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I analyzed data from 1870 vascular floras from regions within North America to assess whether the
determinants of native and alien diversity vary as a function of spatial grain. Moving window multi-
ple regression revealed that richness of both native and alien species exhibit the expected spe-
cies-area relationship, latitudinal gradient, elevation gradient, and year of publication effect.
However, the strength of these factors varied between native and alien species, and as a function of
scale. Alien diversity was more predictable than native diversity, and is more strongly related to ele-
vation and latitude. For both groups, the latitudinal gradient is most pronounced at broad grains, and
the elevational gradient is most pronounced at fine grains.
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Introduction

The study of the species-area relationship has yielded a wealth of empirical generaliza-
tions and theoretical developments (MacArthur & Wilson 1963, Williams 1964, Rosen-
zweig 1995, Plotkin et al. 2000, Hubbell 2001, Šizling & Storch 2004). This tradition, as
well as the convenience of summarizing the relationship by a simple formula and index
(z), has largely eclipsed other approaches to understanding the link between biodiversity
and scale. Investigations on the components of scale (Palmer & White 1994), landscape
geometry (Pyšek et al. 2002, Palmer 2007) and temporal scale (Adler et al. 2005, Fridley
et al. 2005) demonstrate that the species-area relationship is not monolithic, and possess
a richness that cannot be summarized by a few parameters.

This does not mean that the study of diversity and scale is intractable. Patterns of spe-
cies richness are often highly predictable (Palmer 1994) based on easily measured geo-
graphic factors such as elevation (Rahbek 1995, White & Miller 1988, Vetaas & Grytnes
2002) and latitude (Hillebrand 2004, Hawkins & Agrawal 2005, Stohlgren et al. 2005).
Thus, it may be advantageous to examine how richness responds to the scale-dependence
of geography.

Palmer (2007) proposed the “environmental texture hypothesis”, which states that the
geometry of important environmental variables varies as a function of scale. At both fine
and broad scales, the environment varies as a smooth (low fractal dimension) function of
space, because of the effects of topography at fine scales and climate at broad scales. This
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causes the number of species to be strongly related to area. At intermediate scales, how-
ever, the dominant variables (e.g. land use, soil types, topography, disturbance) are more
geometrically complex (high fractal dimension). In such a landscape, most of the environ-
mental is “captured” at relatively fine scales – thus adding more area does not add much to
the species-area relationship. The environmental texture hypothesis predicts that spe-
cies-area relationships will be intimately linked with the fractal dimension of each region.

While traditional ecological thought predicts a negative relationship between alien and
native diversity (e.g. Elton 1958) there is strong empirical support for a positive relation-
ship (Stohlgren et al. 1999). This implies a common set of factors determine both alien and
native diversity. However, the strength of the relationship varies as a function of spatial
grain (Stohlgren et al. 2003) implying there may be scale-dependent differences between
native and alien species in the determinants of biological diversity.

The purpose of this study is to use data from 1870 published floras from North Amer-
ica, and to examine whether the relationship between species richness and latitude, eleva-
tion, and publication year varies as a function of spatial grain.

Methods

The data set

The data used are derived from the FloraS of North America project. The ‘S’ is capitalized
to distinguish it from the Flora of North America project (Flora of North America Edito-
rial Committee 1993). These floras were obtained by standard library searches (electronic
and otherwise), bibliographies, and other means. Among other variables, we extracted the
following from each flora where possible: number of native species, number of alien spe-
cies, area, minimum and maximum latitude and longitude (or where not available, geo-
graphic midpoints), minimum and maximum elevation, and year of publication. While the
project is only about 50% complete, there are usable data from 1870 floras. These floras
include plant lists from bogs, outcrops, valleys, mountains, parks, refuges, preserves,
counties, states, provinces, countries, and a broad diversity of other defined regions. Data
from ecological plots are not included in this study. Floras range over 12 orders of magni-
tude in spatial scale, and span the continent of North America, north of Mexico. Further
details are available in Withers et al. 1998, Palmer 2005, Palmer 2007, and http://bot-
any.okstate.edu/floras/.

I calculated geographic midpoints from the minima and maxima, as well as the midpoint
of the elevational range. I log-transformed area, and log(x + 1) transformed native and alien
species richness. The “+1” is necessary because alien species richness is occasionally zero.

All logarithms are common (i.e. base 10). For simplicity, I refer to the mean of the
logarithms of the areas in hectares as the “spatial scale”; for example, instead of saying “a mean
logarithm of area corresponding to a million hectares” I say “a spatial scale of 6”.

