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ABSTRACT OF DISSERTATION

FISH FAUNA HOMOGENIZATION OF THE UNITED STATES, LIFE-
HISTORY CORRELATES OF NATIVE EXTINCTIONS AND NON-NATIVE
INVASIONS IN THE AMERICAN SOUTHWEST, AND THE BI-DIRECTIONAL

IMPACTS OF DAMS IN THE AMERICAN SOUTHEAST

The conservation of biodiversity and preservation of biological integrity are at the
forefront of scientific thought and research. An important aspect of the current
biodiversity crisis is the manner by which the compositions of biological communities are
changing in time and space, and the specific mechanisms responsible for these changes.
In the first section of my doctoral dissertation I explore the process of biotic
homogenization, by which formerly-distinct native communities become more similar as
a result of native species extinctions and the establishment of cosmopolitan, nonnative
species. Iidentify three forms of homogenization (genetic, taxonomic and functional)
and explore the immediate and future impacts of each on ecological and evolutionary
processes. Next, I present a conceptual model that describes a number of potential
scenarios by which species invasions and/or extinctions can lead to various trajectories of
biotic homogenization or differentiation (i.e., decreased community similarity). Tuse a
simulation approach to explore the model’s predictions and then validate the model using
empirical data for freshwater fish faunas in the United States at three spatial scales: the
entire continent, zoogeographic provinces in California, and watersheds within these

provinces.
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In the second section of my doctoral dissertation I examine the fish faunas of the
Colorado River Basin, where environmental degradation and the proliferation of non-
native fish species threaten the endemic, native faunas, making them especially
susceptible to biotic homogenization. Using fish occurrence data for the past 160 years I
quantify long-term changes in fish distributions and use a comprehensive suite of
morphological, behavioural, physiological and life-history traits to identify specific life-
histories strategies that are associated with the greatest loss of native species and spread
of non-native species.

In the third section of my doctoral dissertation I report on research conducted in the
Upper James River Basin that considers one of the primary causes of native extirpations
and non-native introductions in aquatic systems; namely the regulation of rivers by dams
and diversions. Specifically, I examine how environmental disturbance gradients that
occur below a flood-control dam structure (i.e., altered flow regime, water temperatures,
substrate composition, and macroinvertebrate biomass) influence the structure of

downstream fish assemblages.

Julian David Olden

Graduate Degree Program in Ecology
Colorado State University

Fort Collins, CO 80523

Fall 2004
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Preface

My doctoral research is concerned with understanding the patterns and processes shaping
fish communities at different temporal and spatial scales in different regions of the
United States. A re-occurring theme in the current biodiversity crisis is that locally-
distinct native fish communities are being replaced by nonnative-dominated communities
composed of cosmopolitan fish species via a process called biotic homogenization. The
first 3 chapters of my dissertation explore various aspects of biotic homogenization, with
respect to its ecological and evolutionary implications (Chapter 1), the specific
mechanisms involved (Chapter 2) and the spatial extent by which it has occurred for fish
faunas across the United States (Chapter 3). A primary finding from this work is that fish
homogenization is a complicated process, which can only be understood by exploring
temporal patterns and causes of change in native and non-native fish species’
distributions. The next 3 chapters of my dissertation explores these issues with respect to
the endemic fish faunas of the Colorado River Basin by quantifying temporal changes in
native and non-native fish distributions (Chapter 4), comparing functional trait
differences between native and non-native species’ pools (Chapter 5) and determining
life-history correlates of native species’ rarity, probability of extirpation and extinction
risk. Shifts in the functional characteristics of fish communities in the Colorado River
emphasize the critical role of river regulation in modifying environmental conditions and
favouring non-native species over native species. The last chapter of my dissertation

(Chapter 7) explores these issues in the Upper James River Basin by examining how fish
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communities recover spatially to downstream and upstream disturbance gradients caused

by river regulation.
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Abstract

Biotic homogenization, the gradual replacement of native biotas by locally expanding
non-natives, is a global process that diminishes floral and faunal distinctions among
regions. Although patterns of homogenization have been well studied, their specific
ecological and evolutionary consequences remain unexplored. We argue that our current
perspective on biotic homogenization should be expanded beyond a simple recognition of
species diversity loss, towards a synthesis of higher-order effects. Here, we explore three
distinct forms of homogenization (genetic, taxonomic and functional), and discuss their
immediate and future impacts on ecological and evolutionary processes. Our goal is to
initiate future research that investigates the broader conservation implications of
homogenization and to promote a proactive style of adaptive management that engages
the human component of the anthropogenic blender that is currently mixing the Earth’s

biota.
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Introduction

Anthropogenic environmental alterations and human-assisted dispersal of exotic species
have sparked widespread changes in the global distribution of biota. The resulting
modifications have predominantly been in two directions: range expansions of
cosmopolitan, non-native species and range contractions of regional and endemic native
species. This replacement of specific native forms by generalist non-natives in space and
time has mixed the taxonomic composition of once disparate biotas, an océurrence
termed ‘biotic homogenization’ (McKinney and Lockwood 1999).

Biotic homogenization is not a new phenomenon in the Earth’s history. Episodic
mixing of historically isolated taxa has occurred throughout the paleontological record
(Vermeij 1991). More recently, humans have accelerated this process by facilitating
biotic exchange among regions, és was first noted by Elton (1958) who observed a
breakdown of Wallace's Faunal Realms due to global commerce. But only in the past
decade has interest and concern regarding biotic homogenization been rekindled. Recent
studies have either discussed or documented increased similarity in the composition of
communities across an array of taxonomic groups (plants (Rooney et al. 2004), birds
(Lockwood et al. 2000), reptiles and mammals (Wilson 1997), insects (Blair 2001), fish
(Rahel 2000), mussels and amphibians (Duncan and Lockwood 2001), marine algae
(Carlton 1996) and snails (Cowie 2001)). In fact, this global erosion of regional
distinctiveness has ushered in a new era, aptly dubbed ‘The Homogecene’ that is creating

in turn ‘The New Pangaea’ (Rosenzweig 2001a).
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Lockwood and McKinney (Lockwood and McKinney 2001) recently emphasized the
importance of identifying and understanding present-day patterns of biotic
homogenization for establishing proactive conservation goals aimed at reducing its future
ecological effects. While many investigations have provided considerable insight into
empirical patterns of homogenization (Carlton 1996, Wilson 1997, Lockwood et al. 2000,
Rahel 2000, Blair 2001, Cowie 2001, Duncan and Lockwood 2001, Rooney et al. 2004),
the specific ecological and evolutionary consequences of this process still remain
unexplored. Obviously a loss of species diversity carries ecological (Kinzig et al. 2002),
evolutionary (Moritz 2002) and economic (Ehrlich and Ehrlich 1992) costs, yet to deepen
our understanding of biotic homogenization, a distillation of broader and more globally
significant perspectives is required. Why has this been slow to emerge? Higher-order
implications may be much more subtle and difficult to grasp than, say, those associated
with a simple gain or loss of species (Collins et al. 2002). This is particularly so given
the broad spatial and temporal milieu within which biotic homogenization operates. It is
clearly a more distinct and complex phenomenon than previously thought, and one whose
consequences warrant explicit and extensive investigation.

Here, we identify three forms of homogenization (genetic, taxonomic and functional)
and explore the immediate and future impacts of each on ecological and evolutionary
processes. Our goal is to elucidate conservation implications of biotic homogenization,
particularly as they relate to human dimensions, with the hope that directed research and
an emerging synthesis will define not only the manner in which this process threatens

global biotas, but also the proactive management scenarios required to suppress it.
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Causes and consequences of genetic homogenization for species and

populations

Genetic homogenization reduces the spatial component of genetic variability within a
species or among populations of a species (Box 1.1). It can occur through a variety of
mechanisms: (a) intentional translocation of populations from one part of the range to
another; (b) intentional introductions of species outside of their normal ranges; and (c)
extirpation of local or regional faunas. Genetic homogenization is a serious but often less
recognized threat to the integrity of endemic gene pools, and can have a number of
important implications.

Translocation of population(s) would enhance the potential for intraspecific
hybridization, with the end result being the assimilation of previously differentiated gene
pools (Stockwell et al. 1996, Storfer 1999). Introductions of species outside of their
original range(s) could result in a founder effect and yield reduced levels of genetic
variability, as well as setting the stage for interspecific hybridization (Rhymer and
Simberloff 1996). And finally, if extirpations were a cause for faunal homogenization,
then one consequence might be bottleneck(s) in local populations of the impacted
species, along with lowered effective population size(s) (Lee 2002). This would occur
directly via removal of individuals from source populations, or indirectly by habitat
modifications. In relevant sections below, we explain these considerations in greater

detail.

n
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Intraspecific hybridization

Intraspecific hybridization can homogenize the unique characteristics of geographically
distinct populations (Daehler and Carino 2001), as well as compromise the fitness of
individuals by disrupting local adaptations (Storfer 1999). Intentional intraspecific
introductions (either to replace or to supplement declining or extirpated populations)
often result in an overt loss of genetic variability (Stockwell et al. 1996), resulting from
founder effects, bottlenecks, and the resulting low genetic variability they engender (e.g.
Quattro et al. 2002). For example, global stocking of cutthroat trout Oncorhynchus clarki
from a single source region has yielded substantial genetic homogenization, and in at
least one instance has played a primary role in the loss of a genetically distinct subspecies
(Behnke 1992). As above, widespread aquaculture practices are often the catalyst for
such homogenization in many fish species, yet ramifications are only now being
unraveled (Douglas and Brunner 2002).

Genetic homogenization of populations can also influence the capacity of a species to
expand its distribution. Mixing of locally adapted populations (e.g. peripheral with
central) can impede species expansion because phenotypes favoured in central areas may
be maladapted for conditions encountered at the distributional periphery (Lenormand et
al. 1999, Garcia-Ramos and Rodriguez 2002). Similarly, intraspecific hybridization and
subsequent breakdown of regional distinctiveness can also increase vulnerability to
invasion, and conversely, may enhance the success of hybrid competitors (Lee 2002). It
may even promote expansion and ultimate success of the invading species. An interesting
example of the latter involves the Argentine ant Linepithema humile. Here, spatial

segregation of nests is determined genetically by innate aggression against non-nestmates
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(Tsutsui et al. 2000). However, recently invading populations in California experienced a
genetic bottleneck due to founder effects that resulted in widespread genetic similarity
among populations. This, in turn, reduced intraspecific aggression and promoted
formation of aggressive super-colonies that significantly impacted community- and
ecosystem-level processes (Holway et al. 2002). Development of single, large colonies
might be unstable over the long term (Tsutsui and Case 2001), yet a more immediate
solution was sought to enhance recovery of invaded ecosystems. One solution was to
introduce new alleles into the invasive populations so as to reduce genetic homogeneity
and eliminate widespread development of super-colonies (Tsutsui et al. 2000). Clearly,
genetic consequences of homogenization, particularly with regard to invader and resident,
are only now beginning to be understood. This is as much a function of technological
developments (such as application of single nucleotide polymorphisms to population-

level problems; Brumfield et al. 2003), as it is of theoretical development.

Interspecific hybridization

Hybridization between genetically distinct species can create new adaptive systems, and
thus, new ecological niches (Anderson and Stebbins 1954). This is particularly evident in
aquatic ecosystems, where human-mediated dispersal has promoted numerous and
dramatic hybridization events (Perry et al. 2002). Fishes provide the best examples, due
simply to their external mode of fertilization coupled with weakly developed
reproductive isolating mechanisms (Hubbs 1955). The situation becomes exacerbated

when the introduced fish has evolved allopatrically, yet is closely related to the
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indigenous one. The poster children for this phenomenon are indigenous salmonid fishes
of North America (Behnke 1992).

We posit that mechanisms driving genetic homogenization are actually synergistic,
and that human interventions (as above) simply amplify the potential for hybridization
within a given system. Human-mediated, long-distance dispersal and colonization
events, for example, elevate the probability that pair-wise interactions between species
will yield hybrids, while human-provoked environmental disturbances will likewise
provide habitats suitable for hybrid progeny (Ellstrand and Schierenbeck 2000). This
human dimensions aspect enhances the probability that ‘hybrid swarms’ will genetically
extirpate native taxa (Rhymer and Simberloff 1996). Although such events are thought to
occur over many years, even decades (as with trout, above), examples do exist where
genetic swamping has occurred within quite abbreviated time frames. For example,
within a scant four-year period following its introduction, the exotic pupfish Cyprinodon
variegatus was involved in a large-scale introgressive hybridization event with the
endemic C. pecosensis across 430 km of the Pecos River, New Mexico (Echelle and
Connor 1989). Genetic swamping can occur relatively rapidly and over extended
distances, and the seriousness of this phenomenon cannot be underestimated simply
because its effects are deemed slower than, say, overt predation.

In summary, in spite of a limited number of studies, it is apparent that a great deal of
uncertainty remains regarding the ecological consequences of genetic homogenization.
This topic clearly deserves further investigation. Indeed, genetic homogenization may

gain greater attention in the future given the emergence of field of landscape genetics
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(Manel et al. 2003) and the importance of population diversity for ecosystem services

(Luck et al. 2003).

Causes and consequences of taxonomic and functional homogenization

for communities and ecosystems

To date, scientific research on homogenization has been pursued largely from a
phylogenetic perspective (Lockwood and McKinney 2001, Rahel 2002) where the term
‘taxonomic homogenization’ is used to describe an increase in the compositional
similarity among communities owing to the successful invasion of ‘winning’ species and
the extirpation of ‘losing’ species (McKinney and Lockwood 1999, Box 1.1).
Accounting for taxonomic change in communities is important and relatively easily
achieved (Olden et al. 2003, Chapter 2); however, ecologically profound functional
changes may occur in homogenized communities that are largely independent of
taxonomic identity. Thus, a more subtle ecological examination of homogenization is
required.

Species contribute individually and collectively to the functional stability of
communities and ecosystems. Winners and losers in the homogenization lottery are not
randomly distributed taxonomically; rather, invasion success and extirpation vulnerability
are primarily defined by the interaction between intrinsic species traits and extrinsic
environmental characteristics (McKinney and Lockwood 1999). Ecological implications

of biotic homogenization might be more profitably examined by considering ‘functional
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diversity’, i.e. the composition of and variation in community traits, and its spatial
distributed across landscapes (Box 1.1). Modifying the functional diversity of a
community may result in functional homogenization involving the replacement of
ecological specialists by the same widespread generalists. Although functional diversity
is recognized as a determinant of ecosystem processes (Diaz and Cabido 2001), the
importance of functional homogenization has received inadequate attention.

We present a conceptual model to assess the manner in which species
introductions/extirpations can lead to functional homogenization with subsequent
changes in overall community function and a reduction in ecosystem resilience (Box 1.2).
Modifications to within- and between-community trait compositions will likely impinge
upon community and ecosystem function, and resistance to environmental change. A
decrease in functional diversity might reduce overall community and ecosystem
functioning (Tilman et al. 1997), stability (Sankaran and McNaughton 1999), and
resistance to environmental change by simply narrowing the available range of species-
specific responses (Stachowicz et al. 2002). Consider a severe drought (the disturbance
oval; Box 1.2, Fig. 1B) that strongly affects a subset of species in a community that
possesses (or lacks) a particular suite of functional traits. Historical communities, with
much greater breadth in functional space, should exhibit higher resistance or resilience
when compared to homogenized communities (Box 1.2, Fig. 1B).

