space
in the community is randomly allocated to species, and fluctuations open space for new

colonizers, maintaining some level of diversity. In this case, the species composition of
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communities at any one time would reflect a more random assemblage of species that were able
to colonize when opportunities arose, and may not show correlation to particular environmental
variables. The same would be true for neutral community assembly (e.g., Hubbell 2001). If
community assembly in riparian zone largely reflects lottery or neutral processes, different or
additional environmental correlates would not help to explain inter-community variation in
species composition.

The species composition of plant communities in this study was found to be significantly
spatially autocorrelated, and environmental conditions were not significantly correlated with
species composition in a model that included spatial autocorrelation. This suggests that similarity
among communities may be driven by species dispersal, rather than by large-scale abiotic
conditions. Environmental characteristics of sites were also spatially autocorrelated, although
this was primarily driven by the closest pairs of sites (< 20 km). It is therefore unclear from this
study whether similarity of communities is driven by more regular dispersal between nearby
locations, by the regional environmental conditions that follow a similar spatial pattern, or both.
Microscale variation in the environment, which was largely not measured here (with the
exception of some soil characteristics), may also contribute to variation in community
composition.

Spatial autocorrelation in this study was assessed using Euclidean distances between
pairs of sites, rather than accounting for structure in the river network, which might influence the
degree of spatial autocorrelation seen. For the riparian zones of small streams, connectivity of
plant communities may not be substantially enhanced by the river network, as downstream flow
does not connect small tributaries. Only two of the fifty-three sites in this study are located

downstream of another site, such that they are connected by the unidirectional flow of the river
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network. All other connections between sites via the river network would require upstream as
well as downstream movement. In these cases, directionality of water flow would work against
connectivity of these sites via hydrochory. However, if the river network also acts as a terrestrial
dispersal network (i.e., if it is easier for riparian species to disperse via riparian zones than along
other terrestrial paths), the effective distance among the plant communities would reflect that
variation in ease of dispersal. Ease of various dispersal paths is highly likely to differ among
species (e.g., whether or not a propagule is water-dispersed). The connectivity between two
riparian plant communities will depend on the dispersal ability of the members of those
communities. The true spatial autocorrelation of these communities, accounting for potential
network effects and dispersal abilities, bears further investigation.

The flow regime and dynamics of the riparian system are undoubtedly major structuring
influences in the composition of riparian plant communities, but are unlikely to be the sole
factors. Here, characteristics of climate, soil, and surrounding land use show some promise in
explaining a part of the variation in composition of riparian plant communities, although much of
the variation in both species composition and these environmental characteristics are explainable
by spatial autocorrelation. Additional research into dispersal and a more accurate
characterization of the connectivity among these communities, as well as measurement of micro-
scale abiotic conditions rather than broad-scale factors, may help to further clarify the factors

driving spatial variation in community composition.
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Tables

Table 4-1 Environmental variables used in the analysis and data sources for each variable.

Environmental

Category Variable Abbreviation Data Source Resolution

pH pH Field soil samples
Soil % organic matter oM Field soil samples

% sand content sand Field soil samples

Stream order o National Hydrology
Hydrology Dataset Plus

. National Hydrology
D DA
rainage area Dataset Plus
% wetland within 1 National Land Cover
0
km radius WL Database (NLCD 2006) 30m
% forested within 1 National Land Cover
0
Land km radius AR Database (NLCD 2006) 30m
Cover % cultivated within 1 National Land Cover
. %CL m
km radius oC Database (NLCD 2006) 30
% developed within1 National Land Cover
. oDV m
km radius ° Database (NLCD 2006) 30
. Annual mean AMT PRISM Climate Group 800 m

Climate temperature

Annual precipitation AP PRISM Climate Group 800 m
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Table 4-2 Correlations among environmental variables used in analysis, and summary statistics for each. Abbreviations for the
environmental variables are defined in Table 1. AP = annual precipitation; AMT = annual mean temperature; SO = stream
order; DA = stream drainage area; Sand = % sand in soil by volume; OM = soil % organic matter, measured by percent mass
loss on ignition (%LOI); %DV = % of land within a 1 km radius that is developed; % FR = % land in 1 km radius that is
forested; %CL = % land within 1 km radius that is cultivated; %WL = % land within 1 km radius that is wetland.

Variable AP AMT SO DA pH Sand OM %DV %FR %CL  %WL
AP
AMT -0.3472

SO 0.0568 0.0938

DA -0.2304 0.2271 0.6527

pH -0.1056 0.1607 -0.0643 0.0238

Sand 0.0077 -0.1441 -0.0066 0.0550 0.1751

OoM 0.1377 -0.0551 0.3085 0.0606 -0.4644 -0.1784

%DV -0.3294 0.6490 0.0323 0.1504 0.1416 0.03780 -0.1027

%FR 0.4556 -0.5981 -0.1706 -0.2522 -0.1004 -0.1264 0.0262 -0.6416

%CL -0.4141 0.4963 0.1623 0.2176 0.2330 -0.0154 -0.0663 0.2550 -0.7118

% WL -0.0443 -0.1673 0.0357 0.0777 -0.3841 0.2232 0.1098 -0.1482 -0.2944 -0.1719

Units mm °C  order sgkm pH % % LOI % % % %
Mean 1081 7.5 . 2385 6.3 0.76  0.033 0.115 0567 0.1291 0.146
Median 1074 7.2 2 143.0 6.2 087 0.025 0.061 0564 0.0730 0.125
Low 956 4.7 1 14.0 4.2 0.09 0.003 0.002 0.092 0.000 0.002
High 1294 9.8 4 1058.3 8.4 099 0.103 0540 0970 05210 0.474
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Table 4-3 Partitioning of the mean squared contingency coefficient in constrained
correspondence analysis.

Inertia Proportion
Total 4966  1.000

Constrained 1.129 0.227
Unconstrained 3.837 0.773
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Table 4-4 Fourth-corner test for significant interactions between three environmental variables
(annual mean temperature, soil sand content, and abundance of wetlands in the surrounding 1 km
radius) and two broad groupings of plant types (annuals vs. perennials and native vs. introduced
to the United States). P-values were adjusted using the FDR method. Significant p-values are
shown with an asterisk (*).

Test Stat Observed Std.Obs p Padi
AMT/Lifespan F 35.017 5993 0.001 0.006*
Sand/Lifespan F 0.0047 -0.766  0.943 0.943
%WL/Lifespan F 0.0636 -0.739 0.842 0.943

F

F

F

AMT/Origin 12.910 1.715 0.051 0.102
Sand/Origin 1.3676 -0.298 0.442 0.663
%WL/Origin 6.0729 1.160 0.105 0.210
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Table 4-5 Mantel test of autocorrelation (n = 999 permutations). Adjusted p-values were
calculated using the Holm correction method. Significant p-values are shown with an asterisk
(*), and marginally significant values with T.

Distance class Classindex N  Mantelr (rm) p Padj

1 12.3 282 0.249 0.001 0.001*
2 32.5 620 0.063 0.051 0.0517
3 52.8 638 0.010 0.371 0.371
4 73.1 420 -0.169 0.001 0.004*
5 93.3 266 -0.087 0.004 0.012*
6 113.5 188 -0.082 0.005 0.016*
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Table 4-6 Summary of coefficients from MRM showing the relative effects of spatial distance
and environmental distance on differences in species composition (overall test R? = 0.0265, p =
0.006). Differences in species composition are represented in Bray-Curtis dissimilarity; distances
in space and in environmental conditions are both Euclidean.

Dissimilarity p

Intercept 0.7620 0.997
Spatial distance 0.0003 0.018*
Environmental distance 0.0001 0.163
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Figures

0 25 50 100 200

Figure 4-1 Map of the study area. The Upper Hudson Watershed is outlined in black. Field sites
are indicated by the black circles. Latitudes and longitudes of each site are provided in Appendix
D (Table D-1).
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1 m width

stream channel

Figure 4-2 Diagram of transect placement and location of the greenline.
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CCA2
1

Figure 4-3 CCA ordination of 53 sites and 287 species with 11 environmental variables
characterizing the composition of riparian plant communities in the Upper Hudson Watershed.
Each sampled species is indicated by a yellow cross; field sites are represented by blue circles,
and the environmental variables are indicated by the arrows. Abbreviations for environmental
correlates are defined in Table 4-1.
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Figure 4-4 RLQ analysis showing associations of three environmental variables and two major
groupings of plants. The three best environmental predictor variables were annual mean
temperature (AMT), soil sand content (Sand), and abundance of wetlands in the surrounding
kilometer radius (%6WL). The two groupings of plant species were by lifespan (annuals and
perennials) and by species origin relative to the United States (native or introduced). Length and
direction of arrows shows strength of association with the RLQ axis.
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Figure 4-5 Mantel correlogram of correlation of species composition between pairs of sites for
species composition. Positive spatial autocorrelation is shown above the 0.0 dotted horizontal line,
and negative spatial autocorrelation is shown below the line. Significant spatial autocorrelation is
shown in filled squares; non-significance in open squares. Species composition was significantly
positively correlated for sites closer than 20 km to one another, and significantly negatively
correlated for sites separated by greater than 70 km. Species composition was marginally
positively correlated (rm = 0.063, padgj = 0.051; Table 4-5) for sites separated by 20 to 40 km.
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Figure 4-6 Mantel correlogram of correlation between pairs of sites for environmental
conditions. Significant spatial autocorrelation is shown in filled squares; non-significance in
open squares.
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Chapter 5: Partitioning multiple influences of flopding on riparian and non-riparian plant
species
Introduction

Riparian plant communities are strongly influenced by adjacent streams and rivers. While
factors such as regional climate conditions may also influence patterns in riparian vegetation
(Yang et al. 2011), the influence of these factors on vegetation operates within the hydrological
and geomorphic context of the riparian zone (Tabacchi et al. 1998). Floods are undoubtedly an
important structuring feature in riparian plant communities, and flood frequency is a common
explanation for levels of plant diversity in the riparian zone (Pollock et al. 1998, Brown and Peet
2003, Violle et al. 2010), as well the abundance of particular species (Hupp and Osterkamp
1996, Scott et al. 1997, Yang et al. 2011).

The species composition of riparian zones is likely to be in part a reflection of differential
tolerance to flooding events of the species found in the broader region, both in connected riparian
zones and nearby uplands (i.e., the potential species pool). There is evidence to suggest that
flood pulsing can exclude some species from the riparian zone (Vandersande 2001). Species less
able to tolerate submergence under water or burial under sediments are less likely to establish in
a riparian plant community, while common riparian species are likely to either be tolerant of
these conditions or possibly even thrive under them (White 1979, Ewing 1996, Fenster 1997).

Floods can have several simultaneous effects on the riparian zone and its vegetation.
Physiological stress caused by underwater submergence may place a plant at a competitive
disadvantage against individuals or species better able to tolerate the physical effects of
inundation (Palik et al. 1998, Bendix and Hupp 2000). In addition to the direct effects of
submergence, receding floodwaters can leave behind sediments that bury riparian vegetation,

which may inhibit seedling establishment or growth (Dittmar and Neely 1999) and may
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adversely affect photosynthetic rates in larger plants (Ewing 1996). A potential benefit of
sediment deposition is the associated input of nutrients to the substrate (Vought et al. 1994,
Morse et al. 2004, Noe and Hupp 2009). Flood events may also affect organisms that interact
with vegetation, including soil microbes, parasites, and pathogens. Each of these consequences
of a flood event may affect vegetation differently, but it is difficult to disentangle the relative
contributions of each consequence from field observations alone. However, these effects can be
applied separately as treatments in an experimental setting. Understanding the effects of flood
events at a finer level may provide a greater understanding of mechanisms in riparian community
assembly, and an explanation for the apparent exclusion of some regional species from the
riparian zone.

The objective of this study was to measure the responses of plants to three consequences
of a flood event: submergence under water, burial under deposited sediments, and addition of
nutrients. Because survival and plant growth are sensitive to environmental stresses (Ewing
1996), these were used to assess the response of plants to the experimental treatments in the
study. I used a greenhouse experiment to independently test the effects of three flood
consequences on six herbaceous plant species common in the Upper Hudson watershed: three
species commonly found in riparian zones, and three that are rarely observed in riparian zones.
This experiment tested the effects of submergence under water, burial under sediments, and
nutrient addition on plant survival and growth. | compared the performance of the riparian and
non-riparian plants under these three conditions and a control, to determine if the riparian species
perform better under various flooding conditions than the non-riparian species, and whether the

three individual consequences of floods had different effects on plant survival and growth.
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Methods
Species

This experiment included six herbaceous plant species found in the Upper Hudson
watershed (Chapter 3). Three of these species (Bidens frondosa L., Polygonum pensylvanicum
L., and Prunella vulgaris L.) are common in riparian zones, and three are primarily observed in
upland areas outside of the area of regular flooding (Solidago flexicaulis L., Polygonum
virginianum L., and Marrubium vulgare L.). These six species, all ruderals as classified by
Grime (1974), and represent pairs from three plant families — Asteraceae, Polygonaceae, and
Lamiaceae (Table 5-1). The selection criteria for species used in this experiment were: (1) The
species was observed frequently during fieldwork (Chapters 3 and 4) in either the riparian zone
or upland areas, but not both; (2) Seeds of the species could be obtained; and (3) A second
species in the same plant family met Criteria 1 and 2 for the alternate habitat, such that both a
riparian and an upland plant within the same family would be represented in the experiment.
Experiment

Seeds of the six species were sown in flats containing commercial potting mix (Sunshine
Mix #1, SunGro Horticulture) and allowed to grow for two weeks under standard growth
conditions (i.e., not under any experimental treatment). Seedlings were then transplanted into
individual pots for the duration of the experiment. The potting mix into which the seedlings were
transplanted consisted of 40% sand and 60% peat by volume, reflecting the average sand content
of the soils in the riparian sites where they are found (Chapter 3). Lime was also added
incrementally to the mix, to neutralize the acidity of the peat; pH was tested with each addition
until a neutral pH of 7 was achieved. After transplanting (one plant per pot), the plants were

allowed to acclimate for one week before the initiation of experimental treatments. There were
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48 individuals of each species except Solidago flexicaulis (n = 19) and Polygonum
pensylvanicum (n = 16), which had poor germination rates.

Plants were given one of four experimental treatments: (1) submergence under water; (2)
burial under substrate; (3) nutrient addition; and (4) a control. The appropriate duration of
submergence was determined through examination of USGS stream gage data for small streams
in the Upper Hudson watershed; two days was the modal duration of events where the gage
height was > 10 cm higher than average flow. The submergence treatment consisted of the
addition of water to 5 cm above the soil surface, maintained at that level for 2 days of every
week. To maintain the water levels, each plastic pot was placed in a larger, clear, plastic pot that
did not have drainage holes; submerged plants were manually drained at the end of each
submergence period. Plants in all other treatments were also placed in clear plastic pots identical
to those in the submergence treatment except for the presence of drainage holes. The burial
treatment consisted of the weekly addition of a layer of the custom potting mix (which lacked
additional fertilizer) approximately 0.1 cm deep, such that the total accumulation of additional
substrate at the conclusion of the experiment represented an intermediate condition between the
sedimentation rates tested in Dittmar and Neely (1999), who reported effects of sediment
deposition on several congeners of the species used in this experiment (Bidens coronata and
several Polygonum species). The nutrient addition treatment consisted of the once-weekly
addition of 16:16:16 N:P:K fertilizer at a concentration of 20 mL per L of water. All plants were
watered daily. The experiment lasted for 10 weeks, including one week of acclimation after
potting and 9 weeks of treatment. In addition to natural light, grow lights were kept on a 12-hour
light:dark cycle throughout the experiment, to normalize the photoperiod throughout the

experiment. Survivorship (i.e., number of individuals still alive within each species) was
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recorded on a weekly basis. Number of leaves and stem height (cm) were recorded at the
conclusion of the experiment.