Moving-window regressions

In order to assess scale-dependent changes in determinants of diversity, I ranked the floras
by area from smallest to largest. I then performed a series of multiple regressions (sepa-
rately for native and alien species) with the following model:
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Log(richness + 1) = β0 + β1log(area) + β2latitude + β3elevation + β4year + ε

The first regression included the 1st through the 400th floras, the second included the
2nd through 401st floras, and so on to the 1471st through the 1870th floras. Thus, I present
a total of 2942 multiple regressions, each with n = 400. I chose n = 400 as a reasonable
tradeoff between precision of estimates (which increases with n) and the breadth of scales
represented among regressions (which decreases with n).

To facilitate comparison, I display the t-values associated with the regression coeffi-
cients (βs). Several factors (e.g. lack of independence, nonrandom sampling, nested flo-
ras) preclude strict interpretation of statistical significance, so inferential statistics are only
presented as an exploratory guide.

I also considered complex models, including range of elevations, longitude, and inter-
actions among terms. While such models yielded insights into the interrelationships
among the variables, I do not present them here because of my lack of ingenuity in display-
ing their outcome. Fortunately, they confirm the broader results of the simple model de-
scribed here.

The analyses presented here are an attempt at tackling a large, complex, and incomplete
data set with many biases. More sophisticated analyses, addressing some of these biases,
will be performed once the data set is more complete.

Results and discussion

Range of areas

Despite the large number (400) of floras being binned for each regression, the range of
spatial grains within a bin is small compared to the range among bins (Fig. 1). The bin
means range from 0.62 to 6.37, corresponding with areas of slightly more than 4 ha to ap-
proximately 2 million ha). The range is narrow at around 5.2 (corresponding approxi-
mately to 160,000 ha), which is the size of typical U.S. counties (floras are often written
for counties). The greatest ranges are at the smallest and largest spatial scales.

Area

Figures 2–5 represent the t-values associated with regression coefficients. Since all of the
regressions have the same number of observations, they can be compared across grains, re-
gressions and variables.

As expected, area has a positive (or slightly negative) effect on both native and alien
richness (Fig. 2). The effect is stronger for native than for alien species; this may be due to
many alien species being cosmopolitan weeds. For both groups, there is a “dip” between 5
and 6. This is not surprising, because there is not much variation in scale for those regres-
sions (Fig. 1). There is a strong second dip at a finer grain (~3.4) for native richness that is
not clearly associated with a lack of variation in scale. This weakness of an area effect at
this scale is consistent with the environmental texture hypothesis (Palmer 2007) as dis-
cussed in the introduction: the complex geometry of the environment precludes a strong
area effect.
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Fig. 1. – Minima (lowest line) and maxima (uppermost line) for groups of 400 floras, arranged from smallest
grains to largest. The line in the middle is the line of equality.
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Fig. 2. – t-values for the regression coefficient for log(area) in the moving window multiple regressions. The
dashed line encloses the 95% confidence interval.



Latitude

Both native and alien species exhibit a strong latitudinal gradient, as evidenced by negative
values for t in Fig. 3. The latitudinal gradient only becomes prominent at scales above 4,
and becomes extremely strong at grains above 5.5. The scale-dependence of the latitudinal
gradient is equivalent to the latitudinal dependence of the species-area relationship: high
latitudes tend to have lower z coefficients than low latitudes (Drakare et al. 2006).

Compared with the other variables, alien and native species behave very similarly with
respect to the latitudinal gradient. However, over most grains, the gradient is stronger for
alien species. This is consistent with the observation of many floras at high latitudes with
no alien species (Withers et al. 1998). It is not clear how much of this pattern is caused by
climatic constraints, and how much is caused by a low magnitude of human activity at high
latitudes. Niche-based modeling might resolve such questions (Thuiller et al. 2005).

Elevation

Both native and alien species exhibit the expected elevation gradient (i.e. fewer species at
higher elevations; Fig. 4). The gradient is much stronger for alien than for native species.
Interestingly, the elevation effect becomes positive for native species at broad grains. This
is not surprising, because high elevations are associated with high variation in elevation at
broad scales. Higher environmental heterogeneity supports more species (Palmer 1991,
Pausas et al. 2003). This effect is apparently not strong enough to reverse the elevation gra-
dient for alien species.

As with latitude, it is unclear whether the strength of the elevation gradient for aliens is
mostly due to climatic constraints, or a lower human impact at higher elevations
(McKinney 2002).

