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ABSTRACT

The relationship between diversity and productivity remains a contentious issue in ecology.
Although some have asserted that the relationship is always hump-shaped, a comprehensive
literature survey found no single relationship. We conducted a comprehensive examination of
the components of scale (grain, focus and extent) across a geographic hierarchy (e.g. spatially
defined) and two overlapping ecological hierarchies defined by formations and community
types.

We examined how species richness of terrestrial vascular plants varies with net primary
productivity in 901 stands scattered across the state of Wisconsin, USA. We found no single
relationship between species richness and productivity. Instead, the relationship depends on the
components of scale (grain, focus or extent) and hierarchy (ecological or geographic). For the
state as a whole, the relationship was U-shaped. Such U-shaped relationships, while found
previously, have been noted rarely and ignored completely by theory. For the geographic
hierarchy, with increasing extent the relationship went from hump-shaped to negative to
U-shaped. Increasing the grain resulted in the opposite pattern, the relationship going from
U-shaped to negative to hump-shaped. With increasing focus, the relationship became negative.
For the ecological hierarchy among community types, increasing the grain changed the relation-
ship to negative, whereas for the among-formation hierarchy, increasing the grain eliminated
any relationships. In contrast, increasing the focus among community types strengthened the
U-shaped relationship, but similarly eliminated it among formations. Decreasing the extent —
examining individual formations or community types — generally eliminated the relationship,
although a negative relationship was found for prairies and sand barrens, a positive relation-
ship was found for bracken grasslands, and U-shaped relationships were found for northern
upland forests. These results have implications for how we study the effects of scale, its com-
ponents, the effects of sampling bias, and the scale at which various causal mechanisms might
be operating.
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plants, Wisconsin.
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INTRODUCTION

The relationship between diversity and productivity remains a contentious issue in
ecology. Some theories predict a unimodal or hump-shaped relationship (e.g. Grime, 1973,
1979; Huston, 1979; Tilman, 1982; Rosenzweig, 1992; Grace, 1999), and some authors have
asserted that the relationship is always hump-shaped (Huston and DeAngelis, 1994). How-
ever, a comprehensive literature survey (Mittelbach et al., 2001) found that no single rela-
tionship dominated. Rather, the relationship differed with scale and the taxonomic group
under consideration. For terrestrial vascular plants, hump-shaped relationships predomin-
ated at geographical extents smaller than continents, although they accounted for only
40-50% of the relationships at any spatial extent. Positive monotonic relationships were
equally common for plants at continental to global extents.

Scale is a multifaceted entity with multiple components that can be analysed across a
variety of hierarchies. The three components are grain, focus and extent (Palmer and White,
1994; Scheiner et al., 2000). Grain is the size of the common analytical unit. Focus is the
sampling level or area represented by each data point, the inference space. For example, it
may represent the scale at which the grains are aggregated or the scale at which a mean is
calculated. Although the focus of an analysis may be larger than the grain, it can never be
smaller. Extent is the scale at which the entire set of sample-units is analysed. These terms
are further explained in the ‘Methods’ section in the context of our data analysis. Alternate
hierarchies can be used to define scale; two commonly used hierarchies are geographic and
ecological. A geographic hierarchy is based on spatial parameters (e.g. a total area of 100
km’ divided into 1 km® quadrats), whereas an ecological hierarchy is based on species
composition (e.g. within and among communities). The review by Mittelbach ez al. (2001)
only considered one aspect of scale, extent; we extend those results by also considering grain
and focus.

The aims of this study were: (1) to demonstrate the need to consider multiple aspects
of scale; (2) to show that, even in a limited data set, pattern varies as a function of scale;
and (3) to briefly examine the implications of these data for some of those theories. An
important limitation of most studies of diversity is confining analyses to a single grain
and extent. Although some studies consider a range of extents, nearly all use a single grain
size within a given study. However, different studies use different grain sizes, making it
difficult to compare them. More fundamentally, the use of a single grain size assumes that
that size is the ‘correct’ one. There is a strong tradition in plant ecology of determining a
minimal area for sampling — the area at which the rate of increase of a species—area curve
greatly slows (Mueller-Dombois and Ellenberg, 1974). The problem is that, if the area
is large enough to capture most rare species, the area would be so large as to potentially
include substantial environmental variation. Because environmental change is often grad-
ual, any area is arbitrary. While a chosen grain might represent a typical minimum for a
given region and community type, there is no guarantee that it is the ‘correct’ minimum for
all samples.

