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Summary

1 The relationship of productivity to species diversity is usually positive at regional
scales, but is often neutral, unimodal or negative at local spatial scales. Recent studies
have pointed out that beta diversity, or among-locality and within-region variation in
species composition, must therefore tend to increase with productivity.

2 We tested for a positive relationship of productivity to beta diversity in herbaceous
plants at 105 widely distributed sites on serpentine soil in California. We also asked
whether any such pattern could be explained, as previously proposed, by increased
environmental heterogeneity at higher levels of productivity.

3 We found that one measure of beta diversity (the species dissimilarity between paired
500 m? plots on adjacent north and south slopes) was positively related to productivity
(as measured by the normalized difference vegetation index, a remotely sensed index).
However, this effect was not strong enough to transform the neutral relationship of pro-
ductivity with alpha (1 m?) diversity to a positive relationship of productivity with
gamma (1000 m?) diversity.

4 The positive effect of productivity on beta diversity was not related to increasing
heterogeneity in coarse measures of vegetation structure (percentage cover of shade,
litter, rocks, moss, bare soil, animal disturbance). We speculate that the effect may instead
have a ‘top-down’ explanation: higher beta diversity may be caused by the positive influ-
ence of productivity on the size of the regional species pool.

5 Our study illustrates the principle of a ‘scale transition’, in which an ecological pattern
is qualitatively different at different spatial scales. Careful attention to scale-dependence
may help narrow the search for mechanisms for such long-studied ecological puzzles as
the latitudinal diversity gradient.
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Introduction

Mechanisms to explain the relationship between pro-
ductivity and species richness remain highly elusive,
and recent studies of this problem have emphasized the
need for careful consideration of appropriate spatial
scales (Huston 1999; Waide ef al. 1999; Mittelbach
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et al. 2001; Safford et al. 2001). Productivity is nearly
always found to be positively correlated with diversity
at large scales, such as among biomes or geographical
regions (Francis & Currie 2003; Hawkins et a/l. 2003),
but the relationship is often neutral, weakly unimodal,
or negative at smaller scales, such as among field
sampling plots (Grime 1973, 2001; Tilman 1982; Grace
1999; Waide et al. 1999; Gross et al. 2000; Safford et al.
2001). The productivity-diversity relationship thus
provides a potential example of a ‘scale transition’
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(Chesson et al. 2005), in which an ecological pattern at
alarger scale is qualitatively different to that at a smaller
one, and an additional mechanism is required to explain
such non-linear scale-dependence.

Chase & Leibold (2002) demonstrated that the scale
transition from a non-positive to a positive productivity-
diversity relationship must involve an increase in beta
diversity, or among-site dissimilarity in species com-
position. They found that zooplankton diversity within
ponds (i.e. local, or alpha, diversity) followed a unimodal
relationship to productivity. However, ponds within
high-productivity watersheds were more dissimilar
from one another in composition (i.e. had higher beta
diversity) than ponds within low-productivity water-
sheds, thus producing a positive relationship between
productivity and watershed-scale diversity (i.e. regional,
or gamma, diversity). These authors considered, but
found no evidence for, one possible mechanism, namely
that environmental heterogeneity increases at higher
levels of productivity. They speculated that the mech-
anism instead involved the existence of alternative
stable states at high productivity, an idea that later
received a modest amount of support from microcosm
experiments (Fukami & Morin 2003). Subsequently,
lack of connectivity among ponds was implicated as a
necessary condition for the increase in beta diversity
with higher productivity (Chase & Ryberg 2004).

Higher beta diversity at higher productivity is likely
to be a phenomenon of global generality and impor-
tance. In a recent review and meta-analysis, Hillebrand
(2004) found that the tropical-temperate diversity gra-
dient is virtually always stronger at the regional scale,
e.g. among countries or latitudinal bands, than at the
local (field plot) scale, even when total latitudinal
extent is held constant. In addition, multiple studies
have found that the regional latitudinal diversity gradient
is very strongly correlated with measures of energy and
water availability that control primary productivity
(Francis & Currie 2003; Hawkins et al. 2003; Hillebrand
2004). Taken together, these results mean that global-
scale patterns in productivity are positively associated
with beta diversity, i.e. with the ratio of regional
richness to local richness. Thus, although we are still
far from having a satisfactory mechanistic explanation
for either the latitudinal richness gradient or the
productivity—diversity relationship, further study of
beta diversity is clearly needed.