The functional homogenization of all local communities within a region (i.e. meta-
communities) can increase vulnerability to large-scale environmental events by
synchronizing local biological responses across individual communities. This in turn

would reduce variability among communities in their response to disturbance, and would

10
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compromise the potential for landscape- and regional-level buffering. Because
community composition defines the range of functional traits that influence ecosystem
functions (such as nutrient retention or energy flow; e.g. McGrady-Steed et al. 1997),
biotic homogenization might jeopardize ecosystem function by limiting the pool of
species that can compensate for local extinctions (i.e. reduce spatial patterns in functional
redundancy). Homogenized communities might therefore exhibit a decreased resilience
to environmental disturbance because elevated similarities among-communities may
damp or eliminate potential recolonizations by species with locally extirpated trait(s).
Susceptibility of homogenized communities to environmental alteration might be
particularly high in areas such as urban ecosystems that experience more frequent and
severe disturbance events (Rebele 1994).

Although our model for functional homogenization (Box 1.2) is clearly hypothetical,
it offers a methodological framework for future studies. Knowledge of the functional
characteristics of spatially distinct biological communities could be used with
observational and experimental data to explore the functional implications of community
changes in trait types and frequencies that result from homogenization. An exploration of
community similarities in multidimensional functional space should advance our
understanding of biotic homogenization and its long-term ecological consequences,
including the potential effects of homogenization on food-web structure and community

susceptibility to species invasions (Box 1.3).

11
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Evolutionary consequences of biotic homogenization

An evolutionary dimension to the current biotic crisis was perhaps best expressed by
Soulé (1980) who stated: ‘Death is one thing, an end to birth is something else’. We
believe the potential evolutionary impacts associated with species invasions (Mooney and
Cleland 2001) and endemic extirpations (Moritz 2002) are a useful framework within
which the evolutionary implications of biotic homogenization can be addressed.

Speciation is a result of numerous ecological and evolutionary processes, which
arguably act on the same biological template: the species. Rosenzweig (2001b) recently
suggested that the future of speciation is intricately linked with the future of species
diversity. Although we agree, we further expect biotic homogenization to provide a
critical context within which speciation can occur, because future spatial variability in
species diversity and composition is likely to be reduced greatly. A common component
of most proposed mechanisms of speciation is that geographical isolation of sister
populations (co-adapted gene complexes) 1s required for allopatric speciation, the
putative source of most new species. Human facilitation of population dispersal across
natural biogeographical barriers has diminished geographical isolates necessary for
eventual allopatric speciation, thereby limiting future potential species diversity.
Furthermore, the source of future biodiversity might also be restricted through the fusion
of incipient evolutionary lineages via hybridization and introgression (Perry et al. 2001).

Alternatively, there is some possibility that biotic homogenization will promote the
origin and diversification of new species, as invasive species evolve in new

environments, or as greater hybridization opportunities create new species (Abbott 1992,

12
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Lee 2002). Species diversification may indeed be likely given the many examples of
contemporary evolution (i.e. evolutionary changes observable over less than a few
hundred years) involving invasive species (Stockwell et al. 2003). The question of
whether homogenization will actually promote diversification via novel genetic
convergences in new environments requires additional studies, perhaps using ‘home and
away’ comparisons of invasive species with respect to energetics and life-cycle dynamics
(e.g. Chess and Stanford 1998), behaviour and population genetics (e.g. Tsutsui et al.
2000), and habitat and resource use (e.g. Lohrer et al. 2000).

The widespread use of captive and genetically modified stocks to supplement
dwindling wild populations will continue to cause mixing of formerly isolated
populations. Immediate consequences of these events would be a compromise in disease
or parasite resistance for the hybrid population, and a disruption of its capacity for local
adaptation. Local adaptation and drift contribute to the genetic variability of isolated
populations that helps assure that species respond evolutionarily to environmental
change. Long-term consequences thus depend on the capacity for adaptation to
environmental change (Levins 1968), which is a function of genetic background.
Accordingly, homogenized genetic and/or functional variation might jeopardize the
future resilience of biological communities by increasing the chances of species
extirpations via reduced adaptive capacity. Indeed, paleontological evidence suggests
that mass extinctions have never entirely reset the evolutionary clock because enough
taxa (and therefore, functional diversity) survived to seed the recovery process without

the origin of new phyla (Erwin et al. 1987). However, the extent to which extensive

13
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homogenization might constrain genetic or functional diversity and limit recovery in the
- face of future extinction events is uncertain.

In addition, the introduction of new species into new regions will result in multiple
founder effects and could lead to novel selection pressures not previously observed
(Mooney and Cleland 2001). This has the potential to alter evolutionary trajectories,
irrespective of the extirpation of native species. Interestingly, although homogenization
might facilitate novel species interactions, the number and breadth of these interactions
are likely to be limited, owing to the taxonomic and functional simplification of the
communities via common species invasions and extirpations. These simplifications in
biotic interactions could lead to weaker selection pressures in the homogenized
communities, and biotic mixing could therefore even endanger the long-term success of

species that are seemingly the ‘winners’ in the homogenization process.
p y

Conclusion

Homogenization is now considered one the most prominent forms of biotic
impoverishment worldwide. To date, we have begun to understand patterns in biotic
homogenization in both aquatic and terrestrial ecosystems; however, we are still unable
to predict the consequences of these events, particularly for the provisioning of
environmental goods and services. We believe that elucidating the future ecological and
evolutionary threats of biotic mixing requires expanding our focus beyond isolated cases

of species invasions and extinctions to the accumulation of multiple events that
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collectively occur across the entire landscape over time. Because the biotic
homogenization process operates at larger spatial and temporal scales, we must
incorporate this broader context into our thinking if we wish to quantify and understand
the risks of genetic, taxonomic and functional homogenization to various levels of
biological organization. Moreover, there is a growing need to expand the dimensions of
biotic homogenization to include the abiotic context of global environmental
homogenization, which promotes biotic simplification. It isin these areas that research
will most effectively contribute new knowledge on the ecological and evolutionary
implications of biotic homogenization. This will be a challenge given that continued
growth and expansion of the human population will result in large-scale environmental
upheaval, and subsequent pressures on regional biotas. However, we must place a
premium on this research, and on the adaptive management scenarios that it will produce,
to ensure that the Earth's ecosystems retain their resilience and sustainability in the face

of this anthropogenic blender.
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Box 1.1. Measuring genetic, taxonomic and functional homogenization

Biotic homogenization, whether referring to genetic, taxonomic or functional, is defined
as an increase in the spatial similarity of a particular biological variable over time, and is
usually evaluated by comparing the average pair-wise similarity of the variable calculated
at two discrete times.

Genetic homogenization can be quantified using a variety of genetic characteristics,
such as the allelic composition of a particular locus or set of loci (i.e. identity of
genotypes), their frequencies (i.e. relative abundance of genotypes), or by one of many
metrics derived from the above parameters, such as percent polymorphic loci, mean
number of alleles per locus, and mean heterozygosity. In addition, levels of population
divergence can also be assessed by indices of genetic similarity such as Fy or using a
variety of cluster analyses (e.g. Bayesian inference). These measures of genetic diversity
are usually assessed in a comparative spatial framework (i.e. introduced versus source
population, or disturbed versus non-disturbed populations), but they are rarely examined
in a temporal framework (i.e. pre- and post- disturbance), simply because no genetic
baseline data were collected prior to the homogenization event. It is in this temporal
context where research is needed to elucidate genetic consequences of homogenization.
Furthermore, choice of genetic markers (i.e. level of resolution) is crucial to detect the
potential subtle genetic differences inherent to homogenization.

Taxonomic homogenization is calculated using species presence or absence data to
examine the degree of similarity in community composition, and can be quantified using
any one of a suite of similarity indices, diversity indices, cluster analyses or ordination

approaches. Of the many similarity indices used in ecology for quantifying community
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similarity, Jaccard’s coefficient (based on presence/absence data) is employed almost
exclusively in homogenization studies. Other approaches include using diversity to
quantify spatial turnover of species, comparison of species similarity based on cluster
membership of communities, and the examination of position and distance between
communities in reduced, species-ordination space.

Functional homogenization can be calculated in a similar fashion by first calculating
the site-by-trait matrix (in the simplest case calculated as the product of the species-by-
site matrix and the trait-by-species matrix) and then examining community similarity
using one of the same approaches for taxonomic homogenization. Community similarity
in functional characteristics could be assessed based on the presence or absence of
species traits or the frequency distribution of traits in the community. Whether the
species traits are discrete (binary or multi-state) or continuous will dictate the choice of

similarity coefficient or multivariate statistical approach.
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Box 1.2. A conceptual, trait-based framework for assessing the potential ecological
consequences of functional homogenization

The occurrence and relative abundance of functional traits contributed by constituent
species determines the functional diversity of a biological community. Fig. 1.1 presents a
conceptual framework where each functional trait is represented by a single axis, and the
collection of functional traits contributed by all species of the community defines the #-
dimensional hypervolume in functional space occupied by the community (analogous to
the species-specific functional niche of Rosenfeld (2002) extended to the entire
community). For each single functional trait, species occupy some tolerance range along
the environmental axis defined relative to that trait. The cumulative distribution of the
trait states of all species represents the aggregate environmental tolerance for the
community; therefore, an alteration of species composition (e.g. by invasion or
extinction) can modify the overall community tolerance to the environmental condition.
Figure 1.1A illustrates the effects of homogenization on a distribution of a single
functional trait (i.e. one-dimensional trait space) for three hypothetical communities. The
replacement of species possessing unique trait states (e.g. via the extirpation of rare
species) by species possessing similar trait states (e.g. via the introduction of generalist
species) during the homogenization process will truncate the tails of the trait distribution
and compress the overall trait range for the community. Consequently, historical
differences in the trait distribution among the three communities may be lost, causing
them to become homogenized in functional space, i.e. current trait distributions converge

toward some common central tendency.
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In Figure 1.1B this conceptual framework is extended to a suite of species traits
represented in multi-dimensional functional space for the same three hypothetical
communities. It shows how the replacement of native species with unique trait states by
introduced species with common trait states results in reduced breadth (i.e. trait variation)
of the current or homogenized communities in functional space compared to the historical
communities. Furthermore; the locations of the communities in functional space are
shifted toward a common central tendency, as indicated by greater overlap in the three
community trait polygons (Fig. 1.1B), an indication of functional homogenization. Note
that because the ‘winners’ in biotic homogenization are often generalist species
(McKinney and Lockwood 1999), the introduction of non-native species will result in
reduced within-community functional diversity. However, if specialist, non-native
species are introduced (i.e. species with trait combinations that do not exist in the
recipient communities), the within-community functional diversity is expected to
increase; however, greater between-community trait similarity is still expected to occur

because the same species (and therefore traits) are introduced to the communities.
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Box 1.3. Effects of homogenization on food-web structure and future species

invasions

Simplification of food-web structure

Given that species invasions and extirpations are acting in concert at all trophic levels,
biotic homogenization could affect any of the myriad processes in communities that vary
in space and time, such as spatial subsidies and food-web dynamics, and thereby have
cascading effects elsewhere on the landscape. For example, increased spatial similarity
in the species identity of predators and competitors could have direct and indirect effects
on species at lower and higher trophic levels by increasing extirpation rates via
intensified species-specific interactions (i.e. functionally similar species might utilize the
same resources). In a recent study, Beisner et al. (2003) showed that the invasion of
rainbow smelt Osmerus mordax into 2 north temperate lakes resulted in fish community
homogenization through the spread of invaders, as well as the homogenization of
zooplankton community structure via direct predation effects of smelt and indirect effects
acting through competitive interactions among zooplankton. Therefore, positive
feedback mechanisms of homogenization might exist where the simplification of one
trophic level leads to increased simplification of other interconnected trophic levels (cf.
Fausch et al. 2002). Investigations of biotic homogenization across multiple trophic
levels will therefore become increasingly important for understanding the relationship
between biotic mixing and food-web structure and dynamics. We believe that research
examining how food-web dynamics are influenced by invasive species introductions (e.g.
Woodward and Hildrew 2001), invasive species removal (e.g. Zavaleta et al. 2001),

keystone native species (e.g. Power et al. 1996) and rare species (e.g. Lyons and
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Schwartz 2001), and how changes in food-web structure influence ecosystem processes
(e.g. Setdla 2002) could shed important insight into our understanding of the food-web

consequences of biotic homogenization.

Increased susceptibility of communities to species invasions

Simplification via homogenization might also play a significant role in influencing the
rate of species spread and community resistance to future invasions. Garcia-Ramos and
Rodriguez (2002) found that the speed of species invasion increased with environmental
homogenization, which points to the importance of spatial heterogeneity in reducing
population expansion of invasive species. Further, fluctuating resource theory (Davis et
al. 2000) describes how species deletions are accompanied by resource release, which
might make a community susceptible to further invasions. The loss of rare species from
systems (a pattern commonly associated with homogenization; e.g. Rahel 2002) might
substantially facilitate future species invasions and their associated ecological impacts
(e.g. Lyons and Schwartz 2001). In addition to individual rare species, the simplification
of the taxonomic and functional composition of entire communities could have important
implications for future invasions and their ecological impacts. For example, grassland
communities with low functional diversity exhibit decreased resistance to species
invasions (Dukes 2002). Communities with low functional diversity are also more likely
to exhibit similarities in temporal patterns of resource use, which ultimately translate into
synchronized dynamics in species abundances. Temporal synchrony in population

dynamics and the lack of complementary use of resources in time could increase the

27

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



probability that resources are available to facilitate species invasions (e.g. Stachowicz et

al. 2002).
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Figure 1.1. A conceptual model of functional homogenization. (A) The effects of
homogenization on a distribution of a single functional trait (i.e. one-dimensional trait
space) for three hypothetical communities (A-C), where Trait state can refer to the value
of a continuous trait or the category of a discrete trait and Frequency can refer to the
frequency of species or individuals in the community that possess particular trait values

or categories. Xhistorical and Xeurem represent the mean trait states for the historical (dashed
line) and current or homogenized (solid line) communities, respectively. (B) The effects
of homogenization on a set of species traits that are represented in multi-dimensional
functional space (shown in two-dimensions for simplicity but can be readily extended to
n-dimensions) for communities (A-C). Upper-case letters and dashed trait polygons
represent historical communities, and lower-case letters and solid trait polygons represent
current or homogenized communities. The shaded area represents a hypothetical
environmental disturbance that affects a limited set of species in a community that
possess (or lack) a particular suite of functional traits (indicated by the degree of overlap
between the community polygons and the disturbance oval in functional space), and
shows the relative resilience of the homogenized communities to future disturbances.
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Abstract

The widespread replacement of native species with cosmopolitan, nonnative species, is
homogenizing the global fauna and flora. While the empirical étudy of biotic
homogenization is substantial and growing, theoretical aspects have yet to be explored.
Consequently, the breadth of possible ecological mechanisms that can shape current and
future patterns and rates of homogenization remain largely unknown. Here, we develop a
conceptual model that describes 14 potential scenarios by which species invasions and/or
extinctions can lead to various trajectories of biotic homogenization (increased
community similarity) or differentiation (decreased community similarity); we then use a
simulation approach to explore the model's predictions. We found changes in community
similarity to vary with the type and number of nonnative and native species, the historical
degree of similarity among the communities, and to a lesser degree the richness of the
recipient communities. Homogenization is greatest when similar species invade
communities, causing either no extinction or differential extinction of native species. The
model predictions are consistent with current empirical data for fish, bird and plant
communities, and therefore may represent the dominant mechanisms of contemporary
homogenization. We present a unifying model illustrating how the balance between
invading and extinct species dictates the outcome of biotic homogenization. We
conclude by discussing a number of critical, but largely unrecognized, issues that bear on
the empirical study of biotic homogenization, including the importance of spatial scale,
temporal scale, and data resolution. We argue that the study of biotic homogenization

needs to be placed in a more mechanistic and predictive framework, in order for
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homogenization studies to provide adequate guidance in conservation efforts to maintain

regional distinctness of the global biota.
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Introduction

Human-assisted dispersal of nonnative species and the modification of natural habitats
have sparked widespread changes in the global distribution of organisms. Geographic
modifications in patterns of species occurrences have predominantly been in two
directions: the range expansion of cosmopolitan, nonnative species and the range
contraction of rare, often endemic, native species. The gradual transition to nonnative-
dominated communities has resulted in increased spatial and temporal similarity in the
taxonomic characteristics of once disparate biotas, a phenomenon termed biotic
homogenization (Vitousek et al. 1996, 1997; Bright 1998; Lockwood and McKinney
2001).