A solution to this problem is to avoid assuming that any single scale is privileged. Rather,
analyses should be done across a range of scales. Changes in the relationship between
diversity and a third variable (such as productivity) as a function of scale can provide
pointers towards the scale at which processes operate (Scheiner et al, 2000). By not
assuming that we know the correct scale a priori, we let the data speak for themselves. Our
efforts here are simply the latest in a series of papers by many authors urging the use of a
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multi-scale approach to ecological questions (e.g. Levin, 1992; Palmer and White, 1994;
Wu and Loucks, 1995; Pastor et al., 1996; Gross et al., 2000; Scheiner et al., 2000)

The ultimate purpose of scale analysis is to discern the mechanisms underlying ecological
patterns. Mechanisms that operate on relatively small geographic scales and short time-
scales are amenable to experimental manipulation. Manipulation of putative causal
mechanisms provides some of the clearest evidence for causal relationships. Such dis-
cernment is difficult when dealing with macroecological patterns. With mechanisms that
operate at scales of time and space greater than those of typical manipulations, we must use
pattern-matching to infer causal mechanisms. We observe patterns and match them to
patterns generated by one or more putative mechanisms. In an ideal world, each mechanism
would predict a unique pattern. In a less than ideal world, we hope that we can at least
eliminate several putative mechanisms, thus narrowing further investigations.

Diversity—productivity relationships currently suffer from a surfeit of putative mechan-
isms, at least 24 by a recent count (e.g. Rosenzweig, 1971, 1995; Grime, 1973, 1979;
Terborgh, 1973; Wollkind, 1976; Huston, 1979, 1994; Denslow, 1980; Oksanen et al.,
1981; Tilman, 1982, 1988; Wright, 1983; Huston and Smith, 1987; Abrams, 1988; Chesson
and Huntly, 1988; Rohde, 1992, 1997; Moore et al., 1993; Rosenzweig and Abramsky,
1993; Tilman and Pacala, 1993; Wright et al, 1993; Colwell and Hurtt, 1994; Huston
and DeAngelis, 1994; Leibold, 1996; Oksanen, 1996; Willig and Lyons, 1998; Stevens and
Carson, 1999a,b; VanderMeulen et al., 2001; Moore and de Ruiter, in press; for a descrip-
tion of many of these theories, see Gurevitch et al, 2002: table 20.4). In this paper,
we briefly consider four mechanisms in light of a scale-sensitive assessment of pattern. It
would be wrong to consider our analyses as formal hypothesis tests. Instead, our current
analyses are best considered as a hypothesis-generating activity. Because previous analyses
have not comprehensively dissected scale components and hierarchies, we have no a priori
expectations concerning the correspondence of pattern and scale. Second, and more
importantly, most theories are not explicit regarding scale components and hierarchies.
Typically, scale was not considered when theories were developed. A thorough examination
of so many theories is a massive undertaking. Our hope is to reduce the list of theories to a
manageable number by comparing the patterns found both here and in Mittelbach et al.
(2001) with the currently available predictions of those theories and to suggest fruitful areas
for subsequent analyses. We emphasize, though, that such theory testing is beyond the scope
of the present paper.

To dissect the effects of scale more fully, the current paper examines a single geographic
area — the state of Wisconsin, USA — using data collected in a single manner, with a
comprehensive analysis of the effects of scale. Wisconsin provides a unique opportunity
and challenge for investigating the effects of scale. Ecologically it is complex (Curtis, 1959).
It lies at the intersection of three major biomes: the eastern deciduous forest in the south-
east of the state, the tallgrass prairie in the southwest and the boreal forest in the extreme
north (Fig. 1). Much of the northern half of the state consists of the western terminus of
the conifer-hardwood forest (also called the hemlock-white pine-northern hardwood forest
and the Great Lakes forest). This region, although considered part of the eastern deciduous
forest, is a transition zone between that biome and the boreal forest biome (Greller, 1988).
The climate is continental with two major gradients: (1) a wet to dry gradient running from
the northeast along the Great Lakes to the southwest, and (2) a warm to cold gradient,
roughly extending south to north. The temperature gradient is overlain by different east
to west patterns in summer versus winter precipitation (Curtis, 1959). This interface of
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Fig. 1. The state of Wisconsin showing (A) the locations of the 901 stands used in the current
analyses and (B) the formation boundaries defined by Curtis (1959).

gradients helps account for the complex vegetation, making analysis of scale effects both
informative and complicated. The limits of our particular conclusions concerning
productivity—diversity relationships and scale effects do not limit our general conclusion
about the importance of examining the effects of scale on such relationships.

