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Considerable amount of research on the relationships between species diversity and productivity at different
spatial, ecological, and taxonomic scales has been conducted. However, the overall trend of the correlation at
the global scale still remains sketchy and the causal relationship between species diversity and productivity
needs further exploration. This is especially true with beta diversity since most studies carried out use alpha
diversity as the general term for species diversity. In this study we use the MODIS NDVI as the surrogate of
productivity, and the WWF ecoregion systems and its species distribution information to test correlations
between beta diversity and differences in productivity at various taxonomic ranks on a global scale. Matrix
correlation is performed between species composition measured as beta diversities using Sørensen similarity
index and MODIS NDVI/productivity measured as Bhattacharyya distances through Mantel permutation
tests. The correlation coefficients and Mantel test significance levels are reported at the global ecoregion,
biogeographical realm, and biome levels respectively. Significant correlations are found at all three
taxonomic ranks. Results from realm and biome tests suggest that the highest correlations are reached at the
temperate regions when species rank is used. Our findings suggest that species' natural spatial boundaries,
such as the biogeographical realms or biogeographic kinship play a critical role in shaping the correlation
patterns between beta diversity and productivity differences at the global scale.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The relationship between species diversity including alpha (rich-
ness) and beta (taxa turnover) and the productivity is important to
both ecological and biogeographical theories and biological conserva-
tion practices. Considerable studies on the relationships at different
spatial, ecological and taxonomic scales have been conducted during
the past decades. On alpha diversity, two general patterns have
emerged: (1) at the local scale, competitive exclusion theory predicts
a unimodal relationship between productivity and diversity (Grime,
1973; Waide et al., 1999; Mittelbach et al., 2001, 2007); (2) at a
regional or global scale, species-energy theory reports that diversity-
productivity relationships are often monotonically increasing (Wright
et al., 1993; Gaston, 2000; Chase and Leibold, 2003; Hawkins et al.,
2003; Whittaker et al., 2003; Evans and Gaston, 2005; Field et al.,
2009). Other plausible hypotheses, such as the mid-domain model
(Colwell and Hurtt,1994; Colwell and Lees, 2000; Colwell et al., 2004),
biogeographic affinity (Harrison and Grace, 2007), dispersal con-
strains (Partel and Zobel, 2007; Zobel and Partel, 2008; Field et al.,
2009), evolutionary history (Hawkins et al., 2006; Partel et al., 2007;
Laanisto et al., 2008), and speciation and extinction rates (Rohde,

1992; Aarssen, 2004; Currie et al., 2004; Mittelbach et al., 2007) are
also postulated to explain the patterns and seek casual relationships
between species diversity and productivity. We observed that most of
the studies are limited either to a particular taxon groups or to a
particular region; and diversity is measured as species richness only.
The overall pattern of the correlation between species diversity,
especially the beta diversity and the changes in productivity at the
global scale still remains untested. The casual relationship between
them needs further exploration.

While traditionally the species-productivity studies rely on field
based productivity data such as biomass and total cover or climate-
based data such as temperature and actual evapotranspiration, there
are increasing studies using satellite derived productivity data or its
surrogates. Remotely sensed satellite data, such as NOAA's Advanced
Very High Resolution Radiometer (AVHRR) and NASA's Moderate-
Resolution Imaging Spectroradiometer (MODIS) data provide spatially
and temporally continuous coverage at the global scale in a spatial
resolution around 1 km. The relationship between the satellite data
products, such as the Normalized Differential Vegetation Index (NDVI),
and the primary productivity have been studied for a long time andwell
documented (Tucker and Sellers, 1986; Box et al., 1989; Aarssen, 2004;
Pettorelli et al., 2005; Turner et al., 2006). However, current studies are
limitedwith respect to geographical scale (local or regional), ecological
scale (community or ecosystem) and taxonomic scale (species or
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aggregated levels). We refer readers to articles by Nagendra (2001),
Turner et al. (2003), Gottschalk et al. (2005), Leyequien et al. (2007),
and Field et al. (2009) for more detailed information.

Previous studies in correlating the species diversity and NDVI data
(Fairbanks and McGwire, 2004; Seto et al., 2004; Levin et al., 2007;
Rocchini, 2007a) have been focusing on using alpha diversity mea-
surement, i.e., the relationship between the numbers of species of a
site and NDVI values and their derived parameters, for example,
standard deviations. In contrast, beta diversity measurements, i.e., the
differences in species composition between assemblages or regions,
have been widely used in ecological studies as well at various spatial
scales (Koleff et al., 2003; Legendre et al., 2005). Compared with the
alpha diversity, beta diversity can provide a bettermeasurement of the
difference with respect to species compositions or taxa turnover
(Tuomisto and Ruokolainen, 2006; Ferrier et al., 2007; He et al., 2009).
For example, two assemblages or regions can have the same number
of species, i.e., the same alpha diversity, however, their beta diversity
can be high or low (Legendre et al., 2005; Tuomisto and Ruokolainen,
2006). This is especially true at the global scale that some species are
unique to their native regions. Recent large scale studies (Qian et al.,
2005; Qian and Ricklefs, 2007; McKnight et al., 2007) showed that
beta diversity is useful in revealing species distribution patterns. The
works by Rocchini (Rocchini et al., 2005; Rocchini, 2007b) shows that
beta diversity measurements are correlated with the satellite spectral
distances among sites. However, they used digital numbers of the
near-infrared bands in computing spectral distance whose relation-
ship with primary productivity is not known. Furthermore, their
studies are based on high resolution satellite imagery (4 m for
Quickbird and 30 m for Landsat ETM+) at local scales). To the best of
our knowledge, we are not aware of previous studies in correlating the
beta diversities of major taxa and satellite data at the global scale.