The pots were arranged in three clusters (Figure 5-1). Within each cluster, plants were
assigned to six squares, and within each square, assigned to spatial placement following a Latin
Square arrangement rather than random assignment, to avoid bias due to potential spatial
autocorrelation. The arrangement of the plants within the squares was not explicitly included in
the statistical models because their inclusion would remove any replication and make the model
impossible to analyze. The spatial arrangement of replicates of each treatment was used to
account for expected environmental heterogeneity within the greenhouse (e.g., caused by
variable distance from fans or sunlight intensities during the day). Each cluster contained one
square for each species, and each square initially contained 4 replicates of each treatment for that
species. Species were replicated across the three clusters and located in different positions in
each cluster. There were 48 individuals per species, with 12 in each treatment (grouped into three
separate clusters), except for two species (S. flexicaulis and P. pensylvanicum). In these species,
low germination rates precluded the establishment of 48 plants. For these two species,
individuals were distributed evenly throughout the three clusters and within each square, such
that the species still received each treatment within each cluster (Figure 1). Empty pots were
placed in the remaining positions of these squares so that the physical layout of the experiment

and the number of neighboring pots did not differ among species.

Statistical analysis
All statistical analyses were first done at the species level for each experimental factor,
comparing the effects of each experimental treatment to the control conditions. Response ratios

were then calculated for each species under each treatment, again relative to the control. Riparian
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and upland species were compared statistically by comparing their response ratios. The use of
response ratios rather than raw response variables (e.g., final height) allows comparison of the
two communities without introducing variance caused by inherent differences among species
into the comparison of the riparian and upland groups.

Survivorship was assessed for each species using a Cox Proportional Hazards (CPH)
regression model stratified by cluster, implemented in the survival package (Therneau 2015) in
R. The CPH model fits survival at each time step of the experiment (week) as a function of each

experimental treatment as follows:

R(t, X) = ho (£)%ims Ak
where h is the hazard (risk of death per unit time), t is the time step, X is the experimental
treatment, and £ is the regression parameter for each treatment. The CPH regression model
assumes proportional hazards (meaning that the relative baseline hazard ho is constant), but
allows stratification among groups that may have a different baseline hazard. When stratified by
cluster, the proportional hazards assumption of the CPH regression was met (Appendix E, Table
E-1). The hazard ratio (HR) was then calculated for each treatment for each species contrasted
against the control:

ePX

where X* is the experimental treatment, X is the control treatment, and £ is the regression
parameter for each treatment. Two species, Prunella vulgaris and Solidago flexicaulis,
experienced no mortality under the submergence treatment. When there was no mortality, the
hazard estimate for that treatment converges to infinity (in effect representing zero risk of death

at any time step). Therefore, to assess the effects of submergence on these species, the data were
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modified to add one mortality event for each species in the final week. For species that otherwise
had no mortality events, this allowed a non-infinite hazard ratio estimate to be calculated.
Estimates of hazard ratios did not differ qualitatively between the modified and unmodified CPH
models. Therefore, the modified CPH models are reported for these two species to allow the
description of the effects of submergence. The unmodified CPH results are reported in Appendix
E (Table E-2).

Reponses of the riparian and the upland species to each experimental treatment were
compared using log hazard ratios. These were compared using a linear mixed-effects model fit
by restricted maximum likelihood (REML) in the R package metafor (Viechtbauer 2010) in R
statistical software version 3.2.2 (R Core Team 2015).

Growth variables (height and number of leaves) were analyzed for individuals surviving
to the conclusion of the experiment. Treatment effects on each individual species were analyzed
using a linear mixed-effects model fit by REML for each species, including treatment as a fixed
effect and cluster as a random effect:

Gij ~ N(E[Gij],0%)
1L E[Gij] = p+ x;;B + w;jb;
i=1.mj=1..,n;
where m is the number of treatments (4), n; is the number of individuals within each treatment
for that species, £ is the fixed effect parameter for treatment, and b is the random effect
parameter for cluster.

To compare the overall growth responses of riparian and upland species to each

treatment, log response ratios (LRR) of each treatment versus control were analyzed using a

linear mixed-effects model fit by REML in metafor:
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LRR ~ N(E[LRR], 0?)
1 E[LRR] = u+ x;;B + u;;b
i = 1,2 (riparian or upland);j = 1,2,3 (cluster)
where f is the fixed effect of the riparian-upland contrast and b is the random effect of cluster.
As the primary goal of this study was to examine differences between riparian and upland

species in response to flooding treatments, the majority of the analyses described below include
the riparian and upland effect and exclude plant family from the model. It was not possible to
include effects both of plant family and of riparian/upland species in the same model, as there
was no replication (i.e., there was only one riparian species and one upland species per plant
family in the experiment). However, | performed a separate analysis to examine differences

among the plant families in survival or growth.

Results

Survival

Riparian and upland species did not differ in survival rate under any of the three
experimental treatments (submergence, burial, or nutrient addition) (Table 5-2). However,
survival of some species differed among the three treatments (Table 5-3). Survival differed
among treatments in B. frondosa (p = 0.0193, Table 5-3), although post hoc tests found no
individual treatment was significantly different in mortality from the control treatment for this
species (Figure 5-2, Table 5-3). Although the submergence treatment did not differ significantly
from the control, it may drive the significance of the overall model for B. frondosa (Table 5-3).
Only two individuals of this species died under the submergence treatment, while five died in the
nutrient addition treatment, ten died in burial, and six died in the control. Mortality in this

species was not spatially clustered in the experiment.
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Both the nutrient addition (hazard ratio = 0.275, p = 0.019) and submergence treatments
(hazard ratio = 0.045, p = 0.003) reduced mortality in Polygonum virginianum (Table 5-4, Figure
5-2). Reduction of mortality was also seen in Prunella vulgaris for both nutrient addition (hazard
ratio = 0.255, p = 0.043) and submergence (hazard ratio = 0.043, p = 0.005) (Table 5-4, Figure 5-
2). However, the nutrient addition effect was not significant for P. vulgaris in the unmodified
CPH model (hazard ratio = 0.0284, p = 0.061), although the hazard ratios in the two models are
similar (Appendix E, Table E-2). Burial appeared to increase mortality in Marrubium vulgare
(upland; hazard ratio = 2.94, p = 0.039; Table 5-4, Figure 5-2), although the overall CPH

regression for M. vulgare was not significant (Table 5-3).

Growth

Burial significantly reduced the final height of upland, but not riparian, plants (z = -2.09,
p = 0.038, Table 5-5) in comparison to controls. Submergence and nutrient addition did not
affect riparian and upland plants differently (Table 5-5).

Individual species differed in their responses to the three experimental treatments.
Nutrient addition increased plant height in S. flexicaulis (t = 4.10, p = 0.009; Tables 5-6 and 5-7,
Figure 5-3) and increased the number of leaves in P. virginianum (t = 2.91, p = 0.010; Tables 5-6
and 5-7, Figure 5-4). Nutrient addition did not have a significant effect on plant growth measures
in any of the other species (Table 5-7). Burial significantly reduced final height in M. vulgare (t
=-4.80, p = 0.003; Table 5-7, Figure 5-3). While the overall model found a significant effect of
treatment on the number of leaves produced by P. vulgaris, individual treatment contrasts did not
have sufficient power to detect which treatments were significantly different from the control.
The number of leaves produced by P. vulgaris tended to be lower in burial treatments (t = -2.03,

p = 0.053) and higher under nutrient addition (t = 1.88, p = 0.072), but neither difference was
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significant (Table 5-7, Figure 5-3). No other treatments significantly affected growth

measurements in surviving plants in any species (Table 5-7).

Differences among plant families
Differences among plant families in their survival rate were not significant (df =2, p =
0.075). Final height and number of leaves both differed among families (height: y“ = 23.1, df = 3,

p < 0.0001; leaves: x> = 39.9, df = 3, p < 0.0001).

Alternative analysis designs

Performing the analyses described above with three clusters containing two columns of
squares each (Figure 5-5), rather than the three horizontal rows in the individual design (Figure
5-1), produced results that did not differ in significance from those described above (Appendix
E, Tables E-3 and E-4). Analyses with no blocking included in the model also produced results

that did not differ in significance from those obtained in the analyses above.

Discussion

Flood events are often implicated in the structure and composition of riparian plant
communities. Many studies have examined the effects of flooding on riparian plant community
composition and on the success of individual species. Some focus on multiple effects of
submergence, such as examining the consequences of the depth, duration and frequency of
submergence (Casanova and Brock 2000, Warwick and Brock 2003). Here, | separated the
effects of submergence, sediment deposition and nutrient addition to understand how each of
these aspects of a flood event influenced survival and growth of vegetation, and whether these
effects differed among three common riparian species and three common upland species of the

Upper Hudson watershed in New York State.
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Survival did not differ overall between riparian and upland species under any of the three
experimental treatments. Overall, riparian and upland species did not differ in growth responses
to submergence or nutrient addition, but did differ in response to burial. Additionally, for both
riparian and upland species, individual species differed in response to some of the different
treatments.

Submergence reduced mortality in one riparian (Prunella vulgaris) and one upland
species (Polygonum virginianum), which are in different families. Some species are known to
thrive under submerged conditions. For instance, two species of Polygonum, congeners to two of
the species in this study, have been shown to grow better under flooded than drained conditions
(Carter and Grace 1990). While some species do grow best under flooded conditions, it is also
possible that in this experiment the benefit from submergence reflects an overall benefit of
additional water in a greenhouse setting where plants might dry out quickly in small pots, even if
watered daily, rather than a true benefit from flooding conditions. Future experiments conducted
using a standing water table rather than daily watering treatments are needed test this aspect of
the effect of submergence on survival.

This study included one riparian and one upland species from each of three plant families
and all selected species were ruderals (Grime 1974). This design was intented to minimize
differences that might arize from comparing plants that are too distantly related or have different
life strategies. Because the study only included one riparian and one upland species from each
family, analyses were not able to include the family effect, treatment effects, and the
riparian/upland effect simultaneously. However, when comparing the responses of plants among
families, there was a difference in growth (final height and number of leaves). Families did not

differ significantly in survival rate.
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The three experimental conditions (submergence, burial under sediment, and nutrient
addition) did not significantly improve or hinder the growth of riparian species. These results
suggest that the three riparian species in this study do not especially thrive under flooding
conditions, but are largely capable of tolerating them. Interestingly, nutrient addition did not
significantly benefit the three riparian species, while it was found to increase growth in two
upland species and reduce mortality in one. Burial and submergence did not adversely affect
upland species, with the exception of Marrubium vulgare, which showed increased mortality and
reduced height under the burial treatment. This suggests that flooding may be the mechanism by
which M. vulgare is excluded from riparian plant communities in the Upper Hudson watershed.
In contrast, it does not appear that the effects of flooding tested in this study are a primary
mechanism in excluding the other two upland species from the riparian zone.

It is possible that these upland species, while able to tolerate the effects of flooding when
grown in isolation, are poor competitors under these conditions. This was observed in a
comparison of competitive ability in native riparian plants of the southeastern US and the
introduced species Tamarix ramosissima (Vandersande 2001). Under flooded conditions, the
native riparian species outperformed T. ramosissima, suggesting that natural flood pulse regimes
reduced the competitive advantage that the introduced species has under altered flooding
regimes. A study of three herbaceous Polygonum species found a trade-off between flood
tolerance and competitive ability (Carter and Grace 1990). Similar competitive interactions may
play a role in the exclusion of the three upland species in this study from the riparian zone,
although competition was not examined in this experiment. Flood events may also affect a

different life history stage than was tested in this study, such as seed survival or germination.
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Another possibility is that species not found in the riparian zone are excluded not because of
regular, small flood events, but instead by rarer and more extreme ones.

Other factors not examined here, including indirect effects of parasites and mutualists,
may also play a role in species distributions. Pathogens, mutualists, and parasites may be tolerant
or intolerant of drought or excess moisture, and plants may vary in their ability to resist these
pathogens. Soil microbial communities also differ between wet and dry soils, a factor not
addressed in this experiment. Riparian soils are younger than upland soils, and older upland soils
potentially have more microbial interactions that affect plant growth. While soil was mixed to
represent the soil chemistry of field sites where these plant species were observed (Chapter 3), |
did not attempt to replicate the microbial characteristics of these soils. The effects of soil
microbial communities and plant-soil feedbacks are known to greatly influence plant community
composition (Klironomos 2002, Ehrenfeld et al. 2005, Kardol et al. 2006, 2007, Kulmatiski et al.
2008, Schnitzer et al. 2011). Soil characteristics may potentially have affected the results of this
experiment. Upland species consistently were lower in height than riparian species (Figure 5-3),
even under control conditions, suggesting that they may have been more successful in the
experimental soil conditions, while upland species may have required a more developed
microbial community in the substrate to thrive.

| found that species’ responses to particular aspects of flooding were individualistic. No
single species responded universally positively or negatively, in terms of survival and growth, to
all treatments. This suggests that the mechanisms excluding species from the riparian zone are
likely to be variable and dependent on the characteristics of individual species. Here, M. vulgare
performed poorly under burial conditions, while the two other upland species in the experiment

did not. Not all riparian species responded in the same way to a given treatment, nor did all
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upland species. Except for the difference in plant height between riparian and upland plants in
response to burial, no particular response trends distinguish these two groups. It is clear that the
responses of vegetation to flood events are complex. The results of this experiment demonstrate
that plant responses to a flood depend on the species in question and the specific consequences of
the flood event. Riparian plant community composition may represent a mosaic of such

individualistic responses of species to multiple, simultaneous consequences of flood events.
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Tables

Table 5-1 Species used in the experiment. Three species representative of riparian plant
communities, and three representative of upland plant communities were included. The species
were paired by family. N indicates the number of plant across all treatments at the start of the
experiment, and N (End) indicates the number of individuals remaining alive at the conclusion of
the experiment.

Riparian N N (End) Upland N N (End)
Asteraceae Bidens frondosa L. 48 25 Solidago flexicaulis L. 19 11
Polygonum Lo
Polygonaceae pensylvanicum L. 16 8 Polygonum virginianum L. 48 22
Lamiaceae Prunella vulgaris L. 48 29 Marrubium vulgare L. 48 11
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Table 5-2 Results of a linear mixed-effects model comparing the survival of riparian and upland
species in each treatment. Treatment effects are given as the log hazard ratio contrasted with the
control. Significant p-values are represented with an asterisk (*).