METHODS

Data sources

The measures of species richness came from John T. Curtis” Vegetation of Wisconsin study
(Curtis, 1959). The data were computerized and archived in the 1980s (C.E. Umbanhower,
Jr., unpublished; available from C.E.U. on request). They were obtained from of a series
of stands scattered across Wisconsin (Fig. 1A). An important limitation is that the stands
were neither uniformly nor randomly distributed across the state. Rather, they were
intended as a survey of the breadth of community diversity in the state. Each stand was
at least 15 acres on a uniform topographic site and homogeneous in composition; highly
disturbed sites were avoided (Curtis, 1959). Thus, the survey is best considered as a
near-equilibrial view of large-scale patterns. That is, the ecological domain of our analysis is
relatively undisturbed communities. Although the survey included 19 community types,
we included only 14 in our analysis (Table 1). We excluded all wetland (bog, fen and
aquatic) community types, beach communities and communities on non-soil substrates
(cliff faces). We also excluded any stand for which either some vascular plants were excluded
(e.g. tree species only) or the location could not be determined. In particular, oak savanna
stands were mostly excluded because of insufficient location information. Stand locations
consisted of township and range coordinates. These were converted to latitude and
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longitude, estimated to the nearest 0.17°. For each stand, a complete list of all
terrestrial vascular plants was compiled. The final data set included 1070 species from
901 stands.

Productivity information was estimated from the Biome-BGC model of the VEMAP
Project (Kittle et al., 1995; VEMAP Participants, 1995). This model predicts net primary
productivity (g C-m - year ) based on daily climate, vegetation and site conditions. Model
output consists of productivity estimates on a 0.5° x 0.5° grid across the continental USA
(c. 37 x 55 km’ at the latitude of Wisconsin). Productivity of each stand was estimated by a
linear interpolation among the four surrounding grid points. For stands adjacent to the
Great Lakes, only terrestrial grid points were used. A linear interpolation is reasonable as
the VEMAP estimates are based on local smoothing algorithms.

We used model predictions for three reasons. First, Curtis made no productivity estimates
at the time of his survey. Second, diversity—productivity relationships are presumably the
result of long-term processes. The modelled values are based on long-term climatic averages
and are potentially more accurate than one-time estimates, which reflect short-term climatic
variability. Third, current measures of productivity are either impossible to obtain for many
sites or would be misleading. Many survey locations, especially in southern Wisconsin, have
been cut down, ploughed up or paved over. In addition, estimates of productivity made
40 years after the vegetation survey could be biased by climate change. In contrast, because
model estimates are based on long-term climate averages, they more accurately estimate
productivity during the 1950s when the survey was done.

Data limitations

The biggest limitation is the indirect nature of the productivity estimates. In particular,
the grain of the Biome-BGC productivity model was considerably larger than the size
of individual stands or the nearest-neighbour distances among stands. This difference
in grain means that the error of productivity estimates decreases with increasing grain or
focus as the scale of analysis approaches and then exceeds the grain of the Biome-BGC
model.

The second important limitation is that the sampling by Curtis and his students was
neither random nor regular. Although they achieved reasonably complete coverage of the
state, their intent was to sample the breadth of community diversity. Within a single area
they generally sampled disparate community types (see ‘Results’). For example, 25% of
nearest-neighbour stands share no species. Finally, the number of stands was greater in the
south than in the north, especially around the city of Madison where the University of
Wisconsin campus is located.

These limitations should bias our analyses towards finding no relationship. Errors in the
productivity estimates should be random with respect to productivity, thus increasing the
error variance. Similarly, the sampling by Curtis was not motivated by the issues explored
here, and so is unlikely to create a systematic bias in the data.

The overall data set is also limited by its ecological extent, specifically the range of
productivities found within Wisconsin. The ability to observe complex, non-linear relation-
ships can be constrained by the range of the data (Mittelbach et al., 2001). For these data,
the least productive stands would be considered productive on a global scale, as they do not
include deserts or tundra. Thus, any conclusions about general theories of diversity (see
‘Discussion’) are constrained.