While of great contemporary concern, biotic homogenization is not a new
phenomenon in the Earth’s history. The paleontological record is replete with examples
of episodic mixing of biotas that were historically isolated, such as the Great American
Interchange resulting from the formation of the Panama isthmian land bridge, and the
opening of transpolar interchange between Pacific and Atlantic (Vermeij 1991).
Recognition of faunal mixing traces at least back to Charles Elton (1958), who discussed
the breakdown of Wallace’s Realms by global commerce. Even more recently, humans
have greatly accelerated the mixing process through activities such as canal building (Por
1978), international commence (Carlton and Gellar 1993), recreation (Fuller et al. 1999),
aquaculture (Naylor et al. 2001) and horticulture (Reichard and White 2001). As a result,
humans have helped dissolve natural biogeographic barriers that once separated

indigenous populations, causing the homogenization of the Earth’s biota to an extent
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unseen by any previous natural episodes. Consequently, we are now entering a period
characterized by an unprecedented rate of biotic homogenization, appropriately dubbed
‘The Homogecene’, in a place appropriately called ‘The New Pangaea’ (Rosenzweig
2001).

In the wake of continued human enhancement of species invasions and extinctions,
the study of biotic homogenization is a rapidly emerging area in biology. For example, in
the preface of a recent synthesis, McKinney and Lockwood (2001) emphasize the
importance of identifying and understanding present day patterns of homogenization that
may lead to proactive conservation goals aimed at reducing biotic mixing. Almost all
research to date has focused on documenting patterns of homogenization for particular
taxonomic groups, e.g., plants (McKinney and Lockwood 2001), trees (Rooney et al.
2001), birds (Lockwood et al. 2000), insects (Blair 2001), fish (Radomski and Goeman
1995; Rahel 2000; Marchetti et al. 2001; Scott and Helfman 2001), reptiles and mammals
(Wilson 1997), mussels and amphibians (Duncan and Lockwood 2001a), snails (Cowie
2001) and marine algae and invertebrates (Carlton 1996). Of this research, quantitative
estimates of biotic homogenization have been mainly limited to freshwater faunas (Rahel
2002).

In contrast to empirical advances, the invasion and extinction mechanisms underlying
biotic homogenization have yet to be explored, as have the more subtle ecological and
evolutionary consequences of homogenization (Olden et al. 2004, Chapter 1). Because a
narrow focus on patterns of biodiversity loss may shed little insight into the potential
consequences of biotic homogenization (Collins et al. 2002), a premium should be placed

on understanding how the processes of species invasion and extinction contribute to the
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homogenization process. A necessary first step in understanding biotic homogenization
and its ecological consequences is the development of theory that identifies the breadth of
possible mechanisms that may drive current and future patterns and rates of
homogenization. Ultimately, a sound theoretical foundation to the study of biotic
homogenization is needed to assist in the development of future studies, as well as to aid
in the analysis and interpretation of existing data.

Driven by the need for theory, our primary goal in this paper is to develop a
theoretical framework that provides a mechanistic basis for understanding current and
predicting future patterns of biotic homogenization. We propose a conceptual model that
describes 14 unique scenarios through which different combinations of species invasions
and extinctions can drive the homogenization process. These scenarios reflect the
possible ecological outcomes resulting from interactions among nonnative species, native
species, and habitat loss and fragmentation. Using a simulation approach, we apply the
conceptual model to generate predictions of homogenization for each scenario as a
function of differential patterns and numbers of nonnative species invasions and native
species extinctions, the historical degree of compositional similarity among the
communities, and the species richness of the communities. Based on the simulation
results we present a unifying model for biotic homogenization that provides explanatory
and predictive insight into the relative roles of different invasion and extinction processes
that may be shaping currently observed patterns of homogenization in aquatic and
terrestrial ecosystems. We conclude by discussing a number of important topics that
require careful consideration in future studies of biotic homogenization, including issues

associated with the influence of spatial and temporal scales on the investigation of
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homogenization, the importance of data resolution and the various approaches to
quantifying homogenization, and the potential influence of species richness on observed
patterns of homogenization. Qur overarching goal is to provide a coherent and robust
theoretical basis for the study of biotic homogenization. We hope this framework will
help guide the collection, analysis and interpretation of empirical data, as well as
ultimately enhance our understanding and prediction of future losses of regional

distinctiveness in both space and time.

Mechanisms driving biotic homogenization — 14 scenarios of species

invasions and extinctions

Conceptual model of biotic homogenization

Biotic homogenization, defined as an increase in species similarity among a set of
communities through time, is quantified simply as the change in the pair-wise community
similarity between two time periods. Homogenization can arise through many ecological
mechanisms that represent specific, and often quite different, interactions among native
species, nonnative species and the environment. Two distinct processes drive biotic
homogenization: extinction of resident species (referred to as the losing species) and
invasion of species (referred to as the winning species) into new areas (McKinney and
Lockwood 1999; Lockwood and McKinney 2001). Here, we use the term extinction to
denote the local loss (i.e., extirpation) of a species from a community. While it is true

that invasion and extinction are required to fuel biotic homogenization, it is not generally
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appreciated that the magnitude and even the direction of change in community similarity
can vary greatly depending on: (1) the relative numbers and taxonomic identities of the
winning and losing species (defined by the differential impacts of nonnative species on
the recipient communities and the differential response of native and nonnative species to
habitat modification), (2) the historical compositional similarity among the communities,
and (3) the species richness of the communities. Variation in these factors can result in
very different magnitudes of increased community similarity (biotic homogenization), or
even decreased community similarity (which we will refer to as biotic differentiation).

Below, we propose 14 scenarios depicting different pathways or mechanisms by
which species invasions and extinctions can drive biotic homogenization and
differentiation (illustrated in Fig. 2.1 and summarized in Table 2.1). We quantitatively
illustrate patterns of community change associated with each of these scenarios using two
hypothetical communities (referred to as site 1 and 2) with an initial community
similarity of 50% based on an initial pool of 4 species (a, b, ¢ and d); and using Jaccard's
coefficient to quantify changes in community similarity (Fig. 2.1). This example is only
illustrative. Later, we expand this example to consider how patterns in homogenization
change when the numbers of winning and losing species are varied, when initial
community similarity is varied, and when the assumption of fixed species richness is
relaxed.

The 14 scenarios are divided into 3 groups, depending on whether the process is
driven by species invasion (scenarios 11-12), species extinction (scenarios E1-E4), or both
invasions and extinctions (scenarios IE1-IE8). Because changes in community similarity

are assessed in a pair-wise manner between two biological communities, we can derive
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each of the 14 scenarios from the combination of answers to the following dichotomous
questions (represented as splits in Fig. 2.1): (1) Do nonnative species invade and
successfully establish in both recipient communities?; (2) If nonnative species integration
occurs, do the same or different invasive species establish in the recipient communities?;
(3) In addition to the invasion, does the extinction of a native species in the recipient
communities occur?; (4) If extinction occurs, is it bilateral (i.e., occurring in both sites) or
unilateral?; (5) If bilateral extinction occurs, do the same or different native taxa go
extinct?; (6) If unilateral extinction occurs, does a shared (i.e., originally occurring in
both sites) or an unshared native species (i.e., originally occurring in only one site) go
extinct?; and (7) Conversely to questions 2 — 6, in the absence of a species invasion, does
unilateral/bilateral extinction of the same/different or shared/unshared native species
occur? It is important to note that the invasion and extinction events in questions 2 — 6 do
not necessarily imply that the invading species causes the extinction of the native species.
Rather, these situations can equally arise from the introduction and extinction events
being independently facilitated by anthropogenic disturbances, such as habitat loss or
fragmentation. In summary, the questions above reflect the possible ecological outcomes
resulting from the interactions between invading species, the resident species of the
native communities, and environmental conditions. Although these scenarios are not
completely exhaustive, they represent a broad array of possible outcomes associated with
species invasions and extinctions, which are well supported by empirical evidence. Each
of these scenarios is discussed below with reference to general and specific examples

from the aquatic and terrestrial literature.
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The 14 scenarios of species invasions and extinctions

Species invasion only (Scenarios 11 and 12)

Numerous studies in the literature have suggested that species invasions are often not
accompanied by local extinction of native species (e.g., Simberloff 1981; Ebenhard 1988,
Williamson 1996). In an extensive review, Simberloff (1981) reported that in 79% of
studies (examining a large number of vertebrate and invertebrate species) the introduced
species caused no extinction of native species. Consequently, species invasions may
result in community augmentation where species are added to rather than subtracted from
the communities. This may be especially true for plant communities where large
numbers of native and nonnative species coexist at landscape scales (Stohlgren et al.
1999, 2003) and where the number of invasions has been show to exceed extinctions on
islands across the globe (Sax et al. 2002). In aquatic ecosystems, the introduction of
small-bodied fish species via bait bucket releases provides good support for scenario 11
driving homogenization (i.e., same species invade: Fig. 2.1). In North America,
particular fish species are used preferentially for bait (Litvak and Mandrak 1993), and
given that repeated introductions generally increase the probability of successful
establishment (e.g., Forsyth and Duncan 2001) and bait fishes are small and non-
piscivorous, we might expect that bait bucket releases will result in the introduction of
the same species across the landscape without the extinction of resident fish species. In
contrast, the intentional release of aquarium fish (Courtenay and Stauffer 1990) supports
the importance of scenario IB for driving differentiation (i.e., different species invade:

Fig. 2.1). In this case, many different species are introduced to multiple sites (likely due
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to the large pool of fish species common in the aquarium trade), again with no or little

associated extinction pressure on the resident species.

Species extinction only (Scenarios E1 - E4)

Species extinctions without associated species invasions can play a large role in
homogenization and differentiation, and may arise from at least three processes. First,
increased modification and fragmentation of natural habitats have increased the rates of
imperilment and extinction of many taxa (Saunders et él. 1991; Kerr and Currie 1995).
Second, nonnative species may drive native species to extinction when invading a
community, but ultimately fail to successfully establish. For example, while attempting
to establish, an invasive species could reduce the abundance of particular resident species
(e.g., prey species) and drive the resident to extinction, thereby contributing to its own
eventual disappearance from the community because of ]ack of sufficient resources. This
has been termed indirect failure by Case (1991), and although we are unaware of a
published study documenting this phenomenon (likely due to our limited ability to
observe this event) it has clear implications for community stability (Case 1995). Third,
species invasions outside the focal taxonomic group can have significant impacts on
native species in the communities in which homogenization is being studied and
quantified. Examples include (but are not limited to): the extinction of native bird
species by the Australian brown tree snake (Savidge 1987), and extinction of island
reptiles by a variety of mammalian predators (Case and Bolger 1991), the loss of
amphibian populations by fish introductions (Blaustein and Wake 1990), the effects of

riparian plant invasions on aquatic macroinvertebrate biodiversity (Bailey et al. 2001),
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and the effects of browsing herbivores on native avifauna by modifying native habitats
and consuming native plants (Diamond and Veitch 1981).

Of the three processes discussed above, the conversion of natural habitat into land
dominated by agriculture and other anthropogenic activities is likely the primary
mechanism causing species extinctions. The vulnerability of a species to extinction is
primarily defined by the interaction of intrinsic individual characteristics, which
determine survival and reproduction, and the degree of habitat modification (Pimm et al.
1988). Therefore, spatial patterns in species extinctions are expected to depend on
species-specific vulnerability to different sources of habitat modification (influencing
whether the same or different species go extinct in scenarios E1 and E2), and on the
distribution of the species across the landscape and the spatial configuration and
magnitude of habitat loss and fragmentation (influencing whether the extinction species

was originally shared or unshared between the communities in scenarios E3 and E4).

Species invasion and extinction (Scenarios IE1 - IES)

Invasive species may cause local extinctions of resident populations, or even cause global
extinction of spatially-restricted fauna via direct (e.g., predation, grazing, competition,
habitat alteration) and indirect pathways (e.g., alteration to fire regimes, nutrient cycling,
hydrology, energy budgets) (Mack et al. 2000). Extreme examples include (but are not
limited to) the ecological effects of the Argentine ant (Holway et al. 2002), rosy wolfsnail
(Hadfield 1986), African crystalline ice plant (Vivrette and Muller 1977), spiny South
American shrub (Braithwaite et al. 1989), Nile perch (Witte et al. 1992) and zebra mussel

(Ricciardi et al. 1998). The probability of species extinction is expected to depend on the
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extinction vulnerability of the native species to species invasions (e.g., birds: Owen and
Bennett 2000; plants: Lonsdale 1999), and the environmental template upon which these
biotic interactions occur.

In addition to the potential biotic mechanisms driving species extinctions in these
scenarios, both invasions and extinctions can independently be facilitated by natural and
human-induced alteration to native habitats. For example, the modification of natural
streamflow and thermal regimes in riverine ecosystems throughout the United States has
presumably resulted in both the invasion of numerous exotic fish species and the loss of
native fish species (Richter et al. 1997). Similarly, alterations to forest ecosystems have
independently and interactively led to the successful invasion and extinction of bird
species around the globe (Case 1996). As such, although it is useful to examine the
conceptual model in Figure 2.1 in a causal manner, we emphasize that scenarios IE1-IE8
do not necessarily imply a direct mechanistic link between species invasion and
extinction in recipient communities. The empirical literature amply shows that habitat
modification independently facilitates species invasions and extinctions (Elton 1958);
however, for the purposes of this paper, we restrict our focus to highlighting the empirical
evidence supporting the scenarios where species invasions result directly in the

extinction(s) of native species.

