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CHAPTERII

INTRODUCTION

Texas covers nearly 700,000 sg. km of diverse habitat ranging from deserts in west
Texas with 25 cm of precipitation per year to east Texas pine forests with about 140 cm
of precipitation per year (Diamond et al. 1987). The large area of Texas creates many
different habitats for species to survive. Texas’ plant diversity is high in part because it is
an east-west transition zone for North American plant species along a strong moisture
gradient (MacRoberts and MacRoberts 2003). The state includes parts of two major
floristic regions of North America: the North American Atlantic region and the Madrean
region. There are 11 natural ecoregions defined by their climate, geology and plant
associations, recognized in the state (Diamond et al. 1987).

The estimate of the total flora of the state increased from about 4800 species
(Correll and Johnston 1970, Hatch et al. 1990) to about 5100 (Turner et al. 2003, Diggs et
al. 2006). This estimate has increased over time due to new native and non-native
species being discovered. Texas is second only to California in its number of native
species (Stein 2002).

Floras of the state include both native and non-native species. Although most
floristic treatments for the state have identified a species as being either native or non-

native, until relatively recently there has been no definitive accounting of all the vascular



plant species occurring in Texas that are not native to the state. Floras of different
regions of Texas have estimated the percentages of non-native species at 17.7 percent in
the North Central area (Diggs et al. 1999) and 18.2 percent in East Texas (Diggs et al.
2006). Turner et al. (2003) have given an estimate that 10 percent of the species in Texas
are non-native. A publication by the U.S. Geological Survey (Mac et al. 1998) gave an
estimate of 696 non-native species. Other publications have documented the occurrence
of non-native species in the state but have not contained any comprehensive lists of the
species (Cory and Parks 1937, Gould 1962, Gould 1969, Correll and Johnston 1970,
Jones et al. 1997, Turner et al. 2003). At the time of this research a parallel research
project was completed by Nesom (2009b) listing 812 non-native plant species in Texas.
Terminology

The terminology for referring to non-native plant species can be quite confusing,
and many authors have written about the need for clarifying and standardizing the
terminology for referring to plant species that are not native to an area (Richardson et al.
2000, Nesom 2000, Pysek et al. 2004). Many terms have been used to describe plant
species that are not native to a particular area: exotic, alien, adventive, introduced, non-
indigenous and non-native. All of these terms generally refer to species that do not
naturally occur in an area except through some human intervention. “Exotic” and “alien”
are usually used to refer to introduced plants originating from a different continent.
“Adventive” and “introduced” refer to plants that have been deliberately introduced by
humans and have escaped and naturalized in the area of introduction. The terms “non-
indigenous” and “non-native” have also been used to describe plants that are not native or

not naturally occurring in a specific area.



The most general of these terms is non-native and is the term that will be used in
this study. Non-native species can be broken down into three categories: cultivated
plants, casual aliens, and naturalized plants, with one subcategory of naturalized plants,
invasive species, also being recognized. Cultivated plants are deliberately planted,
maintained and grown for ornament, consumption, interest or other use. Cultivated
plants are frequently not able to reproduce on their own and do not usually pose a threat
to surrounding environments.

Casual aliens can be defined as plants that may reproduce occasionally, but do not
form self-replacing populations and therefore rely on repeated introductions to persist
(Richardson et al. 2000). Many ornamental plants that persist in areas where they were
planted, such as old home sites and gardens, are considered casual aliens. Casual aliens
do not usually become naturalized, are usually found in small populations, and do not
spread far from the parent individuals. Other terms commonly used for plants in this

category include “persisting,” “transient,” “waif” or “occasionally escaped.”

Naturalized plant species are those that have been deliberately or accidentally
introduced in the past and are now reproducing and maintaining viable populations and
dispersing without deliberate human assistance (Nesom 2000, Richardson et al. 2000).
Many non-native species become naturalized in unproductive and undisturbed habitats, or
in disturbed productive areas, where they may become dominant under productive
conditions (Huston 2004). The definition of naturalized plants can also be expanded to

include species that are native to a portion of a continental region, but that have expanded

their range through human intervention (Nesom 2000).



Invasive plants are naturalized species that produce reproductive offspring, often in
very large numbers, at considerable distances from the parent plants and have the
potential to spread over a considerable area (Richardson et al. 2000, Pysek et al. 2004).
Invasive non-native species are those that grow effectively in certain environments and
can drastically change the vegetation of an area. They usually have characteristics such
as rapid growth to reproductive maturity, production of a large number of viable seeds,
and efficient dispersal mechanisms that allow them to spread quickly and effectively.
Invasive plants are the species most often discussed in publications because of their
potential negative effects on natural habitats or agriculture. They can be defined as
species whose introduction does or is likely to cause environmental or economic harm or
harm to human health (Executive Order 13112 1999). Fortunately, the majority of non-
native plants are not invasive; therefore many non-native species are left out of invasive
plant studies (Mack and Erneberg 2002).

Many non-native plants are able to survive and reproduce but do not have the
characteristics that would make them aggressive invaders. More than half of the non-
native flora of the United States has resulted from deliberate introductions as food crops
or medicinal and ornamental plants (Mack and Erneberg 2002). Species often begin the
invasion process as cultivated plants and overcome abiotic and biotic barriers to
successful reproduction, causing them to become naturalized (Richardson et al. 2000).
The category in which a non-native plant is placed is usually determined by the time

since introduction and its stage in the invasion process.



The Invasion Process

Plant species newly introduced into an area have to go through a series of stages to
become established and survive. There are three steps in the invasion process:
introduction, colonization, and naturalization (Richardson et al. 2000, Radosevich et al.
2003). The invasion process usually begins with introduction by humans. By
overcoming biotic and abiotic barriers to establishment, the plants can then spread and
possibly have an impact on the environment (Lockwood et al. 2007). With increased
human traffic throughout the world made possible by modern means of transportation,
large numbers of plant species are being widely dispersed and the number of non-native
invasions has been on the increase (McKinney 2001, Chornesky and Randall 2003,
Lockwood et al. 2007). Invasion routes can be as ornamentals or food crops, seed
contaminants, or as accidental hitchhikers on humans, their vehicles, or construction and
maintenance equipment. Repeated introductions of a non-native species can help
increase its chances of overcoming the barriers to becoming established (di Castri 1989,
Pysek 1998a, Lockwood et al. 2007)

The majority of non-native plants are from some form of cultivation such as
landscaping or agriculture (Reichard 1997, Pimentel et al. 2000). Ornamental and crop
species are deliberately introduced for their aesthetic value and their importance as food
to humans. These plants may become established in areas where they are not native and
begin to grow outside of cultivation. Many of these species were sold in seed catalogs
before 1900 and deliberate planting may be the origin of many non-native species that

have been introduced into the United States (Mack 1991).



Some non-native plants first arrive in a new area as seed contaminants. Such plants
often are associated with agricultural or other cultivation practices and grow alongside
cultivated plants. When seed from a desirable cultivated species is collected the seeds of
unwanted plants may also be collected and can be transported to the same destination as
the cultivated seed. The aggressive invasive species, Salsola kali (“Russian thistle” or
tumbleweed), arrived in the Unites States in 1880 as a contaminant in flax seed from
Russia (Mack and Erneberg 2002).

Accidental hitchhikers are plants that can be carried from one area to another
directly on clothing or on soil trapped on the bottom of shoes. Plants transported into
new areas this way often have adaptations that allow them to be carried long distances by
animals. Motor vehicles and construction or maintenance equipment can also transport
new plant species into areas, either through seeds trapped in tires or in soil trapped in the
wheel wells (Von der Lippe and Kowarik 2007). Highway maintenance equipment, such
as mowing machinery, has also been suspected as a vector for transporting non-native
species, such as Orobanche ramosa, by trapping plant material or seeds in mower blades
and depositing them at other sites (White et al. 1998, Lipscomb and Diggs 2005).

Once a species survives introduction, it can then begin colonization of the new area.
First, the seed or plant material must have suitable conditions for germinating or growing.
Such conditions vary greatly from species to species, but generally include adequate soil,
water and sunlight. If it is able to survive the climate and conditions of its new habitat, a
new introduction can begin to reproduce successfully and form a self-perpetuating

population (Richardson et al. 2000). Plants able to produce reproductive offspring can



then spread from the original area of introduction and begin the final step of
naturalization into an area.