In this study we ask whether beta diversity increases
with productivity in a terrestrial herbaceous plant sys-
tem. We further ask whether such a relationship can be
found at the relatively small scale of tens to hundreds of
metres, where beta diversity may be caused by hetero-
geneity in readily observable microhabitat conditions
such as slope and aspect, shading, litter, rock cover and
animal disturbance. We hypothesize that increasing
mean productivity in our system is associated with
greater variation in such local microhabitat conditions,
in turn leading to higher small-scale spatial differenti-
ation in species composition. If this is true, ours would

be the first study to find evidence for one of the major
proposed explanations for the positive productivity-
beta diversity relationship.

We analysed plant species richness in 105 field sites
on serpentine soil in California. Serpentine is a harsh,
low-productivity soil that supports a rich flora domi-
nated by native species. In earlier work we found that at
a regional scale (e.g. 10>~10* km?), species richness in
our system was strongly positively correlated with pro-
ductivity, which in turn was strongly correlated with
average annual rainfall (Harrison ez al. 2000; Harrison
et al. 2004; Harrison et al. 2006). These results were in
good agreement with other studies linking regional-
scale plant diversity in California to a rainfall-driven
gradient in productivity (Richerson & Lum 1980;
Hawkins & Porter 2003; Williams et al. 2005).

We considered four components of species richness:
‘alpha’ (1 x 1 m quadrats), ‘within-plot beta’ (dissimi-
larity among seven quadrats within 50 x 10 m plots),
‘between-slope beta’ (dissimilarity between pairs of
50 x 10 m plots on adjacent north and south-facing
slopes), and ‘gamma’ (cumulative richness of each pair
of 50 x 10 m plots). Within-plot beta is intended to
measure the diversity that is related to general small-
scale environmental heterogeneity; between-slope beta
isintended to measure the diversity associated with dif-
ferences in local topography. We only considered herbs,
because valid tests of local processes on diversity must
sample potentially competing species (Huston 1999),
and because we were interested in beta diversity at
scales too small for woody species.

We asked three questions. (i) How strongly is vari-
ation in the gamma (total) herb richness of our study
sites associated with variation in each smaller com-
ponent of richness (alpha, within-plot beta, between-
slope beta)? (ii) How does each component of richness
respond to productivity? Specifically, does productivity
have a non-positive relationship to alpha, but a positive
relationship to beta and gamma diversity? (iii) How does
environmental heterogeneity respond to productivity?
In particular, is productivity positively associated with
either the within-plot variability, or the between-slope
variability, in environmental parameters that may affect
herb species composition (percentage cover of shade,
rocks, bare soil, litter, moss, animal disturbance)?

Using the terminology of Waide et al. (1999), our
‘focus” was small (1 x 1 m quadrats), but our ‘extent’
was large (our sites spanned roughly 1200 km latitude
and 2750 m elevation). This choice of scales should be
well suited for the questions we investigated. Most uni-
modal or negative productivity-diversity relationships
are observed in small plots (e.g. Grace 1999; Waide et al.
1999; Gross et al. 2000) and, in general, many authors
advocate defining alpha at a small scale where interspe-
cific interactions should be strong and internal spatial
heterogeneity relatively low (e.g. Huston 1999; Loreau
2003). However, our large geographical and ecological
extent is appropriate because it ensures an ample
natural gradient in primary productivity.



112
S. Harrison et al.

© 2006 The Authors
Journal compilation
© 2006 British
Ecological Society,
Journal of Ecology,
94, 110-117

Methods

STUDY SYSTEM

The term ‘serpentine’ as used by ecologists refers to
ultramafic (Mg- and Fe-rich) rocks, principally serpen-
tinite and peridotite, and the soils derived from them.
These rocks originate at the base of the oceanic litho-
sphere and are exposed on the earth’s surface in zones
of tectonic plate convergence and subsequent moun-
tain uplift. Serpentine is an infertile environment for
plants because of its low levels of Ca relative to Mg,
exacerbated by low nutrient (NPK) levels and, in some
cases, metal (Niand Cr) toxicity and poor water-holding
capacity. Distinctive floras occur on serpentine, both
because it excludes some plant species from the sur-
rounding communities, and because it may support
substrate specialists (endemics) (Kruckeberg 1984;
Brooks 1987).