It is technically challenging to handle huge volumes of satellite
data in addition to lacking accurate and comprehensive species range
maps at the global scale. The Catalog of life (COL) 2007 checklist
(http://www.catalogueoflife.org/) contains taxonomic information
for more than a million species. However, only a small portion has
information on geographical distributions. A compromise might be to
use the lists of species associated with ecological regions (or
ecoregions, Loveland and Merchant, 2004), such as the World Wild
Fund (WWF) WildFinder database (WWF, 2006), as the surrogate for
global species distribution data. Although limited by both the numbers
of species compared with the species checklists and limited by spatial
resolutions compared with accurate global species range maps, the
ecoregion based species list data represent the best efforts in collecting
species distribution data at the large geographical extents. Further-
more, while there are debates on the functionality and validity of
the existing ecoregion systems from a variety of perspectives (e.g.,
Thompson et al., 2004; McDonald et al., 2005), it is generally accepted
that ecoregions reflect the distinct assemblage of natural communities
and species at large geographical extents. In ecological conservation
practices, the WWF ecoregion system (Olson et al., 2001) have been
widely applied, see details in Olson and Dinerstein (2002), Ricketts
et al. (2005), Kier et al. (2005), and Lamoreux et al. (2006).

In this study we used the MODIS NDVI as the surrogate of pro-
ductivity, and the WWF ecoregion system and its species distribution
information to test the following predictions: (1) positive correlations
between beta diversity and differences in productivity exist at a global
scale; (2) the strength of correlation relates to biogeographical kinship
and taxonomic rank respectively. Our predictions are largely based on
the biogeographic affinity hypothesis proposed by Harrison and Grace
(2007) in that the positive relationship between productive and beta
diversity at large spatial scale stems from two fundamental processes:
evolutionary history of species pool and ecological laws governing
species interactions. If both predictions are proven to be correct, they
will have important implications for revealing the causal relationships
between beta diversity and productivity differences at the global scale.

2. Materials and methods

2.1. Data

WWF ecoregion datawas provided in ESRI Shapefile format and had
14458 polygons representing the 825 ecoregions in eight bio-
geographical realms and fourteen biomes. The WWF WildFinder spe-
cies database was provided in Microsoft Access database format which
had 29112 species, 4815 genera, 445 families and 69 orders in 4 classes
(amphibians, reptiles, birds, and mammals). There were 350045
species-ecoregion records (WWF, 2006).

The NASA Filled Normalized Difference Vegetative Index (NDVI)
product is a global data set of spatially complete NDVI maps for 23
sixteen-day periods per year (001, 017, … 353) with a spatial
resolution of 1 min on an equal-angle grid (10800 rows by 21600
columns). The particular dataset we used was the averaged one from
2000 to 2004 (NASA, 2007) to remove inter-annual variations.

In our study, we excluded small ecoregions that had less than 50
grid cells (1min resolution).We also excluded the ecoregions that had
at least one cell that was to the 60°S, since the environmental data
there were not reliable due to very few ground observation stations to
validate the satellite data products. This brought the total ecoregions
taken into consideration in this study to 763. For the ecoregionswhose
cell numbers were between 50 and 100, we used all the cells. For the
large ecoregions whose cell numbers were larger than 100, we
randomly chose 100 samples as the representatives for the ecoregions
in computing the NDVI dissimilarity matrix. We removed cells that
had invalid data in any of the 23 sixteen-day periods which may bring
the numbers of cells in the 763 ecoregions slightly less than the 50 or
100 thresholds used in the above two cases.

2.2. Statistical analyses

For calculating beta diversity, we used the complementary mea-
surement of the Sørensen similarity (Koleff et al., 2003) as the
dissimilarity in species composition between two ecoregions. Assum-
ing the total number of species that occur in both samples is a and the
total number of species that are unique to each of them are b and c
respectively, the dissimilarity is computed as (b+c)/(2⁎a+b+c).
This was done separately at three taxonomic ranks, i.e., species, genus
and family. Therefore, three dissimilarity matrices for beta diversity
were generated.

For NDVI distant metrics, we used Bhattacharyya distance
(Bhattacharyya, 1943) as the dissimilarity measurement of the NDVI
time serial data which was defined in the following:
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The Bhattacharyya distance measures the dissimilarity between
the samples in two groups and takes both difference of the means
(first term) and difference of the covariance (second term) into con-
sideration. In the equation, symbols i and j represent paired eco-
regions. Since the number of periods of the NDVI dataset was 23, the
means were 23×1 matrices and the covariance was 23×23 matrices.

We consider that Bhattacharyya distance provides a better mea-
surement of the difference between two ecoregions using NDVI as the
surrogate for productivity. This is because some of the ecoregions in
the WWF dataset have large areas and their climate/productivity
varies significantly within the ecoregions. It is improper to use a single
feature vector to represent them and use the Euclidian distance as the
measurement to compute the distance between the feature vectors.
Using groups of samples inside ecoregions to compute the dissim-
ilarities among ecoregions should provide a better measure for dis-
similarity. To the best of our knowledge, we are the first to use the
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