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DENSLOW M. W. (Department of Biology, Appalachian State University, Boone, NC 28608), M. W.
PALMER (Department of Botany, Oklahoma State University, Stillwater, OK 74078), AND Z. E. MURRELL

(Department of Biology, Appalachian State University, Boone, NC 28608). Patterns of native and exotic
vascular plant richness along an elevational gradient from sea level to the summit of the Appalachian
Mountains, U.S.A. J. Torrey Bot. Soc. 137: 67–80. 2010.—We used floristic studies from the state of North
Carolina to compare the patterns of total, native and exotic plant species richness from sea level (Atlantic
coast) to the summit of the Appalachian Mountains. Few studies have investigated how patterns of native
and exotic species richness differ along environmental gradients, and these studies have yielded contrasting
results. We compare our results with those few published studies, and demonstrate that there is a need for
future studies examining exotic richness along gradients. We modeled the effects of size of study area, year of
study, and elevation on species richness using a dataset of sixty-eight floristic studies. Native and exotic
species richness showed a positive relationship with area and year. Exotic species showed a steeper slope than
native species for the species-area relationship. Richness of both groups was positively but weakly related to
year of study. After accounting for area and year, native species displayed a hump-shaped pattern along the
elevational gradient. Exotic species richness was weakly related to elevation, which was not a significant
variable in the model. This contrasts with the few previous studies that have examined exotic richness
patterns along elevational gradients that have found either a strong linear decline, or a strong hump-shaped
pattern. Both native and exotic species showed high variation in richness at elevations below 400 m. We
conclude that different processes may govern native and exotic plant richness patterns and that exotic
richness patterns along gradients may in fact be idiosyncratic due to factors such as disturbance history.

Key words: Appalachian Mountains, elevation, exotic, gradient, human impact, native, plants, restricted
cubic spline, species-area relationship, species richness.

The response of species diversity to physical

and environmental gradients has played a

central role in ecological research and the

development of theory (MacArthur and Wil-

son 1967, Rosenzweig 1995). In particular,

studies of species-area relationships and eleva-

tional gradients have received much attention

(Rahbek 1995, Palmer 2007). In fact, the

species-area relationship (the fact that larger

areas harbor more species) is one of ecology’s

most general patterns (Rosenzweig 1995),

though the details and causes of this relation-

ship remain an area of active research.

Species richness generally decreases from

low to high elevations. However, the shape of

this relationship varies from humped to

monotonic (Nogués-Bravo et al. 2008). Pre-

vious studies have suggested that some of the

contrasting patterns of richness along eleva-

tion may depend on the length of the sampled

gradient or other sampling effects (Rahbek

1995, Lomolino 2001, Nogués-Bravo et al.

2008). A review of 204 studies conducted

along elevational gradients indicated that a

hump-shaped pattern is the most typical

pattern, with a monotonic pattern also fre-

quently encountered (Rahbek 2005). However,

when complete gradients are sampled a hump-

shaped pattern is expected for plants and

vertebrate taxa. In order to detect hump-

shaped patterns data collection should span

the entire gradient or at least the part of the
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gradient where peaks are expected to occur

(Rahbek 2005).

Explanations for elevational trends in rich-

ness tend to fall into four categories: historical,

climatic, biotic, and spatial (Grytnes and

McCain 2007, McCain 2007). Historical ex-

planations focus on processes that occur in

geologic history and over evolutionary time

scales (e.g., niche conservatism, Mittelbach et

al. 2007; quaternary climate, Araújo et al.