Serpentine in California is found in four broad,
geologically defined provinces: the Klamath-Siskiyou
Mountains, the North Coast Range, the South Coast
Range, and the Sierra Nevada. It supports several thousand
plant species including 200+ endemics (Kruckeberg
1984; Safford et al. 2005). Very little serpentine is found
in adjacent areas outside of the state. The vegetation
ranges from forest, woodland and barrens at higher
latitudes and in more mesic areas, through shrublands
interspersed by barrens and grasslands, to grasslands
in more southerly and xeric sites.

SAMPLING

We conducted field sampling of local plant richness
and local environmental variables on serpentine from
April 2001 to July 2004. To attain geographically
representative coverage, we used a spatially referenced
floristic data base (Viers et al. 2006) to stratify the state
into 86 regions that contained serpentine. Within each
of these regions, we examined maps of the geology,
road layout and land ownership to identify accessible
areas and the approximate location of sampling sites
without reference to the vegetation. Topographic maps
were then used to identify locations where a cool (N-
NE) and a warm (S-SW) slope were in close proximity,
generally 10-200 m apart. We avoided sites < 50 m from
paved roads and sites with obvious signs of human dis-
turbance (mining, logging, off-road vehicles) or recent
fire. We sampled 109 sites in 78 regions, with sites span-
ning 1200 km in north-south extent (from the Oregon
border to Catalina Island) and from sea level to 2750 m
elevation.

At each site we established two 50 x 10 m plots, one
on the north and one on the south slope, to measure the
contribution of local topography to species richness.
Plot origins were determined by blind tosses of a flag.
We recorded the identities of all species in the plots, and
in seven 1 x 1 m internal quadrats (five at 10-m inter-
vals along the central transect and two at opposite

corners of the plot). Plots were GPS-located and the
plots and subplots were marked. Species were identi-
fied using Hickman (1993), supplemented by county
floras and local species lists. Within the 1 x 1 m quad-
rats, we recorded percentage cover by each species and
by rocks, bare soil, litter and animal disturbance (trails,
burrowing, etc.), and the slope and aspect. We averaged
these variables to obtain a mean and CV of each vari-
able for each plot. We recorded woody species cover
(i.e. shade), height and identity along the central 50-m
transect.

Our sampling schedule was timed to accommodate
differences among sites in their peak flowering season
based on their latitude and elevation. Because different
species were visible and identifiable at different times of
year, we sampled each site at least three times in 2 years,
with at least one visit early and one visit late in the
site-specific flowering season, and accumulated data
across sampling dates to obtain one list for each site.
Our sampling was sufficiently complete that we very
rarely added > 10% of the total species list on the
final visit.

To measure productivity, we used the remotely sensed
normalized difference vegetation index (NDVI), which
measures the separation between energy reflectivity in
the near infrared and red wavelengths, and indicates
the density and vigour of the plant canopy (Cihlar et al.
1991; Hansen et al. 2004). The NDVTI is a well-studied
correlate for leaf area index, net primary productivity
and fractional photosynthetically active radiation. The
NDVI was an excellent predictor of regional plant
diversity on serpentine and other soils in several earlier
studies (Williams et al. 2005; Harrison et al. 2006).
Our NDVI data were obtained from the moderate
resolution imaging spectroradiometer sensor (MODIS;
Carroll et al. 2004). We averaged the NDVI spatially
for a circle of 250 m radius around each site (in nearly
all cases this circle was 100% serpentine). We averaged
the NDVI temporally for 2000—04, using the same
composite date for each image (calendar day 129: ¢. 8—
23 May) and masking for yearly climatic conditions
(i.e. clouds and snow) and known water features. We
had to exclude four of our 109 sites because NDVI data
were missing, most likely because of cloud cover.