Scenarios IE1 and IE2 — There are many instances where ubiquitous introductions of
species (i.e., the same species invading many sites) result in significant local extinctions
(see references above). Whether the same species (scenario IE1: Fig. 2.1) or different

species (scenario IE2: Fig. 2.1) are driven to extinction by the invader will depend
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primarily on the extinction vulnerability of the native species and the species-specific
impacts (e.g., prey selectivity, competitive dominance) of the invader(s). High prey
selectivity will likely result in the extinction of the same species across sites (scenario
IET) because the invader will selectively target particular native species, as in the case of
a species-specific pathogen or predator. In contrast, low prey selectivity has a greater
chance of causing the extinction of different native species across sites (scenario IE2).
The probability that the same invasive species will be established and that the same
native species will go extinct in multiple sites (1.e., scenario IE1) is supported by fact that
winning and losing species involved in the homogenization process are not randomly
distributed among taxonomic categories (McKinney 1997; Russell et al. 1998; McKinney
and Lockwood 1999). Furthermore, evidence is accumulating to support the notion that
invasion- and extinction-prone species traits are phylogenetically constrained, including
among birds (Lockwood et al. 2000), fish (Duncan and Lockwood 2001b), mammals

(Russell et al. 1998), and plants (PySek 1998).

Scenarios IE3 and IE4 — The introduction of the same species into multiple sites may
lead to unilateral patterns of species extinctions, resulting in either the loss of a shared
(i.e., originally occurring in both sites — scenario IE3: Fig. 2.1) or an unshared species
(i.e, originally occurring in only one site — scenario IE4: Fig. 2.1). Unilateral extinction
could occur when species only go extinct at sites lacking potential source populations to
support rescue effects (sensu Brown and Kodric-Brown 1977) or lacking refugia from
predation (Huffaker 1958). Similarly, species invasions associated with habitat

disturbance may lead to greater chances of extinction compared to sites that are not
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subjected to this additional environmental stress (e.g., Ruiz et al. 1999). For instance,
Moyle (1986) contended that for the eastern United States the local fish faunas appear to
have adjusted to nonnative invasions without much loss of native species, whereas for
more environmentally-disturbed ecosystems in the western United States and Florida,
introduced species appear to have greater negative impacts on native communities.
Unilateral extinction, coupled with the fact that species invasions may occur in
communities that initially exhibit varying degrees of similarity in their species
composition, supports the notion that an invading species may cause the extinction of a

shared (scenario IE3) or an unshared species (scenario [E4).

Scenarios IE5 and IE6 — The invasion and establishment of different nonnative species
across sites can influence community similarity by causing the bilateral extinction of the
same (scenario IES: Fig. 2.1) or different species (scenario IE6: Fig. 2.1). The global
transport of nonindigenous marine organisms in ship ballast waters provides a powerful
example where a large number of different species can be introduced into a region (e.g.,
Carlton and Geller 1993). After establishment, we might expect different invaders to
cause the bilateral extinction of the same native species if, for example, they exhibit
similar species-specific impacts (e.g., same prey preference and/or feeding mode:
scenario IES), or the extinction of different native species if they have dissimilar impacts

(scenario IE6).

Scenarios IE7 and IES8 — Similar to scenarios [E3 and 1E4, species invasions may result in

the loss of a native species in one site but not another, an outcome that is again dependent
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on the occurrence of source populations to support recolonization events and the
availability of refugia from predation. Different invaders can cause unilateral extinction
(i.e., one invasive species causes an extinction, whereas the other species does not) via
differential predation or competition pressures on the native species of the recipient
communities. Moreover, given differences in the initial species compositions of the
recipient communities, it is possible that the species driven to extinction may (scenario
IE7: Fig. 2.1) or may not (scenario IE8: Fig. 2.1) be originally shared by the

communities.

Simulation experiments — Exploring biotic homogenization under the 14

scenarios of species invasions and extinctions

Biotic homogenization is quantified by comparing the degree of similarity in community
composition between two sites based on two points in time. Concordance in community
composition across space can be quantified using any one of a suite of similarity indices,
cluster analyses or ordination approaches (see Rahel 2002). Jaccard’s coefficient of
similarity (Jaccard 1900) is one of the most commonly used methods in ecology for
quantifying community similarity and is employed almost exclusively in homogenization
studies (e.g., Radomski and Goeman 1995; Rahel 2000; Marchetti et al. 2001; Rahel
2002). We used Jaccard’s coefficient to measure similarity and estimate the degree of

biotic homogenization and differentiation in our simulated communities. Jaccard’s
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coefficient ranges from O (no species in common) to 1 (identical species composition),

and is calculated simply as:

J(x1x2):m (N

where x; and x; represent two sites, a is the total number of species present in both x; and
X2, b is the number of species present in x; and absent in x,, and ¢ is the number of
species absent in x; and present in x,.

A deterministic simulation approach was used to examine how changes in community
similarity differed among the 14 invasion-extinction scenarios. We restricted our
simulations to reflect deterministic events because we wished to pursue a systematic
exploration of the expected range of potential trajectories of biotic homogenization and
differentiation resulting from interactions between native species, nonnative species, and
environmental change. While stochastic dynamics are likely to be important in nature,
they are difficult to infer from the “snapshot” data presented in the literature. Moreover,
the ecological processes we simulate are common in nature and can be argued to have
strong deterministic elements, and therefore our simulation approach is informative.

The simulation experiments involved generating 25 pairs of communities
representing different levels of species richness (s = 4 to 100 species; increasing by
increments of 4 species), for each of three different historical or initial community
similarities (Jiyiia = 0.25, 0.50 and 0.75). The species composition of each pair was
simulated to ensure the initial community similarity by increasing the value of a by

sxJ and the sum of b and ¢ by sx(1-J,,,, ) in equation (1) for each incremental

initial »
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increase of 4 species in the recipient community, €.g., Jinitiat = 0.25, species richness = 4
(a=1, b+c = 3); Jinitia = 0.25, species richness = 8 (a = 2, b+c = 6); Jinitia1 = 0.50, species
richness =4 (a = 2, b+c¢ = 2); Jinitia = 0.50, species richness =8 (a=4,b + ¢ =4).
Simulations were started at a species richness of 4 because this is the lowest value that
community similarity could be set to the Jinitial, as well as change via species extinction(s)
or invasion(s). The simulation protocol predicted percent community similarity for each
of the 75 simulated communities (i.e., 25 different initial levels of species richness and 3
different initial community similarities) following the mechanisms defined by each of the
14 scenarios for all possible combinations of the number of winners and losers. For all
simulations the number of winners ranged from O (i.e., scenario E1-E4) to s (i.e., all other
scenarios), whereas the possible number of losers was constrained by the number of
species that the communities shared or did not share and the number of species that were
available to become extinct, and therefore varied depending on the initial community
similarity and particular scenario. In total, the simulations were completely exhaustive in
that they generated predictions of community similarity under each invasion-extinction
scenario for a range of species richness, initial community similarity, and numbers of
winners and losers.

Percent change in community similarity (hereafter referred to as A, ) was calculated

as the change in Jaccard’s coefficient (expressed as a percent) between the predicted
community similarity (generated from the simulation experiment) and the initial

community similarity, i.e., predicted similarity minus the initial similarity of the

communities. A positive A, represents biotic homogenization and a negative A,
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represents the biotic differentiation. All simulations were conducted using computer

macros in the MatLab® programming language written by J.D. Olden.

Predictions of biotic homogenization — The influence of species richness,

initial community similarity, and species invasions and extinctions

The results from the simulations show that patterns in A, are a function of the species
richness of the recipient communities being invaded, the historical or initial degree of
compositional similarity among the communities, the type of invasion-extinction
scenarios, and the ratio of winning (invasive) to losing (extinct) species.

We examined the relationship between species richness of the recipient communities
and A; for each of the 14 invasion-extinction scenarios and for the 3 levels of initial
community similarity (averaged across all combinations of the numbers of winners and
losers.). Relationships were consistent among the different levels of initial community
similarity, and therefore for the sake of brevity we only present the results for Jinuia =
0.50 (Fig. 2.2). The effects of species richness on A, for all scenarios were greatest at
low species richness, but beyond a species richness of 20 patterns of community
similarity became independent of richness. Although extinction-only scenarios (E1-E4)

showed the strongest relationships with richness, in general, predicted A, for all

scenarios were insensitive to species richness. Further, this general pattern did not

change in response to varying ratios of winners to losers (results not shown). Based on
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these findings, all subsequent examinations of changes in community similarity were
averaged across all levels of species richness.

For all combinations of the number of winners and losers, relative patterns of A,
across the scenarios were similar, but not identical, for the three different initial
community similarities (Fig. 2.3). It is important to emphasize that even though the
range of possible values of A; is the same for the 3 initial community similarities, the
critical upper and lower bounds differ (Jinitiat = 0.25: -25 to 75%; Jinitiar = 0.50: -50 to 50%;
Jinitial = 0.75: -75 t0 25%). Regardless of the initial community similarity and the number
of winners or losers, scenarios 11, E2, E4, IE2, and IE4 always caused an increase in
community similarity (i.e., biotic homogenization), whereas scenarios 12, E1, E3, IES and
IE7 always caused a decrease in community similarity (i.e., biotic differentiation). The

remaining four scenarios (IE1, IE3, IE6, IE8) resulted in both positive and negative A,
for all initial community similarities, although the median A for these scenarios was
consistently either positive or negative across the gradient of initial community
similarities. The one exception, however, was scenario IE3, which predicted a positive
median A, for Jiyua = 0.25, no median change in compositional similarity for Jiniial =
0.50, and a negative median A, for Jinitias = 0.75 (Fig. 2.3). In summary, measures of

central tendency and dispersion were found to vary with initial community similarities

(Fig. 2.3). Median A, either increased (e.g., E4), decreased (e.g., 11, 12, E3, IE1-1E8) or

showed no relationship (e.g., E1, E2) with increasing initial community similarity (Fig.

2.3), and variation in A, either increased (e.g., 12, E1, E3, E4, IE1, IE3, IE5-1E8),
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decreased (e.g., I1, IE2, IE4) or showed no relationship (e.g., E2) along the same
gradient.

To gain a finer understanding of the influence of numbers of winners and losers on
the homogenization process, and thus to provide insight into the sources of variation in
predicted levels of A, in Figure 2.3, we examined 3 different ratios of losers to winners
(hereafter denoted by L:W). Increasing L:W ratios represent increasing levels of
extinction pressure associated with an invasion, or proportionally greater effects of
environmental alteration on rates of extinction compared to rates of invasions. The 3
levels simulated were low (0 <L:W < 1), intermediate (1 <L:W < 2) and high (L.-W >

2). We found that variation in A; to be a function of the L:W ratio (Table 2.2).
Regardless of the initial community similarity, increasing L:W led to increasing A, under
scenarios IE6 and IE8, decreasing A, under scenarios IE1, IE3, and IE4, and no effect
under scenario IE5 and IE7. Interestingly, the relationship between A; and L:W for

scenario IE2 depends on the level of initial community similarity. The varying effects of

L:Won A, shown in Table 2.2 provide insight into why particular scenarios (i.e., IE1,
IE3, IE6 and IE8) show both positive and negative A; in Figure 2.3.
These results show that predicted patterns of A; can exhibit a positive, negative or no

relationship with increasing numbers of losers relative to winners and that the direction of
change does not generally vary as a function of initial similarity (Table 2.2, Fig. 2.3).

Consequently, we explore in greater detail the effects of varying contributions of winners

and losers on predicted levels of A; for Jiuiia = 0.50 (again, averaging across all values of

species richness) because the results from these simulations were generally intermediate
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in magnitude. Figure 2.4 shows that scenarios 11, E2, and E4 always resulted in positive

A, where as scenarios 12, E1, and E3 always resulted in negative A;. Patterns of

homogenizatioﬁ and differentiation were more complex for the remaining scenarios. For
example, community similarity increased with increasing numbers of the same winners
and either increasing numbers of different or unshared losers (scenarios IE2 and IE4: Fig.
2.4D and F) or decreasing numbers of the same or shared losers (scenarios IE1 and IE3:
Fig. 2.4C and E). In contrast, community similarity decreased with increasing numbers
of different winners and either increasing numbers of different or unshared losers
(scenarios IE6 and IE8: Fig. 2.4H and J) or decreasing numbers of the same or shared
losers (scenarios IES and IE7: Fig. 2.4G and I). The relative influence of L:W to

observed patterns in A, depended on the particular invasion-extinction scenario and on

the numbers of winners and losers involved in the interaction. The # of winners exhibited

the greatest influence on A; under scenarios IE1, IE3, IE6 and IE8 when the # of losers is

large, whereas the # of losers showed the greatest effects in scenarios IE2, IE4, IES and
IE7 when the # of winners is small.

Figure 2.5 illustrates patterns of average A, (averaged across all species richness and

for Jinitial = 0.50) for each invasion-extinction scenario under different L:W. Community
similarity is predicted to increase when same species establishment is accompanied with
no extinction (I1), extinction of different species (IE2), or unilateral extinction of an
unshared species (IE4), or when only extinction of different (E2) or unshared species
(E4) occurs. In contrast, community similarity is predicted to decrease when different
species establishment is accompanied with no extinction (I2), extinction of the same

species (IE7), or unilateral extinction of a shared species (scenario IES), or when only
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extinction of the same (E1) or shared species (E3) occurs. For the remaining scenarios,

the expected A, is a function of L:W. When the number of losers is less than the number
of winners, A,is dependent solely on the specific taxonomic identities of the winning

species, but not the identities of the losing species (Fig. 2.5B). Consequently, invasion of

the same species, on average, resulted in positive A,, whereas the invasion of different
species produced negative A,. However, when there are a greater number of losers than

winners, the direction and magnitude of A; depended on both the number and identity of

the winning and losing species (Fig. 2.5C, D).