A species has reached the final stage in the invasion process when it is producing
new self-perpetuating populations and undergoing widespread dispersal and beginning to
be incorporated into the native flora (Richardson et al. 2000). Many plants fail to reach
this stage because the climate, soils, predators and pollinators may be different from their
native range. As a consequence, only about 10 percent of non-native plants introduced
into an area typically survive to make it through the entire process (Williamson 1996,
Cox 1999).

Causes and Impacts of Plant Invasions

An understanding of the kinds and abundance of non-native plants is important for
understanding the flora of a region. The presence of non-native plants shows the
influence of humans on the environment and native biodiversity. The number of non-
native plant species in an area has been shown to be positively correlated with human
population and time of settlement in the United States (McKinney 2001). Human
influence on the floras of the world has been greater than any other agent during the last
500 years during which the spread of plant species has been more rapid than during any
other time period (Fosberg 1958). Humans have been the greatest factor in distributing
non-native species throughout the world.

Studies of non-native floras can help our understanding of patterns of plant
invasions (Huston 2004, Pysek et al. 2004). A failure to distinguish between native and
non-native species in a flora can lead to significant inflation of estimates native

biodiversity (Pysek et al. 2004). Non-native species richness is often positively



correlated with native species richness (Lonsdale 1999, McKinney 2001, Stohlgren et al.
2001, Stohlgren et al. 2003, Herben et al. 2004, Huston 2004, Pysek et al. 2004), which
suggests that conditions that favor high native diversity also favor the establishment of
non-natives (Huston 1994, 2004). While many non-native species are common in
disturbed and man-made habitats, many of the more aggressive species are invading
natural environments.

Impacts of non-native plant species include destruction of wildlife habitat, reduction
in opportunities for hunting, fishing, camping and other recreational activities,
displacement of threatened and endangered species, reduction of plant and animal
diversity, and disruption of waterfowl and migratory bird flight patterns and nesting
habitats (Elton 2000, Czech et al. 2000, U.S. BLM 2007). Invasive plant species often
have negative effects on the environment and efforts need to be made to understand and
control some of these biological threats. Aggressive non-native plants can crowd out
native plant species and greatly reduce their numbers which in turn may reduce native
forage required by native animals.

Many threatened and endangered plant and animal species are affected by the
impacts of non-native species (Cox 1999, Pimentel et al. 2000). Non-native species can
greatly affect the native biodiversity of an area by creating monocultures and taking over
land used by native species (Chornesky and Randall 2003). It costs billions of dollars in
the United States to control non-native plants that impact human activity and the natural

environment (Pimentel et al. 2000).



Properties and Origins of Non-native and Invasive Plants

The origin of non-native plants can be important in understanding their life histories
and for predicting where they may be best adapted to surviving (Pysek 1998a). Many
non-native plants in North America have their origins in Europe or Eurasia. More than
75 percent of the non-native flora of Mexico is known to be native to the Old World
(Villasefor and Espinosa-Garcia 2004). This is thought to be because in the Old World
there is a long history of human habitation to which these plants have adapted. Many
non-native plants are associated with agricultural practices. North American agricultural
practices are modeled after European practices and many European and Eurasian weeds
are associated with crops in North America and have invaded other habitats (Heywood
1989, Stuckey and Barkley 1993). Non-native species with origins in Europe are often
the most common in floras around the world because of their long history with humans
(Weber 1997, di Castri 1989, Heywood 1989, Pysek 1998a, Goodwin et al. 1999). Many
non-native plant species successfully made the journey to North America because of the
many historic human migrations from Europe.

Non-native species from specific climatic regions in the Old World are often
associated with similar climatic regions in North America. Most introduced plants found
in the eastern U.S. trace their origins to western and southern Europe whereas most non-
native plants in California are from the Mediterranean region and non-native plants found
in the intermountain region of the American West are from the mountains of southeastern
Europe and southern Asia (di Castri 1989, Stuckey and Barkley 1993, Mac et al. 1998).

The four plant families that have the highest number of species spreading as non-

natives throughout the world are the Poaceae, Asteraceae, Fabaceae and Brassicaceae
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(Pysek 1998a). These patterns are expected to apply to the non-native flora of Texas as
well. Poaceae, Fabaceae and Brassicaceae are three economically important plant
families for humans and have a large number of species that have escaped and become
naturalized in Texas, as elsewhere (e.g., Triticum, Sorghum, Medicago, Brassica,
Nasturtium) (Henry and Scott 1981, Pysek 1998a).

The Botanist Effect in Texas

The “botanist effect” is the hypothesis that botanists are most often associated with
universities, botanical gardens and herbaria and these institutions are not randomly
distributed across the landscape. Much of the field collecting of plants is often done
close to these institutions and these areas often show higher species richness because of
the more intense collecting. Areas adjacent to these institutions have often been well
collected and the flora of these areas may be better represented in collections than areas
farther away from such institutions (Delisle et al. 2003, Moerman and Estabrook 2006,
Williams and Lutterschmidt 2006). The botanist effect can skew the distribution data of
plant species and also increase the species richness of areas close to where botanists
collect plants most often.

The purpose of this study is to gather data on the non-native flora of Texas and
analyze the distribution of non-native species through the state. The data will be used to
determine if the non-native flora of Texas conforms to other patterns throughout the
United States along with Mexico. Knowledge of the non-native flora and its distribution
can help to understand plant invasions (Pysek 2004) in Texas and potentially protect the

natural environment from its effects.



CHAPTER II

METHODS

A preliminary list of vascular plant species not native to Texas that have been
collected, reported or known to have been naturalized in the state was developed by using
the Checklist of VVascular Plants of Texas (Hatch et al. 1990). Other species were added
using various floras and species checklists, such as Cory and Parks (1937), Gould (1962,
1969), Correll and Johnston (1970), Jones et al. (1997), Diggs et al (1999), Turner et al.
(2003) and Diggs et al. (2006) in addition to recent journal articles that identify newer
introductions and discoveries from the state. Species that were reported from Texas
before the end of 2009 are included in this list. Nomenclature followed Jones et al.
(1997) or the USDA Plants Database (2009) and other specialized publications (Isley
1998, Barkworth et al. 2007).

Each listed species was researched to identify the earliest voucher specimen to
validate its collection in the state. VVouchers were located through herbarium research on
the UT Flora of Texas Database (Plant Resources Center 2007) and at the Tracy
Herbarium (TAES) to determine when the species was introduced or discovered in the
state. Many recent publications listed voucher specimens and this information was
included. When a voucher specimen could not be located, checklists and floras (Cory

and Parks 1937, Gould 1962, 1969, Correll and Johnston 1970, Hatch et al. 1990, Jones
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et al. 1997, Nesom 2009b) were used to determine the approximate date of first
collection.

The native origins of species were identified using various literature sources
(Correll and Johnston 1970, Diggs et al. 1999, Diggs et al. 2006, USDA, NPGS 2009).
Plant origins were determined to a continent or a region of a continent. The continents or
regions that were used are: Eurasia (encompassing the areas of Europe and Asia), Africa,
North America (exclusive of Texas), South America, Oceania (encompassing the Pacific
Islands and Australia), Pantropical (found throughout tropical regions of the world),
Neotropical (tropical regions of the Americas and Caribbean) and the Mediterranean
region. A number of plants had origins from multiple continents and all known areas
were recorded. The Mediterranean region was included because the climate of this
region is significantly different from that of other regions and the flora is unique.

To evaluate the “botanist effect,” Index Herbariorum online (NYBG 2009) was
used to select herbaria in Texas that had over 40,000 specimens of plants. These
herbaria, along with their herbarium code and county, are: Stephen F. Austin University
(ASTC, Nacogdoches County), Baylor University (BAYLU, McLennan County),
Botanical Research Institute of Texas (BRIT, Tarrant County), Howard Payne University
(HPC, Brown County), Angelo State University (SAT, Tom Green County), Robert A.
Vines Environmental Science Center (SBSC, Harris County), Sul Ross State University
(SRSC, Brewster County), Texas A&M University (TAMU, Brazos County), Tracy
Herbarium (TAES, Brazos County), University of Texas at Austin (TEX, Travis County)
and the University of Texas at El Paso (UTEP, El Paso County). Each herbarium was

mapped and species data were analyzed to see if the botanist effect affects plant
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distribution data in Texas by compiling total species diversity for the selected counties
and using R (RDCT 2005) to run a multiple regression analysis on the data.