95% CI  95% ClI
Est. (Lower) (Upper) SE z b

Submergence
Intercept -2.0420 -4.0561 -0.0278 1.0276 0.0469 0.0469*
Habitat (Upland) 0.7785 -2.0176  3.5746 1.4266 0.5457 0.5853
Burial
Intercept 0.0476 -1.0533  1.1485 0.5617 0.0847 0.9325
Habitat (Upland) 0.0373 -1.4833 15579 0.7758 0.0481 0.9616
Nutrient addition
Intercept -0.3532 -1.4711 -0.7648 0.5704 -0.6192 0.5358
Habitat (Upland)  -0.2829 -1.8025  1.2367 0.7753 -0.3649 0.7152
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Table 5-3 Overall model fit of Cox Proportional Hazards (CPH) regression on the survival of
each of the six species. Significant p-values are represented with an asterisk (*).

Concordance SE R?> LR p

Bidens frondosa 0.680 0.124 0.187 9.91 0.0193*
Solidago flexicaulis 0.750 0.259 0.215 4.60 0.2040
Polygonum pensylvanicum 0.750 0.208 0.228 4.14 0.2467
Polygonum virginianum 0.756 0.117 0.355 21.04 0.0001*
Prunella vulgaris 0.733 0.126 0.269 15.03 0.0018*
Marrubium vulgare 0.652 0.124 0.117 5.98 0.1125
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Table 5-4 Treatment coefficients from Cox Proportional Hazards regression on the survival of
each species, contrasted against the control treatment. A hazard ratio greater than 1 represents an
increase in hazard (i.e., lower survival) as compared to the control; a hazard ratio lower than 1
represents higher survival. Significant p-values are represented with an asterisk (*).

Hazard 95% ClI 95% CI

Coef. SE Ratio (lower)  (upper) Z
Bidens frondosa (Asteraceae; riparian)
Burial 0.7072 0.5363  2.0283 0.709 5803 1.319 0.1873
Nutrient addition ~ -0.0756 0.5957  0.9272 0.288 2.980 -0.127 0.8991
Submergence -1.4184 0.8245  0.2421 0.048 1.218 -1.720 0.0854
Solidago flexicaulis (Asteraceae; upland)
Burial -0.9780 0.9562  0.3761 0.058 2.450 -1.023 0.3064
Nutrient addition  -0.8938 0.9479  0.4091 0.064 2.622 -0.943 0.3457
Submergence -2.2466  1.2112 0.1058 0.010 1136 -1.855 0.0636
Polygonum pensylvanicum (Polygonaceae; riparian)
Burial 0.2264 1.0859  1.2541 0.149 10.530  0.209 0.8350
Nutrient addition 0.9850 1.1211  2.6777 0.298 24.100 0.879 0.3800
Submergence -1.6773 1.1833 0.1869 0.018 1900 -1.417 0.1560
Polygonum virginianum (Polygonaceae; upland)
Burial -0.2977 0.4773  0.7426 0.291 1.892 -0.624 0.5329
Nutrient addition ~ -1.2909 0.5522  0.2750 0.093 0.812 -2.338 0.0194*
Submergence -3.1051 1.0535  0.0448 0.006 0.3534 -2.947 0.0032*
Prunella vulgaris (Lamiaceae; riparian)
Burial -0.7176  0.5579  0.4879 0.164 1.456 -1.286 0.1983
Nutrient addition  -1.3651 0.6778  0.2553 0.068 0.964 -2.014 0.0434*
Submergence -3.1331 11052  0.0436 0.005 0.380 -2.835 0.0046*
Marrubium vulgare (Lamiaceae; upland)
Burial 1.0421 0.5047  2.8351 1.054 7.623  2.065 0.0389*
Nutrient addition 0.1356 0.5328  1.1452 0.403 3.254 0.254 0.7992
Submergence 0.7171 0.4819 2.0485 0.797 5268 1.488 0.1367
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Table 5-5 Results of a generalized linear model comparing growth (final height and final number
leaves) between riparian and upland species, as represented by log response ratios contrasting
each experimental treatment to the control. Significant p-values are represented with an asterisk

*)-
95% Cl 95% ClI
Est. (Lower) (Upper) SE z P
Submergence
Height (cm)
Intercept -0.3306 -0.7164  0.0552 0.1968 -1.6797 0.0930
Habitat (Upland) 0.3718 -0.1982  0.9417 0.2908 1.2785 0.2011
Number of leaves
Intercept 0.1153 -0.4365 0.6671 0.2815 0.4095 0.6822
Habitat (Upland)  -0.3622 -1.1931  0.4688 0.4240 -0.8542 0.3930
Burial
Height (cm)
Intercept -0.0615 -0.5941 04712 0.2717 -0.2261 0.8211
Habitat (Upland)  -0.7449 -1.4468 -0.0429 0.3581 -2.0799 0.0375*
Number of leaves
Intercept 0.2894 -0.8983  1.4772 0.6060 0.4776 0.6330
Habitat (Upland)  -0.7370 -2.4328  0.9589 0.8653 -0.8517 0.3944
Nutrient addition
Height (cm)
Intercept 0.2478 -0.2292  0.7249 0.2434 1.0181 0.3086
Habitat (Upland) 0.2933 -0.3667  0.9534 0.3368 0.8710 0.3837
Number of leaves
Intercept 0.8664  0.0554  1.6774 0.4138 2.0939 0.0363*
Habitat (Upland)  -0.3068 -1.4412  0.8275 0.5788 -0.5302 0.5960
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Table 5-6 Overall significance of the linear mixed-model tests of the effects of experimental
treatments on growth in each species. Significant p-values are represented with an asterisk (*).

numdf den df F p

Bidens frondosa (Asteraceae; riparian)

Height (cm)

Intercept 1 18 131.494 <0.0001*

Treatment 3 18 0.378 0.7698

Number of leaves

Intercept 1 18 62.548 <0.0001*

Treatment 3 18 0.243 0.8651
Solidago flexicaulis (Asteraecae; upland)

Height (cm)

Intercept 1 5 134.756 0.0001*

Treatment 3 5 21.228 0.0028*

Number of leaves

Intercept 1 5 45.098 0.0011*

Treatment 3 5 13.205 0.0082*
Polygonum pensylvanicum (Polygonaceae; riparian)

Height (cm)

Intercept 1 2 66.463 0.0147*

Treatment 3 2 2.102 0.3385

Number of leaves

Intercept 1 2 46.762 0.0207*

Treatment 3 2 7.182 0.1247
Polygonum virginianum (Polygonaceae; upland)

Height (cm)

Intercept 1 16 103.844 <0.0001*

Treatment 3 16 2.817 0.0724

Number of leaves

Intercept 1 16 59.361 <0.0001*

Treatment 3 16 13.330 < 0.0001*
Prunella vulgaris (Lamiaceae; riparian)

Height (cm)

Intercept 1 23 153.244 <0.0001*

Treatment 3 23 0.970 0.4240

Number of leaves

Intercept 1 23 127.383 <0.0001*

Treatment 3 23 7.165 0.0014*
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numdf den df F p

Marrubium vulgare (Lamiaceae; upland)

Height (cm)

Intercept 1 6 252.654 <0.0001*
Treatment 2 6 14.669 0.0049*
Number of leaves

Intercept 1 6 17.109 0.0061*
Treatment 2 6 2.512 0.1612
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Table 5-7 Results of linear mixed-effects models of plant growth in each species, as measured
by height and number of leaves, with treatment effects contrasted against the control treatment.
Model includes all surviving individuals at the conclusion of the experiment. The flooded
treatment is not included for Marrubium vulgare as no individuals of that species in that
treatment survived to the conclusion of the experiment. Significant p-values are represented with
an asterisk (*).

B SE df t p
Bidens frondosa (Asteraceae; riparian)
Height (cm)
Intercept 17.85 2.878 18 6.203 <0.0001*
Burial -4.417 4.985 18 -0.886 0.387
Nutrient addition 0.033 4.070 18 0.008 0.994
Submergence -2.150 3.715 18 -0.579 0.570
Number of leaves
Intercept 19.83 4.982 18 3.981 0.001*
Burial 4.167 8.629 18 0.483 0.635
Nutrient addition 0.967 7.045 18 0.137 0.892
Submergence -2.389 6.432 18 -0.371 0.715
Solidago flexicaulis (Asteraecae; upland)
Height (cm)
Intercept 9.600 3.732 5 2.572 0.045*
Burial -6.400 4571 5 -1.400 0.220
Nutrient addition 17.667 4.310 5 4.099 0.009*
Submergence -0.420 4.089 5 -0.103 0.922
Number of leaves
Intercept 13.58 2.930 5 4.637 0.006*
Burial -6.000 2.953 5 -2.032 0.098
Nutrient addition 4,021 3.012 5 1.335 0.240
Submergence -7.100 2.943 5 -2.413 0.060
Polygonum pensylvanicum (Polygonaceae; riparian)
Height (cm)
Intercept 18.8 6.392 2 2.941 0.099
Burial 3.4 7.829 2 0.434 0.706
Nutrient addition 11.2 9.040 2 1.239 0.341
Submergence -5.25 7.147 2 -0.735 0.539
Number of leaves
Intercept 4 4,757 2 0.841 0.489
Burial 15.5 5.826 2 2.661 0.117
Nutrient addition 21 6.727 2 3.122 0.089
Submergence 2 5.318 2 0.376 0.743

105



B SE df t p

“Polygonum virginianum (Polygonaceae; upland)

Height (cm)

Intercept 8.500 4.921 16 1.7274  0.1034

Burial -2.8333 5.682 16  -0.4987  0.6248

Nutrient addition 6.2143 5.2605 16 1.1813  0.2547

Submergence 1.200 5.1400 16 0.2335 0.8183

Number of leaves

Intercept 5.0832 2.0581 16 2.4699  0.0252

Burial 2.9383 2.2711 16 1.2937 0.2141

Nutrient addition 5.6725 1.9518 16 29062  0.0103

Submergence 0.3637 1.9432 16 0.1872  0.8539
Prunella vulgaris (Lamiaceae; riparian)

Height (cm)

Intercept 7.2912 1.5938 23 45747  0.0001

Burial -0.1568 2.0064 23 -0.0782 0.9384

Nutrient addition 2.0254 1.8230 23 1.1110 0.2781

Submergence 1.8588 1.7521 23 1.0609  0.2997

Number of leaves

Intercept 35.00 8.0702 23 4.3370  0.0002

Burial -22.00 10.8273 23 -2.0319 0.0539

Nutrient addition 18.6250 9.8839 23 1.8844  0.0722

Submergence -6.0833 9.3186 23 -0.6528  0.5203
Marrubium vulgare (Lamiaceae; upland)

Height (cm)

Intercept 9.29058 0.7589 6 12.2419 <0.0001

Burial -6.39207  1.33192 6 -47991 0.0030 *

Nutrient addition 0.8324 1.11387 6 0.7473  0.4831

Number of leaves

Intercept 16.4096 6.1229 6 2.6801  0.0365

Burial -12.8848 9.8637 6 -1.3063  0.2393

Nutrient addition 11.4003 8.7117 6 1.3086  0.2386

106



Figures
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Figure 5-1 Diagram of the spatial layout of the experimental arrangement within the greenhouse. Species were replicated in
three clusters. Each cluster contained one Latin square for each species containing the four treatments. POPE = Polygonum
pensylvanicum, PRVU= Prunella vulgaris, POVI = Polygonum virginianum, MAVU = Marrubium vulgare, SOFL = Solidago
flexicaulis, BIFR = Bidens frondosa. Due to low germination rates in P. pensylvanicum and S. flexicaulis, some positions in the
experimental grid remained empty because of lack of germination, and are indicated with an x. Within these species, samples
were still arranged such that no treatments were repeated within rows or columns of a square, each square contained all four
treatments, and sample sizes were as equal as possible across the four treatments. Clusters were taken into account in analyses
to account for potential gradients in environmental conditions in the greenhouse.
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Figure 5-2 Survivorship of the six species in each of the four treatments. Control is shown in
black; submerged treatment in blue; burial in brown; and nutrient addition in green. Riparian
species are shown in the top row and upland species in the bottom row.
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Figure 5-3 Mean height (+ SE) of surviving plants at the conclusion of the experiment for each
species (grouped by family) and treatment. Riparian species are shown in closed circles and
upland species in open circles. Points with no error bars are for species with only one surviving
individual at the end of the experiment. No point is shown for M. vulgare (Lamiaceae, upland)
under the submergence treatment as no individuals survived to the conclusion of the experiment.
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Figure 5-4 Mean number of leaves (x SE) surviving plants at the conclusion of the experiment
for each species (grouped by family) and treatment. Riparian species are shown open circles and
upland species in closed circles. Points with no error bars are for species with only one surviving
individual at the end of the experiment. No point is shown for M. vulgare (Lamiaceae, upland)
under the submergence treatment as no individuals survived to the conclusion of the experiment.
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Chapter 6: Introduced plants have different suites of traits than native species in riparian plant
communities

Introduction

Plant traits are characteristics of species measurable at the individual level, including
morphological, anatomical, chemical, or physiological features (Violle et al. 2007). The size of
leaves, leaf nitrogen content, seed size, and maximum rate of photosynthesis are examples of
plant traits. Plant characteristics can also be considered as response or effect traits, where
response traits determine a plant’s response to environmental conditions, while effect traits
determine how a plant affects neighboring plants, communities, and ecosystem services (Lavorel
and Garnier 2002, Gross et al. 2008, Suding et al. 2008). Identifying the specific characteristics
of species most likely to be relevant to an ecological factor of interest in a given study is
important for determining if those traits directly impact ecological performance. Trait-based
analytical approaches present a promising opportunity to make inferences about the relative
importance of traits of organisms, rather than species identity, to community composition (Grime
2006, Ackerly and Cornwell 2007, Suding et al. 2008, Cornwell and Ackerly 2009, Messier et al.
2010, Andersen et al. 2012). For example, patterns in the response trait composition of a
community may reflect the mechanisms governing the assembly of that community (Ackerly and
Cornwell 2007, Cornwell and Ackerly 2009, Sutton-Grier et al. 2011, Andersen et al. 2012).

The potential predictive value of plant traits in explaining patterns within plant
communities has made trait-based approaches effective for addressing many kinds of questions
in community ecology, and for generating hypotheses about community structure (e.g., Wright et
al. 2004, McGill et al. 2006, Grime 2006, Ackerly and Cornwell 2007, Kearney et al. 2010). For
example, differences in trait composition may mediate species coexistence because species will

be less likely to compete for the same resources (limiting similarity; MacArthur and Levins
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1967). From the schools of plant geography and physiology, it has been observed that coexisting
plant species often exhibit broad similarities in traits relevant to their life histories and
morphologies, supporting the notion of environmental filtering (Tansley 1939, Chabot and
Mooney 1985), and that shared characteristics (traits) are important for success in the
environmental characteristics of a region. The suites of traits possessed by species in a
community may therefore reflect either limiting similarity (dissimilar suites of traits among
species, avoiding competition) or environmental filtering (similar suites of traits among species,
necessary for success in that habitat).