By using the NDVI, we are employing a measure
that is closer to potential than to actual productivity,
because it does not indicate the degree to which distur-
bance or herbivory has reduced the biomass of the
specific sites that we sampled. Theory suggests that the
relationship of diversity to productivity may depend
on the level of disturbance (Huston 1999). However,
many previous studies of diversity have used potential
measures (e.g. rainfall), as well as actual determina-
tions of productivity (e.g. biomass), and a recent
meta-analysis found that their results did not differ
significantly depending on the measure that was used
(Mittelbach ez al. 2001). Also, previous studies have
shown that disturbance has less effect on diversity in
serpentine vegetation than in many other plant systems
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(Whittaker 1960; Safford & Harrison 2004; Harrison
et al. 2006).

ANALYSES

As a simple measure of dissimilarity, or beta diversity,
we used the proportion of unshared species (one minus
the Jaccard index), following numerous other authors
(e.g. Colwell & Coddington 1994; Magurran 1998;
Chase & Leibold 2002). While more complex beta
measures may be preferable when beta diversity is
being calculated among sites that vary systematically
in their alpha diversity (e.g. among sites spanning
latitudinal gradients; Harrison et al. 1992; Koleff et al.
2003), thisis not an issue in our study, where beta diver-
sity was calculated within, not among, latitudinally
varying sites.

In analysing patterns of alpha diversity and within-
plot beta diversity, our sample size was the number of
plots (n = 210), and our measures of heterogeneity were
the within-plot, among-quadrat coefficients of variation
(CVs) of the environmental parameters. We refer to
these as plot-level analyses. In contrast, in analysing
gamma diversity and between-slope beta diversity, our
sample size was the number of sites (n = 105), and our
measures of heterogeneity were the between-slope
differences (absolute value of north minus south) in
the within-plot average values of the environmental
parameters. We refer to these as site-level analyses.

To answer our first question, we used a site-level mul-
tiple regression to ask how variation in gamma (total)
diversity was associated with variation in average alpha
diversity, within-plot beta diversity, and between-slope
beta diversity.

To answer our second question, we used multiple
regressions to ask how alpha diversity (plot-level) and
gamma diversity (site-level) depended on NDVI and
NDVI?. We also used simple regressions to test how
within-plot beta diversity (plot-level) and between-slope
beta diversity (site-level) depended on NDVI.

To answer our third question, we used multivariate
analyses of variance to ask how NDVI was associated
with, first, the within-plot mean values, secondly, the
within-plot coefficients of variation (CVs), and thirdly,
the between-slope differences of environmental variables.
The variables we examined were the percentage cover
of shade (i.e. woody cover), rocks, bare soil, litter, dis-
turbance and moss. We also used multiple regressions
to ask whether within-plot beta diversity was related to
the CVs of these variables, and whether between-slope
beta diversity was related to the between-slope differ-
ences in any of these variables.

To avoid possible confounding effects of woody
cover, we repeated key analyses using only the subset
of 34 sites that had no woody cover. Also, we asked
whether our productivity-diversity patterns still held
when the percentage of herbaceous cover was used
as an additional independent variable in multiple
regressions.

Results

CONTRIBUTIONS OF DIVERSITY
COMPONENTS TO GAMMA DIVERSITY

Within-plot beta diversity averaged 0.59 £ 0.15 (SD);
between-slope beta diversity averaged 0.70 + 0.13; alpha
diversity averaged 7.57 £ 5.02; gamma diversity aver-
aged 49.74 + 18.79.

In a site-level multiple regression, variation in gamma
diversity was significantly positively associated with
variation in alpha diversity (r = standardized slope =
1.043, P <0.001) and with variation in between-slope
beta diversity (r = 0.408, P < 0.001); it was significantly
negatively associated with variation in within-plot beta
diversity (r =—0.110, P = 0.04). The relationship with
alpha was much stronger than that with either beta
measure, as indicated by the relative slopes.

When only herbaceous sites were considered, the
results were little changed: » = 1.089 (P < 0.001) for
alpha, r=0.566 (P <0.001) for between-slope beta,
and r = —0.139 (P > 0.10) for within-plot beta.

RELATIONSHIP OF THE NDVI TO DIVERSITY
COMPONENTS

In plot-level analyses, neither alpha diversity nor
within-plot beta diversity was significantly related
to either NDVI (P > 0.10; Fig. 1) NDVI?. In site-level
analyses, between-slope beta diversity was positively
related to NDVI (r = 0.299, P = 0.002) but gamma
diversity was not related to NDVI (P > 0.10; Fig. 1) or
NDVI2.