To examine the distribution patterns of non-native species throughout the state, 53
counties were selected in various precipitation zones and ecoregions (Figures 1, 2).
Multiple studies have shown that native species richness can predict non-native species
richness (Stohlgren et al. 2001, Stohlgren et al. 2003, Jarnevich et al. 2006). Native and
non-native plant species lists for each selected county were compiled using the USDA,
NRCS Plants Database (2009). These species lists were evaluated to determine which
environmental conditions in the counties affect the number of non-native species.
County data such as population (USCB 2009), total area, percent cropland, percent
farmland (USDA, NASS 2008), precipitation and latitude/longitude were obtained for
analysis. Farmland was defined by The Unites States Department of Agriculture as
(2009) “any place from which $1,000 or more of agricultural products were, or normally
would be, produced and sold during the Census year.” This can be important in
determining the rate of introduction of non-native species, because there are many non-
native plants associated with agricultural practices.

Multiple and linear regression analyses with the statistical software R package
(RDCT 2005) were used to find the best predictors of non-native species in the selected
counties. A correlation matrix of all of the variables was performed first to identify
which variables are highly correlated with each other. The variables that are correlated
with each other were analyzed and eliminated from the regression models. The
regression models were run with backward elimination. Variables within the multiple

regression analyses were identified as significant (p<0.05) and then run again as more
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refined regression models eliminating variables that were not significant (p >0.05). The
variable of county level data with the best regression model fit determined what best
information can be used to predict the number of non-native species in a county.
Residual plots were created with the best predictor’s residuals and the remaining
variables were also used to find if there are any other patterns with these variables.
Ecoregions were run in a multiple regression as a dummy variable to assess their
significance in determining the number of non-native species (p<0.05). These statistical
tests were used to identify a good predictor of numbers of non-native species in a county.
Data similar to the selected counties were collected for the United States. These
data were analyzed with the same regression models as the county data to identify what
predictor best predicts the numbers of non-native species in each state. The results from
the county tests were compared to the results of the states data to identify if there were

similar patterns in non-native species distribution.
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Figure 2 - Selected counties shown with precipitation gradient (A) and
ecoregions (B).
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Figure 2 cont. - Selected counties shown with precipitation gradient (A) and
ecoregions (B).



CHAPTER 11

RESULTS

Svynthesis of the Non-native Flora of Texas

There are a total of 817 non-native vascular plant species in Texas (Table 1). The
non-native plants make up approximately 15.8 percent of the total flora of Texas. The
species are distributed among 104 plant families and 475 genera. This leads to an
average of 7.85 species in each family and 1.72 species per genera, but this does not
reflect how species are distributed among the families. There are 9 families with more
than 20 species, 13 families with 10 — 19 species, 47 families with 2 — 9 species and 35
families with only 1 species. The largest genera, based on number of species, are:
Ipomoea (Convolvulaceae) — 15, Bromus (Poaceae) — 12, Trifolium (Fabaceae) — 11 and
Cyperus (Cyperaceae) — 10. The list in Table 2 provides the accepted scientific name of
the non-native species, origin (continent(s) or region(s) where a species is known to be
native), reference (earliest known publication attributing the species in the state), voucher
(collector’s name, collection number and herbarium) and date (date of approximate
introduction or first collection in the state).

Table 1 — Summary of the native and non-native flora of Texas.

Native Species  Non-Native Species  Total %Non-Native
Pteridophytes 114 10 124 8.1
Gymnosperms 27 1 28 3.6
Dicots 3189 584 3773 15.5
Monocots 1024 222 1246 17.8
Totals: 4354 817 5171 15.8
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There are several families with no members native to Texas that have been introduced
into Texas and contain exclusively non-native species. These 11 families are:
Tamaricaceae (4), Combretaceae (2), Molluginaceae (2), Dipsacaceae (2), Salviniaceae
(2), Cannabaceae (1), Limnocharitaceae (1), Lygodiaceae (1), Meliaceae (1),
Myrsinaceae (1) and Parkeriaceae (1).

Timeline of Non-native Species Discovery

The non-native species were graphed according to the earliest voucher date found
and earliest publication if there was no voucher located (Figure 3). Two species
(Indigofera hirsuta, Manihot grahamii) have not yet been recorded on any list as
cultivated or otherwise. Both of these species were collected in 2009 and will soon be
reported and published by the author (Aplaca). The dates in table 2 are not necessarily
the date of introduction, but represent an approximate time of introduction or discovery in
the state. The times of introduction into the state are hard to determine as there is a
period between when a species is introduced and when it has become naturalized in the
state. This date will be referred to as the “date of discovery.” The species discoveries
were graphed in 10-year (Figure 3A) and 25-year increments (Figure 3B). Species
introduced per year were also calculated by dividing the number of species by years in
the period. There were only 18 non-native species collected before the year 1900. The
first partition is from the earliest collection of a non-native species in 1850 (Malvastrum
coromandelianum, Lindheimer 682 TEX) to the year 1900 and therefore is a 50 year
period. In both graphs the first time period “pre-1900,” had a low rate of introduction of
0.36 species per year because of the longer time period and fewer number of non-native

species collected than the others. Average number of species per year of introduction for
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year increments. B. 25 year increments. Gray bars and values show the species per year

rate of introduction during that time period.
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the 10-year and 25-year graphs were 6.69 (Standard deviation — 3.93) and 5.89 (Standard
deviation — 3.36) respectively. There were two decades (1931-1940 and 1961-1970)
that represent the steep peaks in Figure 7A that had values outside of the standard
deviation. These steep peaks coincide with the work leading up to two major checklists
of the plants of Texas (Cory and Parks 1937, Correll and Johnston 1970) (Figure 3A).
Using 25 year increments the graph shows that non-native species introductions into the
state saw a peak from 1926-1950 and have been declining since then (Figure 3B).

Geographic Origins of Non-native Species in Texas

Many species of the non-native plants in Texas originated from more than one
continent. The largest numbers of non-native species in Texas originated from Eurasia
(406, 49.5 percent), with the Americas (including North and South America and
Neotropical) having the next highest number of non-native species naturalized in Texas
(203, 24.8 percent) (Table 3). The majority of non-native species originated in the Old
World, including Eurasia, Africa and the Mediterranean (594, 72.6 percent).

There is some indication of a temporal pattern of introduction of non-native species from
particular regions (Figure 4). The largest peak of actual species numbers for five out of
the eight geographic origins (Africa, Eurasia, Mediterranean, Neotropical and South
America) was during the decade from 1931-1940 with a second peak from 1961-1970
(Figure 4A). These peaks correspond with the research leading up to the publication of
the checklists by Cory and Parks (1937) and Correll and Johnston (1970). Species
originating from Africa, Eurasia, Mediterranean and South America have been collected
in each time period since before 1900. There were 5 decades during which species

originating from North America outside of Texas were not collected in the state.
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Table 3 — Origins of non-native plant species in Texas.

Continent or Region no. of species % of total
Africa 46 5.6
Eurasia 405 49.5
Eurasia, Africa 75 9.1
Eurasia, Oceania 6 0.7
Mediterranean 62 7.6
Neotropical 85 10.4
North America 15 1.8
Oceania 9 11
Pantropical 12 15
South America 102 12.5

Species with origins from North America show a large peak from 1961-1970
which may show an introduction of more ornamental species that became naturalized.
Collections of species from Pantropical areas and Oceania were not made in 4 and 3
of the 12 time periods respectively (Figure 4).

Analyses of the Five Largest Families of Non-natives Species

The five families with the most non-native species are Poaceae (163), Fabaceae
(69), Asteraceae (65), Brassicaceae (42) and Lamiaceae (24) (Table 4). Poaceae
makes up 19.9 percent of the total non-native flora of Texas. Together these four
families make up about 44.4 percent of all the non-native species in Texas.
Compared with the top ten families of world floras analyzed by Pysek (1998a) the
non-native flora of Texas differs with having a greater percentage of Fabaceae (8.4)
than Asteraceae (8.0) (Table 4), whereas Asteraceae averages 13.5 percent of the non-
native species of world floras. All of the ten families except for Asteraceae fall
within the standard deviation (SD) of the world non-native floras values. The rest of
the families of the non-native flora of Texas generally correspond with the patterns
found in floras throughout the world. The non-native species of Poaceae make up

28.4 percent of the total native and non-native species of Poaceae in the state, which
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is a large percentage compared to the non-native Fabaceae and Asteraceae, which
comprise 18.8 and 10.2 percent of the total native and non-native species in their
families in the state respectively.