A trait-based approach has potential to shed light on patterns of introduced plant
invasions. Two major hypotheses for the success of invasive plants in novel environments
provide clear alternative predictions regarding the trait composition that would be expected when
introduced plants successfully invade native communities. The pre-adaptation hypothesis
(Darwin 1859, Muller-Scharer and Steinger 2004, Whitney and Gabler 2008), which proposes
that introduced species with traits that are similar to those of native species are more likely to
succeed when introduced because they are already adapted to similar environments, is consistent
with the environmental filtering hypothesis (Keddy 1992, Zobel 1997). Conversely, Darwin’s
naturalization hypothesis and Elton’s hypothesis of biotic resistance (Darwin 1859, Elton 1958,
Daehler 2001, Diez et al. 2008) suggest that similarity to native species might impede the
establishment of novel species because of niche overlap and competition with native species,
consistent with the principle of limiting similarity in species co-existence (Hardin 1960,
MacArthur and Levins 1967). Support for these hypotheses within the species invasion literature

is varied, with evidence in support of both the pre-adaptation (Duncan and Williams 2002) and
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Darwin’s naturalization hypotheses (Ricciardi and Atkinson 2004, Strauss et al. 2006, Diez et al.
2008).

In plant invasion ecology, Darwin’s naturalization hypothesis and the pre-adaptation
hypothesis are usually tested inferentially in the context of species introductions by seeking
phylogenetic patterns of similarity between invaders and native communities, implicitly
assuming that more closely related species are more similar in their traits (Diez et al. 2008,
Hamilton et al. 2009, Jiang et al. 2010, Ness et al. 2011, Schaefer et al. 2011). The pre-
adaptation hypothesis is supported when invaders in a community are observed to be
phylogenetically similar to natives. Conversely, communities in which invaders are
phylogenetically different from native species provide evidence for Darwin’s naturalization
hypothesis. Fewer studies have tested these two hypotheses using information on plant traits
directly. Fargione et al. (2003) used a trait-based experimental test of plant introduction success
in grasslands, and found support for Darwin’s naturalization hypothesis. They found that
established species were more effective at inhibiting introductions of species from within their
own functional group, and that introduced species from other functional groups established more
successfully. More studies in more systems are needed to determine if this is a generalizable
pattern.

Riparian plant communities are an excellent system in which to test hypotheses of
community assembly and the establishment of invasive species. Riparian plant communities are
dynamic environments that often experience disturbances of various magnitudes in the form of
flooding, which may change the dynamics of community assembly. Riparian plant communities
often have high abundances of introduced species (Pysek and Prach 1994, Brown and Peet 2003,

Richardson et al. 2007), making them an interesting system in which to investigate the success of
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introduced species. In the riparian zones of small streams, neutral processes such as random
colonization may be sufficient to produce both the overall species composition and the presence
of introduced species, while direct species interactions may have a greater influence on
community assembly in other habitats where competition is more important (Daleo et al. 2009).
Alternatively, environmental filtering, based on tolerance to the hydrological environment, might
be important in both the assembly and invasion of riparian plant communities.

| surveyed the species composition of riparian plant communities along 53 small streams
of the Upper Hudson watershed (NY, USA) and used plant trait information obtained from the
plant traits database TRY-DB and database contributors (Niinemets 1999, 2001, Kerkhoff et al.
2006, Kattge et al. 2011) to compare the trait composition of the native and introduced subsets of
these communities. The traits | used (Table 6-1) were largely physiological and morphological
traits related to the fundamental adaptations of these species. It is difficult to characterize these
as either effect or response traits, although they have consequences for both plant responses and
plant effects on their biotic and abiotic environments.

There are some caveats to the database approach to trait analysis, which relies on the
open data contributions of many researchers. It is not possible to know that all contributed data
were measured accurately, and in some cases the data are unclear as to the units or the method
used to measure the trait. These uncertain data were excluded from analyses. It also cannot be
known with certainty the degree to which means taken from database entries accurately represent
the true trait mean of a species, or if the trait means vary among habitats or local environments.
Many traits are highly variable both among and within species (Kattge et al. 2011), and the
accuracy of inference using data from this database depends on the degree to which the

contributed data encompass this variability without bias. The advantage of the database is that
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more data are available than would be possible to collect by a single researcher. This approach
also allows a quantitative comparison of a greater number of plant traits than would likely be
measurable in a single study. The database approach also facilitates broader study of plant
characteristics that are expensive or laborious to measure, and would likely not be included in

many individual studies for that reason.

Methods

The study sites were the same as those in Chapter 4, and all analyses used the field data
on plant community composition collected as described in Chapter 4. These data included the
community composition (presence/absence) of the riparian zones of 53 small streams throughout
the Upper Hudson watershed. The plant species found and their native or invasive status are
given in Appendix D, Table D-2. | selected 19 characteristics from the TRY-DB plant traits
database that were likely to be related to plant responses to resource availability or other
environmental conditions, or to their ability to persist through or re-establish after disturbances
(Table 1). As such, these traits are all treated here as response traits (traits that determine how a
plant responds to its environment) rather than effect traits (traits that determine how a plant
effects its environment) (Lavorel and Garnier 2002, Suding et al. 2008). The traits used in this
study were generally not strongly correlated (Appendix F, Table F-1). The highest correlation
observed was between leaf carbon (mg/g dry leaf) and leaf nitrogen (mg/g dry leaf) (R = 0.72).

Due to the collaborative nature of the TRY traits database, which currently contains over
200 plant trait datasets contributed by nearly 2000 researchers (Boenisch and Kattge 2015), not
all plant traits are represented equally in the database. Traits used in analyses here were selected
in part based on those that had information for as many species in my dataset as possible; of

those, traits considered most biologically relevant were included in analyses. When more than
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one measurement was available for a given trait for a species, trait measurements from the
database were averaged for analysis. Data on photosynthetic rate were limited to light-saturated
CO: assimilation rate (Amax) measurements standardized per leaf dry mass. For other traits, data
were standardized to a given unit, and entries lacking units were not included in analyses. Data
were not available for every trait for every species.

To calculate the community-level weighted mean of trait values (CWM; e.g., Lavorel et
al. 2008), I used the FD package in R statistical software (version 3.1.1). | then used the R
package vegan (Oksanen et al. 2013) to perform non-metric multidimensional scaling (NMDS)
ordination on the CWM values, using the Gower measure of dissimilarity, which is robust to
missing pairs of data (Pavoine et al. 2009). | used an analysis of similarity (ANOSIM, from the R
package vegan) to test for significant differences in CWM between the introduced and native
subsets of the plant communities, as well as to examine post-hoc differences between introduced
and native plants in the average values of individual traits. | also evaluated whether categorical
differences in growth form (1: herbaceous; 2: woody) and lifespan (1: annual; 2: biennial; 3:
perennial) were correlated with trait differences between native and introduced species. For
instance, if introduced species are more likely to be herbaceous than native species, observed
differences in traits between introduced and native species might largely reflect differences
between herbaceous and woody species. To evaluate these potential effects, | tested for
differences in the relative numbers of introduced and native species with different growth forms
and lifespans. | compared the number of herbaceous and woody species that were native versus
introduced using a Quasi-Poisson model

Y; = QuasiPois(E[Y;] ¢)
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where the expected number of species is modelled as a function of species origin, growth form,
and their interaction:

LE[Y]=2A+ 0;+G; +0Gy
where O is species origin (native or introduced), G is growth form (herbaceous or woody) and ¢
IS a parameter that compensates for overdispersion in the data.

| compared the numbers of annual, biennial and perennial species that were native or

introduced using a Quasi-Poisson model

Y; = QuasiPois(E[Y;] ¢)
where the expected number of species is modelled as a function of species origin, growth form,
and their interaction:

LE[Y]]=A+ 0;+L;+ 0L
where O is species origin (native or introduced), L is lifespan (annual, biennial or perennial) and
¢ is a parameter that compensates for overdispersion in the data.

A likelihood ratio test was used to determine which variables contributed significantly to
each model (i.e., species origin, native or introduced, and growth form for the first model;
species origin and lifespan for the second) and to test statistical differences in model fit. I then
re-performed the ANOSIM analysis for each growth form and life history category (i.e., within
annual plants, within perennial plants, within herbaceous plants, and within woody plants) to
evaluate if any overall differences in traits between native and introduced species were

maintained within these subgroups. All biennial species were introduced.

Results
The native and introduced subsets of the riparian plant communities differed significantly

in community-weighted mean trait composition (ANOSIM, R = 0.507, p < 0.001; Table 2;
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Figure 6-1). The native and introduced portions of the community also differed in the relative
number of species with different growth forms (¥? = 392.0, p = 0.0019) and lifespans (x* = 439.9,
p < 0.0001) (Table 6-3). Fifteen of the 53 communities had no introduced woody species, and
three had no introduced herbaceous species (Figure 6-2). None of the native species were
biennial, but 9 of the introduced species were (Figure 6-2). Native and introduced species
differed significantly in community-weighted mean trait composition (i.e., their overall suite of
trait states) within both herbaceous (ANOSIM, R = 0.430, p < 0.001; Figure 6-3) and woody
plants (ANOSIM, R = 0.430, p < 0.001; Figure 6.4) (Table 6-2). Community-weighted mean
trait composition also differed between native and introduced species within annual plants
(ANOSIM, R = 0.400, p = 0.002; Figure 6-5) and within perennial plants (ANOSIM, R = 0.483,
p = 0.001; Figure 6-6) (Table 6-2).

When examined individually, many traits differed significantly between the introduced
and native subsets of the community (Table 6-1; Figure 6-7). In particular, introduced species
had an average leaf nitrogen content higher than that of native species (ANOSIM, R = 0.0337, p
<0.001, Table 6-1, Figure 6.7). Conversely, root nitrogen content was significantly lower (at a
sequential-Bonferroni adjusted a) in introduced species than in natives (R = 0.315; p < 0.001,
Table 6-1). Leaf carbon content (per g dry weight) was approximately twice as high on average
in introduced than in native species (R = 0.063, p = 0.005; Table 6-1, Figure 6-8). Specific leaf
area was more than twice as high in native plants than in introduced plants, although highly
variable among species (R = 0.032, p = 0.020, Table 6-1, Figure 6-7). Light-saturated
photosynthetic rate was significantly higher in introduced plants than in natives (R = 0.148, p <

0.001, Table 6-1, Figure 6-7). Introduced species had more seeds (R = 0.124, p < 0.0001) and
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smaller seeds (R = 0.398, P < 0.001) than native species. The means and SEs for all of the traits

examined are shown in Figure 6-7.

Discussion

“What determines the success and invasiveness of introduced organisms?” is both a
fundamentally interesting question ecologically as well as an important topic for land
management and conservation. In this study, I found that traits of introduced species in riparian
plant communities differed significantly from those of native species, and that these differences
were maintained even when comparisons were limited to particular broad groups of plants (i.e.,
annual, perennial, herbaceous, or woody). These results are consistent with limiting similarity as
a force driving the assembly of these communities. Under limiting similarity, introduced species
need to differ sufficiently from the natives present in order to succeed. The differences between
natives and invaders are also consistent with the empty niche hypothesis, where introduced
species occupy a trait space that no native species occupy. Alternatively, introduced species in
these communities may have outcompeted native species that share similar traits, leaving only
dissimilar natives in the community.

The study of so-called “invasive traits” (e.g., Rejméanek and Richardson 1996; Whitney
and Gabler 2008) has a long history, and many researchers have sought to contrast particular
traits that are suspected to be associated with invasiveness, such as fitness or dispersal-related
characteristics (Baker 1974) and seed mass (Rejmanek and Richardson 1996). This study took an
alternate approach by examining the community-weighted means of quantitative rather than
qualitative traits and by integrating many traits with multivariate analyses. Nevertheless, in this
study, the patterns in trait values support the concept of an introduced species as ‘opportunistic’

or ‘weedy’ species. Native and introduced species differed strikingly in nitrogen allocation —
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native species had more nitrogen in their roots than did introduced species, while introduced
species had more leaf nitrogen than natives. Introduced species also tended to have higher
photosynthetic and respiration rates. The leaf traits of introduced species tended to reflect the
‘quick-return-on-investment’ end of the leaf economic spectrum, as described by Wright et al.
(2004) — high concentration of leaf nutrients and high photosynthetic and respiration rates —
while the characteristics of natives were, on average, consistent with the slow-return end of that
spectrum. Introduced species also tended to have more, smaller seeds than did native species.
Small seeds are more easily dispersed by wind than large seeds, facilitating colonization.
Previous studies of seed size in introduced species have had varying results, with introduced
species sometimes having larger or smaller seeds than natives (Cadotte and Lovett-Doust 2001,
Pysek and Richardson 2008), although studies on disturbed habitats have found that introduced
species have small seeds (Lake and Leishman 2004).

The quantitative, multivariate trait differences observed in this study may largely reflect
previously understood plant strategies and trait syndromes. In terms of growth, natives may be
allocating more energy to long-term storage, while introduced species tend to allocate energy to
immediate growth. In dispersal, the smaller and more abundant seeds of introduced species may
reflect an r-strategic or opportunistic strategy. Beyond individual traits, the multivariate trait
difference between the native and introduced species is in itself biologically meaningful. Species
do not generally interact by way of a single shared trait, but by the overall similarity or
dissimilarity of the integrated phenotype. From this perspective, the strong dissimilarity between
introduced and native species when considering the 19 traits included in this study together

suggests an overall difference in phenotype.
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The traits investigated in this study did not include those associated with early-
establishment characteristics (e.g., germination rates, emergence rates, or growth traits of
seedlings rather than larger plants), and dispersal traits were limited to three seed characteristics
rather than dispersal modes or syndromes. This is a result of limitations of the currently-available
trait data. Many traits of potential interest have yet to be measured for many of the species
observed in this study. It is possible that early establishment characteristics might not differ
between native and introduced species in these communities, if an environmental filtering effect
favors species with particular early growth characteristics to establish in the riparian zone. While
the only dispersal-related traits in this study were seed characteristics, other dispersal traits are
likely of interest in studying biological invasions. For instance, Catford and Jansson (2014)
found that plants invading riparian zones had more dispersal modes than introduced species that
did not invade riparian ecosystems, suggesting that dispersal ability may be an important factor
in governing the composition of riparian plant communities as well. It is possible that riparian
plant community composition reflects an initial environmental filter on dispersal and early life
stages, and a later influence of limiting similarity on established species.

Previous studies have demonstrated that introduced species differing in functional traits
from the native community are more likely to succeed in that community. Introduced species in
grasslands have been shown to differ both in morphology and phenology from the dominant
natives (Pearson et al. 2012). The successful introduction of Elaeagnus umbellata in Michigan
forests has been attributed to its differences in leaf traits from the native woody plant community
(Brym et al. 2011). Leaf characteristics of E. umbellata were found to be characteristic of a fast-
growing plant with high light demands, in contrast to the native woody plant community, which

were largely shade-adapted. Additionally, native and introduced species have been found to
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consistently differ in functional traits across a gradient of nitrogen addition (Cleland et al. 2011).
However, this pattern may not hold for all communities or all groups of plants. A recent meta-
analysis found mixed evidence for limiting similarity in experimental manipulations of
grasslands (Price and Pértel 2013). While native communities containing forbs experience
reduced invasion of other forbs, communities dominated by native grasses do not have reduced
colonization of grass invaders.