Discussion

We have shown that changes in community similarity are a function of the type and
number of winning and losing species, the historical degree of similarity among the
communities, and to a lesser degree the richness of the recipient communities. Figure 2.6
provides a unifying model for homogenization, and highlights the deterministic
relationships between the invasion-extinction scenarios, the number of winners and
losers, and patterns in biotic homogenization. The two-dimensional space in Figure 6
indicates the scenarios that are expected to cause homogenization given different
combinations of numbers of winners and losers (i.e., L:W), which are independent of
species richness and the level of initial community similarity. Scenarios I1, E2 and E4,
and IE2 and IE4 will always result in homogenization, independent of the number of

winners, losers, and the ratio of the two. Scenario IE1 only results in homogenization
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when the number of winners is greater than the number of losers, whereas the opposite is
true for scenario IE6. Homogenization will occur via scenario IE3 only when the number
of losers is half that of the number of winners, and via scenario IE8 only when the
number of losers is two times the number of winners. The varying effects of the number
of winners and losers on levels of homogenization account for the fact that scenarios IE1,
IE3, IE§ and IES8 can result in both homogenization and differentiation (Fig. 2.3).
Finally, scenarios 12, E1, E3, IES, and IE7 always result in biotic differentiation,
regardless of the numbers of winners and losers. For scenarios that involve both species
invasions and extinctions, Figure 2.6 shows that based on the relative number of winners
and losers the potential for scenarios IE2 and IE4 to drive biotic homogenization is 4
times greater than scenarios IE3 and IE8, and 2 times greater than scenarios IE1 and IE6.
Our proposed conceptual model and its predictions can be used to provide important
mechanistic insight into the invasion and extinction processes that are likely responsible
for current patterns in biotic homogenization. For all levels of initial community
similarity, predicted levels of homogenization were highest for scenarios involving the
invasion of similar species and either no extinction or the differential extinction of native
species across communities. These scenarios are in agreement with current empirical
evidence that supports the occurrence of widespread introductions of cosmopolitan,
nonnative species and the limited extirpation of native species in fish (Rahel 2000), bird
(Case 1996) and plant communities (Lonsdale 1999, Sax 2002), and therefore may
represent the dominant mechanisms driving the homogenization of these groups. Future
studies should involve the statistical validation of the conceptual model by comparing

predicted changes in community similarity under the different invasion-extinction
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scenarios to empirical estimates of biotic homogenization reported in the literature. For
example, the elimination of the regional distinctiveness of fish faunas across the United
States is perhaps the best documented example (in terms of quantifying changes in
community similarity) of biotic homogenization to date (e.g., Radomski and Goeman
1995; Rahel 2000; Duncan and Lockwood 2001a; Marchetti et al. 2001; Scott and
Helfman 2001; Rahel 2002), and thus provides a good opportunity to validate the
conceptual model. Furthermore, for taxonomic groups currently lacking quantitative
estimates of biotic homogenization (e.g., bird, plants), the conceptual model may
potentially be used to provide insight into the most likely processes operating to produce
conterﬁporary patterns in biotic homogenization. The model may also offer a framework
for predicting future patterns of homogenization based on estimated invasion and
extinction rates of species of known taxonomic identities. Clearly, a prerequisite to
generating reliable predictions of future homogenization is validation of the conceptual
model using existing empirical data, an exercise that can be done for some aquatic and

terrestrial taxonomic groups (Olden and Poff 2004, Chapter 3).

Important issues relevant to the study of biotic homogenization

Understanding and predicting patterns of biotic homogenization (for example, resulting
from the conceptual model presented here) may be influenced by a number of largely
unrecognized constraints that warrant explicit discussion. Among these are the influence
of spatial and temporal scales on the investigation of homogenization, the importance of
data resolution and the various approaches to quantifying homogenization, and the

potential influence of species richness on observed patterns of homogenization. Here, we
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briefly discuss these with the hope they will receive greater attention by researchers in the
future.

Biotic homogenization is a scale-dependent phenomenon, in that the observed
number of winners and losers between any two time steps will be a function of the spatial
extent over which the number of species is tabulated and the length of time during which
species have the opportunity to invade or go extinct. In the spatial sense, increasing the
extent of an analysis will increase the probability of recording species invasions because
a greater number of communities and diversity of habitats are sampled. Additionally, the
probability of recording an extinction event will decline because a greater diversity of
habitats in the larger sampling area will promote the continued existence of populations
and increase the probability of sampling relic populations. Therefore, at the regional
scale, we would expect lower L:W, leading to the apparently greater relative roles of
particular invasion-extinction scenarios (i.e., IE1 and IE3) in the homogenization process.
As the spatial extent decreases, we would expect an increase in the probability of
observing the introduction of different species and extinction of different or unshared
species because the finer sampling resolution accentuates among-site habitat differences.
Accordingly, at the local scale we would expect biotic differentiation via scenarios
involving the establishment of different species and differential patterns of extinctions
(i.e., IE6 and IE8). The spatial dependency of the biotic interactions driving
homogenization may explain why Marchetti et al. (2001) found differentiation among
fish communities in individual California watersheds, but homogenization in

zoogeographic provinces.
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Perceived patterns of biotic homogenization can also be influenced by the length of
time over which homogenization is being examined. Longer periods increase the
probability of observing species invasions and extinctions, leading to higher expected
rates of homogenization or differentiation (assuming no temporal trends in native species
turnover). This temporal dependence complicates comparisons of homogenization rates
across different regions. For example, community similarity increased by 9% in
Minnesota lakes between 1940 and 1992 (Radomski and Goeman 1995) and by 20% in
California zoogeographic provinces between pre-1850 and 2000 (Marchetti et al. 2001).
It is difficult to exclude the possibility that California exhibits a greater degree of
homogenization simply because of a longer data record. Future studies should account
for the potential effects of scale-dependence when studying biotic homogenization, and
additional simulations (such as the ones presented here) could assist in assessing the
sensitivity of measured biotic homogenization to variable observational time frames.

Data resolution and choice of statistical analyses can also influence perceived patterns
of biotic homogenization. Typically, biotic homogenization is quantified by comparing
community composition based on a particular similarity index, or comparing the distance
among communities in species space based on clustering or ordination techniques (see
Rahel 2002). The degree to which an inference of homogenization depends on the choice
of statistical approach is an important, but uninvestigated, issue. More fundamentally,
the numeric resolution of species data strongly influences perceived community patterns
(Rah.el 1990); therefore, sole reliance on presence/absence data may constrain our
understanding of critical mechanisms contributing to homogenization. For example, we

might expect increased variation in the relative abundances of species or decreased
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species evenness to be indicative of biotic homogenization and its potential ecological
consequences. Quantifying the homogenization of community evenness may be
particularly fruitful given its importance for invasion and ecosystem processes (e.g.,
Wilsey and Potvin 2000). The potential influence of species abundance on predicted
patterns of biotic homogenization could be accounted for by incorporating a stochastic
component into our conceptual model that represents the influence of species abundance
on the outcome of native-nonnative species interactions.

Results from the conceptual models also suggest that species richness can have some
influence our perception of homogenization, in that we found homogenization rate
(increase in community similarity per individual invasion or extinction event) to be
greater at low species richness. Consequently, observed patterns of homogenization in
relatively species-poor fish or bird communities may be inflated compared to relatively
speciose plant communities. Furthermore, the contribution of the different invasion-
extinction scenarios to homogenization may vary globally due to geographical
differences in the size of species pools. Given that species richness increases with spatial
scale, we might also expect greater measured rates of homogenization at the local versus
the regional scale. In addition, although we examined the influence of species richness
on biotic homogenization based solely on the mathematical properties of adding or
subtracting species from the recipient communities, species richness could also influence
the number of winning and losing species. For example, if invasibility increases with
resident species richness (see Levine and D’ Antonio 1999 for a recent review), then we

might expect the observed range of L:W to be partially a function of species richness,
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which might therefore influence the relative contributions of the biological mechanisms

driving homogenization.

Prospectus

Biotic homogenization is now considered one the most prominent forms of biotic
impoverishment worldwide, and it will likely continue to increase due to anthropogenic
forces associated with growing human populations. So strong is this mixing force that
global biotic homogenization with commensurate loss of species is argued to be the
logical endpoint of the anthropogenic spread of nonnative species (Vitousek et al. 1996).
To date, we have begun to better understand patterns in biotic homogenization in both
aquatic (Rahel 2002) and terrestrial (Lockwood and McKinney 2001) ecosystems;
however, we still lack an understanding of the mechanisms underlying current patterns
and, consequently, an ability to predict future patterns of homogenization. We believe
that unless study of biotic homogenization is placed in a more mechanistic and predictive
framework, empirical results of homogenization studies alone will fail to prpvide
adequate guidance in conservation efforts to maintain regional distinctness of the global
biota. Accordingly, we submit that quantifying how the processes of invasion and
extinction contribute to rates of biotic homogenization, and understanding how levels of
habitat disturbance and connectivity mediate these processes, should be at the forefront of

future research. Obtaining this knowledge is critical to enhancing our ability to predict

which areas are most susceptible to increased homogenization and to determine which
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mechanisms primarily contribute to this process. Our conceptual framework, in
conjunction with the collection, analysis and interpretation of new empirical data, can
contribute to an enhanced understanding and prediction of future losses of regional

distinctiveness across a variety of taxa in both space and time.
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Table 2.1. A summary of the 14 invasion-extinction scenarios used in the conceptual model for biotic homogenization
(illustrated in Fig. 2.1). The scenarios are divided into 3 groups, depending on whether changes in community similarity are
driven by only species invasions (scenarios I1-12), only species extinctions (scenarios E1-E4), or both species invasions and
extinctions (scenarios IE1-IES).

Scenario

Description

Invasion only
n
2

Extinction Only
El
E2
E3
E4

Same species invade, no extinction of resident species
Different species invade, no extinction of resident species

No species invasion, extinctions in both communities involve same species

No species invasion, extinctions in both communities involve different species

No species invasion, extinction in one community of a species that was originally shared by both communities

No species invasion, extinction in one community of a species that was originally not shared by both communities

Invasion and Extinction

IE1
IE2
IE3
IE4
IES
IE6
IE7
IE8

Same species invade, extinctions in both communities involve same species

Same species invade, extinctions in both communities involve different species

Same species invade, extinction in one community of a species that was originally shared by both communities

Same species invade, extinction in one community of a species that was originally not shared by both communities
Different species invade, extinctions in both communities involve same species

Different species invade, extinctions in both communities involve different species

Different species invade, extinction in one community of a species that was originally shared by both communities
Different species invade, extinction in one community of a species that was originally not shared by both communities
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Table 2.2. Patterns of biotic homogenization as a function of 3 levels of initial community similarity under the 14 invasion-
extinction scenarios. Reported values are medians and ranges (in parenthesis) across all levels of species richness. Low, Inter.
and High represent categories describing different relative numbers of losing to winning species (for invasion and extinction
scenarios only), including low # losers: # winners (0 <L:W < 1), intermediate L:W (1 < L:W <2), and high L:W (L:W > 2).

Initial community similarity

Jinitiar = 0.25 Jinitia = 0.50 Jinitial = 0.75
Invasion Only
I 25.2 16.8 8.4
(0.7-37.5) (0.5-25.0) (0.3-12.5)
12 -12.6 =251 -37.7
(-16.7-(-0.5)) (-33.3-(-1.0)) (-50.0-(-1.5))
Extinction Only
El -11.7 -17.1 -15.6
(-25.0-(0.8)) (-50.0-(0.5)) (-75.0-(-0.3))
E2 92 18.4 12.2
(0.5-25.0) (1.0-50.0) (1.5-25.0)
E3 -13.5 -25.6 -38.5
(-25.0~(-1.0)) (-50.0-(-1.0)) (-75.0-(-1.0))
E4 39 7.8 1.7
(0.3-8.3) (0.5-16.7) (0.8-25.0)
Invasion and Extinction
Low Inter. High Low Inter. High Low Inter. High
IE1 227 -3.4 -114 13.5 -4.3 -17.1 6.0 -33 -15.2
(0.0-37.3)  (-10.7-(-0.8)) (-23.7-(-1.5)) (0.0-24.9)  (-16.7-(-0.5)) (-48.0-(-1.0)) (0.0-124)  (-15.0-(-03)) (-71.2-(-0.5))
IE2 376 25.0 19.2 31.0 328 31.7 16.6 17.8 18.3
(1.3-58.3) (1.8-41.2) (2.4-34.7) (1.5-50.0) (2.6-50.0) (3.7-50.0) (1.8-25.0) (3.4-25.0) (5.0-25.0)
IE3 18.7 -6.8 -13.9 39 -17.2 -284 -8.0 -30.7 -43.8
(-5.0-37.0)  (-13.9-(-1.2)) (-24.0-(-2.2)) (-16.7-24.5)  (-30.0-(-1.5)) (-49.0-(-2.5)) (-32.1-12.0) (47.7-(-1.7)) (-74.0-(-2.7))
IE4 319 15.0 9.2 24.3 16.7 13.7 16.3 18.1 17.9
(1.0-46 4) (1.3-24.5) (1.5-17.5) (1.0-35.7) (1.5-24.7) (2.0-21.3) (1.0-25.0) (1.8-25.0) (2.6-25.0)
IES -18.8 -18.9 -182 -36.2 -38.1 -33.3 -52.4 -58.0 -45.7
(-25.0-(-1.2)) (-25.0-(-2.0)) (-25.0-(-2.8)) (-50.0-(-1.5)) (-50.0-(-2.0)) (-50.0-(-2.5)) (-75.0-(-1.7))  (-75.0-(-2.0)) (-75.0-(-2.3))
IE6 -11.6 24 89 -23.2 48 17.9 -36.2 39 11.8
(-16.6-0.0) (0.5-8.3) (1.0-23.1) (-33.2-0.0) (1.0-16.7) (2.1-46.2) (-49.8-0.0) (1.5-10.7) (3.1-22.3)
IE7 -19.1 -19.8 -194 -375 -40.9 -38.6 -54.9 -63.1 -58.6
(-25.0-(-1.5)) (-25.0-(-2.5)) (-25.0-(-3.4)) (-50.0-(-2.0)) (-50.0-(-2.9)) (-50.0-(-3.9)) (-75.0-(-2.5)) (-75.0-(-3.4)) (-75.0-(-4.4))
IES -12.5 -15 2.1 -25.0 -3.1 4.1 -37.5 -4.6 6.2
(-16.6-(-0.2)) (-4.7-0.0) (0.3-7.5) (-33.3-(-0.5)) (-9.3-0.0) (0.5-14.9) (-49.9-(-0.7))  (-14.0-0.0) (0.8-22.4)
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Figure 2.1. A conceptual model depicting 14 scenarios representing different pathways
or mechanisms by which species invasions and extinctions can drive biotic
homogenization (increased community similarity) and differentiation (decreased
community similarity). The 14 scenarios are divided into 3 groups, depending on
whether the process is driven by only species invasions (scenarios 11-12), only species
extinctions (scenarios E1-E4), or both invasions and extinctions (scenarios IE1-IE8), and
are derived from the combination of answers to a series of dichotomous questions
represented as splits in figure (and discussed in the text). We quantitatively illustrate
patterns of community change associated with each of these scenarios using two recipient
communities (sites 1 and 2) with an initial community similarity of 50% (Jinitial = 0.50)
based on an initial pool of 4 species (a, b, c and d); and using Jaccard's coefficient to
quantify changes in community similarity. Species occurrence is coded O or 1, and
highlighted species represent changes in community membership due to a species
invasion (represented by “1”) or species extinction (represented by “0”). Under scenario
IEA4, for example, species € becomes established in sites 1 and 2, and species ¢ (which
was originally unshared by the communities) goes extinct in site 2, causing the Jaccard’s
coefficient to increase from 0.50 to 0.75 (i.e., 25% homogenization). Conversely, under
scenario E3, no species invade, and species b (which was originally shared by the
communities) goes extinct in site 2, causing the Jaccard’s coefficient to decrease from
0.50t0 0.25 (i.e., 25% differentiation).
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Figure 2.2, Patterns of biotic homogenization as a function of species richness for an
initial community similarity of 50% (Jiuitiar = 0.50) under the 14 invasion-extinction
scenarios. Results are averaged across over all combinations of the number of winners
and losers. Positive % change in community similarity indicates homogenization,
whereas negative % change in community similarity indicates differentiation. Dotted
lines represent scenarios 11-12, dashed lines represent scenarios E1-E4, and solid lines
represent scenarios IE1-IE8. Curves are based on simulation results from species
richness values from 4 to 100 (by increments of 4) and data points were removed for
clarity. Relationships were similar for Jiyir = 0.25 and Jigitia = 0.75, and therefore were
not presented for brevity.
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Figure 2.3. Patterns of biotic homogenization under the 14 invasion-extinction scenarios
for 3 levels of initial community similarity (Jinitial = 0.25, 0.50 and 0.75). Results are
averaged over all levels of species richness (see Figure 2.2) and all combinations of
numbers of winners and losers. Square symbol is the median, boxes represent
interquartile ranges, and whiskers represent the minimum and maximum values. Dashed
line demarcates homogenization (positive community similarity) from differentiation
(negative community similarity).
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Figure 2.4. Patterns of biotic homogenization under the 14 invasion-extinction
scenarios, based on Jiyitia = 0.50, as a function of varying numbers of winning species
(i.e., number of nonnative species established in the recipient communities) and losing
species (i.e., number of native species gone extinct in the recipient communities). For all
simulations the number of winners ranged from O (i.e., scenario E1-E4) to s (i.e., all other
scenarios), whereas the possible number of losers was constrained by the number of
species that the communities shared or did not share and the number of species that were
available to become extinct, and therefore varied depending on the initial community
similarity and particular scenario. The number of losing species for scenarios IE1 — IE8
is represented by sets of curves reported in intervals of 4, from 4 to 24 for scenarios IE1,
IE3, IE5 and IE7, and from 4 to 12 for scenarios IE2, IE4, IE6 and IE8. Curves in panels
(C) — (J) do not originate at the y-axis because scenarios IE1 — IE8 always involve at least