Table 4 -Taxonomic distribution of the ten largest non-native plant families in
Texas in terms of species number compared to the world non-native floras.

Family # of species % of Non-native flora % of World Non-native floras
(SD)
Poaceae 163 19.9 15.3 (5.8)
Fabaceae 69 8.4 8.7 (4.4)
Asteraceae 65 8.0 13.5(4.1)
Brassicaceae 42 5.1 5.1(3.8)
Lamiaceae 24 2.9 2.3 (1.4)
Caryophyllaceae 24 2.9 3.0(2.2)
Solanaceae 24 2.9 3.3(2.5)
Liliaceae 22 2.7 1.6 (2.7)
Apiaceae 20 2.4 1.8 (1.4)
Chenopodiaceae 18 2.2 3.0(3.2)

The five families with the most non-native species were graphed according to
the time the species were collected in the state (Figure 5). Each proportion was the
number of non-native species in the specific family collected during that time period
in relation to the total number of non-native species from that family. Total non-
native species proportions were also included in the graph as the first bar for
comparison (Figure 5). Members of the five families were collected in each time
period except “pre-1900” when no non-native species of Brassicaceae and Lamiaceae
were collected. The timeline of introduction graph of these five families shows a
slight similarity to the total species and geographic origins timeline graphs (Figure 4)
with general peaks during the 1931-1940 and 1961-1970 decades. There are still
large peaks of several families throughout the graph. Fabaceae, Brassicaceae and

Lamiaceae have peaks during
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1911-1920. During 1961-1970, Poaceae and Asteraceae both had high peaks and during
1941-1950 Fabaceae had a high peak and Brassicaceae had an extremely high peak.

These five families with the most non-native species represented in the state were
graphed in the 53 selected counties (Poaceae, Fabaceae, Asteraceae, Brassicaceae and
Lamiaceae). The non-native species from these families have characteristics that make
them adapted to various habitats and this is exhibited in their distribution throughout
Texas (Figure 6). The proportion was calculated as non-native to native species in each
family to correct for the fact that some counties may have been more heavily collected by
botanists. This was used to identify patterns in how these families are distributed
throughout the state and if there is any relationship to other factors. Poaceae has higher
ratios of non-native species through the central part of the state (Figure 6A) and Fabaceae
has higher proportions of non-natives to natives in the western half of the state where
there is less precipitation (Figure 6B). The distribution of non-native Asteraceae is not
centered in any particular area of the state, but has particular counties distributed
throughout the state with high ratios of non-native species (Figure 6C). Brassicaceae has
several counties with high ratios in the north central and eastern areas of the state (Figure
6D). There are three counties (Clay, Jefferson and Wilbarger) that only have non-native
species of Brassicaceae recorded from them. Lamiaceae has a smaller number of non-
native species in Texas (24, Table 4), but there were high ratios through the central area
of the state (Figure 6E).

The ratio of non-native to native plants in each of these families was also compared
with the ratio of total non-native to native species in each family present in a county

(Figure 7). The scatter plots show patterns in total non-natives to natives differ between
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families. The slopes of the two largest non-native families have similar slopes of 1.5
with Poaceae having the highest R? of 0.60 (Figure 7). Poaceae is the only family with a
non-native species in each of the selected counties which illustrates the large number of
non-native Poaceae in the flora of the state. Brassicaceae had a higher slope (2.02)
because there were several counties in which the only representatives of Brassicaceae in
the county were non-native species. Brassicaceae is a relatively large family in the state
and there should have been native representatives in each of the counties.

The five families with the most non-native species were analyzed in a correlation
matrix to analyze if there are any county level variables that are affecting the numbers of
non-natives of that family per county (Table 5). The only correlation coefficient that
show significance is the relationship between the non-native Asteraceae and Poaceae

(r=0.444, p<0.01).

A.

Figure 6 — Ratio of non-native to native species in selected counties. A.
Poaceae, B. Fabaceae, C. Asteraceae, D. Brassicaceae, E. Lamiaceae



Figure 6 cont. — Ratio of non-native to native species in selected counties. A.
Poaceae, B. Fabaceae, C. Asteraceae, D. Brassicaceae, E. Lamiaceae
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E.

Figure 6 cont. — Ratio of non-native to native species in selected counties. A.
Poaceae, B. Fabaceae, C. Asteraceae, D. Brassicaceae, E. Lamiaceae
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Figure 7 — Scatterplot showing proportions of non-native to native species of

five largest families to total non-native to native species in the selected counties.
A. Poaceae, B. Fabaceae, C. Asteraceae, D. Brassicaceae, E. Lamiaceae.



Figure 8 - The counties showing locations of major herbaria and species diversity.
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The Botanist Effect in Texas

The ten counties with herbaria showed significantly higher plant diversity (total
species) than the other counties containing no herbaria (p<0.001) (Table 6, Figure 8).
There were 43 counties in the dataset without a herbarium. The counties with a
herbarium also had a much higher average population density (216.88 people/km?)
than the other counties (35.0 people/km?). The one notable county with no herbarium
that had high plant diversity is Robertson County (118 non-native, 955 native, 1073
total species, 7.14 people / km?). However, this county shares a border with Brazos
County that is the home to two large herbaria (TAMU, TAES).

Table 6 — Data of counties with herbaria and counties without herbaria.

Mean of species diversity (non-native, native, total), area, population density
and precipitation to show the difference between the groups

Non-native Native Total Area  Population  Precipitation
Species Species  Species  (km?) Density (cm)
W'th(r';'f{g?””m 96.10 657.30 75340 4152.80  216.88 75.57
W'tho‘(]rt]:'f;)ba””m 26.60 20060 32621 2750.16  35.00 77.53

Texas County and United States Non-native Flora Analysis

The data for the 53 counties selected are included as appendix A. The numbers
of native and non-native species in each of the counties selected from the state is
presented in Figure 9 and 10. These two figures reveal that the distribution of native
and non-native species is very similar. The non-native species density is presented in
Figure 11 to correct for the difference in area of the counties and shows how areas
with high non-native species density are the counties with high numbers of non-native

species except for Brewster County. The number of non-native species in the 53
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selected counties range from 1 in Kent County to 231 in Travis County. The mean of
non-native species of the sample is 39.72 with a standard deviation of 48.16. There
are three counties outside of 2 standard deviations: Harris, Brazos and Travis. The
county data for the numbers of species, both native and non-native is from the USDA
Plants Database (USDA, NRCS 2009).

The factors used as potential predictors of the number of non-native species
included: native species, total human population, county area, human population,
farm land percentage of total county area, crop land percentage of total county area,
precipitation, latitude, longitude and natural ecoregion. Ecoregion was used as a
dummy variable unlike the other variables because it has no quantitative value to use
in the analysis. All of the variables selected were included in a correlation matrix to
determine if any of these were correlated and therefore should be eliminated because
autocorrelation among predictors or the independent variables violate the assumptions
of regression and ANOVA (Table 7). The dependent variable, non-native species, is
highly correlated with both native and total species in the correlation matrix (r > 0.80,
p<0.01). Longitude was omitted because of the correlation with precipitation
(r=0.955, p<0.01) and total species richness was omitted because it is highly
correlated with native species (r=0.997, p<0.01). Human population and human
population density are also highly correlated (r=0.9424, p<0.01), so human
population will be used instead of human population density. Human population
density encompasses two variables: area and human population. Even though many
values on the correlation matrix were significant (p<0.01), all but longitude, total

species and human population density will be included in the regression models. The



Figure 9 — Numbers of native species in the selected counties (USDA, NRCS 2009).
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Figure 10 — Numbers of non-native species in the selected counties (USDA, NRCS 2009).