It is possible that the strong trait differences observed between the native and introduced
subsets of the communities in this study reflect phylogenetic differences between the native and
introduced groups and intrinsically different suites of traits between different phylogenetic
groups (Hamilton et al. 2009). While this study found that native and introduced species differed
in many trait averages, there is also a great deal of variation in trait states within both groups and
overlap between them. All introduced species in the region are not different from all native
species. Because trait overlap exists between native and introduced species in the regional
species pool, patterns of traits observed within a local community are likely to reflect community
assembly processes in addition to any phylogenetic differences that may exist between native
and introduced species.

Inferences that can be made from comparing introduced and native species within an
introduced range are necessarily limited (van Kleunen et al. 2010). Some of the native species in
this study likely have weedy or ruderal characteristics, and may themselves be or become
introduced or invasive elsewhere in the world. While the average traits held by the introduced
species did differ significantly from the native portion of the communities in this study, these
traits and trait states ought not to be interpreted as “invasive traits”, but rather as supporting

Darwin’s naturalization hypothesis, suggesting that species with traits different from those
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already present in a community are more likely to succeed in that community. My results suggest
that moving beyond comparing broad groups of plants and taking a quantitative trait-based
approach to addressing invasion biology is crucial for understanding community assembly in

general and the success of introduced species in particular.

124



Tables

Table 6-1 Plant traits used in analyses. Traits were obtained from the TRY-DB Plant Traits Database. Means and standard
errors of each trait used in analyses are shown for introduced and native species. The number of species for which data on a
given trait were available is also given. Significant differences between native and introduced species (corrected for multiple
comparisons using the sequential-Bonferroni method) are marked with an asterisk (*).

_ . Native Introduced
Category Abbreviation Trait N Mean SE N Mean SE R p
Leaf C C (mg/g dry leaf) 35 1104 41 28 218.7 6.8 0.063 0.005*
Leaf N N (mg/g dry leaf) 99 6.5 0.1 36 13.2 0.3 0.337 <0.001*
Leaf P P (mg/g dry leaf) 86 1499.0 11.7 31 574.9 28.9 0.320 <0.001*
Leaf K K (mg/g dry leaf) 34 22 0.1 5 1038 0.8 0.240 <0.001*
hﬁs C:N C:N 37 238 02 23 1856 0.28 0417  <0.001*
N:P N:P 75 10.2 0.1 18 12.1 0.2 0.070 <0.001*
SLA Specific leaf area (cm?/g dry leaf) 112 619.2  25.8 51 258.2 12.9 0.032 0.020*
LWR Leaf weight ratio (% of plant) 35 116 0.5 25 134 0.8 0.041 0.006*
Stomata cond. Stomata conductance per leaf area 30 163.9 5.0 11 189.9 11.6 0.086 <0.001*
Stem SSD Stem specific density (g/cmq) 43 59.3 2.9 19 359 4.8 0.141 <0.001*
traits Woody mass  Wood dry mass (% of plant) 15 60.4 0.9 13 50.8 1.5 0.236 <0.001*
Root Root N N (mg/g dry root mass) 19 93 0.4 11 1.8 0.1 0.315 <0.001*
traits Root depth Rooting depth (cm) 117 18.2 0.1 19 109 0.3 0.179 <0.001*
Seed number |\umber of seeds per reproductive a5 g o, 106 1 4% 107 47 21x10° 21x10° 0124  <0.001*
Seed unit (tussock or individual plant)
traits Seed protein  Seed protein content per mass (%) 29 23.3 0.4 25 23.0 0.3 0.000 0.552
Seed mass Seed mass (Q) 159 9.3 x10*2191.1 58 4.3 x10* 5088.1 0.398 <0.001*
RGR Relative growth rate (g/g/day) 34 0.2 0.002 22 0.2 0.003 0.239 <0.001*
Other faﬁgtosy”the“c 'r-a'tgeh(tnsrﬁtoulrétg‘j /ghdort;?é’;‘]fg;’“c 34 1127 24 8 2077 180 0.148  <0.001*
Leaf Leaf respiration (NMol CO/gdry 51 118 04 2 248 05 0205  <0.001*
respiration leaf/s)
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Table 6-2 Results of ANOSIM analyses to assess the overall similarity of trait composition of
the introduced and native subsets of the sampled riparian plant communities. Asterisks (*) denote
significant dissimilarity between introduced and native species; these remain significant at the
Bonferroni-adjusted a = 0.01.

Comparison R p

All species 0.5069 <0.001*
Woody species only 0.2111 <0.001*
Herbaceous speciesonly  0.4297  <0.001*
Annual species only 0.3995 0.002*

Perennial species only 0.4828 0.001*
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Table 6-3 Results of GLMs for (a) the number of herbaceous versus woody species within the
introduced and native subsets of the sites; (b) the number of annual, biennial, or perennial
species within the introduced and native subsets of the sites. Significant interactions were found
between species origin and growth form, as well as between species origin and lifespan.

df Deviance Res. df Res!dual
Deviance
Null 211 1318.28
Growth  Origin 1  566.53 210 751.75 <0.0001*
form Growth form 1 342.05 209 409.70 < 0.0001*
Origin x Growth form 1 17.66 208 392.04 0.0019*
Null 317 3352.2
Lifespan O_rigin 1 566.53 316 2785.7 < 0.0001*
Lifespan 2 2226.98 314 558.7 < 0.0001*
Origin x Lifespan 2 118.80 312 439.9 <0.0001*
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Figure 6-1 NMDS ordination (2D stress = 0.129) of community-weighted mean trait values.
Native species are represented by closed points, and introduced species by open points. The
black ovals represent one standard deviation around the centroid of each group.
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Figure 6-2 (A) The average proportion of native and introduced species within each site that
were annual, biennial, or perennial species. Bars represent the average proportions, and whiskers
show £ 1 SE. (B) The average proportion of native and introduced species within a site that were
herbaceous and woody species.
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Figure 6-3 NMDS ordination (2D stress = 0.134) of community trait composition, limited to
herbaceous species only. Native species are represented by closed points and introduced species
by open points. The black ovals represent one standard deviation around the centroid.
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Figure 6-4 NMDS ordination (2D stress = 0.116) of community trait composition, limited to
woody plants. Native species are represented by closed circles, and introduced species by open
circles. The black ovals represent one standard deviation around the centroid of each group. The
limited number of points representing introduced species is caused by the relatively small
number of sites containing any woody introduced species. Several sites share 100% of their
woody introduced species, leading to an identical trait composition for those sites; points have
therefore been jittered slightly to allow visualization of overlapping points.
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Figure 6-5 NMDS ordination (2D stress = 0.053) of community trait composition, limited to
annual species only. Native species are represented by closed circles, and introduced species by
open circles. The black ovals represent one standard deviation around the centroid of each group.
Several sites share 100% of their annual introduced species, leading to an identical trait
composition for those sites; points have therefore been jittered slightly to allow visualization of
overlapping points.
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Figure 6-6 NMDS ordination (2D stress = 0.127) of community trait composition, limited to
perennial species only. Native species are represented by closed circles, and introduced species
by open circles. The black ovals represent one standard deviation around the centroid of each

group.
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Figure 6-7 Means (dots) +/- 1 SE (whiskers) for the native (N) and introduced species (I) found

across the 53 sites sampled, for each of the nineteen traits used in this study.
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Chapter 7: Conclusions

One of the most longstanding and profound questions in ecology is what determines the
diversity and species composition of ecological communities (Hutchinson 1959, Connell and
Orias 1964, Ricklefs 1987, Huston 1994, Brown et al. 2001). By taking a variety of approaches
to address this question in specific communities, we can attempt to provide a more thorough
understanding of mechanisms governing community diversity and composition. Identifying the
mechanisms governing diversity and species coexistence in riparian zones may be particularly
fruitful in this regard, given frequent observations that riparian plant communities are highly
diverse (Gregory et al. 1991, Naiman et al. 1993, Naiman and Décamps 1997, Goebel et al.
2003), but potentially also serve as havens for introduced species (DeFerrari and Naiman 1994,
Planty-Tabacchi et al. 1996, Stohlgren et al. 1998, Alpert et al. 2000, Tickner et al. 2001, Brown
and Peet 2003). Much of our knowledge about riparian plant communities comes from relatively
large river floodplains. Community diversity, assembly and composition in the riparian zones of
small streams have been understudied relative to those in larger rivers, even though small
streams cover a much greater portion of the landscape than do large rivers. The different
conditions experienced in the riparian zones of small streams may lead to different patterns in
riparian vegetation that those found for riparian zones of rivers.

In this dissertation, | described the diversity and species composition of the riparian zones
of small streams in the Upper Hudson watershed (New York). | used multiple lines of evidence,
including field surveys at multiple spatial scales, greenhouse experiments, and the traits of native
and introduced plants within these communities, to examine potential mechanisms governing
diversity and composition in this system. The results presented here include evidence of the role

riparian zones play in maintaining regional plant biodiversity, a number of potential mechanisms
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likely to contribute to species composition in these habitats, and factors that may affect the
success of introduced species in these communities.

In contrast to previous studies of riparian communities, primarily focused on the
floodplains of larger rivers, | found no difference in diversity or species composition between
riparian and upland areas — potentially a feature of small stream systems (Chapter 3). | did find,
however, that the riparian zones of small streams together harbored more species overall than did
the upland sites across the same region, validating the hypothesis that riparian zones can be
harbors of biodiversity. Additionally, | found that variation in riparian community composition
throughout the Upper Hudson watershed was correlated with variation in annual mean
temperature, soil texture, and abundance of wetlands in the immediate area (Chapter 4).
Community composition was spatially autocorrelated, suggesting that dispersal among riparian
plant communities may also be an important factor in determining their species composition.
Additionally, while regional climate factors were able to explain some portion of variation in
community composition, smaller-scale conditions likely also play a large role.

One smaller-scale condition that may contribute to community condition is the influence
of flooding on individual plants. In greenhouse experiments, | found that riparian ruderal plants
largely tolerate rather than thrive under various flooding conditions (submergence under water,
burial under sediments, and nutrient addition) (Chapter 5). Some upland ruderal plants were also
capable of tolerating these conditions. While one of the three upland species performed poorly
under submergence and burial conditions, the remaining two upland species did not perform
especially poorly under any flooded conditions. This suggests that flooding conditions alone are

not a sufficient explanation for the exclusion of the upland species from the riparian zone.
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In a survey of riparian plant communities of small streams throughout the Upper Hudson
watershed, | found that introduced species differed strongly from the native portion of the
riparian plant community in a suite of 19 plant traits (Chapter 6). These results suggest that
introduced species may succeed in these environments due to these trait differences, which may
allow them to avoid competition with natives. On average, introduced plant species allocated
more nitrogen to leaves than did natives, and less nitrogen to their roots. Introduced species also
produced more, smaller seeds than did the average native species. Overall, the suite of traits
possessed by introduced plant species was suggestive of an opportunistic strategy (e.g., fast-
growing colonizers), which may explain their success in these habitats. It is also possible that
introduced species in these communities have outcompeted native species that share similar
traits, leaving only dissimilar natives in the community. Examination of the trait composition of
the regional species pool may help to distinguish these two alternative hypotheses. The
hypothesis that introduced species are outcompeting natives would be supported if the difference
in traits between native and introduced species is found only in the local riparian zones studied
and not when compared to the regional native species pool.

The concept of disturbance has been an important component of studies of biological
invasions and riparian ecology. But, the considerable breadth in the use of the term disturbance
in ecology may hinder a general understanding of the ecological effects of disturbances,
especially in the context of invasion biology or the ecology of riparian communities. Therefore,
in addition to my field and experimental work, | conducted a systematic literature review and
developed a framework to facilitate classification of disturbance studies in these systems
(Chapter 2). The framework | developed to classify disturbances contains three dimensions: (1)

disturbances as causal agents or disturbances as effects; (2) disturbances as biotic or abiotic; and
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(3) temporal scale of disturbance. | found that most studies of invasion in riparian plant
communities addressed flooding disturbances. This included both natural flooding and alteration
to the natural flow regime by human activity (e.g., damming and channelization). The majority
of studies addressing the role of disturbance in plant invasions across habitats defined
disturbance quite broadly. Many studies referred to general anthropogenic effects, making
comparisons between urban and rural habitats or across gradients of land development. Future
synthesis about the role of disturbance in these systems, and in ecology more broadly, would
benefit from moving beyond a disturbed-undisturbed dichotomy to more specific
characterization of the disturbances under investigation, such as the classifications identified
here?. In addition, more studies addressing particular effects of flooding in riparian zones (such
as those described in Chapter 5) would provide a more mechanistic understanding of how flood
events structure riparian communities and which particular events might facilitate invasion in
these communities.

The research presented in this dissertation has identified several potential mechanisms
structuring riparian plant communities, and highlighted the potential for the use of plant traits to
understand patterns in community composition and trends in biological invasions. However,
some persistent questions remain that would benefit from additional experimental, observational,
and synthesis studies. Although trait databases such as TRY-DB (Kattge et al. 2011) are
incredibly valuable for trait-based analyses, direct measurements of traits within a community
will provide more accurate information about a community than the averages obtained from a
global database. This is usually not tractable for a study incorporating many traits or seeking trait
syndromes, but, the use of trait databases can represent an exploratory step to inform future

studies. Confirming the trait differences between native and introduced species seen in Chapter 6
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through direct trait measurements in focal riparian communities would strengthen the inferences
made from the trait database approach.

Dispersal was not directly addressed in this dissertation, but the spatial autocorrelation of
community structure shown in Chapter 4 and the seed traits of introduced species described in
Chapter 6 both suggest that differential ability of species to disperse throughout riparian habitats
across the landscape may influence these communities. Future work should address the role of
connectivity and propagule dispersal in determining the composition of riparian plant
communities for both native and introduced species. Longitudinal studies to examine not only
the role of dispersal and colonization in riparian plant communities, but also the degree to which
their composition changes within and across seasons are especially needed to extrapolate beyond
the observations made in this dissertation and to further assess the mechanisms governing plant

community assembly and species co-existence in the riparian zone.
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Appendix C: Supplement to Chapter 3

Table C-1 All species observed in the study and their origin (i.e., native or introduced to the
United States, represented by N or I; species of uncertain origin or identity are marked n/a). For
each species, presence or absence in greenline and upslope transects is indicated. Empty cells in
the table indicate absence. Plants that were unable to be identified to species are not included in
the table.