Diversity, productivity and scale 1103

Data analyses

We determined whether a significant relationship existed between species richness and net
primary productivity and if it was linear (positive or negative) or quadratic (hump- or
U-shaped). For all analyses, we first tested whether the relationships were quadratic by
examining the second-order coefficient of a quadratic regression. Only if the second-order
coefficient did not differ significantly from zero, did we test for a statistically significant
linear relationship. In addition, for significant second-order coefficients, we confirmed
the presence of an internal maximum or minimum using the MOS-test (Mitchell-Olds
and Shaw, 1987). For the bootstrap analysis of geographic extent in which determining a
maximum or minimum was not possible, conclusions are based on statistically significant
changes in the sign of the second-order coefficient, strongly implying changes between non-
monotonic and monotonic. In addition, this bootstrap analysis is anchored by an analysis
of the entire state, for which a statistically significant minimum was found (see ‘Results’).
Bootstrap analyses used standardized regression coefficients. Standardization corrects for
differences in variances among samples; a Pearson product-moment correlation is a
standardized regression coefficient for a linear regression. All statistical analyses were done
using Systat (SYSTAT 6.1 for Windows, SPSS, Inc., Chicago, IL). Because we view our
analyses as exploratory, we report results that were marginally non-significant by typical
criteria (0.05 < P <0.10); in all cases, though, we provide sufficient detail for the reader to
reach independent conclusions about the biological importance and statistical significance
of any results.

Scale definition and manipulation

Scale was defined geographically (spatially) and ecologically. Two ecological hierarchies
were defined by Curtis (1959). The first was a semi-geographic classification consisting
of two major divisions, north and south, with each further divided into three formations
(Fig. 1B). These formations were called provinces by Curtis; we have renamed them to avoid
confusion with biogeographic provinces using terminology that roughly follows that of
the National Vegetation Classification Standard. Community types form a separate classifi-
cation that overlaps formations (Table 1). For example, the prairie formation included only
83 of the 211 prairie stands and included six other community types (i.e. northern upland
forest, oak savanna, sand barren, sedge meadow, southern lowland forest, southern upland
forest). Community types (Table 1) were assigned during the original collection and do not
correspond to those of Curtis (1959) or to those of the Wisconsin Department of Natural
Resources (Finley, 1976) in all cases. Using exploratory ordination and classification
analyses, we confirmed that the set of stands within a community type were a continuous
unit. For example, an analysis of all the northern forest stands successfully repartitioned
them into distinct upland forest, wet-mesic forest and conifer swamp groupings. The prairie
stands were an exception. Some of the sand barren (sand prairie) stands were included
within the prairie group in the original classification. We reclassified stands from prairie to
sand barrens if their soil type was noted as ‘sand’ or if they clustered with the sand barren
stands in a re-analysis of the prairie stands (Umbanhower, 1992).

Scale was manipulated by aggregating data in a variety of ways. Here, we briefly list the
manipulations and describe them in detail in the following sections. From a geographic
perspective, grain was altered by combining stands in pairs, triplets, and so on. For each
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combination we calculated the total number of species and average productivity. From an
ecological perspective, grain was altered by considering the total species richness of all
stands within a community type or formation. Focus was altered by combining stands
within a particular geographic area or within an ecological unit (e.g. community type or
formation), and then averaging the number of species and productivity in the constituent
stands. Thus, focus differed from grain because it was based on the average number of
species per stand, rather than the total number of species in the aggregated stands. Extent
was altered by analysing subsets of the state, defined geographically or ecologically.

Most analyses of scale only consider spatial hierarchies because aggregation of con-
tiguous areas is a natural and obvious way to manipulate grain. However, an ecological
domain need not be contiguous to be scaleable. For example, islands and lakes are two types
of ecological domains that are not contiguous, yet the scaling properties of such domains
are routinely analysed (e.g. species—area curves). An ecological domain need not be com-
pletely independent of the matrix within which it lies. For example, we study lakes as a
domain even though a lake community shares members with input and output streams.
What is critical is that the ecological domain of the analysis and conclusions be explicitly
stated, just as the scales of those conclusions should be stated.