Figure 11 — Non-native species density (species/lkm?) for the selected counties.
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regression models will illustrate the relationship between the variables and non-native
species. The multiple regression models were run with the remaining factors (native
species richness, area, human population, farm area percentage, crop area percentage,
precipitation and latitude) using the statistical software R (R Development Core Team
2005) (Table 8). The variables were entered in the models in different orders and the
results turned out to be the same. The first multiple regression model was run with all
independent factors (R?=0.842) (Table 8A) and native species, area and human
population showed statistical significance (p<0.001). This same regression model
was run without native species because non-native and native species have a high
correlation coefficient (r=0.8608, Table 7) and human population displayed statistical
significance (p<0.005). This model accounts for 27.3 percent of the variability in
non-native species (R>=0.273, Table 8B). Another regression model was run with
these three variables (native species, area, population) and all three variables again
exhibited statistical significance (Table 8C). Each of the significant variables were
run as a simple linear regression with non-native species and only native species and
human population were statistically significant (p<0.001, Table 8D-F). Individually,
native species account for more variability in the numbers of non-native species
(R?=0.741) than human population (R°=0.280) and area (R°=0.015). A scatter plot of
the log-transformed values of non-native and native species shows the strong
correlation between the two (R?=0.818, p<0.001) (Figure 12).

Many counties contained one or more ecoregions (Figure 2B) and in the
analysis the ecoregion with the most area in a county was used as the ecoregion

representative of that individual county. This along with the number of ecoregions
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Table 8 — Results from the regression analyses. Data were run in various orders with
no difference in results. Non-native species is the dependent variable in each regression
model. A-C — Multiple regression models. D-F — Simple linear regression models.

Significance: (*** 0.05, “**’ 0.01)

A. All of the independent variables from the county data (Appendix A) (Adjusted R?=0.861).

Coefficients Standard Error t Stat P-value
Intercept 1.9648 50.9876 0.0385 0.9694
Native Species 0.1887 0.0130 14.4802  1.4988E-18**
Human Population 1.7680E-05 5.1697E-06 3.4199 0.0013**
Area -0.0085 0.0016 -5.2114  4.5362E-06**
Cropland (% of area) 24.2804 14.7410 1.6471 0.1065
Farmland (% of area) 24.2148 14.5941 1.6592 0.1040
Precipitation -0.2118 0.1284 -1.6495 0.1060
Latitude -0.5019 1.3687 -0.3667 0.7156
B. All of the independent variables excluding native species (Adjusted R?=0.273).

Coefficients Standard Error t Stat P-value
Intercept 91.0232 119.0959 0.7643 0.4486
Human Population 3.7149E-05 1.1746E-05 3.1628 0.0028**
Area 0.0033 0.0033 0.9890 0.3278
Cropland (% of area) -0.2958 34.4544 -0.0086 0.9932
Farmland (% of area) -10.2812 33.8788 -0.3035 0.7629
Precipitation 0.3353 0.2888 1.1612 0.2516
Latitude -2.7423 3.1998 -0.8570 0.3959

C. The regression model with human population, area and native species as independent variables

(Adjusted R*=0.832).

Coefficients Standard Error t Stat P-value

Intercept -2.1015 5.3229 -0.3948 0.6947
Native Species 0.1608 0.0123 13.0704  1.3660E-17**
Population (2000) 1.3869E-05 5.1820E-06 2.6764 0.0101*
Area (km2) -0.0066 0.0015 -4.3618  6.6205E-05**
D. Native species as the independent variable (R>=0.741).

Coefficients Standard Error t Stat P-value
Intercept -15.8950 5.7226 -2.7776 0.0076
Native Species 0.1515 0.0125 12.0804 1.3996E-16**
E. Human population as the independent variable (R*=0.280).

Coefficients Standard Error t Stat P-value
Intercept 31.0518 5.9929 5.1815 3.79399E-06
Human Population 4.3498E-05 9.7672E-06 4.4535 4.6281E-05**
F. Area as the independent variable (R>=0.015).

Coefficients Standard Error t Stat P-value
Intercept 31.0398 11.9532 2.5968 0.0123
Area 0.0029 0.0033 0.8725 0.3870




68

was used to analyze the significance of ecoregions in predicting non-native species. The
number of ecoregions was run as a dummy variable in the multiple regression model and
there was no significance of the number of ecoregions contained in a county (P>0.10).
Two ecoregions, Oak woods and prairies (P=0.070) and the Edwards plateau (P=0.088)
showed statistical significance at the 10% level. Residual analysis was performed with
the remaining factors to identify if there were any other factors could contribute to
explaining the number of non-native species in each county (Figure 13). All of these
residual plots showed no statistical significance. The slope of the human population
residual plot had the highest slope and reveals there is a pattern of non-native species

distribution related to the human population of a county.

Non-native and Native Species
2.5 -
= R2=0.822 0’
2 2 - p < 0.001 *
2
o 15 -
E
11
2
2 05 - g
-
0 ‘ T T T 1
1.5 2 25 3 35
Log(Native Species)

Figure 12 — Scatterplot of the log transformed non-native and native species
data from the 53 selected counties.

The random patterns in the residual plots show that the best regression model to
predict non-native species is a linear model. The number of native species is the best
single variable for predicting non-native species and the other variables play a minor part

in explaining the variability in the numbers of non-native species. The number of native
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species is also a good predictor for the percentage of a county’s total flora that is non-
native, because as the number of native species increases the percentage of non-native
species in the county flora also increases (Figure 14A, Rz = 0.222, p<0.001). However,
the data from the United States exhibit the opposite pattern of numbers of native species
and percentage of a state’s flora that is non-native (Figure 14B, R? = 0.174, p<0.001).
The native species account for 17.4 percent of the variability in the percentage of a state’s
flora being non-native. The scale and numbers of native species are much larger on the
state level.

Texas is ranked 39" among the 50 states in percentage of non-natives in the total
flora (Table 9) with 15.8 percent of its flora being non-native to the state. Texas is
second in number of native species (Stein 2002), human population (U.S. Census 2009)
and total land area (696,241 km?). States that have been a part of the United States of
America longer than others have a higher percentage of non-native species (Figure 15,
R?=0.5327). There are 26 states that joined the Union before Texas and all of these states
have a higher percentage of non-native species. The states that joined Texas during the
same year or after Texas became a state have varied percentages of non-native species.
Hawaii has been excluded from this graph because it is a major outlier and its
biogeography as an island makes it very vulnerable to non-native species introductions.

The states in the northeastern part of the United States have high percentage of non-
native species in their flora (Figure 16). All of the states east of Texas have higher
percentages of non-natives and all these states joined the Union before Texas.

Precipitation shows significance in the regression analysis with non-native species
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Figure 14 — The relationship of the percent of the total flora being non-native

to number of native species in the selected counties (A) and States (B).
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Figure 15 — Timeline of states joining the Union to the percentage of a state’s
flora that’s non-native (excluding Hawaii).
(Table 10, p<0.005). The distribution of non-native species throughout the country
generally follow the pattern of average annual precipitation (Figure 17) except that the
states with the highest percentages are in the northeast, but the average annual
precipitation is higher in the southeastern states.

The data from all of the fifty United States were run through a multiple regression
model with similar variables as the selected counties (native species, human population,
human population density, area, cropland percent of total area and precipitation) to
understand the distribution of non-native species. Several factors showed significance in
predicting the non-native species in the states (Table 10). All of the variables combined
accounted for 84.4 percent of the variability in non-native species which is a similar
pattern found in the Texas county data (Table 8). Human population (Table 10B had the

highest R?value (0.555) in a linear regression model.
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Figure 16 — Percentage of non-native species in the total flora in each of the 48
contiguous states with data from Table 8.