Origin  Greenline Upslope

Acalypha rhomboidea N present
Acer negundo N present
Acer platanoides I present present
Acer rubrum N present present
Acer saccharinum N present present
Acer saccharum N present present
Acer spicatum N present
Adiantum pedatum N present present
Ageratina altissima N present present
Agrimonia gryposepala N present
Agrostis perennans N present present
Agrostis scabra N present present
Alisma subcordatum N present
Alliaria petiolata I present present
Ambrosia artemisiifolia n/a present
Ambrosia trifida N present present
Amelanchier arborea N present present
Amphicarpaea bracteata N present present
Anemone canadensis N present present
Apios americana N present present
Arctium lappa I present
Arisaema triphyllum N present
Asarum canadense N present present
Athyrium filix-femina var. angustum N present present
Berberis thunbergii I present
Betula alleghaniensis N present
Betula lenta N present present
Betula populifolia N present
Bidens connata N present
Bidens frondosa N present
Boehmeria cylindrica N present present
Brassica nigra I present present
Bromus ciliatus N present
Calystegia sepium n/a present present
Carex bullata N present
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Origin  Greenline Upslope

Carpinus caroliniana N present present
Carya cordiformis N present present
Carya ovata N present present
Catalpa speciosa N present
Caulophyllum thalictroides N present
Cephalanthus occidentalis N present
Chamaesyce maculata N present
Chelone glabra N present
Cicuta maculata N present
Cinna arundinacea N present
Circaea lutetiana ssp. canadensis N present present
Clematis virginiana N present present
Cornus obliqua N present present
Cornus rugosa N present
Cornus sericea N present present
Cryptotaenia canadensis N present
Cynodon dactylon I present
Cyperus compressus N present
Cyperus strigosus N present present
Dactylis glomerata I present
Daucus carota I present present
Decodon verticillatus N present
Dichanthelium clandestinum N present present
Didiplis diandra N present
Digitaria cognata N present
Digitaria sanguinalis I present
Dryopteris camyloptera N present present
Dryopteris carthusiana N present
Dryopteris marginalis N present
Echinochloa muricata N present
Echinocystis lobata N present
Eleocharis intermedia N present
Elymus canadensis N present
Elymus virginicus N present
Epilobium hirsutum I present
Euonymus alatus | present present
Eupatorium purpureum N present
Eurybia divaricata N present present
Eutrochium purpureum N present
Fagus grandifolia N present
Fallopia japonica N present present
Fragaria vesca N present present
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Origin  Greenline Upslope

Fraxinus americana N present present
Fraxinus nigra N present present
Galium aparine N present present
Galium asprellum N present

Galium boreale N present

Galium palustre N present present
Galium triflorum N present present
Geranium maculatum N present
Geum laciniatum N present present
Glechoma hederacea I present present
Glyceria borealis N present present
Halenia deflexa N present

Hamamelis virginiana N present
Helianthus giganteus N present
Helianthus strumosus N present present
Heliopsis helianthoides N present

Hemerocallis fulva I present

Hieracium paniculatum N present
Hydrocotyle americana N present present
Hylotelephium telephium I present
Hyperium mutilum N present

Impatiens capensis N present present
Impatiens pallida N present present

Juglans cinerea present

Lactuca canadensis N present
Laportea canadensis N present present
Leersia oryzoides N present present
Lobelia cardinalis N present
Ludwigia palustris N present
Lycopus uniflorus N present present
Lysimachia ciliata N present present
Lysimachia nummularia I present present
Lysimachia vulgaris I present
Lythrum salicaria I present present
Maianthemum canadense N present
Maianthemum racemosum ssp. racemosum N present present
Malus pumila I present
Marrubium vulgare I present
Matteuccia struthiopteris N present present
Menispermum canadense N present present
Mimulus ringens N present
Mitchella repens N present
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Origin  Greenline Upslope

Muhlenbergia mexicana N present
Muhlenbergia schreberi N present present
Muhlenbergia sobolifera N present

Myosotis laxa N present

Myosoton aquaticum | present

Oenothera biennis N present

Onoclea sensibilis N present present
Ostrya virginiana present present
Oxalis grandis N present
Oxalis stricta N present present
Panicum capillare N present

Panicum dichotomiflorum N present present
Parthenocissus quinquefolia N present present
Paspalum setaceum N present

Pastinaca sativa I present present
Peltandra virginica N present

Penthorum sedoides N present

Petasites frigidus N present
Phytolacca americana N present
Pilea pumila N present present
Pinus strobus present
Plantago major I present

Polygonum arifolium N present

Polygonum cespitosum I present present
Polygonum hydropiper I present
Polygonum hydropiperoides N present

Polygonum lapathifolium N present present
Polygonum persicaria I present present
Polygonum sagittatum N present present
Polygonum virginianum N present present
Polystichum acrostichoides N present present
Populus deltoides N present present
Populus tremuloides N present present
Potentilla simplex N present present
Prunella vulgaris N present present
Prunus serotina N present
Prunus virginiana N present present
Quercus alba N present present
Quercus macrocarpa N present
Quercus rubra N present present
Ranunculus recurvatus N present

Rhamnus alnifolia N present present
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Origin  Greenline Upslope

Rhamnus cathartica
Ribes americanum
Ribes rubrum

Robinia pseudoacacia
Rosa multiflora

Rubus allegheniensis
Rubus hispidus

Rubus occidentalis
Rubus odoratus

Rubus pubescens

Rubus sp.

Rumex obtusifolius
Rumex triangulivalvis
Salix alba

Salix lucida

Salix nigra

Sambucus canadensis
Sanicula odorata
Scirpus polyphyllus
Scutellaria lateriflora
Sinapis arvensis

Smilax glauca

Solanum dulcamara
Solanum ptycanthum
Solidago altissima
Solidago canadensis
Solidago flexicaulis
Solidago gigantea
Stellaria pubera
Symphyotrichum dumosum
Symphyotrichum lateriflorum
Teucrium canadense
Thalictrum pubescens
Thalictrum thalictroides
Thelypteris noveboracensis
Thelypteris palustris
Tilia americana
Toxicodendron radicans
Trifolium arvense
Trifolium campestre
Trifolium pratense
Trifolium repens

| present present
N present

I present present
N present
| present present
N present
N present
N present present
N present
N present present
n/a present

I present
N present

| present

N present
N present

N present present
N present
N present present
N present present
I present
N present
| present present
N present

N present present
N present
N present present
N present present
N present present
N present present
N present present
N present
N present

N present

N present
N present

N present present
N present present
I present

| present
| present

| present
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Origin  Greenline Upslope

Tsuga canadensis N present present
Ulmus rubra N present present
Urtica dioica N present present
Veronica americana N present
Viburnum acerifolium N present present
Viburnum lentago N present
Viburnum recognitum N present
Viola fimbriatula N present
Viola pubescens N present
Vitis riparia N present
Xanthium strumarium N present
Zanthoxylum americanum N present

191



Table C-2 Dispersion parameters for the generalized linear models for each response variable.
The error distribution used for herbaceous cover, native herb cover, and introduced herb cover
was quasi-binomial; the error distribution for all other models was Quasi-Poisson. In all models,
df = 23 for null deviance and df = 12 for the residual deviance. Quasi-Poisson and Quasi-
Binomial likelihood models remedy overdispersed data by introducing a dispersion parameter
into the Poisson and binomial models (respectively) such that the conditional variance of the
response becomes a linear function of the mean.

Response variable Dispersion par.
Number of species 4.576

Number of native species 3.912

Number of introduced species 2.129

Number of individuals 75.012

Number of native individuals 82.227

Number of introduced individuals 26.565
Herbaceous cover 0.187

Native herb cover 0.202
Introduced herb cover 0.027
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Table C-3 Dispersion parameters for the generalized linear models used to compare abundance
of native and introduced species. The error distribution used for herbaceous cover was Quasi-
Binomial; a Quasi-Poisson model was used for species richness and number of individual plants.
In all models, df = 47 for null deviance and df = 35 for residual deviance.

Response variable Dispersion par.
Number of species 2.797
Number of individuals 54.72
Herbaceous cover 0.105
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Table C-4 Coefficient estimates from the generalized linear model for each response variable.
The error distribution used in the generalized linear model for each response variable is given in
parentheses. Significant values of P at o = 0.05 are marked with asterisks. The “bank” effect
shown is the coefficient of change from riparian to upland samples.

Coef. Est. SE T P
Number of species (Quasi-Poisson)
Intercept -0.171 0.278 -0.614 0.551
Ind -0.027 0.374 -0.073 0.943
Kay 0.484 0.383 -1.262 0.231
Bal * Site -0.187 0.385 -0.487 0.635
Ind * Site 0.325 0.342 0.949 0.361
Kay * Site -0.058 0.399 -0.146 0.887
Bal * SiteB1 * Bank -0.397 0.461 -0.862 0.406
Bal * SiteB2 * Bank -0.198 0.410 -0.484 0.637
Ind * Sitell * Bank -0.318 0.339 -0.938 0.367
Ind * Site 12 * Bank -0.305 0.382 -0.799 0.440
Kay * SiteK1 * Bank -0.160 0.443 -0.363 0.723
Kay * SiteK2 * Bank -0.130 0.397 -0.329 0.748
Number of native species (Quasi-Poisson)
Intercept -0.398 0.289 -1.381 0.193
Ind -0.013 0.387 -0.033 0.974
Kay -0.662 0.415 -1.595 0.137
Bal * Site -0.164 0.396 -0.414 0.686
Ind * Site 0.312 0.353 0.883 0.395
Kay * Site -0.183 0.468 -0.391 0.703
Bal * SiteB1 * Bank -0.262 0.458 -0.573 0.578
Bal * SiteB2 * Bank -0.131 0.411 -0.318 0.756
Ind * Sitell * Bank -0.279 0.347 -0.805 0.437
Ind * Site 12 * Bank -0.271 0.389 -0.697 0.499
Kay * SiteK1 * Bank -0.059 0.520 -0.114 0.911
Kay * SiteK2 * Bank -0.065 0.441 -0.148 0.885
Number of introduced species (Quasi-Poisson)
Intercept -2.051 0.486 -4.218 0.001*
Ind -0.646 0.769 -0.840 0.418
Kay 0.040 0.601 0.067 0.948
Bal * Site -0.872 0.814 -1.071 0.305
Ind * Site 0.791 0.741 1.068 0.307
Kay * Site -0.236 0.565 -0.417 0.684
Bal * SiteB1 * Bank -2.043 1538 -1.328 0.209
Bal * SiteB2 * Bank -0.097 0.979 -0.099 0.922
Ind * Sitell * Bank -0.313 0.637 -0.491 0.632
Ind * Site 12 * Bank -0.428 0.942 -0.454 0.658
Kay * SiteK1 * Bank 0.010 0.622 0.016 0.988
Kay * SiteK2 * Bank -0.240 0.550 -0.437 0.670
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Number of individuals (Quasi-Poisson)

Intercept 2.365 0.317 7.453 7.71x10°%*
Ind -0.308 0.457 -0.675 0.513
Kay -0.745 0.466 -1.596 0.136
Bal * Site -0.709 0.505 -1.405 0.185
Ind * Site 0.726 0.413 1.758 0.104
Kay * Site 1.121 0.404 2.774 0.017*
Bal * SiteB1 * Bank -1.079 0.668 -1.616 0.132
Bal * SiteB2 * Bank -0.569 0.681 -0.837 0.419
Ind * Sitell * Bank -1.020 0.450 -2.266 0.043*
Ind * Site 12 * Bank -0.371 0.510 -0.727 0.481
Kay * SiteK1 * Bank -0.574 0.360 -1.592 0.137
Kay * SiteK2 * Bank -0.225 0.529 -0.426 0.678
Number of native individuals (Quasi-Poisson)

Intercept 2.160 0.368 5.869 7.61x 10°*
Ind -0.213 0.517 -0.411 0.688
Kay -1.085 0.597 -1.818 0.094
Bal * Site -0.645 0.574 -1.123 0.283
Ind * Site 0.517 0.476 1.087 0.299
Kay * Site 1.373 0.538 2.551 0.025*
Bal * SiteB1 * Bank -1.013 0.755 -1.341 0.205
Bal * SiteB2 * Bank -0.537 0.756 -0.710 0.491
Ind * Sitell * Bank -0.985 0.546 -1.804 0.096.
Ind * Site 12 * Bank -0.548 0.596 -0.920 0.376
Kay * SiteK1 * Bank -1.236  0.553 -2.234 0.045*
Kay * SiteK2 * Bank -0.314 0.747 -0.420 0.682
Number of introduced individuals (Quasi-Poisson)

Intercept 0.657 0.444 1481 0.165
Ind -1.711 1.027 -1.666 0.121
Kay -0.783 0.659 -1.188 0.258
Bal * Site -1.361 0.880 -1.546 0.148
Ind * Site 2.389 0.975 2.449 0.031*
Kay * Site 0.932 0.593 1.573 0.142
Bal * SiteB1 * Bank -3.653 3.008 -1.214 0.248
Bal * SiteB2 * Bank -0.758 1.406 -0.540 0.599
Ind * Sitell * Bank -1.012 0.551 -1.836 0.091
Ind * Site 12 * Bank -1.259 1.952 -0.645 0.531
Kay * SiteK1 * Bank -0.544 0.559 -0.973 0.350
Kay * SiteK2 * Bank 0.693 0.608 1.140 0.277
Herbaceous cover (Quasi-Binomial)

Intercept 0.087 0.612 0.141 0.890
Ind -0.498 0.875 -0.570 0.579
Kay -0.759 0.890 -0.852 0.411
Bal * Site -1.153 0.931 -1.239 0.239
Ind * Site -0.363 0.907 -0.400 0.696
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Kay * Site 1.558 0.933 1.670 0.121
Bal * SiteB1 * Bank -2.098 1.129 -1.859 0.088
Bal * SiteB2 * Bank -1.888 1.574 -1.199 0.254
Ind * Sitell * Bank -0.666 1.019 -0.654 0.526
Ind * Site 12 * Bank -0.325 0.904 -0.359 0.726
Kay * SiteK1 * Bank -0.355 0.924 -0.384 0.708
Kay * SiteK2 * Bank -0.026 0.916 -0.028 0.978
Native herb cover (Quasi-Binomial)

Intercept -0.128 0.637 -0.201 0.844
Ind -0.369 0.913 -0.404 0.694
Kay -1.059 0.984 -1.076 0.303
Bal * Site -1.069 0.986 -1.084 0.300
Ind * Site -0.604 0.984 -0.614 0.551
Kay * Site 1.818 1.004 1.810 0.095
Bal * SiteB1 * Bank -1.883 1.172 -1.606 0.134
Bal * SiteB2 * Bank -1.921 1.747 -1.099 0.293
Ind * Sitell * Bank -0.527 1.129 -0.467 0.649
Ind * Site 12 * Bank -0.253 0.944 -0.268 0.793
Kay * SiteK1 * Bank -1.155 0.936 -1.233 0.241
Kay * SiteK2 * Bank 0.082 1.050 0.078 0.939
Introduced herb cover (Quasi-Binomial)

Intercept -2.871 0.514 -5577 0.0001*
Ind -3.879 0.823 -4.713 0.0005*
Kay -2.151 0.379 -5.669 0.0001*
Bal * Site -0.835 0.916 -0.911 0.380
Ind * Site 1.225 0.947 1.294 0.220
Kay * Site 0.629 0.485 1.296 0.219
Bal * SiteB1 * Bank -18.70 3389 -0.006 0.996
Bal * SiteB2 * Bank -1.232 1573 -0.783 0.449
Ind * Sitell * Bank -0.921 0.852 -1.081 0.301
Ind * Site 12 * Bank -1.927 2.274 -0.847 0.413
Kay * SiteK1 * Bank 0.465 0.402 1.157 0.270
Kay * SiteK2 * Bank -0.245 0.565 -0.433 0.673
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Table C-5 Coefficient estimates from the generalized linear models examining abundance of
native and introduced species. The error distribution used in the GLM for each response variable
is given in parentheses. Significant values of p at a = 0.05 are marked with asterisks. The “bank”
effect shown is the coefficient of change from riparian to upland samples.