one winner.
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Figure 2.4. continued.
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Figure 2.5. Patterns of biotic homogenization under the 14 invasion-extinction scenarios
describing (A) invasion only and extinction only events, and invasion and extinction
events categorized by relative number of losing to winning species (L:W): (B) low (0 < #
losers: # winners < 1), (C) intermediate (1 <# losers: # winners < 2), and (D) high (#
losers: # winners > 2). Results are averaged over all levels of species richness and
represent Jinuia = 0.50. Square symbol is the median, boxes represent interquartile ranges,
and whiskers represent the minimum and maximum values. Dashed line demarcates
homogenization (positive community similarity) from differentiation (negative
community similarity). '

A B
Invasion only Extinction only 0 Tnvasion -~ Low Extinetion
¢
50 ’ s
40 40
30 30
20 3 20
5
-~ Dleetrnocnsraperascrornssssrrrameserredlacsrrangeserren “we [1 25 S SNGRUPROR. . RN - IS S
b
g -0 -10
> 20 -20
T 0 g .30
fyet 40 ~40
=
‘w0 -50
b 60 i " i 60
§ 1 12 £1 £2 £ B4 BT IE2 I3 B4 IES IE6  IET RS
£
g C D - o
5] 60 Invasion - Infermediate Extinction 60 Tavasion - High Extinction
o~
- 50 50
22
%‘3 40 40
2 30t 30
L*]
x

[ * L . b . . .y

-20 -20
-30 -30
40 40
-50 -50
60 -60
Wy 1E2 IER I1E4 JES iR6 1E7 1ER 1 IR W3 OIB4 IES IE6 BT IER
73

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 2.6. A proposed unifying model for biotic homogenization illustrating the
conditions (i.e., relative number of winning and losing species) in which biotic
homogenization (and not differentiation) is predicted to occur, independent of both
species richness and initial community similarity. Diagonal clines represent different
ratios of # winners to # losers, and the shaded portions of scenarios (panel on the left)
provide conditions where homogenization is predicted to occur for each scenario.
Different degrees of shading are intended only to help differentiate among the various
scenarios that lead to homogenization. For example, scenario IE1 results in
homogenization only when the number of winners is greater than the number of losers;
scenarios IE2 always results in homogenization; and scenario 12 never results in
homogenization. Note that scenarios I1, E2 and E4 always result in homogenization, but
because they do not involve both winners and losers they are represented in parenthesis
with IE2 and IE4.
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Abstract

Biotic homogenization, the process of gradual replacement of native biotas by
nonindigeous and locally expanding non-native species, is rapidly diminishing the
regional distinctiveness of global terrestrial and aquatic ecosystems. Although the
empirical study of biotic homogenization is substantial and growing, the mechanisms
underlying its dynamics remain poorly understood. We recently developed a theoretical
model that predicts levels of biotic homogenization or differentiation (i.e., decreased
community similarity) according to a series of distinct mechanisms that describe the
outcomes of various interactions between native species, non-native species, and the
environment. Here, we test this model using empirical data for freshwater fish faunas in
the United States at three spatial scales: the entire continent, zoogeographic provinces in
California and watersheds within these provinces. Our analysis reveals that, in general,
mechanisms depicting widespread introductions of cosmopolitan species and either no or
differential spatial patterns of native species extirpations explain fish community
homogenization across multiple spatial scales. Our results also highlight the potential
effect of spatial grain on the perceived importance of different invasion-extinction
scenarios shaping patterns of homogenization and differentiation. Next, we discuss the
utility of the model for providing insight into the dominant ecological processes likely
driving the homogenization of other major taxonomic groups that currently lack
quantitative estimates of community change. Our study is the first to quantitatively
examine the relative importance of different ecological mechanisms that can generate

observed patterns of biotic homogenization. Using this model may allow advance
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prediction of future patterns of homogenization by explicitly considering underlying

ecological processes and mechanisms.
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Introduction

The regional distinctiveness of biological communities reflects historical factors that have
restricted species ranges via physical isolation, ecological interactions and evolutionary
diversification (Huston 1994). In contrast to the paleontological record that reveals only
episodic mixing of isolated biotas, such as during the Great American Interchange after
the formation of the Panama isthmian land bridge (Vermeij 1991), global biotic exchange
has been dramatically accelerated by humans in historical times. Charles Elton (1958)
was perhaps the first to recognize this phenomenon when he discussed the dissipation of
Wallace’s Faunal Realms by global commerce during European settlement. In the past
few decades humans have hastened the mixing process by dissolving natural
biogeographic barriers through activities such as canal building, international commence,
exotic pet trade, intentional translocations, aquaculture and horticulture (Courtenay and
Stauffer 1990, Carlton and Gellar 1993, Litvak and Mandrak 1993, Naylor et al. 2001,
Reichard and White 2001). The introduction of cosmopolitan, non-native species, in
conjunction with the loss of native (often endemic) species is causing the breakdown of
regional distinctiveness of the Earth’s biota, a process termed biotic homogenization
(Vitousek et al. 1997, McKinney and Lockwood 1999).

Patterns of biotic homogenization (or more specifically taxonomic homogenization)
are defined simply as an increase in species similarity among a set of communities
through time. This phenomenon has received increased attention in recent years for
numerous taxonomic groups, including plants (Rooney et al. 2004), birds (Lockwood et

al. 2000, Jokimiki 2003), insects (Blair 2001), reptiles and mammals (Wilson 1997),
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marine algae (Carlton 1996), mussels and amphibians (Duncan and Lockwood 2001a),
snails (Cowie 2001), zooplankton (Beisner et al. 2003) and fish (Radomski and Goeman
1995, Rahel 2000, Marchetti et al. 2001, Scott and Helfman 2001), although only
quantified for a small subset of these groups. Despite this wealth of interest, our
understanding of the process remains very limited. For instance, biotic homogenization
can arise from a number of ecological mechanisms representing specific, often quite
distinct, interactions among native species, non-native species, and the environment.
Several factors can regulate patterns and rates of homogenization, including the degree of
initial differences in species similarity among the communities coming in contact
(reflecting zoogeographic history), the taxonomic identities of the introduced and
extirpated species, and the spatial distribution and number of species introductions and
extirpations across the landscape (reflecting both natural and anthropogenic factors
related to vectors of introduction and habitat modification). Our inability to distinguish
among these various ecological and environmental drivers of biotic homogenization
impedes our ability to explain current patterns or predict future rates of homogenization
and thus intervene to minimize the potentially serious ecological and evolutionary
consequences (Olden et al. 2004, Chapter 1).

The first mechanistic investigation of biotic homogenization was recently provided by
Olden and Poff (2003) (Chapter 2), who developed a predictive model that forecasts
trajectories of biotic homogenization or differentiation (i.e., decreased community
similarity) according to a series of distinct mechanisms that describe the outcomes of
various interactions between native species, non-native species, and the environment. In

this paper we test this mechanistic model using freshwater fish faunas, the only
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taxonomic group for which quantitative estimates of homogenization are published. We
analyze three data sets at three spatial scales: the continental United States (Rahel 2000),
zoogeographic provinces in California (Marchetti et al. 2001), and the watersheds within
these California provinces (Marchetti et al. 2001). To test the model, we hypothesized a
priori which specific mechanisms would best describe the interactions between native
fish species, non-native fish species and environmental modification at the three scales.
Next, we applied the model to generate model predictions of changes in community
similarity according to a suite of ecological mechanisms and compared them to the
published findings of fish fauna homogenization and differentiation.

Our empirical validation of the mechanistic model provides important insight into the
dominant ecological processes driving contemporary changes in fish community
similarity within and across the United States. For major taxonomic groups currently
lacking quantitative estimates of biotic homogenization, we discuss the utility of the
model for exploring different invasion and extirpation processes likely to be dominant
shapers of community change in those groups. Identifying the possible ecological
processes leading to observed patterns in community similarity is the first step toward a
mechanistic understanding and prediction of biotic homogenization and our paper is the
first quantitative investigation of specific mechanisms responsible for patterns of biotic
homogenization in a major taxonomic group. Taken together, the mechanistic model
provides an important framework for interpreting the growing number of studies
documenting patterns of biotic homogenization across a broad number of taxonomic

groups.
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An overview of the theoretical model of biotic homogenization (Olden and

Poff 2003, Chapter 2)

Taxonomic homogenization (the most commonly studied form of biotic homogenization:
Olden et al. 2004, Chapter 1) refers to an increase in species similarity among a set of
communities and is quantified as the change in the pair-wise community similarity (based
on species presence/absencé) over a specified time interval (Rahel 2002). The model of
Olden and Poff (2003) (Chapter 2) describes 14 ecological mechanisms by which
different rates and patterns of species invasions and extinctions (or extirpations, hereafter
used interchangeably) can cause changes in community similarity. These 14 scenarios,
summarized in Table 3.1, represent possible outcomes resulting from unique
combinations of interactions among species and the environment that are well supported
in the aquatic and terrestrial literature (see Olden and Poff 2003, Chapter 2 for empirical
examples for each scenario). The invasion-extinction scenarios are divided into three
groups depending on whether only species invasions (scenarios 11-12), only species
extinctions (scenarios E1-E4), or both species invasions and extinctions (scenarios IE1-
IE8) occur in the recipient communities.

For each invasion-extinction scenario the model systematically varies: (1) the number
of introduced and extinct species; (2) the initial similarity among the communities
(hereafter referred to as Jinitia); and (3) the initial species richness of the communities; to
generate predictions of change in community similarity based on Jaccard’s coefficient of

similarity (hereafter referred to as ACS). The number of introduced species ranged from 0
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to initial species richness, whereas the maximum possible number of extinct species was
constrained by the number of species that the communities originally shared or did not
share and the number of species that were available to become extinct, and therefore
varied depending on the initial community similarity and the particular scenario. A
positive ACS represents biotic homogenization and a negative ACS represents biotic

differentiation.

Empirical evidence for fish fauna homogenization throughout the United

States

Elimination of the regional distinctiveness of fish faunas across the United States is the
best quantitative documentation of biotic homogenization to date (e.g., Radomski and
Goeman 1995, Rahel 2000, Duncan and Lockwood 2001a, Marchetti et al. 2001, Scott
and Helfman 2001, reviewed by Rahel 2002). The estimates of fish homogenization and
differentiation reported by Rahel (2000) and Marchetti et al. (2001) are among the only
published in the literature (but see Radomski and Goeman 1995). These two datasets are
optimal for testing the model because they were collected over a similar time period (ca.
the last century), which minimizes potential bias in estimates of homogenization resulting
from length of observation period (Olden and Poftf 2003, Chapter 2). Using current

ecological thought we generated several a priori hypotheses regarding the most plausible
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ecological mechanisms driving patterns of fish fauna homogenization or differentiation in
the United States at 3 different spatial scales (see Table 3.1).

At the continental scale, Rahel (2000) compared present day to pre-European
settlement fish faunas across the 48 conterminous United States. On average, pairs of
states were reported to have 15.4 more species in common than before European
settlement, which resulted in an average homogenization of 7.2%. Rahel (2000) attributed
patterns of homogenization to the widespread introduction of cosmopolitan species and
only the limited extirpation of native species, a hypothesis that is also supported for the
major drainages of North America (see Gido and Brown 1999). Evidence also suggests
that a common suite of species comprise most widespread introductions (Gido and Brown
1999, Rahel 2000) and that particular species are more prone to extinction (Angermeier
1995, Duncan and Lockwood 2001b). Based on this understanding, we hypothesized that
continental fish fauna homogenization is driven primarily by scenarios involving
introductions of the same species, accompanied by either no species extinctions (I1),
extinction of the same species (IE1) or differential extinction of species that were
originally shared by the communities (IE3) (Table 3.1). More precisely, we hypothesized
that patterns of homogenization would most closely fit the mechanisms depicted in 1E3
because species extinctions are likely to occur differentially across the landscape in
response to non-random patterns of habitat degradation (Moyle 1986, Richter et al. 1997)
and the large spatial grain (i.e., political states) at which homogenization is quantified
will increase the diversity of habitats and communities sampled, thereby increasing the

probability that pairs of states will historically share the same species.
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Next, we use the data of Marchetti et al. (2001) to test the model at two finer spatial
scales: zoogeographic provinces of California and watersheds within these provinces.
Given the different spatial grains at which homogenization was quantified and
California’s unique geographic and hydrologic history (Mount 1995), we expected
different invasion-extinction scenarios to vary in importance in shaping patterns of fish
community composition between provinces and between watersheds.

At the provincial scale, Marchetti et al. (2001) found zoogeographic provinces to
exhibit, on average, a 20.3% increase in community similarity (» = 6). Analogously to
continental-scale homogenization, province-scale changes in fish community similarity
are expected to be driven by the introduction of a common group of species and minimal
extinction of native species (Moyle 2002). We therefore hypothesized that change in
provincial similarity will be driven by scenarios 11, IE1 or IE3, and of these scenarios
(Table 3.1), we predicted scenario I1 to be of primary importance given the minimal
number of species extinctions in California (Moyle 2002).