Figure 17 — Map of the United States showing the average annual precipitation of
each state.
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Table 10 — Regression model results from the states data. Significance: (**’ 0.005,

“x*7 (0,001)
A. Multiple regression with all of the independent variables (Adjusted R*= 0.844)
Coefficients  Standard Error t Stat P-value
Intercept 537.8530 91.6160 5.8707 5.6358E-07
Native Species -0.0648 0.0293 -2.2112 0.0324
Human Population 3.2200E-05 3.4091E-06 9.4454 4.7381E-12**
Human Population Density 0.1778 0.1667 1.0665 0.2922
Area -0.0003 5.4553E-05 -4.6826 2.8419E-05**
Cropland % of total area -346.7404 84.4022 -4.1082 0.0002**
Precipitation 1.2900 0.3795 3.3995 0.0015*
B. Human population as the independent variable (R’=0.555)
Coefficients  Standard Error t Stat P-value
Intercept 432.0999 28.4601 15.1827 5.9134E-20
Human Population 0.0000 0.0000 7.7304 5.6401E-10
C. Area as the independent variable (R*=0.069)
Coefficients Standard Error t Stat P-value
Intercept 626.0519 38.6297 16.2065 4.2579E-21
Area -0.0002 0.0001 -1.8894 0.0649

D. Cropland % of total are as independent variable (R>=0.051)

Coefficients Standard Error t Stat P-value
Intercept 636.8734 46.4553 13.7094 3.2248E-18
Cropland % of total area -269.6848 168.1083 -1.6042 0.1152
E. Native species as the independent variable (R>=0.122)
Coefficients Standard Error t Stat P-value
Intercept 351.7045 93.6269 3.7564 0.0005

Native Species 0.0997 0.0387 2.5780 0.0131




CHAPTER IV

DISCUSSION

Svynthesis of the Non-native Flora of Texas

There are 817 non-native plant species found in the state of Texas. This constitutes
15.8 percent of the total vascular flora of Texas (Table 1). The non-native flora is
comprised of 104 plant families of which 11 are composed of entirely non-native species.
The presence of non-native species is directly and indirectly associated with human
disturbance. Non-native species arrived in the state both intentionally and accidentally.
People bring in plants that are useful for food (Solanum lycopersicum, Spinacia oleracea,
Coriandrum sativum, etc.) and ornament (Catharanthus roseus, Caesalpinia gilliesii,
Lagerstroemia indica, etc.) and many species come in as contaminants in seed or on
nursery plants (Medicago spp., Emilia fosbergii, Pilea microphylla, etc.). The non-native
species of Texas have arrived in the state in a variety of ways.

There are several non-native species that have been collected only from a single
county and may not have been collected in Texas for many years (e.g. Indigofera hirsuta,
Ipomoea cairica, Ludwigia peruviana). This raises the question “When should a non-
native species be included in or excluded from the total flora?” For the purposes of this
study, non-native species should be included in floristic accounts where they have been

discovered. In addition, information should be provided about how far along they are in
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the invasion process. For example, a non-native species that was collected in one
location 30 years ago should be included a flora with the explanation that it was collected
once in the state and has not been collected for 30 years. There are many non-native
species that need further research, such as the 131 plant species for which a voucher
specimen was not found during this project (Table 2). These species either were reported
without the collection of a voucher specimen (Hatch pers. comm.) or the voucher was not
found in herbaria searched for this project. Species lists and floras should indicate
whether a plant species is cultivated or naturalized and to what extent the plants have
spread. Herbarium specimen labels should include estimates of how many individuals
are present, how large an area the population covers and if and how population is
reproducing or spreading. Plant collectors need to be more thorough in recording
collection data. Further study of the vouchers of the non-native species may reduce the
number of non-native species in the state because data is insufficient on some to
determine the non-native status of the species.

Authors of various floras differ in their use of terminology and listing of non-native
species (Nesom 2000, Pysek et al. 2004). There needs to be more standardization in
terminology and classification of the non-native floras of the world. This study has used
standard terminology for non-native plants based on several other sources (Nesom 2000,
Richardson et al. 2000, Pysek et al. 2004). “Non-native” should be the general term for
species that are not native to an area with sub classification to “cultivated,” “casual alien”
and “naturalized” The term “invasive” should be used for naturalized species that have a

negative impact on the environment and/or the economy. The study of non-native
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species can be important in understanding the change of composition of a flora and more

emphasis needs to be put on collecting and research on individual species.

Timeline of Non-native Species Discovery

The timeline of non-native species discovery in Texas is presented in Figure 3 (10-
year intervals and 25 year intervals). The 10-year interval graph shows the peaks of
discovery of non-native species in the state (Figure 3A). There are two large peaks
during the decades of 1931-1940 and 1961-1970. These peaks correspond with the 10-
year time period prior to the publication of two major works in the Texas flora: Cory and
Parks (1937) and Correll and Johnston (1970). The average number of new non-native
species discovered per decade is 68.08 with a standard deviation of 37.32. The large
standard deviation illustrates the variation among the decades, with only the large peak
(1931-1940) being significantly greater than the mean because it falls outside two
standard deviations above the mean. In the 120 years (1850-1970) leading up to Correll
and Johnston’s Manual of the Vascular Flora of Texas (1970), 591 non-native species
(72.3 percent of total non-native flora) were discovered and reported in the state. This is
a very large percentage and within the last 40 years there have been 226 (27.7 percent of
total non-native flora) more non-native species found in the state. There has been a
general trend of non-native species discovery increasing to the peak during the interval of
1926-1950 and declining since then (Figure 3B). This downward slope does not indicate
an increase in introduction of non-native species even though there is more national and

international travel into the state.
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These patterns in plant introductions (Figure 3) are not a precise representation of
when species were introduced or naturalized because the dates correspond with the
earliest publication mentioning a species and may be only a representation of when there
was more intense collecting pressure. The number of new non-native species discoveries
in the state more than doubled from 1921-1930 to 1931-1940 (from 69 to 156 species)
and from 1951-1960 to 1961-1970 (from 49 to 118 species). The work of Cory and Parks
(1937) and Correll and Johnston (1970) were based on intense plant collecting which led
to the discovery of new species, native and non-native, in the state. The analysis of
voucher specimen dates does not give a precise timeline of non-native species
introductions into the state. These data are from scientists and other individuals who are
out collecting plants and taking notes to identify species. This data may only be an
approximation of introductions and more research needs to be done to better identify
dates and pathways of introductions and naturalization of non-native species.

Geographic Origins of Non-native Species in Texas

The origins of the non-native flora of Texas are similar to those of many other non-
native floras in the New World in that they originated primarily from the Old World (594,
72.6 percent) (di Castri 1989, Pysek 1998a, Villasenior and Espinosa-Garcia 2004). This
can be attributed to the large number of immigrants and human migration events from
these areas as well as the similarities in climate. Non-native plant species are generally
successful in areas that have a similar climate to their native geographical range. Mexico
similarly has a high percentage (78 percent) of non-natives originating in the Old World

(Villasefior and Espinosa-Garcia 2004).
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Many of the species originating from Old World have been associated with humans
for many centuries. This has selected plant species that have evolved to take advantage
of the disturbances created by man. The largest percentage of non-native species
originated from Eurasia which is a large area that has many climates. This has led to
many species being adapted to a wide range of climates and many species from Eurasia
successfully adapting to the diverse climates in Texas.

South American and Neotropical plants also contribute a comparatively high
number of non-native species (Table 3), 102 (12.5 percent) and 85 (10.4 percent of total
non-native plants), respectively. This is due to these species geographic origin being
nearby Texas and the large number of immigrants from these areas.

Species originating from North America outside of Texas make up only 1.8 percent
of the total number of non-native species (Table 3). Texas is a large state and includes
several different ecoregions of the country and this is why species originating from
elsewhere in North America are such a small percentage of the Texas non-native flora.
There are many eastern and western North American species found in their respective
areas of the state (MacRoberts and MacRoberts 2003). Some North American species
that are not known to be native to Texas have been used as ornamentals (Robinia
pseudoacacia, Liriodendron tulipifera) and also been grown in the state as timber (Pinus
elliottii). A North American plant species, Eschscholzia californica, native to California
and western states has been introduced into Texas and also other countries with similar
climates and has become an invasive species outside of North America (Leger and Rice
2003). There is a need for research to determine if some of these North American species

may have been native to the state or began growing here without human intervention.
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Plant species originating from tropical areas such as Oceania and Pantropical areas
also make up a small percentage of the non-native flora of Texas (1.8 and 1.5 percent of
the total non-native species, Table 3). These areas are poorly represented because the
climates these species come from are milder than climates in Texas. Many of these
species are found areas of the state along the Gulf Coast and southern part of the state
where the climate is milder than in other areas of the state.

The timelines of introduction of the species based on their geographic origin
(Figure 4) show several patterns similar to the general graph (Figure 3) of species
introduction. The very large peaks that indicate a large number of species from many of
the origins recorded during the decade from 1931-1940 may correlate with the research
leading up to the publication of Cory and Parks (1937) state checklist of plants. The six
peaks in Figure 5 and 6 appear to correspond mostly with the publication of two major
works on the flora of Texas, Cory and Parks (1937) and Correll and Johnston (1970).
There were several gaps of species introduction from plants originating from the regions
with smaller numbers of species because there were fewer species being introduced and
there may not have been any species collected in some time periods. The only
geographical regions represented in every time period were Eurasia, Africa, South
America, Neotropical and Eurasia. The larger peaks may not only have been from
continued immigration of people and plants from that particular region of the world, but
also from more intense plant collecting pressure during those periods.