Extent

The effects of ecological extent were determined based on the three subsets (division,
formation and community type) described previously (Fig. 1A, Table 1). The effects of
geographic extent were determined by a bootstrap procedure using randomly sampled
blocks of varying size (7.5 x 7.5 km’ 10 x 10 km®, 20 x 20 km’, 30 x 30 km”’, 40 x 40 km’,
60 x 60 km®, 80 x 80 km”, 120 x 120 km?, 160 x 160 km* and 240 x 240 km®). The centre
of each block was created by randomly choosing a location within an area from 42° to
47° north latitude and 87° to 93° west longitude. For each block size, 1000 bootstrapped
regression coefficients were computed. To provide sufficient power in estimating quadratic
coefficients, blocks were discarded if they contained fewer than four stands or if the range
of net primary productivity was less than 100 g C-m~-year . For the stands within the
block, two regressions were performed, one quadratic and one linear, and standardized
regression coefficients were calculated. Means and 95% confidence intervals (CI) were
calculated from the bootstrapped coefficients.

Grain

The effects of ecological grain were determined by performing quadratic and linear regres-
sions on the total number of species and mean productivities for each community type and
each formation. The total number of species was estimated using a first-order jackknife
estimator (Palmer, 1990) from the species—area curve procedure of PC-Ord (McCune and
Mefford, 1997). Other estimators of species richness (second-order jackknife, total observed
species, logistic species—area curve asymptotic value) were highly correlated, so only the
results of the first-order estimator are shown.

The effects of geographic grain were determined by creating nearest-neighbour aggre-
gations of stands. Aggregations of size 2-64 (i.e. pairs, triplets, etc.) were created by choosing
a random location within the state and then finding the closest stands. The range of grain
sizes was chosen both to represent the range that is found in the literature (e.g. some
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continental-scale studies use 0.5° x 0.5° or larger grain sizes) and to bracket the range of
possible scales of ecological interest. Aggregations of a given size differed in the geographic
distance they encompassed because of the non-uniform spatial distribution of stands in the
state (Fig. 1A). In addition, the scale of environmental heterogeneity differs across the state,
with much greater heterogeneity in the southwest than the northeast (Fig. 1A). Our method
certainly resulted in the combining of different community types. However, for some types
of ecological processes (e.g. metapopulation dynamics), we do not know whether species
recognize the same arbitrary community definitions that we do. For a given grain size,
1000 bootstrapped aggregations were created and the total number of species and mean
productivity were calculated. Each set of bootstrapped values was then subjected to
quadratic and linear regressions.

Focus

The effects of ecological focus were determined by performing quadratic and linear regres-
sions on the mean species richness and mean productivity of each community type and of
each formation. The effects of geographic focus were determined by calculating mean
values for all stands within blocks that differed in size (20 x 20 km®, 30 x 30 km”’, 40 x 40
km®, 60 x 60 km’, 80 x 80 km®, 120 x 120 km® and 240 x 240 km®). For each size, blocks
were arrayed in a regular fashion across the state so as to achieve complete coverage. Each
set of mean values was than subjected to quadratic and linear regressions.

RESULTS

For the entire state, the relationship between species richness and productivity was U-
shaped (standardized coefficient: b, =1.23, =901, P =0.001; Fig. 2). This relationship
then differed depending on attributes of scale (extent, grain and focus) and hierarchies
(ecological and geographic).

140 T T T T T

Number of species

400 500 600 700 800 900
Productivity (g C-m—2.year-1)

Fig. 2. The relationship between terrestrial vascular plant species richness and net primary produc-
tivity for 901 stands across the state of Wisconsin.



1106 Scheiner and Jones

Extent

For all analyses of the effects of extent, the grain and focus were the individual stand. We
examined the ecological hierarchy by reducing the extent to that of division, formation
or community type. For each division, there was no significant quadratic or linear
relationship (Fig. 3A, E). For each formation, significant relationships re-emerged. In the
northern division, none of the relationships were significant. However, the conifer-
hardwood forest formation showed a U-shaped relationship that approached significance
(65,=10.83, n=307, P=0.08; Fig. 3B). In the southern division, the prairie formations
showed a negative relationship (b} =-0.27, n=122, P=0.003; Fig. 3H), whereas the
southern hardwood forest formation showed a U-shaped relationship (b =2.54, n= 105,
P =0.02; Fig. 3F).