When only herbaceous sites were considered, the
relationship of NDVI to between-slope beta remained
significant (r = 0.511, P = 0.003; Fig. 2). The relation-
ships of NDVIand NDVI?to alpha, within-plot beta, and
gamma diversity remained non-significant (P > 0.10).

When herb cover was added as an independent vari-
able to the preceding model (using herbaceous sites
only), it showed significant positive relationships to
alpha diversity (r = 0.576, P < 0.001) and to gamma
diversity (r = 0.401, P = 0.029), as well as negative rela-
tionships to within-plot beta diversity (r =-0.421,
P <0.001) and between-slope beta diversity (r =—0.487,
P =0.001). However, it did not qualitatively alter the
relationships of NDVI to the components of diversity:
these were still neutral for alpha, within-plot beta and
gamma diversity (P > 0.10), and positive for between-
slope beta diversity (r = 0.403, P = 0.006).

RELATIONSHIPS OF THE NDVI AND BETA
DIVERSITY TO ENVIRONMENTAL
HETEROGENEITY

In a plot-level multivariate analysis of variance, NDVI
was not associated significantly with the mean values
of percentage rock, bare soil, disturbance, litter or
moss, but it was positively associated with the mean
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Fig. 1 Relationship of productivity (NDVI) to (a) alpha, (b) gamma, (c) within-plot beta, and (d) between-slope beta diversity,
for all sites. The relationship is only significant for between-slope beta (P = 0.002; intercept = 0.60 + 0.05 (SE), unstandardized

slope = 0.26 £ 0.01 (SE)).
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Fig. 2 Relationship of between-slope beta diversity and
productivity (NDVI) for the sites with no woody cover. (P =
0.003; intercept = 0.43 £0.08 (SE), unstandardized slope =
0.45+0.14 (SE)).

value of percentage shade. (For the whole model, Pillai
Trace = 0.17, d.f. =7 and 202, F=5.92, P <0.001; in
associated F-tests, P < 0.001 for the effect of NDVI on
percentage shade, P > 0.10 for the effects of NDVI on
all other variables.)

Inaplot-level MaNova of the coefficients of variation
of the above variables, NDVI was positively associated
with the CVs of the percentage cover by rock, bare soil

and animal disturbance. (For the whole model, Pillai
Trace = 0.14, d.f. =7 and 202, F=4.67, P <0.001. In
associated F-tests, P = 0.001 for the effects of NDVIon
CV of rock, P < 0.001 for the effects of NDVIon CV of
baresoil, P = 0.027 for the effect of NDVI on the CV of
animal disturbance; P > 0.10 for the effects of NDVI
on all other variables.)

In asite-level MANOVA, NDVT had no significant rela-
tionship to the between-slope differences in the values
of any environmental variable (Pillai Trace = 0.06,
d.f. =7and 97, F=0.83, P > 0.10).

In a plot-level multiple regression, within-plot beta
was not significantly related to the CVs of any of the
environmental variables (P > 0.10).

In a site-level multiple regression, between-slope
beta was positively related to the between-slope differ-
ence in litter, but not to the between-slope differences in
any other environmental variables (+ = 0.030, P = 0.002).

Discussion

We found a positive association between productivity
and beta diversity, similarly to other authors (Chase &
Leibold 2002; Chase & Ryberg 2004). Higher values of
the productivity measure NDVI, which, in our study
system, largely reflects rainfall, are associated with greater
dissimilarity in herb species composition between two
plots on adjacent north and south slopes. This result
was not an artifact of the effect of productivity on the
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relative amounts of woody and herbaceous cover, as it
was also true among the subset of sites with no woody
cover, and as it was qualitatively unchanged when herb
cover was included in the model. We did not find such
an effect for beta diversity at a smaller scale, among 1-
m? quadrats within 50 x 10 m plots.

We found no evidence for the hypothesis that
increasing environmental heterogeneity causes the
increase in beta diversity at higher levels of productiv-
ity. We did find that several measures of within-plot
heterogeneity were positively associated with NDVI,
namely the coefficients of variation of rock, bare soil and
animal disturbance. However, no measure of between-
slope environmental heterogeneity showed an increase
with NDVI. As only the between-slope beta diversity
was positively associated with NDVI, we conclude that
the forms of environmental heterogeneity we measured
were not capable of explaining the positive relationship
of productivity to beta diversity.