2008). Climatic explanations emphasize cur-

rent climatic conditions as the primary deter-

minants of species richness. Climate patterns

can vary between regions and interactions

between climatic variables (e.g., temperature

and rainfall) can be particularly important

(McCain 2007). Biotic explanations, such as

the mass-effect, or the establishment of species

in areas where self-maintaining populations

cannot exist, have been observed in some areas

(e.g., Grytnes et al. 2008b). Spatial hypotheses

such as spatial constraint (the mid-domain

effect) have generated considerable examina-

tion and debate (Hawkins et al. 2005 and

references therein). The mid-domain effect

predicts a hump-shaped species richness pat-

tern when species ranges are randomly dis-

tributed within a geometrically constrained

area (i.e., coast to mountain top). There has

been conflicting evidence for the mid-domain

effect; it has been found to be important in

some cases (plants on Mount Kinabalu;

Grytnes et al. 2008a) and is not supported in

others (ants in the Great Smoky Mountains,

Sanders et al. 2007). Though historical,

climatic, biotic and spatial explanations have

been used individually to explain elevational

richness patterns, these processes may actually

work collectively or interactively along envir-

onmental gradients (Lomolino 2001, Grytnes

and McCain 2007, Körner 2007).

Previous studies of richness gradients (e.g.,

species-area relationship, latitude, elevation)

have generally focused on total species rich-

ness, and relatively few have investigated how

patterns of native and exotic species richness

differ (Sax and Gaines 2006). Investigations of

exotic species have proved historically impor-

tant to the understanding of the natural world

(Sax et al. 2007). For example, Charles

Darwin (Darwin 1859) gained insights into

biogeography from his observations of exotic

taxa. Exotic species can be good models for

biodiversity analyses for several reasons. For

example, if exotic species respond similarly to

natives along environmental gradients it may

indicate that physical environmental factors

are a dominant influence on biotic patterns,

with both groups of species responding

similarly to environmental conditions. In

contrast, if exotic and native species exhibit

contrasting richness patterns, competitive pro-

cesses might limit alien species, (e.g., biotic

resistance, Elton 1958). The concept of ‘biotic

acceptance’ posits that areas with high native

richness also have high exotic richness (Stohl-

gren et al. 2006). It should be noted that the

relationship of natives to exotics can show

strong scale dependence (reviewed in Fridley

et al. 2007).

In general, studies that have investigated the

patterns of native and exotic richness have not

yielded consistent insights. Palmer (2006)

found that both native and exotic species

showed similar area, latitudinal, and eleva-

tional relationships. Blackburn et al. (2007)

demonstrated that the species-area relation-

ships of native and exotic species for islands

around the world were similar, but the species-

isolation relationships were not. Exotic species

richness did not decline as a function of

distance from the mainland, while native

species did. Hulme (2008) found that while

native and exotic species both increased with

area in the United Kingdom, the slope of this

relationship differed across spatial grain. This

study also showed consistently steeper slopes

for exotic species. This is inconsistent with the

findings of Crawley (1987) who found steeper

slopes for the native species-area relationship.

A shallower slope for exotic species could

indicate that they are not as dispersal limited

as natives (Rosenzweig 1995, Sax and Gaines

2006).

Exotic richness patterns along latitudinal

gradients are an active area of research and

debate. Latitudinal gradients of species rich-

ness are similar for native and exotic species

outside of the tropics, with richness decreasing

towards higher latitudes (Sax 2001). In con-

trast, Stohlgren et al. (2005) found no exotic

richness pattern with respect to latitude in the

United States. This observation could repre-

sent a major contribution to the study of

exotic richness along gradients at the broad

scale. However, Fridley et al. (2006) felt that

the study suffered from methodological flaws,

bringing its conclusions into question. Specif-

ically, species richness values were standar-

dized by area (richness was divided by area
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within U.S. counties) to obtain a density value

and the study made use of an incomplete

dataset. An arguably more appropriate trans-

formation and dataset used by Fridley et al.

(2006) indicated that exotic species did show

the expected latitudinal decrease in richness.

Elevational gradients in exotic species rich-

ness remain little explored. The few studies

that have examined exotic richness along a

large elevational gradient have found either a

monotonic decline or a hump-shaped pattern.

For example, monotonic declines in exotic

species were observed along roadsides and

railways sampled from 200–2300 m in the

Swiss Alps (Becker et al. 2005). Mallen-

Cooper and Pickering (2008) sampled vegeta-

tion plots from 540–2020 m in the Snowy

Mountains, Australia. They found that both

exotic and native species richness showed

linear declines with altitude. The rates of

decline (slopes) were similar, but the fit (r2)

was better for the exotic models. Arévalo et al.