Four community types showed significant relationships: northern upland forests had a
U-shaped relationship (b5 =3.61, n=110, P =0.001), prairies had a negative relationship
(b7=-0.20, n=211, P<0.004), sand barrens had a negative relationship (b}=-0.30,
n=44, P<0.05) and bracken grasslands had a positive relationship (b} =0.39, n=27,

140 e
120F A . S E1
100 [ . .

el T T
sof . %

wf :.. }{}. =

20 v
ol
120 B Lo F1

100 LI I C

140 e+
120} C a G]
100 [ R ]
8ol . S .
60F .+, I
40 -;\'--:'.-I'. B . e ges o,
7l SRR R AL R LN SAde L ' x et ]
Mo b
120D . L., HA
100 [ CF . ]
sl . T

60 |
a0
20 |

Number of species

.
bR
: .

1 L L L L L ' 1 L 1 L

400 500 600 700 800 900 400 500 600 700 800 800
Productivity (g C-m—2.year-1)

Fig. 3. Effects of changing the ecological extent on the relationship between terrestrial vascular plant
species richness and net primary productivity: (A) northern division, (B) conifer-hardwood forma-
tion, (C) pine savanna formation, (D) boreal forest formation, (E) southern division, (F) southern
hardwood forest formation, (G) oak savanna formation, (H) prairie formation.
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P =0.05). The first two relationships mirror the provincial relationships of the conifer-
hardwood forest and prairie, respectively. In addition, two community types with small
samples sizes had relationships that approached significance, both of which were positive
(pine barrens: b} =0.30, n =40, P=0.06; oak savannas: b} =0.58, n=10, P=0.08). The
chance of finding a significant relationship was not related to sample size (Table 1).

The geographic hierarchy showed an equally complex pattern (Table 2). For extents
of 80 x 80 km” or smaller, the mean relationship was hump-shaped, a negative quadratic
coefficient. For extents of 120 x 120 km” and 160 x 160 km”, the relationship was negative.
For extents of 240x240 km’ the relationship was U-shaped, a positive quadratic
coefficient, converging on the relationship for the entire state.

Grain

For all analyses of the effects of grain, the extent was the entire state and the focus equalled
the grain. For one element of the ecological hierarchy (i.e. community type), the relation-
ship was negative (Fig. 4A), although the regression coefficient was marginally not statistic-
ally different from zero (b} =-0.48, n=14, P=0.08). In contrast, no relationship was
found for formations (Fig. 4B). For the geographic hierarchy, single stands and pairs
of stands had a U-shaped relationship (Table 3). For sets of two, three or four stands,
the relationship was negative. For aggregates of eight or more stands, the relationship
was always hump-shaped. The mean similarity of pairs and triplets of stands was slightly
lower than for either larger aggregations or for the entire data set (0.070; see Table 1),
an indication of Curtis’ tendency to sample different community types located near each
other.

Table 2. Effects of changes in extent on the diversity—productivity relationship

Quadratic regression Linear regression
Standardized Standardized
Size coefficient 95% CI coefficient 95% CI
7.5% 7.5 km® —54.09 —66.14, —42.04 — —

10 x 10 km® -70.71 —83.78, —57.64 — —

20 x 20 km’ -26.06 -33.60, —18.52 — —

30 x 30 km’ -13.34 -17.99, -8.70 — —

40 x 40 km® -7.66 ~11.15,-4.18 - -

60 x 60 km” -3.98 -6.20,-1.76 — —

80 x 80 km® -3.71 -5.86,-1.56 — —
120 x 120 km® -1.61 -3.25,0.044 -0.09 -0.10, —0.08
160 x 160 km® -0.51 -1.69, 0.67 -0.11 -0.12,-0.10
240 x 240 km® 1.16 1.09, 1.22 — —
Entire state 1.23 0.45,2.02 — —

Note: For each size, 1000 randomly placed blocks were created. Within each block, quadratic and linear regressions
were performed. Shown are the mean and 95% confidence intervals (CI) of those bootstrapped values. For the
entire state, the regression is from the original data (n = 901). Testing for a linear regression was restricted to cases
in which the quadratic regression coefficient did not differ from 0.
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Table 3. Effects of changes in grain on the diversity—productivity relationship

Quadratic regression

Linear regression

Aggregation Standardized Standardized Mean
size coefficient P coefficient P similarity
1 1.23 0.001 — — 0.070
2 0.31 0.4 —-0.20 0.0001 0.061
3 —-0.36 0.3 —-0.16 0.0001 0.067
4 —0.66 0.09 -0.09 0.006 0.072
8 -2.13 0.0001 — — 0.069
16 -2.75 0.001 — — 0.069
24 -2.92 0.002 — — 0.070
32 -2.10 0.05 — — 0.069
48 -3.43 0.01 — — 0.070
64 —4.23 0.01 — — 0.070