Coef. Est. SE t p
Number of species (Quasi-Poisson)
Intercept -2.084 0.271 -7.683 5.14 x 1079***
Origin Native 1.688 0.181 9.315 5.25 x 10711*x**
Ind -0.091 0.305 -0.299 0.767
Kay -0.510 0.310 -1.649 0.108
Bal * Site -0.249 0.313 -0.795 0.432
Ind * Site 0.367 0.281 1.306 0.200
Kay * Site -0.198 0.338 -0.585 0.562
Bal * SiteB1 * Bank -0.405 0.371 -1.094 0.281
Bal * SiteB2 * Bank -0.128 0.332 -0.385 0.703
Ind * Sitell * Bank -0.284 0.272 -1.043 0.304
Ind * Site 12 * Bank -0.285 0.315 -0.905 0.372
Kay * SiteK1 * Bank -0.040 0.374 -0.108 0.915
Kay * SiteK2 * Bank -0.111 0.321 -0.346 0.731
Number of individual plants (Quasi-Poisson)
Intercept 0.673 0.328 2.054 0.047*
Origin Native 1.484 0225 6.606 1.24x107*
Ind -0.365 0.397 -0.920 0.363
Kay -1.023 0.432 -2.367 0.024*
Bal * Site -0.743 0.436 -1.702 0.098
Ind * Site 0.748 0.362 2.067 0.046*
Kay * Site 1.287 0.389 3.309 0.002*
Bal * SiteB1 * Bank -1.198 0.599 -2.000 0.053
Bal * SiteB2 * Bank -0.557 0.590 -0.944 0.352
Ind * Sitell * Bank -0.991 0.388 -2.555 0.015*
Ind * Site 12 * Bank -0.572 0.478 -1.197 0.239
Kay * SiteK1 * Bank -1.085 0.390 -2.783 0.009*
Kay * SiteK2 * Bank 0.024 0.486 0.049 0.961
Herbaceous cover (Quasi-Binomial)
Intercept -5.707 0.458 -12.45 2.06 x 10°14*
Origin Native 1.865 0.314 5945 9.13x107*
Ind -0.670 0.585 -1.146 0.260
Kay -1.249 0.603 -2.071 0.046*
Bal * Site -1.290 0.641 -2.012 0.052
Ind * Site -0.129 0.631 -0.205 0.839
Kay * Site 1.655 0.583 2.838 0.008*
Bal * SiteB1 * Bank -1.743 0.805 -2.165 0.037*
Bal * SiteB2 * Bank -1.690 1.163 -1.453 0.155
Ind * Sitell * Bank -0.822 0.732 -1.124 0.269
Ind * Site 12 * Bank -0.302 0.628 -0.481 0.633
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Coef. Est. SE t p

Kay * SiteK1 * Bank -0.517 0.525 -0.985 0.331
Kay * SiteK2 * Bank 0.089 0.642 0.138 0.891
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Table C-6 ANOVA table for each descriptor of plant community composition measured among
three streams in the Upper Hudson Watershed, different sites along each stream, and riparian and
upland transects at each site. Significant p-values at the a = 0.05 level are marked with an
asterisk (*). These significant values are also all significant after sequential Bonferroni
correction (7). All response variables were corrected for sampled area and transformed to fit

assumptions of normality before performing the ANOVA.

Source df SS MS F p
Number of species

Stream 2 4.128 2.064 120.8 0.001*+
Site within Stream 3 0.051 0.017 0.017 0.997
Bank within Site 6 6.223 1.037 0.916 0.516
Residuals 12 13.585 1.132

Number of native species

Stream 2 4.628 2.314 93.57 0.002*+
Site within Stream 3 0.074 0.025 0.050 0.984
Bank within Site 6 2.991 0.499 0.820 0.576
Residuals 12 7.300 0.608

Number of introduced species

Stream 2 0.499 0.249 66.64 0.003*
Site within Stream 3 0.011 0.004 0.080 0.968
Bank within Site 6 0.280 0.048 0.628 0.706
Residuals 12 0.892 0.074

Total abundance of individuals

Stream 2 1384.2 692.1 1.803 0.306
Site within Stream 3 1151.4 383.8 0.861 0.511
Bank within Site 6 2675.6 445.9 2.549 0.079
Residuals 12 2099.2 174.9

Total abundance of native individuals

Stream 2 6.373 3.187 3.644 0.157
Site within Stream 3 2.623 0.874 0.240 0.866
Bank within Site 6 21.869 3.645 2.685 0.069
Residuals 12 16.289 1.357

Total abundance of introduced individuals

Stream 2 11.391 5.696 1.753 0.313
Site within Stream 3 9.7112 3.237 1.959 0.222
Bank within Site 6 9.9153 1.653 1.670 0.212
Residuals 12 11.878 0.990

Herbaceous cover

Stream 2 0.104 0.520 14.699 0.028*
Site within Stream 3 0.106 0.035 0.417 0.748
Bank within Site 6 0.5088 0.085 1.843 0.173
Residuals 12 0.552 0.046
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Source df SS MS F p
Native herb cover

Stream 2 0.186 0.093 0.988 0.468
Site within Stream 3 0.282 0.094 1.916 0.228
Bank within Site 6 0.294 0.049 1.026 0.454
Residuals 12 0.573 0.048

Introduced herb cover

Stream 2 0.387 0.193 6.764 0.077
Site within Stream 3 0.0823 0.028 2.200 0.189
Bank within Site 6 0.078 0.013 1.439 0.278
Residuals 12 0.107 0.009

Shannon diversity

Stream 2 0.284 0.142 1.985 0.282
Site within Stream 3 0.215 0.072 0.852 0.515
Bank within Site 6 0.504 0.084 0.669 0.677
Residuals 12 1.507 0.126
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Appendix D: Supplement to Chapter 4

Table D-1 Latitudes and longitudes of sampled sites.

River Latitude Longitude
Alplaus Kill 42.9297 -73.9827
Ballston Creek 42.9592 -73.8200
Batten Kill 43.0974  -73.1414
Beaver Kill 42.0688 -74.2047
Big Brook 43.3204  -75.3443
Boreas River 43.8917 -74.0150
Bullhead Pond Brook 43.8075 -74.0417
Cadman Creek 43.1018 -74.0430
Cedar River 43.7926 -74.2892
Chester Creek 43.6684  -73.7882
Cobleskill Creek 42.7100 -74.3340
Daly Creek 43.2693 -73.9559
Evas Kill 42,9284  -74.1276
Fawn Lake 42.5681 -74.1762
Fishkill Creek 41.5863 -73.7455
Four Mile Brook 43.3768 -74.7793
Green River 43.1032 -73.2111
Hans Creek 43.1277 -74.1027
Hudson River 44,0161 -74.0542
Indian Brook 41.4113 -73.9144
Indian Kill 42.8711 -73.9086
Jassup River 435824  -74.4068
Kayaderosseras Creek 43.0192  -73.8302
Kennyetto Creek 43.0701  -74.1567
Keyser Kill 42.4907  -74.3603
Kinderhook Creek 42.4927 -73.4515
Landsman Kill 41.9233 -73.9110
Lansing Kill 43.4043 -75.3441
Mill Brook 43.7637 -73.7545
Mill Creek 43.4044  -74.2520
Minots Corner 43.0920 -75.0643
Mohawk River 43.0016 -74.5468
New Pond Brook 44.0761 -73.6595
North Branch West Stony Creek  43.2522  -74.3285
Paragon Brook 43.8877  -73.6432
Plotter Kill 42.8455 -74.0129
Potic Creek 42.2753 -73.9281
Quacken Kill 42.7484  -73.5630
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River Latitude Longitude
Robbs Creek 43.5098 -74.2862
Roeliff Jansen Kill 42.0062 -73.7157
Saw Kill 42.0371  -74.1234
Sheriff Lake Outlet 43.3901 -74.5940
Snook Kill 43.1985  -73.6554
Sprout Creek 415815  -73.8526
Steele Creek 42.9949 -75.0609
Sterling Creek 43.1391  -75.0909
Stewart Creek 43.5300 -74.1448
Stony Creek 42.0467  -73.9108
Timmerman Creek 43.0567 -74.6273
Trout Brook 43.7553 -73.8804
Valatie Kill 42.4420 -73.6652
Wappinger Creek 41.7562  -73.8174
Wharton Hollow Creek 42.5272 -74.5675
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Table D-2 Species observed in regional field surveys of riparian zones, excluding the 7 plants
that could not be identified to species and were classified as morphospecies. Species origins “N”
native, “I”” introduced, “I/N” for ambiguous species — €.g., species thought to have some native
and some invasive genotypes.

Species Origin Lifespan Growth Form

Abies balsamea perennial woody
Acer negundo perennial woody
Acer pensylvanicum perennial woody
Acer rubrum perennial woody
Acer saccharinum perennial woody
Acer saccharum perennial woody
Acer spicatum perennial woody
Achillea millefolium N perennial herbaceous
Ageratina altissima perennial herbaceous
Agrimonia gryposepala perennial herbaceous
Agrostis perennans perennial herbaceous
Alliaria petiolata biennial  herbaceous
Alnus incana perennial woody
Ambrosia artemisiifolia N annual herbaceous
Ambrosia trifida annual herbaceous
Amphicarpaea bracteata perennial herbaceous
Anemone virginiana perennial herbaceous
Apocynum cannabinum perennial herbaceous
Arctium lappa biennial  herbaceous
Arisaema triphyllum perennial herbaceous
Artemisia vulgaris perennial herbaceous
Asclepias syriaca perennial herbaceous
Athyrium filix-femina perennial herbaceous
Barbarea vulgaris biennial  herbaceous
Berberis thunbergii perennial woody
Betula alleghaniensis perennial woody
Betula papyrifera perennial woody
Bidens connata annual herbaceous
Bidens frondosa annual herbaceous
Blephilia hirsuta perennial herbaceous
Boehmeria cylindrica perennial herbaceous
Brachyelytrum aristosum perennial herbaceous

SZ2=SZ2T 2222222 T 22" 2" 222222 2222222222

Brassica nigra annual herbaceous
Bromus ciliatus perennial herbaceous
Bromus inermis N perennial herbaceous
Bromus pubescens perennial herbaceous
Calystegia sepium N perennial herbaceous
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Species

Origin Lifespan

Growth Form

Carex crinita

Carex scoparia
Carpinus caroliniana
Carya cordiformis
Carya ovata
Centaurea jacea
Centaurea nigrescens
Centaurea stoebe
Cephalanthus occidentalis
Chelidonium majus
Chelone glabra

Cicuta maculata
Cinna arundinacea
Circaea lutetiana
Clematis virginiana
Clinopodium vulgare
Collinsonia canadensis
Commelina communis
Cornus amomum
Cornus canadensis
Cornus obliqua
Cornus rugosa

Cornus sericea
Corylus cornuta
Cryptotaenia canadensis
Cynanchum louiseae
Cyperus strigosus
Dactylis glomerata
Daucus carota
Dianthus armeria
Dichanthelium clandestinum
Digitaria sanguinalis
Dioscorea villosa
Doellingeria umbellata
Dryopteris carthusiana
Dryopteris cristata
Echinocystis lobata
Elymus canadensis
Elymus hystrix

Elymus repens

Elymus trachycaulus
Elymus virginicus

perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
biennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
annual
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
biennial
biennial
perennial
annual
perennial
perennial
perennial
perennial
annual
perennial
perennial
perennial
perennial
perennial
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herbaceous
herbaceous
woody

woody

woody

herbaceous
herbaceous
herbaceous
woody

herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
woody

woody

woody

woody

woody

woody

herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
herbaceous



Species

Origin Lifespan

Growth Form

Epilobium ciliatum
Epipactis helleborine
Equisetum fluviatile
Equisetum hyemale
Equisetum palustre
Equisetum pratense
Erigeron annuus
Euonymus alatus
Eupatorium perfoliatum
Euphorbia maculata
Eurybia divaricata
Euthamia caroliniana
Euthamia graminifolia
Eutrochium maculatum
Eutrochium purpureum
Fagus grandifolia
Fragaria vesca
Fraxinus americana
Fraxinus nigra
Fraxinus pennsylvanica
Galium aparine
Galium asprellum
Galium boreale
Galium mollugo
Galium palustre
Galium triflorum
Gentiana linearis
Geum canadense
Glechoma hederacea
Glyceria striata
Hamamelis virginiana
Helianthus divaricatus
Helianthus strumosus
Helianthus tuberosus
Hemerocallis fulva
Heuchera villosa
Hypericum mutilum
Hypericum perforatum
Hypericum punctatum
Impatiens capensis
Impatiens pallida
Juglans cinerea

perennial
perennial
perennial
perennial
perennial
perennial
annual

perennial
perennial
annual

annual

annual

perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
annual

perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
annual

annual

perennial
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herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
woody

herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
woody

herbaceous
woody

woody

woody

herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
woody

woody

herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
woody



Species Origin Lifespan Growth Form

Juglans nigra perennial woody

Juncus articulatus perennial herbaceous
Juncus filiformis perennial herbaceous
Laportea canadensis perennial herbaceous
Leonurus cardiaca perennial herbaceous
Leucanthemum vulgare perennial herbaceous
Linaria vulgaris perennial herbaceous
Lindera benzoin perennial woody

Liparis loeselii perennial herbaceous
Lithospermum officinale perennial herbaceous
Lobelia cardinalis perennial herbaceous
Lobelia inflata annual herbaceous
Lobelia siphilitica perennial herbaceous
Lonicera japonica perennial herbaceous
Lonicera morrowii perennial woody

Lotus corniculatus perennial herbaceous
Ludwigia palustris perennial herbaceous
Lycopus americanus perennial herbaceous
Lycopus rubellus perennial herbaceous
Lysimachia ciliata perennial herbaceous
Lysimachia nummularia perennial herbaceous
Lysimachia quadrifolia perennial herbaceous
Lysimachia terrestris perennial herbaceous
Lythrum salicaria perennial herbaceous
Maianthemum racemosum perennial herbaceous
Malus pumila perennial woody

Matteuccia struthiopteris perennial herbaceous
Melilotus officinalis perennial herbaceous
Mimulus ringens perennial herbaceous
Mitchella repens perennial herbaceous
Monotropa uniflora perennial herbaceous
Muhlenbergia mexicana perennial herbaceous