(2005) sampled along a complete elevational

gradient from 0–1950 m on the Canary

Islands, Spain. They found a mid-elevation

peak in species richness for both native and

exotic species and the results were quantita-

tively (r2) and qualitatively (shape of response)

similar. In addition, Tassin and Rivière (2003)

found a hump-shaped pattern for exotic plants

sampled from 0–3000 m on Reunion Island,

France.

This study investigates the pattern of exotic

species richness along a complete elevational

gradient in eastern North America. In addi-

tion, we examine whether native and exotic

species show similar richness patterns along

the elevational gradient. We assess how well

the independent variables (area, year of study,

and elevation) predict species richness, using

floras (published floristic studies) as data

points.

Materials and Methods. LOCATION AND

DATASET. The dataset used in this study was

derived from floras of North Carolina, U.S.A.

Only floras located within a geographic

rectangle defined as the area from . 34.7u N

latitude to the Virginia border were used. This

allowed for more even sampling across the

elevational gradient so as not to over represent

low elevation areas. The floras were obtained

in collaboration with the FloraS of North

America project. The capitol ‘S’ is used to

distinguish it from the Flora of North America

project (Flora of North America Editorial

Committee 1993). More information of the

FloraS of North America project can be found

in Palmer (2005) and at http://botany.okstate.

edu/floras/. Other floras were obtained from

standard literature searches (e.g., Web of

Science), bibliographies of known floras and

journal scanning (e.g., Castanea). Only pub-

lications that were stated by the author to be

complete representations of a flora were used

for the analysis. For example, ‘spring floras’ or

floras that excluded specific taxa (e.g., Poa-

ceae) were not used due to incomplete richness

values. Island floras were also excluded from

the analysis, as these areas may be more

strongly governed by dispersal than mainland

areas (Rosenzweig 1995) and could therefore

obscure elevational patterns.

Species richness data from floras allows for

the investigation of elevational patterns of

richness across broad scales and grain sizes.

An analysis by Nogués-Bravo et al. (2008)

found that elevational patterns of total plant

species richness may be free of grain size. In

other words, the same hump-shaped pattern

was found when sampling grain sizes from

1 km2 to 81 km2. Floras also have the benefit

of being representative of the richness of a

large area. Each flora represents an intensive

investigation of a given location over all

seasons and often over multiple years. The

use of floras also allows for the investigation

of richness trends through time (e.g., Palmer

2005). This does not mean that floras are

without bias (Palmer 1995). For example, as

with general collecting, floras are not uni-

formly distributed on the landscape indicating

site selection bias (Pautasso and McKinney

2007, Denslow 2009). Nevertheless, floras

have tremendous value for the understanding

of macroecological patterns (e.g., Kier et al.

2005, Palmer 2006, Kreft et al. 2007, Qian

2009).

For each flora, we determined total vascular

plant richness at the species level of natives

and exotics, middle elevation of the study area

(derived from the minimum and maximum

elevation values), area (size of study area) and

publication year (or year the study was

initiated if more than 2 years prior to the

publication date). There are two primary

reasons for including year as a variable in

the species richness models. First, previous

studies have shown that an increase in

sampling effort can lead to increases in the
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number of recorded species (Palmer 2005,

Lobo et al. 2007), suggesting a possible

sampling effect of increased numbers of

published floras over time. Second, exotic

species richness may actually increase with

time (independent of any sampling effect) due

to ongoing introductions. Exotic species are

defined as any species not native to North

America. This was determined by consulting

the USDA Plants Database (USDA-NRCS

2008). Species listed by the author as only

cultivated were excluded from the richness

counts.

When different sources of data are used to

model species richness there is a chance that

the richness counts may be affected by the

taxonomic concepts used in the original

sources. To evaluate this possibility, the effect

of different taxonomic concepts was assessed

for five floras from this dataset. The taxonomy

was reconciled for five floras and the effect on

species richness was determined. The two

taxonomic concepts compared were Radford

et al. (1968) and Weakley (2008). This analysis

indicated that studies at the level of species

would not be severely affected by using data

from sources with different taxonomic con-

cepts (Appendix A). The difference in richness

counts ranged from 0.3% to 2.3%, with a

mean difference of 1%. In addition, since log

transformations were used, the differences in

richness are very small, and are much smaller

than the residual errors from the regression

models.