In contrast to this study, Arévalo et al. (2005) found that alien and native species had
similar responses to the elevation gradient in the Canary Islands; however, that study only
focused on small grains (i.e. ecological plots).

Publication year

Publication year is generally positively related to species richness (Fig. 5), a probable arti-
fact of the cumulative effect of botanical exploration (Palmer 2005). The slight negative
trend for alien species at a fine grain is probably caused by a tendency for recent floristic
authors to seek out relatively undisturbed areas for study. Overall, the explanatory value of
publication year is weak.

Strength of explanatory factors

Except at the largest grains, variation explained by the four variables is relatively low, as
evidenced by the coefficients of determination or r2 (Fig. 6). Alien species are more pre-
dictable than native species, except at the broadest grains. The low variation explained at
grains between 5 and 6 is likely due to the low variation in area (Fig. 1). Future research
will explore methods to correct for this potential bias.

The low variation explained at a grain of ~2 is not surprising, given the multitude of un-
measured factors that can vary at the scale of 100 ha. According to the environmental tex-
ture hypothesis (Palmer 2007), we do not expect diversity to be predictably related to geo-
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Fig. 3. – t-values for the regression coefficient for latitude in the moving window multiple regressions. The
dashed line encloses the 95% confidence interval.
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Fig. 4. – t-values for the regression coefficient for elevation in the moving window multiple regressions. The
dashed line encloses the 95% confidence interval.
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Fig. 5. – t-values for the regression coefficient for year of publication in the moving window multiple regressions.
The dashed line encloses the 95% confidence interval
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Fig. 6. – Coefficient of determination (r2) for the moving window multiple regressions, including area, latitude,
elevation, and year of study as explanatory variables.



graphic trends at such scales. At such scales, variables such as land use and soil chemistry
may have more explanatory power – but since the “important” variables will vary among
sites, a global analysis is infeasible at present.

For both native and alien species, area is the strongest factor related to species richness
at the finest grains, and latitude is the strongest at the broadest grains (Fig. 7). Neverthe-
less, the differences between the groups are striking. Area is only important for alien spe-
cies at the finest scales, while elevation is important at most scales. Elevation is almost
never the dominant factor for native species.

Conclusions

With a few exceptions, the richness of alien and native species respond in similar direc-
tions to similar factors. As expected, richness of both groups is generally positively corre-
lated with elevation and year of study, and negatively correlated with latitude and eleva-
tion. These common responses are sufficient to create a strong positive correlation be-
tween native and alien species richnesses (it should be noted, that the high correlations re-
main even after the explanatory variables are factored out).

Despite the superficial similarity in response, there are profound differences between
native and alien species in the explanatory value of different factors. For example, alien
species experience stronger latitudinal and elevation gradients than native species. Fur-
thermore, the importance of such factors varies strikingly as a function of grain.
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Fig. 7. – The variables most important in explaining species richness, as indicated by the maximum value of the
absolute value of t, as a function of spatial grain. Publication year was never the most important variable, so it is
not indicated here. A = alien species richness; N = native species richness.



The science of biodiversity cannot be readily decoupled from the science of spatial
scale (Palmer & White 1994, Chalcraft et al. 2004, Rahbek 2005). There is greater depth to
the scale/depth relationship than the z coefficients of species-area curves. We are stymied
by a lack of methodology for addressing such scaling issues. Moving window regression,
as illustrated here, represents one technique for our scaling toolbox. New methodologies
are needed to help correct acknowledged biases and other data problems without introduc-
ing new ones (Gotelli & Colwell 2001, Williamson et al. 2001).
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Souhrn

Práce na základě analýzy 1870 flór cévnatých rostlin z území Severní Ameriky ukazuje, jak se faktory určující bo-
hatost původních a zavlečených druhů mění s prostorovým měřítkem studia. Mnohorozměrná regrese ukázala, že
mezi bohatostí obou skupin druhů existuje očekávaný vztah, ovlivněný gradientem zeměpisné šířky, nadmořské
výšky a rokem publikace. Vliv těchto faktorů na původní a zavlečené druhy byl však různě silný a závisel na mě-
řítku studia. Diverzita nepůvodních druhů byla pomocí zahrnutých faktorů lépe předpověditelná a vykazovala těs-
nější vztah k nadmořské výšce a zeměpisné šířce. V obou skupinách měl gradient zeměpisné šířky výraznější vliv
na druhovou diverzitu při větším měřítku, zatímco nadmořská výška na jemnější prostorové škále.
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