The origins of non-native plant species helps in our understanding of how species
were introduced into the state and which types of species can adapt to the climate of

Texas. Species originating from Eurasia have an advantage over species from other areas
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because of their large geographical range and long association with humans. The
pathways of introductions of non-native species into the state play a role in how these
species naturalize in the state. However, the geographical origin of plant species does not
necessarily determine how the plant species entered the state. For example, a species
native to Africa did not necessarily enter the state directly from Africa, but could have
come to Texas from another state that already had that species present. The majority of
non-native species in Texas are also present in other states (USDA, NRCS 2009).

Several non-native species (e.g. Paliurus spina-christi, Nomapbhila stricta, Cyperus
phaeolepis) have been found only in the state of Texas and may have been introduced
into the United States directly through Texas. Others are found in scattered localities,
such as Erodium malacoides (Lemke and Aplaca 2006) which has been reported from
Massachusetts, New York and California along with Texas. The origins of species can be
important in determining if a species will become naturalized and potentially invasive in
a new area with similar climate.

Analyses of the Five Largest Families of Non-natives Species

The largest plant families in the Texas non-native flora are the same as in the non-
native flora throughout the world (Table 4). Poaceae, Fabaceae and Asteraceae make up
36.4 percent of the total non-native Texas flora. These three families are in the top five
families worldwide in terms of total numbers of species and have a variety of
characteristics that make them successful non-natives (Heywood 1989, Pysek 1998a).
The large number of species in each family contributes to the high numbers of non-

natives in the state of Texas.
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Poaceae has a specialized inflorescence and pollination strategy. This family also
has adapted to a wide variety of habitats. Many species of grasses have been introduced
into the state as grain, pasture or fodder crops and have escaped to become naturalized
which has led to the large number of non-native grasses in the state. Fabaceae is a family
with diverse habits from tiny annuals to large trees that have been very effective in
attracting pollinators. Many species in this family can also fix atmospheric nitrogen
becoming very efficient in low nitrogen soils. These two families both had high slopes
and relatively high R? values compared to the other three large families in relation to the
proportion of non-natives in county level floras (Figure 7). As the number of total non-
native in each county increased, the number of Poaceae and Fabaceae would have
increased 1.5 times. These two families make up a large part of the total non-native flora
of the world and of Texas because of their exploitation and usefulness as cultivated plants
to humans.

The family Asteraceae is also a very specialized family. The Asteraceae have very
reduced flowers and have a geitonogamous breeding system. They also have extremely
effective means of seed dispersal such as capitular scales, wings, tubercles, hooks,
pappus, bristles and parachutes (Heywood 1989). The diverse habit, effective seed
dispersal and the presence of phytochemical defenses make the Asteraceae a successful
invasive family. Cronquist (1988) attributes the success of the Asteraceae to its
chemistry more than its morphology. It is the largest family in the world in numbers of
species, however there is a lower percentage of non-native Asteraceae in Texas than
represented in world floras (Pysek 1998a). This may be in part to the high numbers of

Asteraceae already native to Texas (620, Hatch et al. 1990) which might exclude exotic
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species from filling niches that are taken by other species of Asteraceae. The Asteraceae
have the lowest slope out of the five families in Figure 7 indicating that there are lower
proportions of non-native to native species of Asteraceae than in the total flora of each of
the selected counties, but it is positively correlated with the total native to non-native
species in each county. This family is known to be more prevalent in temperate or
subtropical and not densely forested areas (Cronquist 1988). Much of Texas is
historically open savannah, prairie and desert, so this may account for the large number
of native species of Asteraceae. There was an increase of the proportion native to non-
native species in each of the 5 largest families as the overall proportion of non-native to
native species in the total flora of each county increased (Figure 7). This illustrates the
proportion of non-native species in each of these families has the same basic pattern. All
five of these families show diversity in their habits, being very adaptable to many niches
and able to disperse effectively that make them successful invaders. Several species such
as Poa annua (Poaceae), Trifolium repens (Fabaceae), Taraxacum officinale (Asteraceae)
and Capsella bursa-pastoris (Brassicaceae), have coexisted with humans for many years
and have been able to adapt to the plethora of disturbances that human activity creates.

Patterns of the distribution of these five families across Texas were used to identify
areas that may be more susceptible to invasion by different types of non-native species.
Ratios of non-native to native plant species for the five largest plant families, based on
numbers of non-native species, were mapped (Figure 6) to identify any patterns of
distributions of these families. The Poaceae, Fabaceae and Asteraceae are large families
with diverse habits and are found throughout the state. Species in Brassicaceae had

higher proportions of non-natives in the north central areas of the state along with several
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areas in the eastern portion of the state. The three counties (Clay, Houston and
Wilbarger) that have no native species of Brassicaceae may have been under-collected.
This is a large enough family of plants that there should be several native species found
in those counties. There are slightly higher ratios of Poaceae and Lamiaceae in the
central portion of the state (Figure 6A, E). The data from the 53 selected counties was
inconclusive and there were no strong correlates of distribution of specific families. All
of the scatter plots shown in Figure 7 show the proportion of non-native to native of the
five families to the ratios of total non-natives to natives in each county. The correlations
are strongest in the larger families with R>>0.35. The three largest native plant families
also have the largest numbers of non-native species.

The graphs of the top five largest families in the state and the dates they were
discovered are shown in Figure 5. These graphs show a constant pattern throughout with
a large peak showing a period of greater introduction. Poaceae and Asteraceae both show
the same pattern as the total non-native flora showing a large peak during the decade of
1931-1940. The others have various peaks that may correlate with discoveries of new
introductions of non-native species during those times.

The Botanist Effect in Texas

Estimates of the relative proportion of non-native species may be influenced by a
phenomenon called the “botanist effect” (Delisle et al. 2003, Moerman and Estabrook
2006, Pautasso and McKinney 2007). In this study the counties with herbaria show a
higher species diversity and higher numbers of non-native species compared with
counties with no herbarium present (Table 8). The counties with herbaria also had higher

human population density than the other counties suggesting that it may be a higher
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human population density that affects species richness. | believe the botanist effect has
made the data from this study hard to interpret because the data from counties with
herbaria have a higher species richness and more non-native species. The botanist effect
could be minimal if humans are concentrated in areas that have higher native plant
diversity (Pautasso and McKinney 2007). This could be verified with more research on
the native diversity of the counties by having a better representation of the flora collected
and studied.

Brewster and Roberston counties provide two contrasting examples from the
selected county subset with a human population density of 0.55 and 7.14 persons/km?
respectively. Brewster County has the largest area and has the highest total species
number of the 53 selected counties (1419 species). Brewster County is also the home of
a large herbarium at Sul Ross State University (SRSC) in Alpine. Roberston County
does not have a herbarium, but has the fourth highest species number (1073) of the 53
counties and does not have a large area (2242 km?). Robertson County does border
Brazos County which houses two large herbaria at Texas A&M University (TAES,
TAMU). The counties including and surrounding Brazos County have been well
collected by botanists and botany students collecting plants for herbarium or botany
course collections (Reed 1997).

Many counties in Texas lack in-depth floras (Neill and Wilson 2001, Williams and
Lutterschmidt 2006) and this causes many counties to demonstrate the lack of a botanist
effect. More than 85% of the counties of Texas have documented species richness less
than the values predicted from looking at herbarium records and regression analysis

(Williams and Lutterschmidt 2006). Texas has the most counties of any state in the
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United States (254) and is a large area to collect plants. For better understanding of the
native and non-native flora of Texas, more floristic studies must be done focusing on the
counties that may have not been botanized very well. One example of a county’s flora
that may not have been collected very well, based on the subset of Texas counties in this
study, is Kent County in the panhandle of Texas. This county is listed as containing only
70 total plant species (USDA, NRCS 2009) with 69 natives and 1 non-native. The small
population (859) (U.S. Census 2009) from the 2000 census may also be a part of the
reason there is a low recorded species diversity in that county and why it is the lowest of
the surrounding counties. Other nearby counties in the panhandle have more species
diversity (Table 11) and those counties surrounding Kent county display a range of total
species numbers from 413 in Garza County to the west and 77 in Stonewall County to the
east. The size and climate of these counties are all very similar, but the human
populations differ by a factor of 20. These numbers show that Dickens and Garza
counties may have a better representation of the flora in that area. There are other factors
that are affecting the numbers of plant species in the area, but the number of native
species is still the most important factor in identifying how many non-native species will
be present (R?=0.918).