We used sixty-eight floras (Appendix B)

located along a large elevational gradient (0–

2037 m). This gradient ranges from sea level

on the coast of North Carolina, U.S.A., to the

highest elevation in the eastern United States

(Mt. Mitchell). The floras ranged from 2.8–

620,000 hectares in size. A large geographic

extent was used to encompass the large

elevational gradient present in North Caro-

lina. The floras used in this analysis ranged

from the year 1901–2006.

ANALYSES PERFORMED. Total, native, and

exotic richness values cannot be modeled

directly as a function of elevation because of

the important effects of area and year on

species richness (Rosenzweig 1995, Palmer

2005). For these reasons, we constructed a

linear regression model that included area,

year and elevation. We log10 transformed area,

exotic, native and total species richness. The

log-transformed power model is one of the

most commonly used species-area relationship

functions (Arrhenius 1921, Rosenzweig 1995).

Species-area relationships generally fit a

straight line in log-log space and the power

function is suitable for predicting species

richness values over ten-fold increases in area

(Rosenzweig 1995, Dengler 2009). Adding

log10 area and year as covariates accounts

for the effect of these variables and tests for

the effect of elevation on species richness. As

stated previously, the shape of the species

richness response to elevation can vary and

take different shapes (Rahbek 2005). In order

to detect nonlinear effects we add a restricted

cubic spline (also called natural spline) to the

elevation term. Spline functions are smoothly

joined piecewise polynomials used for curve

fitting (Durrleman and Simon 1989). Spline

functions can approximate the shape of the

response better than the addition of polyno-

mial terms in ordinary least squares models

(Harrell 2001). For example, polynomials can

take on undesirable shapes and the fit in one

region of the predictor is strongly affected by

the data in other regions of the predictor

(Harrell 2001). When using restricted cubic

spline functions, the investigator must pre-

select the number of knots (join points of

piecewise function). We followed the method

of Durrelman and Simon (1989) and Harrell

(2001, 2009) by placing knots at fixed quan-

tiles of the predictor’s distribution. We

selected the number of knots by comparing

the AIC (Akaike’s information criterion)

values for the native species models containing

different number of knots on the elevation

term. The native species model containing

three knots had the lowest AIC value and was

chosen as the best model. We also added

nonlinear terms to the year variable; however,

no nonlinear terms were significant in any of

the tested models. In order to make direct

comparisons with the native species model we

constructed an exotic species regression model

using the same terms as the best native model

(area, year, and restricted cubic spline term

with 3 knots). This method allows for direct

comparison of predictor responses. In addi-

tion, visual inspection of scatter plots con-

firmed that this technique resulted in reason-

able models. We also examined whether there

were any patterns between the independent

variables that could affect the results of the

model (accomplished by calculating variance
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inflation factors for each model). These values

were low (, 1.6) indicating that collinearity

was not a substantial problem.

We also tested models that included an

interaction term between area and elevation.

These models were difficult to interpret

because of uneven distribution of flora sizes

along the gradient (e.g., no large floras at high

elevations). Therefore, we only present results

from models without interaction terms. To

determine if spatial regression models (i.e.,

spatial autoregressive) would be appropriate,

we tested the ordinary least squares models for

spatial dependence using a Moran’s I test of

model residuals. None of the models displayed

significant spatial autocorrelation (P , 0.05)

indicating that ordinary least squares is

appropriate in this case (Table 2). It is

important to note that some of our floras do

not represent independent observations be-

cause of a few cases of spatial overlap or

nestedness within the dataset. Lack of inde-

pendence can increase Type I errors leading to

over-generous rejection of null hypotheses.