At the watershed scale, Marchetti et al. (2001) reported that the watersheds within the
4 major zoogeographic provinces in California exhibited, on average, a 10.7% decrease
in community similarity (=7, 10, 11 and 15). This smaller spatial grain implies an
increased probability of observing species introductions and extinctions of different or
originally unshared species in the communities, because finer sampling resolution should
accentuate among-site habitat and species differences. Therefore, at this scale, in addition
to the scenarios discussed above for provinces, we expected scenarios IE6 and IES8 to be

potentially important for driving patterns of community change (Table 3.1).
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Lastly, to further explore the model’s utility, we examined the 11 watersheds within
the South Coast province, the unique zoogeographic history of which suggests additional
invasion-extinction scenarios may operate to drive homogenization. Historical fish
communities of this province are believed to be very similar due to the presence of many
anadromous species and Pleistocene connections during periods of low sea level (Moyle
2002). Indeed, Marchetti et al. (2001) reported an average historical community
similarity of 63.3% among the watersheds. Further, these watersheds have likely
experienced haphazard species introductions from multiple sources (e.g., aquaculture,
aquarium escapees). Together, these two lines of evidence led us to hypothesize the
predominance of scenario 12, in addition to the potential contributions of scenarios IE6

and IE8 (discussed above) (Table 3.1).

Generating model predictions of fish fauna homogenization and

differentiation

We extended the mecl_lani stic model of Olden and Poff (2003) (Chapter 2) to generate
predictions of change in community similarity (i.e., predicted levels of homogenization
and differentiation) according to each of the 14 invasion-extinction scenarios. Input
parameters of the model include: (1) the initial level of community similarity (Jinitiar), (2)
the number of introduced and extinct species, and (3) the initial species richness of the
communities. First, given the wide range of initial similarities reported across the

sampling units of states (Jiniia=0.00 to 0.89), provinces (Jinitia=0.00 to 0.58), and
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watersheds (Jiniia=0.00 to 1.00), we generated model predictions for all levels of Jiiiar
from 0.00 to 1.00, increasing by increments of 0.01. These incremental predictions allow
a detailed exploration of the model’s utility. Second, to account for varying rates of
species invasions and extinctions both within and among the sampling units, we averaged
ACS across all possible combinations and numbers of introduced and extinct species.
Third, because model predictions have been shown to be independent of species richness
values exceeding 20 (Olden and Poff 2003, Chapter 2), we set initial species richness to
100, a reasonable estimate of the mean number of fish species across all datasets. All
simulations were condu’cted using computer macros in MatLab® written by J.D. Olden.
Predicted ACS for each of the invasion-extinction scenarios are illustrated in Figure
1A-C, and show exhibit either linear or unimodal relationships with Jinitia1. Invasion only
(I1 and 12), extinction only (E3), and both invasion and extinction scenarios (IE1-IE8)
reduce community similarity (i.e., differentiation) with increasing Jinitial, Whereas the
magnitude of ACS for the remaining scenarios (E1, E2, E4) initially increases and then
decreases with Jiiia. Independent of Jiniial the model predicts homogenization for
scenarios 11, E2, E4, IE1, 1IE2, IE4 and differentiation for scenarios 12, E1, E3, IES-8;

only scenario IE3 leads to both homogenization and differentiation.
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Validating the model using fish faunas of the United States at three spatial

scales

We used two approaches to test the model and differentiate among the alternative
ecological processes driving the homogenization of fish faunas. First, using regression
analysis we qualitatively compared (i.e., visual inspection) model predictions of ACS
(Fig. 3.1A-C) to empirical patterns of ACS (Fig. 3.1D-E) as they vary across the entire
range of Jiniia. Polynomial regression (second-degree) was used for scenarios E1, E2 and
E4 because they were clearly non-linear, and simple linear regression were used for the
remaining scenarios. Second, we quantitatively validated the model by seeding it with the
actual values of Ji,i for each pair-wise comparison for each scale (i.e., state-state,
province-province, watershed-watershed pairs) to estimate mean and variance of ACS for
each scenario. Empirical values of ACS were then compared to the predicted ACS for
each scenario using a student’s t-test with significance based on a Bonferroni-corrected
significance level of dgiticat = 0.004 (note: a non-corrected Ocritica) = 0.05 produced similar
results) (Fig. 3.2). Scenarios that showed concordance with empirical patterns of ACS for
both approaches implicate their importance in fish fauna homogenization.

At the continental scale, model predictions of ACS according to the 14 invasion-
extinction scenarios showed variable agreement with observed levels of ACS reported by
Rahel (2000). The comparison of regression lines showed that predicted ACS model
predictions for scenarios I1, IE1, IE3 and IE4 have highest concordance with observed
patterns of ACS, thus supporting the importance of these ecological processes for driving

broad-scale biotic homogenization (Fig. 3.1A,C,D). Of these scenarios, three match our a
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priori hypotheses (Table 3.1). However, only model predictions of ACS for scenario IE3
did not differ significantly from empirical values of ACS (=137, df = 1127, P > 0.004:
Fig. 3.2A). Scenario IE3 is further supported by the fact that predictions for the other
three scenarios failed to detect biotic differentiation, a phenomenon observed for 130 of
the 1128 pair-wise state comparisons (Fig. 3.1D).

At the provincial scale, scenarios I1, IE1, IE3 and 1E4 agree well with observed
patterns of changes in fish community similarity (Fig. 3.1A,C,E). Again, 3 of these 4
scenarios match our a priori hypotheses (Table 3.1). The strongest correspondence was
for scenario 11, in which the slope and y-intercept were very similar to empirical patterns
of ACS (Fig. 3.1A,E) and only model predictions from this scenario did not differ
significantly from empirical values (t = -2.28, df = 14, P > 0.004: Fig. 3.2B).

At the watershed scale, model predictions for scenarios E1, IE3 and IE6 showed
strong concordance with empirical patterns of community change (Fig. 3.1B,C).
Predicted ACS for all these scenarios did not significantly differ from observed ACS (t =
-7.81 -17.14, df = 225, P > 0.004: Fig. 3.2C). Scenarios IE3 and IE6 match our a priori
hypotheses (Table 3.1); however, strongest evidence was for scenario IE3 because visual
inspection of Fig. 3.1F shows that scenarios E1 and IE6 failed to predict biotic
homogenization, a phenomenon which was observed for 44 of the 226 pair-wise
watershed comparisons (Fig. 3.1F).

Within the South Coast province specifically, observed changes in fish community
similarity among watersheds (Fig. 3.1F) were consistent with predictions provided by the

model for scenario 12 (Fig. 3.1A) and scenario IE8 (Fig. 3.1C). Model predictions for
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both these scenarios were the only that did not significantly differ from actual ACS (t=-

0.03 — 1.87, df=54, P > 0.004: Fig. 3.2D).

Discussion

The empirical homogenization and differentiation of fish communities at different spatial
scales provides strong support of the mechanistic model of Olden and Poff (2003)
(Chapter 2). The strength of this model is that it is simple enough to be tractable
analytically yet realistic enough to be applicable to the study of biotic homogenization at
a variety of spatial scales. Our results strongly support current scientific evidence
implicating both widespread introduction of cosmopolitan species and the differential
extinction of native species (likely caused by the loss or modification of critical habitat)
as determinants of fish community change across the United States (e.g., Richter et al.
1997, Rahel 2000). In contrast, at the finest spatial séale (watersheds within the South
Coast Province of California), we found strong evidence for the importance of different
species invasions and either no extinction (I12) or differential extinction (IE8) of unshared
native species for shaping patterns of biotic differentiation. This agrees with the
hypothesized sporadic introduction of aquarium fishes throughout this province
(Marchetti et al. 2001), as well as the fact that decreased spatial grain likely increases the
probability of observing the introduction of different species and the extinction of
different or unshared species, because finer sampling resolution accentuates among-site

habitat and community differences (Olden and Poff 2003, Chapter 2).
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The mechanistic model can also be extended to gain insight into the likely dominant
invasion and extinction processes shaping community change in taxonomic groups for
which adequate, quantitative estimates of homogenization are unfortunately lacking (Fig.
3.1A-C). Such an examination could be guided by current information regarding how the
particular taxonomic group is being threatened by non-native introductions and human
disturbance. For example, the global avifauna continue to lose their regional
distinctiveness due to the widespread introduction of cosmopolitan bird species, coupled
with the extinction of endemic species via habitat alteration and the effects of introduced
non-avian predators (Lockwood et al. 2000). Therefore, we would predict large-scale
patterns of avian homogenization to be driven primarily by mechanisms describing the
invasion of the same non-native species and the differential extinction of native species
(i.e., IE3 or IE4). Quantitative tests of such hypotheses will require the explicit
consideration of the spatial and temporal scales at which both the data was collected and
the ecological mechanisms are believed to be operating for the particular taxonomic
group. Taken together, based on the robust performance of our model for fish
communities we believe it offers a framework for predi‘cting future patterns of
homogenization for a variety of taxonomic groups.

We acknowledge that multiple invasion and extinction processes are likely important
for driving biotic homogenization and differentiation. Indeed, rates and taxonomic
identities of species invasions and extinctions (i.e., different invasion-extinction
scenarios) vary nonrandomly across the landscape with respect to existing patterns of
human-caused habitat degradation and species introductions (e.g., Seabloom et al. 2002),

as is seen for many taxonomic groups (e.g., Case 1996, McKinney 2001a,b). Further,
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mechanisms of homogenization may vary even within taxonomic groups that experience
different rates of invasions and extinctions in different environments (e.g., island vs.
continental biota: Case 1996; Lonsdale 1999, or between island biota: Sax et al. 2002).
For example, fish faunas in the eastern United States appear to have adjusted to non-
native invasions without much loss of native species (i.e., invasion only scenarios),
whereas for more disturbed aquatic ecosystems in the western United States, introduced
species appear to have greater negative impacts on native communities (i.e., both
invasion and extinction scenarios) (Moyle 1986). Therefore, given the likely existence of
multiple drivers of homogenization we expect imperfect correspondence between model
predictions that based on only single invasion-extinction scenarios and observed patterns
of fish community change. Despite this, the model shows an excellent fit to the empirical
data, strongly implicating specific invasion-extinction mechanisms in shaping patterns of

homogenization and differentiation in fish faunas of the United States.

Conclusion

Biotic homogenization of communities is an emergent property of species invasion and
extinction, and its quantification is sensitive to the specific ecological mechanisms
operating across the landscape. Although many studies have qualitatively documented
biotic homogenization in both aquatic and terrestrial ecosystems, we still lack a solid
quantitative understanding of the underlying invasion and extinction processes driving

patterns of community change. Consequently, our ability to predict future patterns of
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biotic homogenization will continue to be limited unless we begin to employ more
mechanistically-based models (e.g., Olden and Poff 2003, Chapter 2) that account for
differential rates of species introductions and extinctions that vary both spatially and
taxonomically (Collins et al. 2002). Gaining this knowledge will define not only the
manner in which this process threatens global biotas, but also the proactive management

scenarios required to suppress it.
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Table 3.1. A summary of the 14 invasion-extinction scenarios of the mechanistic model of Olden and Poff (2003) (Chapter 2)
representing different ecological mechanisms by which species invasions and extinctions can drive biotic homogenization (i.e.,
increased community similarity) and differentiation (i.e., decreased community similarity). The scenarios are divided into 3
groups, depending on whether changes in community similarity are driven by only species invasions events (scenarios 11-12),
only species extinctions events (scenarios E1-E4), or both species invasion and extinction events (scenarios IE1-IES8).
Predictions refers to the a priori predictions of invasion-extinction scenarios playing dominant roles in driving fish
community change at each scale: continental United States (C), California’s provinces (P), California’s watersheds (W),
California’s South Coast province watersheds (w). Supporting Evidence refers to those model predictions showing the
strongest agreement with empirical estimates of community change at each scale based on qualitative (Fig 3.1) and quantitative
(Fig. 3.2) assessments. Underlined values for quantitative support indicate those scenarios with the strongest overall agreement
(see text for details).

Scenario  Description Predictions Supporting Evidence
Qualitative Quantitative

Invasion only events

11 Same species invade, no extinction of resident species C.P,W C.P P
12 Different species invade, no extinction of resident species W, w w w
Extinction only events
El No species invasion, extinctions in both communities involve \ w
same species
E2 No species invasion, extinctions in both communities involve
different species
E3 No species invasion, extinction in one community of a species
that was originally shared by both communities
E4 No species invasion, extinction in one community of a species
that was originally not shared by both communities
Invasion and extinction events
IE1 Same species invade, extinctions in both communities involve C.PW C,P
same species
IE2 Same species invade, extinctions in both communities involve
different species
IE3 Same species invade, extinction in one community of a C.PW C.P.W C.W

species that was originally shared by both communitics
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IE4 Same species invade, extinction in one community of a C,P
species that was originally not shared by both communities
IE5 Different species invade, extinctions in both communities
involve same species
IE6 Different species invade, extinctions in both communities W, w W w
involve different species
IE7 Different species invade, extinction in one community of a
species that was originally shared by both communities
1IE8 Different species invade, extinction in one community of a W, w w w

species that was originally not shared by both communities
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Figure 3.1. Patterns of change in community similarity (ACS) as a function of the initial
similarity among communities (Jinitia1) (both represented by Jaccard’s coefficient of
similarity expressed as a percentage) based on model predictions for (A) only species
invasions scenarios (I11-12), (B) only species extinctions scenarios (E1-E4), and (C) both
species invasion and extinction scenarios (IE1-IE8), and based on empirical values for
(D) the continental United States, (E) the zoogeographic provinces of California, and (F)
the watersheds of the four major provinces of California (empty circles, solid line) and
the watersheds of the South Coast province (filled circles, dotted line). Model predictions
are averages for all combinations of numbers of introduced and extinct species for each
Jinitial (S€€ text for more details). Dashed line demarcates homogenization (positive ACS)
from differentiation (negative ACS). Least-squares regression lines are in Appendix 3.1.
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Figure 3.2. Mean (bar) and standard deviation (whiskers) of changes in community
similarity (ACS) for model predictions based on each of the 14 invasion-extinction
scenarios (generated using actual values of initial fish community similarities) and for
empirical values across the continental United States (A), the zoogeographic provinces of
California (B), the watersheds of the four major provinces of California (C) and the
watersheds of the South Coast province (D). Asterisks represent non-significant
differences between actual and predicted ACS based on a student’s t-test, thus providing
support for the importance of the particular scenario. Dashed line demarcates
homogenization (positive ACS) from differentiation (negative ACS).
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Appendix 3.1. Least-squares regression lines for Figure 3.1 are as follows:
(I11)y=3094-031J_.: (12) y=0.0-045J,,..: (E1)

y=236-0.78J,,,, +0.006J, ., ; (E2) y=-11.26+1.03J,,., —0.009J, ... (E3)
y=0.0-0.50J..; (E4) y=-5.58+0.46J,,, —0.003J, i (IE1)
y=1370-0.14) . : (IE2) y =37.50-0.13] ., ; (IE3) y =13.32-0.31J .., ; (IE4)
y =33.78-024) . ; (IE5) y=-17.76-034] . ; (IE6) y=0.0-0.34] ....; (IE7)
y=-13.92-045J_ . (IE8) y=0.0-0.41J . ; (United States) y =11.79-0.23)
(California provinces) y = 25.92-0.36J ... ; (California watersheds)
y=9.20-038J

initial >

initial *

initia] 2

.5 (California South Coast province) y =10.49-0.57]

initial *
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Abstract

Environmental degradation and the proliferation of non-native fish species threaten the
endemic, and highly unique fish faunas of the American Southwest. The present study
examines long-term trends (> 160 years) of fish species distributions in the lower
Colorado River Basin and identifies those native species (n=28) exhibiting the greatest
rates of decline and those non-native species (#n=48) exhibiting the highest rates of
spread. Among the fastest expanding invaders in the basin are red shiner, fathead
minnow, green sunfish, largemouth bass, western mosquitofish and channel catfish,
species considered to be the most invasive in terms of their negative impacts on native
fish communities. Interestingly, non-native species that have been recently introduced
(1950+) have generally spread at substantially lower rates as compared to species
introduced prior to this time (especially from 1920 to 1950), likely reflecting reductions
in human-aided spread of species. We found general agreement between patterns of
species decline and extant distribution sizes and official listing status under the US
Endangered Species Act. “Endangered” species have generally experienced greater
declines and have smaller present-day distributions compared to “threatened” species,
which in turn have shown greater declines and smaller distributions than those species
not currently listed. A number of notable exceptions did exist, however, and these may
provide critical information to help guide the future listing of species (i.e., identification
of candidates) and the upgrading or downgrading of current listed species that are
endemic to the lower Colorado River Basin. The strong correlation between probability

estimates of local extirpation and patterns of native species decline and present-day
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distributions suggest a possible proactive conservation strategy of implementing

management actions for declining species prior to extreme rarity and imperilment.
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Introduction