Myosotis laxa perennial herbaceous
Myosotis scorpioides perennial herbaceous
Myrica gale perennial woody

Oclemena acuminata
Oenethera biennis
Onoclea sensibilis
Osmunda cinnamomea
Osmunda regalis
Ostrya virginiana
Oxalis stricta

perennial woody
perennial woody
perennial herbaceous
perennial herbaceous
perennial herbaceous
perennial woody
perennial herbaceous
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Species

Origin Lifespan

Growth Form

Panicum dichotomiflorum
Parthenocissus quinquefolia
Peltandra virginica
Phalaris arundinacea
Phegopteris connectilis
Phegopteris hexagonoptera
Phleum pratense

Pilea pumila

Pinus strobus

Plantago lanceolata
Plantago major

Platanus occidentalis
Polygonum amphibium
Polygonum arifolium
Polygonum cilinode
Polygonum cuspidatum
Polygonum hydropiper
Polygonum hydropiperoides
Polygonum persicaria
Polygonum punctatum
Polygonum sagittatum
Polygonum virginianum
Polystichum acrostichoides
Populus deltoides
Potentilla recta

Potentilla simplex
Prenanthes alba
Prenanthes altissima
Prenanthes trifoliolata
Prunella vulgaris

Prunus americana

Prunus serotina

Prunus virginiana
Pteridium aquilinum
Quercus alba

Quercus prinoides
Quercus velutina
Ranunculus pensylvanicus
Ranunculus recurvatus
Rhamnus alnifolia
Rhamnus cathartica

Rhus typhina

annual

perennial
perennial
perennial
perennial
perennial
perennial
annual

perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
annual

perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
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herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
woody

herbaceous
herbaceous
woody

herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
woody

herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
woody

woody

woody

herbaceous
woody

woody

woody

herbaceous
herbaceous
woody

woody

woody



Species

Origin Lifespan

Growth Form

Robinia pseudoacacia
Rosa multiflora

Rosa palustris

Rubus allegheniensis
Rubus hispidus

Rubus idaeus

Rubus occidentalis
Rubus odoratus

Rubus phoenicolasius
Rubus pubescens
Rudbeckia hirta
Rudbeckia laciniata
Rumex crispus

Rumex obtusifolius
Sagittaria latifolia

Salix alba

Salix nigra

Salix pentandra
Sambucus nigra
Saponaria officinalis
Schoenoplectus pungens
Scirpus atrocinctus
Scirpus microcarpus
Scutellaria lateriflora
Securigera varia

Silene vulgaris

Smilax tamnoides
Solanum dulcamara
Solidago altissima
Solidago canadensis
Solidago flexicaulis
Solidago gigantea
Solidago latissimifolia
Sonchus oleraceus
Spiraea alba

Stellaria pubera
Symphyotrichum dumosum
Symphyotrichum lanceolatum
Symphyotrichum novae-angliae
Symphyotrichum prenanthoides
Symplocarpus foetidus
Tanacetum vulgare

perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
N perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
annual
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial

208

—2Z22Z2Z2Z2Z2Z2Z2" Z2ZZ2Z2ZZ-" 2" " Z2ZZZ- =T ZTZ2-T T ZzZ2zZz—"Z2zZ2zZzZ2ZzZ2zzZ2— 2

woody
herbaceous
woody
woody
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Species

Origin Lifespan

Growth Form

Taraxacum officinale
Thalictrum dioicum
Thalictrum pubescens
Thalictrum thalictroides
Thelypteris noveboracensis
Thelypteris palustris
Thuja occidentalis

Tilia americana
Toxicodendron radicans
Triadenum virginicum
Trifolium aureum
Trifolium pratense
Trifolium repens
Trillium erectum

Tsuga canadensis
Tussilago farfara
Ulmus americana
Ulmus rubra

Urtica dioica

Veratrum viride
Verbascum thapsus
Verbena hastata
Verbena urticifolia
Veronica americana
Veronica anagallis-aquatica
Veronica scutellata
Viburnum acerifolium
Viburnum dentatum
Viburnum lantanoides
Vinca minor

Vitis riparia

Woodsia obtusa
Xanthium strumarium

I/N perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
biennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
I/N perennial
perennial
biennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
perennial
annual
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herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
woody

woody

herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
woody

herbaceous
woody

woody

herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
woody

woody

woody

herbaceous
herbaceous
herbaceous
herbaceous
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Appendix E: Supplement to Chapter 5

Table E-1 Test of the proportional hazards assumption of the Cox Proportional Hazards
regressions based on Schoenfeld residuals.

X p
Bidens frondosa 3.098 0.377
Solidago flexicaulis 7.763  0.051
Polygonum pensylvanicum 5.900 0.117
Polygonum virginianum 5930 0.115
Prunella vulgaris 5.900 0.116
Marrubium vulgare 6.934  0.094
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Table E-2 Unmodified Cox Proportional Hazards regressions for Solidago flexicaulis and

Prunella vulgaris. For both of these species, no individuals died in the submergence treatment.
The CPH regression returns invalid MLE coefficient estimates for groups containing no events.
The overall test remains valid, but the z statistic is not valid for the affected treatment contrast.
Both of these models meet Cox proportional hazards assumptions (S. flexicaulis: ¥2 = 5.973, p =
0.1139; P. vulgaris: y*> = 0.898, p = 0.993).

Hazard

95% ClI

95% ClI

Coef. SE Ratio (lower) (upper) b

Solidago flexicaulis

Burial -1.274  1.124 0.280 0.031 2532 -1.134  0.257
Nutrient addition ~ -0.606  0.956 0.546 0.084 3.550 -0.634  0.526
Submergence -21.93 1600  3.00 x1071° 0 Inf  -0.001  0.999
Prunella vulgaris

Burial -0.666  0.554 0.516 0.174 1.528 -1.195 0.232
Nutrient addition -1.26  0.672 0.284 0.076 1.057 -1.877  0.061
Submergence -21.54 1068  4.44 x 1010 0 Inf -0.002  0.998
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Table E-3 Growth responses analyzed with the alternate blocking arrangement (Figure 5-5).
Results of a generalized linear model comparing growth (final height and final number leaves)
between riparian and upland species, as represented by log response ratios contrasting each
experimental treatment to the control. Significant p-values are represented with an asterisk (*).
Responses do not differ in significance from those reported in Table 5-2 under the original
blocking design (Figure 5-1).

95% CI  95% CI

Est. (Lower) (Upper) SE z b
Submergence
Height (cm)
Intercept -0.331 -0.716 0.055 0.197 -1.680 0.093

Habitat (Upland) 0.372 -0.198 0.942 0.291 1.279 0.201

Number of leaves

Intercept 0.115 -0.437 0.667 0.281 0.410 0.682

Habitat (Upland) -0.362 -1.193 0.468 0.424 -0.854 0.393
Burial

Height (cm)

Intercept -0.062 -0.594 0471 0272 -0.226 0.821

Habitat (Upland) -0.745 -1.446 -0.043 0.358 -2.080 0.038*

Number of leaves

Intercept 0.289 -0.898 1.478 0.606 0.478 0.633

Habitat (Upland) -0.737 -2.433 0.959 0.865 -0.852 0.394
Nutrient addition

Height (cm)

Intercept 0.248 -0.229 -0.725 0.243 1.018 0.309

Habitat (Upland) 0.293 -0.367 0.953 0.337 0.871 0.384

Number of leaves

Intercept 0.866 0.055 1.677 0.414 2.094 0.036*

Habitat (Upland) -0.307 -1.441 0.828 0579 -0.530 0.596
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Table E-4 Results of linear mixed-effects models of plant growth in each species, as measured
by height and number of leaves, with treatment effects contrasted against the control treatment
and analyzed with the alternate blocking arrangement (Figure 5-5). Model includes all surviving
individuals at the conclusion of the experiment. The flooded treatment is not included for
Marrubium vulgare as no individuals of that species in that treatment survived to the conclusion
of the experiment. Significant p-values are represented with an asterisk (*). These results do not
differ in significance from the results presented in Table 5-7 following the original blocking

design (Figure 5-1).

B SE t p

Bidens frondosa (Asteraceae; riparian)

Height (cm)

Intercept 17.850 2.878 19 6.203 <0.0001*

Burial -4.417 4.984 19 -0.886 0.387

Nutrient addition 0.0333 4.070 19 0.008 0.994

Submergence -2.150 3.715 19 -0.579 0.570

Number of leaves

Intercept 19.833 4.982 19 3.981 0.001 *

Burial 4.167 8.629 19 0.483 0.635

Nutrient addition 0.967 7.045 19 0.137 0.892

Submergence -2.389 6.432 19 -0.371 0.714
Solidago flexicaulis (Asteraecae; upland)

Height (cm)

Intercept 9.600 3.732 5 2.572 0.050 *

Burial -6.400 4.571 5 -1.400 0.220

Nutrient addition 17.666 4.310 5 4.099 0.009 *

Submergence -0.420 4.089 5 -0.103 0.922

Number of leaves

Intercept 13584  2.9291 5 4.637 0.006 *

Burial -6.000 2.9531 5 -2.032 0.098

Nutrient addition 4.0211 3.0125 5 1.335 0.240

Submergence -7.1005 2.9425 5 -2.413 0.061
Polygonum pensylvanicum (Polygonaceae; riparian)

Height (cm)

Intercept 18.800 6.392 2 2.941 0.099

Burial 3.400 7.829 2 0.434 0.706

Nutrient addition 11.200 9.040 2 1.239 0.341

Submergence -5.250 7.147 2 -0.735 0.539

Number of leaves

Intercept 4.00 4.7566 2 0.8409 0.489

Burial 15.50 5.8256 2 2.6607 0.117

Nutrient addition 21.00 6.7268 2 3.1218 0.089

Submergence 2.00 5.3180 2 0.3761 0.743
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B SE df t p

Polygonum virginianum (Polygonaceae; upland)

Height (cm)

Intercept 8.500 4.921 16 1.727 0.103

Burial -2.833 5.682 16 -0.499 0.625

Nutrient addition 6.214 5.261 16 1.181 0.255

Submergence 1.200 5.140 16 0.234 0.818

Number of leaves

Intercept 5.083 2.058 16 2.470 0.025

Burial 2.938 2.271 16 1.294 0.214

Nutrient addition 5.673 1.952 16 2.906 0.010*

Submergence 0.364 1.943 16 0.187 0.854
Prunella vulgaris (Lamiaceae; riparian)

Height (cm)

Intercept 7.113 1.721 24 4.134 0.0004 *

Burial 0.220 2.011 24 0.109 0.914

Nutrient addition 2.325 1.823 24 1.275 0.214

Submergence 2.258 1.777 24 1.271 0.216

Number of leaves

Intercept 35.000 8.070 24 4.337 0.0002 *

Burial -22.000 10.827 24 -2.032 0.053

Nutrient addition 18.625 9.884 24 1.884 0.072

Submergence -6.0833 9.319 24 -0.653 0.520
Marrubium vulgare (Lamiaceae; upland)

Height (cm)

Intercept 9.2906  0.7589 6 12.242 <0.0001*

Burial -6.3921  1.33192 6 -4.799 0.003 *

Nutrient addition 0.8324  1.11387 6 0.747 0.483

Number of leaves

Intercept 16.410 6.123 6 2.680 0.037 *

Burial -12.885 9.864 6 -1.306 0.239

Nutrient addition 11.400 8.712 6 1.309 0.239
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Appendix F: Supplement to Chapter 6

Table F-1 Correlations among traits used in trait-based analysis of introduced and native species in riparian plant communities.
Abbreviations: Leaf C = carbon (mg/g dry leaf); LN = nitrogen (mg/g dry leaf); LP = phosphorus (mg/g dry leaf), LK =
potassium (mg/g dry leaf); C:N = leaf carbon:nitrogen ratio; N:P = leaf nitrogen:phosphorus ratio; SLA = specific leaf area
(cm?/g dry leaf); LWR = leaf weight ratio (% of plant); SC = stomata conductance per leaf area; SSD = stem specific density
(g/cm®), WM = woody mass (% of plant); RN = nitrogen (mg/g dry root mass); SN = number of seeds per reproductive unit; SP
= seed protein content per mass (%); SM = seed mass (g); RGR = relative growth rate (g/g/day); PR = light-saturated
(maximum) photosynthetic rate (nmol CO2/g dry leaf/s); LR = leaf respiration (nmol CO2/g dry leaf/s).

LC | LN | LP | LK |C:N|N:P |SLA|LWR| SC |[SSD |/ WM| RN | RD | SN | SP | SM |RGR|PR | LR
LC | 1.00
LN | 0.72| 1.00
LP |-0.25|-0.28| 1.00
LK | 0.24] 0.54(-0.58| 1.00
C:N [-0.11}-0.32| 0.22|-0.60| 1.00
N:P |-0.15| 0.20|-0.51(-0.01|-0.11| 1.00
SLA |-0.20|-0.11(-0.12| 0.35|-0.26|-0.03| 1.00
LWR|-0.15|-0.23| 0.26| 0.22| 0.05|-0.06|-0.20| 1.00
SC | 0.04(-0.18| 0.26|-0.01| 0.16| 0.03|-0.13| 0.00| 1.00
SSD |-0.32| 0.03| 0.13|-0.09| 0.22| 0.24|-0.13| -0.23| 0.01| 1.00
WM |-0.08|-0.15| 0.03| 1.00| 0.00| 0.14| 0.36| -0.65| 0.01|-0.01| 1.00
RN [-0.42| 0.04| 0.33| 0.23| 0.57| 0.23|-0.20| -0.10| 0.58| 0.24| 0.19| 1.00
RD |-0.29|-0.22| 0.32|-0.38| 0.31(-0.01|-0.13| -0.28| 0.44| 0.29| 0.30| 0.44| 1.00
SN | 0.24| 0.12|-0.11|-0.05| 0.16|-0.14|-0.03 | -0.06 |-0.07{-0.07 |-0.11|-0.29|-0.03 | 1.00
SP | 0.05| 0.20|-0.14|-0.78|-0.27| 0.20| 0.15| -0.03| 0.05|-0.13| 0.02| 0.34| 0.28|-0.09| 1.00
SM | 0.21| 0.13|-0.06|-0.12| 0.12| 0.04|-0.04| -0.09|-0.14|-0.01|-0.06| 0.03|-0.15(-0.02|-0.02| 1.00
RGR |-0.13| 0.04|-0.02| 0.45|-0.23| 0.03| 0.10| -0.09|-0.52|-0.10| 0.10(-0.45|-0.05|-0.06|-0.24|-0.03| 1.00
PR | 0.34| 0.38/-0.30| 0.35|-0.40|-0.03|-0.11| 0.60| 0.11|-0.28|-0.53|-0.37|-0.54|-0.16 |-0.07| 0.01| 0.35|1.00
LR | 0.38| 0.57|-0.17| 0.08|-0.49| 0.17| 0.06| 0.32| 0.28|-0.30(-0.78| 0.37|-0.46| 0.26|-0.11| 0.49| 0.45|0.65|1.00
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