Table 11 — County data of counties surrounding Kent County.

County Non-native Native Total Population Area
- vicinity to Kent Co. species Species  Species (2000) (km?)
Kent 1 69 70 859 2339
Dickens - north 12 232 244 2762 2344
Stonewall - east 1 76 77 1693 2383
Garza - west 40 373 413 4872 2321
Scurry - south 8 95 103 16361 2352

Fisher - southeast 2 78 80 4334 2336
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Our understanding of the non-native flora of Texas may be affected by the botanist
effect and may not indicate as many non-native species as are actually present in the
state. There may be more counties like Kent County with very little information and we
do not know what the species diversity is in those counties. This is very a disappointing
statistic that affects our understanding of both native and non-native species. This under-
sampling may be due to a decline in field botanists and studies involving traditional
taxonomy of plants (Isley 1972). Many counties or areas that have not been botanized
may very well have interesting and rare native species with importance to humans. There
may be larger numbers of non-native species that are found in counties not visited often
by botanists and the non-native species problem may be more widespread than it seems
with many of the non-native species centered on areas with high human population and
high numbers of native species. With the help of other botanists and plant collectors,
there needs to be increased collecting in counties farther from the major population
centers. The collection and publication of new native and non-native species found
should not only coincide with major publications, but always should always be on the
increase. The data that may be collected throughout this large state can help us to better
understand how extensive the range is of some of these non-native species.

Texas County and United States Non-native Flora Comparison

Texas’ 15.8 percent non-native flora ranks it 39™ out of the 50 states (Table 9).
This is in contrast to other rankings such as number of native species, human population
and area in which Texas ranks second out of the 50 states. The large size provides

habitats for large numbers of native species, yet the numbers of non-natives are not
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correlated with size because Texas ranks seventh in number of non-native species (Table
9).

Although the 53 counties that were selected to predict non-native species in the
state represent a small percentage of the counties of the state (20.9 percent), many
interesting patterns were revealed. There are patterns of native and non-native species
distribution throughout the counties (Figure 9 and 10). There are clearly areas of the state
that have higher numbers of native species (Figure 9) and these counties also have high
numbers of non-native species (Figure 10). All of the county-level independent variables
(native species, area, human population, cropland percent of total area, farmland percent
of total area, precipitation and latitude, and the number of non-native species) were run in
a multiple regression model (Adjusted R?=0.8612). The bivariate simple regression
models that were run reveal that non-native species have the strongest positive correlation
with the number of native species and account for 74.1 percent of the variability of non-
native species (Table 21) in the regression models. This supports the observation that
areas of high native species richness also have a tendency to have a high number of non-
native species (Lonsdale 1999, McKinney 2001, Stohlgren et al. 2001, Stohlgren et al.
2003, Herben et al. 2004, Huston 1994, 2004, Pysek et al. 2004, Jarnevich et al. 2006).
Studies have also shown plant species richness (native and non-native species) is
correlated with human population size and density (McKinney 2001, Pautasso and
McKinney 2007). Areas heavily populated by humans are often areas of high native
species richness and these same factors favoring human habitation favor high non-native
species richness (Huston 1994, 2004, Stohlgren et al. 2003, Jarnevich et al. 2006). This

can be seen in Texas with counties such as Travis (1093 native species, 231 non-native
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species, 812,280 population), Harris (873, 159, 3,400,578), Dallas (652, 111, 2,218,899)
and Tarrant (624, 69, 1,446,219) having high numbers of native and non-native species
along with high human populations.

The ecoregions of Texas were also run in multiple regression models as dummy
variables to determine if there were any ecoregions with higher rates of non-native
species. Only two of the eleven ecoregions exhibited statistical significance (Edwards
Plateau and Oak woods and prairies). The Edwards Plateau ecoregion is known for high
native species richness and high endemism (Diamond et al. 1987) and this may help
explain the higher predicted non-native species from the regression models. The oak
woods and prairies region contains some of the counties with the highest population such
as Dallas and Tarrant counties. There are also counties in this ecoregion that have some
of the highest species richness from the subset of selected counties (Brazos, Robertson).
There are correlations between these ecoregions and areas that are high in native species
and also human population. This supports the observations that areas with higher native
species richness and high human population also have higher numbers of non-native
plants. Overall the dominant ecoregion in a county does not play an important role in
determining the numbers of non-native species in the county. The factors that are most
important in predicting these numbers are the number of non-native species and the
human population.

The patterns in the Texas counties contrast with the patterns seen across all 50
states. Similar data were collected from the states as for the counties of Texas. Many
states have diverse habitats which are consistent with the differences between the selected

counties on a much smaller scale. The state data (Table 10) suggest that human
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population would be the best individual variable that can explain the distribution of non-
native species (R?=0.555). On a large scale, such as the entire U.S., the greater ranges of
conditions provide a higher chance of explaining the variability of non-native species.
Human population was used in place of human population density in the county data and
this also was a significant factor in predicting the variation in non-native species among
the states. On the county level in Texas, native species explains 74.1 percent of the
variability in non-native species distribution while in the state data it is only 12.2 percent
(Tables 8, 10). The variation in environmental conditions within a county is much less
than at the state level and should better explain how non-native species are distributed
throughout the landscape.

The percentages of county floras that are non-native in relation to the numbers of
native species have the opposite pattern seen among the states (Figure 14). In the county
data, as the number of native species increases the total flora percentage of non-native
species also increases (R?=0.222, p<0.001). However, among the states there is a
decrease in the percentage of non-native species with an increase in number of native
species (R?=0.174, p<0.001). The difference between state and county data may be due
to the scale of the measurements. Many of the states cover large areas that encompass
many different biogeographical regions and the counties only include smaller more
specific plant associations or habitats. The number of native species may be the best
predictor for non-native species for the county level in Texas, but this predictor does not
hold true for the state level data.

The states in the eastern part of the United States have a higher percentage of non-

native species than Texas and this is partly due to the longer period of European and
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other immigrant settlement in those states (di Castri 1989, Heywood 1989, McKinney
2001). There appears to be a strong pattern in the United States of the older states that
have been a part of the Union the longest having the highest percentage non-native
species in their flora. All of the states older than Texas have higher percentages of non-
natives (Figure 15). The time of human occupation (post Christopher Columbus) is
apparently very important in how many non-native species are present in an area. The
longer the period of immigration to an area the higher the number of non-native species.
The date of settlement for the selected counties may also be important to explaining the
number of non-native species. This information can be evaluated to identify if there is a
pattern of older counties larger percentages of non-native species.

The number of native species in a county can be as used a guide to predicting
numbers of non-native species. Many areas with higher native diversity also have higher
non-native diversity (Pysek 1998a, 1998b, Lonsdale 1999, McKinney 2001, Stohlgren et
al. 2001, Stohlgren et al. 2003, Herben et al. 2004, Huston 2004, Lockwood et al. 2007).
If this holds true, then many of our most biologically diverse habitats are the most
susceptible to invasion by non-native species and these areas need extra protection from
destruction. There needs to be more herbarium work and species collection to identify if
the non-native species already present in the state are “casual aliens” or “naturalized,”
and also to identify what other species can potentially become “invasive.” There are
already 31 species listed by the USDA (2009) as “noxious weeds” (e.g. Eichhornia
crassipes, Salvinia spp., Convolvulus arvensis). The state website texasinvasives.org
(2009) has a list of 142 invasive species present in and under the threat of entering the

state. These lists are a beginning of a larger effort identifying non-native and potentially
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invasive species and there is a greater need to better document non-native plant species in
the state of Texas. The history of the current non-native flora can help us understand
how to manage for the prevention of the new non-native species being introduced into the
state.

From the results of this study it is clear that there are large numbers of non-native
species in the state and the non-native species are centered and highly concentrated in
areas of high population density and native species richness. Since non-native species are
associated with the activities of humans, many of our large metropolitan areas in the state
are the vectors for new introductions of non-native species. Houston, Dallas, San
Antonio and Austin are all culturally diverse (U.S. Census 2009) and many people bring
culturally significant non-native plants species with them, purposefully or by accident.
More vigilant work needs to be done by local botanists, horticulturists and agronomists to
help prevent the spread of more invasive non-native plants by quickly identifying and

eradicating new introductions into the state.
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