However, use of spatially explicit regression

models had little effect on the model coeffi-

cients and P-values. Linear regression models

were analyzed and visualized using R software

version 2.9 (R Development Core Team 2009)

using the Design package version 2.2-0 (Har-

rell 2009). Moran’s I test of model residuals

were performed using the spdep package

version 0.4-34 (Bivand 2009).

Results. AREA AND YEAR. Native and exotic

species showed a positive relationship with

area and year in the initial model (Table 1).

Exotic species showed a steeper slope than

native and total richness with area (Fig. 1). In

general, total species richness showed a similar

response to natives (model coefficients and r2

values) for all variables tested (Table 1). This

is not surprising because on average, 89% of

species in our floras are native. For this

reason, figures include only comparison of

native and exotic models. The area slopes of

the native and exotic models are statistically

different since the standard errors of the

estimates do not overlap (Table 1). The partial

r2 for the area variable was slightly higher for

exotic species (Table 1). Both native and

exotic species were positively related to year

(Table 1). The slope was somewhat higher for

exotic species, indicating that more exotic

species are added per year. The year slopes

for the native and exotic models are statisti-

cally different; however, the overall strength of

richness by year was weak (Table 1). Partial r2

values indicate that exotic species were better

predicted than native species by the year

variable.

ELEVATION. Native species richness showed

a hump-shaped pattern along the elevational

gradient (Fig. 2). The peak in richness oc-

curred between 500 and 750 m. Elevation

explained 18% of the variation in native

Table 1. Full regression models for native, exotic and total species richness as a function of area, year
and elevation. Restricted cubic splines with three knots were added to the elevation term. Partial r2 values are
shown for independent variables and adjusted r2 are shown for full model.

Model Coefficients Estimate S.E. t P r2

Native model
Log10(Area) 0.127074 0.017911 7.095 , 0.001 0.248
Year 0.002756 0.001273 2.166 0.034 0.023
Elevation 0.000411 0.000133 3.098 0.003 0.182
Elevation’ 20.002398 0.000559 24.287 , 0.001
Model , 0.001 0.670

Exotic model
Log10(Area) 0.206300 0.037991 5.431 , 0.001 0.258
Year 0.009197 0.002699 3.407 0.001 0.101
Elevation 0.000362 0.000282 1.285 0.204 0.036
Elevation’ 20.001942 0.001186 21.637 0.107
Model , 0.001 0.415

Total richness model
Log10(Area) 0.132876 0.019311 6.881 , 0.001 0.253
Year 0.003487 0.001372 2.541 0.013 0.034
Elevation 0.000393 0.000143 2.750 0.008 0.161
Elevation’ 20.002310 0.000603 23.832 , 0.001
Model , 0.001 0.643
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species richness (Table 1). Elevation was

weakly but not significantly related to exotic

species richness (Table 1). However, the model

did predict a peak in richness at mid-elevations

(Fig. 3). The exotic species model differed

most notably from the native species model in

that richness did not increase or decrease as

strongly around the predicted peak in richness

(Fig. 3). Exotic richness was consistently low

at the highest elevations (above 1500 m). Total

species richness (native plus exotic richness)

showed a hump-shaped pattern along the

elevational gradient (regression coefficients

shown in Table 1). This pattern was similar

to the one observed for native species alone

and explained 16% of the variation in total

species richness. Both native and exotic species

richness displayed high variation at the lowest

elevations (Fig. 4 and 5). This is particularly

true for exotic species richness where there was

a high amount of unexplained variation at low

elevations (Fig. 5).

Discussion. In this study, native and total

species richness showed a hump-shaped pat-

tern along the elevational gradient, similar to

those described in Rahbek (2005) and Nogués-

Bravo et al. (2008). Exotic species richness

Table 2. Moran’s I test for residual spatial autocorrelation using relative neighbor spatial weights. For
explanation of models, see methods section.