"the Colorado [River], along the greater part of its lonely and majestic way, shall

be forever unvisited and undisturbed." Lieutenant Joseph C. Ives (1857)

Undeterred by legends of earlier expeditions that had failed, in 1868 John Wesley Powell
was successful in his first historic journey down the treacherous Colorado River. Shortly
thereafter, he stated his strong belief that, although considerably remote, the western
resources were meant to be “redeemed” from a state of idleness for societal use (deBuys
2001). During the next 130 years Powell’s vision was realized, and the waters of the
Colorado River played a pivotal role in the settlement, growth and economic
development of the American Southwest (Carlson and Muth 1989). Efforts to tame the
Colorado River began soon after the arrival of western Europeans, and today hundreds of
dams and diversion structures have created one of the most controlled rivers on Earth
(Fradkin 1981). The Colorado River now provides irrigation water for more than 3.7
million acres (1.5 hectares) of farmland and delivers water and elecfrical power to 30
million people in the United States and Mexico (Mueller and Marsh 2002).

The Colorado River ecosystem has been greatly changed during the last century both
by environmental alterations and by the introduction and spread of non-native fish
species. The construction of water development projects began in the early 1900s
(Fradkin 1981, Carlson and Muth 1989), and by the 1960s much of the mainstem river
had been converted into a system of dams and diversions. Such changes continue to

compromise the efficiency of life-history adaptations that have evolved to allow native
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fishes to thrive in the historically harsh, fluctuating environment of the Colorado River
Basin (Minckley and Deacon 1968, 1991, Miller 1961). These dramatic environmental
alterations have also facilitated the widespread and human-assisted invasion of non-
native fish species that prey on and compete with native fishes (Douglas et al. 1994,
Minckley 1991, Marsh and Douglas 1997, Marsh and Pacey 2003).

The case for conservation for the lower Colorado River Basin is most urgent as the
distributions of native fish species continue to decline at unprecedented rates and the
spread of non-native fishes accelerate at an unparalleled speed (Minckley et al. 2003). Of
the 31 native fish species in the lower Colorado Basin, 25 are extinct, extirpated, listed
under the US Endangered Species Act (USFWS 1999), or believed to have suffered
significant declines in distribution (Minckley 1991). Remnant native populations are
highly fragmented, compounding the problem of recovery and further elevating the
probability of extinction (Fagan et al. 2002). In contrast, the deliberate introduction of
non-indigenous fishes in the lower Colorado River Basin began in the late 1800s
(Minckley 1999) and today more than 90 species have been introduced, over half of
which are considered established (Rinne and Janisch 1995). Long-term conservation and
management strategies for the Lower Colorado River Basin require knowledge about
rates of change in the distribution of native and non-native species over time. Such
strategies should be based on the analysis of large-scale, long-term datasets, which when
combined with small-scale experimental studies., will provide complementary approaches
to better understanding distributional shifts of native and non-native species and their
association with altered environmental regimes. Broad-scale studies provide the

foundation for proactive conservation by identifying native species declines prior to
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extreme rarity so that management efforts can be implemented before imperilment
(Anderson et al. 1995, Patton et al. 1998).

To date, evidence for the widespread replacement of native fish communities by non-
native species in the lower Colorado River Basin has been largely anecdotal and has
lacked rigourous quantification. This is not to say that species’ distributions have not,
and are not continuing to change. Rather the extent to which species’ distributions have
decreased or increased over time has only been investigated for a limited number of
species (mainly mainstem “big-river” species) and therefore remains largely unknown
(and not quantified) for the majority of the species pool. We address this research need
by preSenting a historical perspective on long-term trends of native and non-native
freshwater fish species distributions in the lower Colorado River Basin using an
unparalleled dataset containing tens of thousands of records collected over a century and
a half. By conducting a broad, spatio-temporal assessment of changes in patterns of
species’ occurrences, we shed important insight into rates of native species decline and
non-native species expansion for the entire, present-day species pool of lower Colorado
River Basin. We address the question of whether long-term distribution trends can act as
a surrogate for local extirpation risk of native species and “test” the biological component
of the United States Endangered Species Act by comparing these trends to species’
official status. This comparison may help address the question of whether governmental
legislation is, in fact, helping identity (and conserve) those rare, endemic species that
have experienced substantial declines in their distributions and are currently rare in the

lower C‘olorado River.
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Methods

The Colorado River is the primary waterway and lifeline of the American Southwest.
Our study focused on the lower basin of the Colorado River (hereafter called lower CR
Basin), which includes ca. 26,000 km of streams and rivers between Glen Canyon Dam
(located at the border between Arizona and Utah, U.S.A.) and the Gulf of California, and
drains ca. 362,750 km? from five states of the United States and northwestern Mexico
(Fig. 4.1). To examine long-term temporal trends in native and non-native freshwater
fish faunas we used the SONFISHES database (Desert Fishes Council,
http://www.desertfishes.org/na/gis/index.html). This database was developed by the
tireless efforts of the late ichthyologist W. L. Minckley and contains >38,000 occurrence
records for 132 freshwater fish species from over 150 years of research throughout the
lower CR Basin. SONFISHES contains incidence, identity, and collection data for the
complete holdings of major regional museum collections, numerous smaller holdings,
and records from peer-reviewed and gray literature sources. Records are geo-referenced
to within 1 km of their collecting site in a Geographic Information System (see Unmack
2002 for details).

Using ArcGIS (Environmental Services Research Inc., v. 8.3) we plotted 28,755
locality records from 1840 to 2000 (excluding occurrence records resulting from artificial
translocations and reintroductions) for 28 native species and 48 non-native species from

the SONFISHES database onto a digital coverage of streams and rivers in the lower CR
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Basin (U.S. Geological Survey Enhanced River Reach File 2.0: http://www.usgs.gov/).
We summarized the dataset in several ways to address the objectives of the study. Based
on the large size and high temporal frequency of locality records in the dataset (see Table
5.1) we were able to examine species patterns for 5 time periods: pre-1960; 1960-69;
1970-79; 1980-89; and 1990-1999. Following Fagan et al. (2002), historical locality
records for native species were considered to be those collected prior to 1980, whereas
modern (or extant) native records were collected between 1980 and 1999. For native
species, historical presences and extant absences constitute true extirpation events
because modern records in the dataset are almost exclusively the result of intensive
efforts by federal or state agencies to determine species’ complete distributions prior to
listing decisions under the U.S. or Mexican Endangered Species Acts (Fagan et al. 2002).
For each time period, we calculated the total river kilometres that each species was
present by summing the length of the river segments (defined as a section of river
delineated by two confluences) in which the species was recorded. Importantly, if a
species was collected multiple times in the same river segment in the same time period,
the length of the river segment was counted only once when calculating total river
kilometres. Species’ distributions were estimated by dividing the total river kilometres
that a species was present by the total river kilometres where all species were present
during the specified time period (see Table 4.1). This approach attempts to account for
the influence of differential sampling effort (assumed to be proportional to the number of
records) through time. Distributions were represented as a percentage and are assumed to
provide an approximation for the total size of the species distribution in the entire lower

CR Basin.
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For native species, distributional changes were calculated by subtracting extant range
size (1980-1999) from historical range size (pre-1980) and dividing by historical range
size. Regression analyses with curve estimation (SPSS, v.11) were conducted to assess
relationships between extant distribution size (%), percent distributional change and the
estimated probability of local extirpation (as given for 25 species in Table 1 of Fagan et
al. 2002). Pairwise #-tests were used to compare distributional change and extant
distributions between species with different official statuses under the U.S. Endangered
Species Act (data obtained from the United States Fish and Wildlife Service: Threatened
and Endangered Species System, http://endangered.fws.gov, as of July 2004). For non-
native species, dates of introduction were estimated using both Table 6 of Mueller and
Marsh (2002) and year of first occurrence in the SONFISHES database. Extant
distributions were divided by the number of years since introduction (calculated from
2000) to estimate the rate of non-native species spread in the basin (km-year™).
Regression analyses were conducted to assess relationships between date of introduction,

extant distribution size, and rate of spread for each species.

Results

Temporal patterns of native fish distributions
Over the past century and a half, native fishes have predominantly decreased in their
spatial distributions throughout the lower CR Basin. Native fish species typically showed

dramatic declines in the size of their distributions, a trend, however, that varied among
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species from 100% range reduction to 14% range expansion (Table 4.2). In total, the
distribution of 23 species decreased and 5 species slightly increased. Distribution trends
over time illustrate that species have exhibited differential patterns of change. Gila trout,
Virgin River spinedace and Gila topminnow, for example, have shown gradual reductions
in their distribution, whereas Colorado pikeminnow, bonytail, razorback sucker,
spikedace and Gila chub (among others) have shown punctuated declines. Other species
appear to be occupying relatively constant ranges in the basin, including roundtail chub,
bluehead sucker and Sonora sucker. Extant native fishes range from being completely
absent (i.e., 0%) to occupying an estimated two-fifths of the basin (Table 4.2).

According to our results using modern locality records, five species have been extirpated
and 15 species currently occupy extremely small distributions in the basin (< 5%),
whereas other species still exhibit relatively broad distributions (> ca. 30%), e.g., specked
dace, longfin dace, desert sucker and Sonora sucker.

With respect to identifying those species that warrant special concern and targeted
conservation efforts, it is necessary to examine associations between the probability of
local extirpation and broad-scale temporal trends in their distributions. We obtained
estimates of local extirpation for 25 native species from Table 1 of Fagan et al. (2002),
who calculated these probabilities using the SONFISHES database as the proportion of
historic records at a 5-km reach scale having no modern records (e.g., if an extinct
species was present in 50 of 1000 pre-1980 records, its extinction probability would be
0.95). We found a significant positive and linear relationship between percent
distributional decline and the probability of extirpation (R* = 0.807, P <0.001),

indicating that native species exhibiting greater declines in their distributions at the whole
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basin scale also have a greater risk of local extirpation (Fig. 4.2A). By examining
deviations from this relationship we see that humpback chub (label X) and Virgin River
spinedace (L), for example, have a higher estimated local extirpation risk compared to
what is expected according to their basin-level decline over time (large positive residual).
In contrast, desert pupfish (B), spikedace (N), loach minnow (R) and desert sucker (U)
have a much lower extirpation risk as predicted from their level of distributional decline
(large negative residual). Additionally, we found a significant negative and non-linear
relationship between extant distribution size and the probability of local extirpation (R? =
0.571, P <0.001, quadratic curve), indicating that species with smaller present-day
distributions have a greater estimated risk of local extirpation (Fig. 4.2B). Species such
as roundtail chub (V) and Sonora sucker (Y) have greater probability of extirpation than
that expected from their present distributions in the basin, whereas the local extirpation
probabilities of loach minnow (R), headwater chub (AA) and Little Colorado spinedace
(BB) are much lower than is suggested from their current distributions. Visual
examination of this figure suggests a threshold relationship where species with extant
distributions greater than 10% are at much lower risk to local extirpation (probability <
0.5) compared to those species will extremely small distributions.

Comparisons of species distributional change and extant distribution size with
categories of official status under the U.S. Endangered Species Act (provided in Table
4.2) also revealed interesting findings (Fig. 4.3). With increasing risk category (i.e., Not
listed — Threatened — Endangered), we found average distributional decline to become
larger and extant distribution size to become markedly smaller. Endangered species

exhibit significantly greater distributional declines compared to threatened species (77,5
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=2.93, P=0.01) and to those species not listed (77,20 =4.33, P <0.001). Similarly,
endangered species exhibit significantly smaller extant distributions compared to
threatened species (77,5 =-4.78, P < 0.001) and to those species not listed (77 20 = -4.30,
P <0.001). Extant distributions of threatened species were marginally smaller than
species not listed (77 ;; =-1.90, P = 0.08), although the rate of distributional decline did
not differ.

For illustrative purposes Figure 4.4 shows historical and extant distributions of three
native species that exhibit markedly different % decline over time and have different
ESA statuses — bonytail (Endangered, 87.5% decline), spikedace (Threatened, 45.9%
decline) and specked dace (Not Listed, 16.5% decline). Historical populations of
bonytail in the Salt River, Gila River and mainstem Colorado River have been lost, and
present-day distributions are restricted to Lake Mohave above Davis Dam. Spikedace
populations were once present in the rivers Salt, Verde, Gila and San Pedro, but are now
confined to only small stretches of the Gila River and Verde River. Specked dace was
historically abundant and continuous throughout the basin, but its present-day distribution

is greatly reduced and highly fragmented (e.g., Virgin River).

Temporal patterns of non-native fish distributions

In contrast to native fishes, the majority of non-native fishes showed substantial increases
in the size of their distributions over time (Table 4.3). At the extreme, fathead minnow,
green sunfish and red shiner exhibit the greatest rates of invasion, spreading at over 50
km-year” since their dates of introduction. As expected, we found a strong, positive

relationship between the rate of spread and extant distribution size (R? = 0.874, P <

112

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.































































































































































































































































































































































































































































































































































































































