Unlike previous authors, we did not find that increasing
beta diversity caused a transition from a non-positive
productivity-diversity relationship at a smaller scale to
a positive one at a larger scale. Instead, we found non-
significant relationships of productivity to diversity at
both our smaller (alpha, or 1 m?) scale and our larger
(gamma, or 1000 m?) scales. Although such results are
not uncommon (Waide et al. 1999; Gross et al. 2000), it
is possible that using a more localized measure of pro-
ductivity, such as biomass, would have revealed signi-
ficant relationships at one or both of these scales. Even
if we had, we would still be unlikely to have found a
scale transition, because the influence of beta diversity
on gamma diversity was weak in our system. Variation
in gamma diversity was much more strongly associated
with variation in alpha diversity (+* = 0.60) than with
variation in either within-plot (+* = 0.01) or between-
slope (7 = 0.10) beta diversity. This contrasts with other
studies that find a strong positive linkage between envi-
ronmental heterogeneity, beta diversity and gamma
diversity (e.g. Williams et al. 2002). A scale transition
would only be possible if beta diversity responded
differently to productivity than did alpha diversity and
if beta diversity exerted a strong influence on gamma
diversity.

As we know that NDVT1 is a strong positive predictor
of regional diversity in our system (Williams ez al.
2005; Harrison et al. 2006), the scale transition must
happen at a larger scale (i.e. a larger site size) than the
one we examined. Larger sites would incorporate a
higher level of internal heterogeneity, thus increasing
the influence of beta relative to alpha diversity. In addi-
tion, previous work (Chase & Ryberg 2004) suggests
that if our sites were large enough to include spatially
discontinuous localities, such as plots on separate
serpentine outcrops, our potential to find a scale tran-
sition should be enhanced.

We are left in search of a mechanism to explain the
positive association of productivity to beta diversity in
our system. The only mechanism besides heterogeneity

that has been proposed in the literature is the existence
of alternative stable states at high levels of productivity
(Chase & Leibold 2002; Fukami & Morin 2003). We do
not think this is likely in our system, because serpentine
vegetation is characterized by slow growth, infrequent
disturbance and generally late-successional conditions
(e.g. Whittaker 1960; Safford & Harrison 2004;
Harrison et al. 2006). Also, our quadrats and plots
were spatially continuous with one another, so it seems
unlikely that they could exist in alternative stable states.
Instead, we propose an explanation based on regional
control of local community patterns (Cornell 1993;
Karlson et al. 2004; Ricklefs 2004).

Species-energy theory (Hawkins ez al. 2003) predicts
that, as productivity increases, regional diversity
increases not as a scaled-up consequence of local pro-
cesses, but because of mechanisms that intrinsically
actataregional scale, for example lower rates of species
extinction due to higher regional population sizes. At
the same time, resource competition (Tilman 1982;
Grime 2001) and assemblage-level thinning (Oksanen
1996; Stevens & Carson 1999) can prevent the additional
diversity associated with higher productivity from
being absorbed into small localities. Putting these two
pieces together, one would predict what we found: an
increase in beta diversity with increasing productivity
thatis not associated with an increase in environmental
heterogeneity. Instead, increasing beta diversity could
be the by-product of a greater regional number of spe-
cies ‘spilling over’ among localities as the same number
(or fewer) of them are able to coexist within localities.
This agrees with the model of Weitz & Rothman (2003),
in which the scale transition to a positive productivity-
diversity relationship arises from an increase in the size
of the regional species pool without any change in local
dynamics.

Our proposed explanation is intrinsically difficult
to prove because it switches the emphasis from easily
observable, local phenomena to regional-scale and
long-term processes that are much harder to study (see
Ricklefs 2004 for a review of historical explanations for
richness gradients). Nonetheless, our results suggest it
is valuable to focus on spatial scale as a way of refining
the search for explanations of species diversity patterns.
We conclude by speculating that beta diversity is higher
in the tropics, not necessarily because tropical species
have narrower climatic tolerances, as proposed by
Janzen (1967), but for reasons similar to those we sug-
gest here. That is, small localities cannot fully absorb
the abundance of species that are produced at the
regional scale by the high rates of speciation and/or
low rates of extinction that are characteristic of highly
productive regions.
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