Moran’s I

PObserved Expectation Standard deviate

Native species model 20.0542 20.0149 20.3277 0.628
Exotic species model 0.0693 20.0149 0.7100 0.239
Total richness model 20.0430 20.0149 20.2341 0.593

FIG. 1. Species area relationship for native species (solid line) and exotic species (long dashed line), short
dashed lines are 95% confidence intervals for the mean. The prediction lines are based the full regression
model including area, year and elevation. The lines indicate log10 species richness for the year 1974 and an
elevation of 256.6 meters. Native slope 5 0.127, exotic slope 5 0.206, see Table 1 for complete
regression results.
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showed a non-significant hump-shaped pat-

tern along the elevation gradient. The exotic

richness curve was not as pronounced as that

of natives. In addition, in our models elevation

did not explain as much of the variation in

exotic richness as it did native richness. The

few previous studies that have examined exotic

richness patterns along elevational gradients

have found either a linear decline (Becker et al.

2005, Mallen-Cooper and Pickering, 2008), or

a hump-shaped pattern (Tassin and Rivière

2003, Arévalo et al. 2005). Our results are

possibly consistent with the latter pattern, but

suggest that additional factors influence exotic

species richness patterns along the gradient

examined in this study.

Despite the lack of a significant elevational

effect, exotic species richness was consistently

low at elevations above 1500 m. Examination

of the model residuals along the elevational

gradient indicates values near or below the

prediction line at high elevations (Fig. 5). In

the Appalachian Mountains, these areas are

characterized by cool, moist summers, and

highly variable winters (very cold periods

interspersed with warmer rainy periods) with

frequent cloud immersion in all seasons. The

native plants growing in these areas generally

have boreal affinities and the abiotic condi-

tions may limit diversity of both native and

exotic species (Alpert et al. 2000). However,

propagule pressure is also an important factor

that can limit invasion by exotic species at high

elevations. For example, when seeds of Meli-

lotus alba Desr. were experimentally added to

high elevation grasslands in Argentina, emer-

gence was greatest at the highest elevations

(Paiaro et al. 2007). This suggests that high

elevation areas can be invaded by exotic

species if sufficient propagules are introduced,

and continued human development at high

elevations may lead to a further increase of

exotic species over time.

Year was a significant variable in both the

native and exotic species models. These results

are consistent with those of Palmer (2005),

FIG. 2. Species elevation relationship for native species, short dashed lines are 95% confidence intervals
for the mean. The prediction lines are based the full regression model including area, year and elevation. The
lines indicate log10 species richness for log10 area of 3.217 and the year 1974. See Table 1 for complete
regression results.
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suggesting that when data come from different

sources it may be important to account for the

effect of year in species richness models. As

predicted exotic species richness did increase

with time, however native species showed a

similar pattern. The number of native species

discovered tends to increase with time, perhaps

as a result of increased botanical exploration.

For example, the number of native species

known from North and South Carolina has

increase by 290 taxa in the past 40 years, while

432 exotic taxa have been discovered during

the same period (Radford et al. 1968, A.S.

Weakley, unpublished). Therefore, it may be

difficult to distinguish between sampling

effects and the detection of novel species

introductions.

It is perhaps not surprising that native

species richness was more strongly related to

elevation than exotic species richness, consid-

ering that native and exotic species have not

shown consistent richness patterns along en-

vironmental gradients elsewhere (Sax and

Gaines 2006). For example, Villaseñor and

Espinosa-Garcia (2004) found that exotic

species showed no species-area relationship

for plants in Mexican states. In addition,

exotic species do not show the expected

species-isolation relationship (decline in rich-

ness as distance from mainland increases)

commonly found for native species on is-

lands (Sax and Gaines 2006, Blackburn et al.

2007)

The primary mechanisms governing native

and exotic species richness patterns along

environmental gradients may differ. For ex-

ample, climatic variables such as temperature

and precipitation that vary along elevational

gradients may not have the same effects on

native and exotic species (McKinney 2002).

Historical factors that might influence mass-

effects could be less important for exotic

species. Although floristic areas (sensu Takh-

tajan 1986) may have distinct assemblages of

exotic taxa (e.g., those present in the Coastal

Plain vs. the Blue Ridge), these assemblages

FIG. 3. Species elevation relationship for exotic species, short dashed lines are 95% confidence intervals
for the mean. The prediction lines are based the full regression model including area, year and elevation. The
lines indicate log10 species richness for log10 area of 3.217 and the year 1974. See Table 1 for complete
regression results. Note that elevation was not a significant predictor in the exotic species richness model.
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may not be as pronounced as those of natives.

Further, transitions or ecotones may not be as

distinct for exotics, leading to a diminished

effect of assemblage overlap on richness.

Lastly, the growth habit and duration of

native and exotic species differ in eastern

North America (Fridley 2008). These differing

species traits in eastern North America (i.e.,

overrepresentation of exotic annuals and

vines; Fridley 2008) could be an important

factor in structuring species assemblages along

environmental gradients.

Human influence is an additional factor

that changes along elevational gradients and is

likely to influence richness patterns. In North

Carolina, there is greater human influence at

lower elevations, as defined by intensity of

human landscape alteration. Specifically at

elevations of less than 400 m human landscape

alteration (e.g., developed and cultivated land

cover types) make up more then 25% of land

cover (M.W. Denslow, unpubl. data), and nine

of the ten largest cities in North Carolina

occur below 400 m elevation (compiled from

the U.S. Census Bureau 2000). This could

explain some of the high variation in richness

for exotic and native species at low elevations

in this study (Figs. 4 and 5). In general, human

activities have been found to increase species

richness (Araújo 2003), yet there is a strong

scale effect to this pattern. Pautasso (2007)

found that human presence is negatively

related to species richness locally (grains ,

1 km2) and positively related at larger scales

(grains . 1 km2). Therefore, human influence

should have a positive influence on species

richness at the grain and extent of the present

study. Further, exotic richness is often

strongly correlated with anthropogenic factors

such as human population and economic

measures (Taylor and Irwin 2004). These

human variables (e.g., population) are often

stronger predictors than abiotic factors (e.g.,

climate) of exotic species richness (McKinney

2002). High levels of richness near human

population centers have also been associated

‘the botanist effect’, an artifact of more

through sampling near populated areas (Pau-

tasso and McKinney 2007). For these reasons,

it seems possible the hump-shaped patterns

FIG. 4. Residuals from native species model, including area, year and elevation as independent variables,
plotted against elevation.
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displayed in this study (Figs. 2 and 3) would

have been even more pronounced in the

absence of a human influence. That is, both

native and exotic richness may be enhanced at

low elevations due to human activity.

Conclusion. At present, the published litera-

ture does not yield a general pattern of exotic

richness along elevational gradients. The few

studies conducted to date have yielded differ-

ing patterns suggesting that exotic richness

may in fact be idiosyncratic due to factors

such as disturbance history. However, in

contrast to our results previous studies have

generally found a strong relationship between

elevation and exotic richness (e.g., . 50% of

variation, Becker et al. 2005, Mallen-Cooper

and Pickering 2008). Further, this study

contrasts with the results of Palmer (2006)

and Mallen-Cooper and Pickering (2008) who

found that exotic species richness was more

strongly related to elevation than native

species richness. Palmer (2006) also found that

exotic richness was more predictable than

native richness. We found the opposite, with

native richness being more strongly related to

physical gradients and better predicted by the

regression models. More studies are needed to

examine the patterns of native and exotic

species in mountain areas.

Literature Cited

ALPERT, P., E. BONE, AND C. HOLZAPFEL. 2000.
Invasiveness, invasibility and the role of environ-
mental stress in the spread of non-native plants.
Perspect. Plant Ecol. Evol. Syst. 3: 52–66.
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Appendix A
Table of taxonomic concept comparisons. Richness counts at the level of species for two different taxonomic

concepts. See Appendix B for complete flora citation information.

Flora Citation Species based on Radford et al. (1968) Species based on Weakley (2008) % diff.

Tucker 1972 677 693 2.3
Pittillo and Lee 1984 596 590 1
Bradshaw 1987 430 426 0.9
Michael 1969 328 327 0.3
Rohrer 1983 355 353 0.6
Mean 1
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Appendix B.

Complete citation information of the floras used
in this study. Note that some citations include more
than one flora site.
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