Note: For aggregations of different size, 1000 sets of nearest neighbours were created randomly. Quadratic and
linear coefficients are based on regressions for the entire set of bootstrapped values. For aggregation size of 1, the
regression is from the original data (n=901). Testing for a linear regression was restricted to cases in which the
quadratic regression coefficient did not differ from 0. Mean similarity indicates the average of the similarities of
stands within each aggregation; for aggregation size 1, it is the mean similarity across the original set of 901 stands.
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Mean productivity (g C-m—2.year-1)

Total number of species

Fig. 4. Effects of changing the ecological grain on the relationship between total terrestrial vascular
plant species richness and mean net primary productivity: (A) community types, (B) formations.

Focus

For all analyses of the effects of focus, the extent was the entire state and the grain was the
individual stand. For one element of the ecological hierarchy (i.e. community type) the
relationship was U-shaped (Fig. 5A), although the regression coefficients were marginally
not statistically different from zero (b, =8.98, n=14, P=0.06). In contrast, no relation-
ship was found for formations (Fig. 5B). For geographic hierarchy, there was a negative
relationship at 20 x 20 km’, 30 x 30 km’, 40 x40 km’ and 240 x 240 km’ (Table 4). At
120 x 120 km’, the relationship was U-shaped, although the regression coefficient was
marginally not statistically different from zero (Table 4).
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Table 4. Effects of changes in focus on the diversity—productivity relationship

Quadratic regression Linear regression
Standardized Standardized
Size n coefficient P coefficient P
20 x 20 km® 173 1.64 0.08 -0.22 0.004
30 x 30 km’ 104 1.28 0.29 -0.25 0.01
40 x 40 km’ 66 0.37 0.81 -0.44 0.0001
60 x 60 km’ 39 3.23 0.16 -0.28 0.09
80 x 80 km® 21 -5.95 0.12 -0.26 0.26
120 x 120 km? 11 8.86 0.06 -0.48 0.14
240 x 240 km® 5 6.20 0.13 -0.97 0.007

Note: Grids of different sizes were distributed across Wisconsin. Within each grid square, the mean number of
species per stand and the mean net primary productivity were calculated. Quadratic and linear regressions were
performed using those mean values.
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Fig. 5. Effects of changing the ecological focus on the relationship between mean terrestrial vascular
plant species richness and mean net primary productivity: (A) community types, (B) formations.

DISCUSSION

Patterns observed

No single form or pattern describes the relationship between species richness and produc-
tivity. The relationship depends on the components of scale (grain, focus or extent) and
hierarchy (ecological or geographic). This conclusion holds even if the marginally non-
significant results are ignored. Our results mirror those of Mittelbach ef al. (2001), in
their analysis of the effects of ecological and geographic extent. Our conclusion con-
trasts sharply with claims that the relationship is hump-shaped at all scales (Huston and
DeAngelis, 1994).

Our conclusions are probably robust given the limitations of our data because errors
in the data are likely to be random rather than systematic. Where we found a statistically
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significant relationship or differences in relationships as a function of scale, the result is
likely to hold (e.g. Figs 2, 3H, 3F; Tables 2 and 3). In several instances (e.g. Fig. 5A),
seemingly obvious relationships were not statistically significant and might become
significant with more or better data.

U-shaped relationships

The discovery of U-shaped productivity—diversity relationships is surprising. No theory,
as far as we are aware, previously predicted such relationships, although some can explain
them in a post-hoc fashion. In their literature survey, Mittelbach et al. (2001) found that
U-shaped relationships accounted for 27% of all non-monotonic relationships (17 data
sets in 13 studies: Beadle, 1966: terrestrial plants; Barbour and Diaz, 1973: terrestrial
plants; Whittaker and Niering, 1975: terrestrial plants; Wheeler and Giller, 1982: terres-
trial plants; Owen, 1988: rodents; Owen and Dixon, 1989: salamanders; Currie, 1991:
amphibians and reptiles; Wheeler and Shaw, 1991: terrestrial plants; Williams et al., 1996:
terrestrial plants; Cowlisha and Hacker, 1997: primates; Pearson and Carroll, 1998: birds
and butterflies; Shepherd, 1998: mammals; Roy et al, 1998: marine gastropods). Those
authors either failed to test for a U-shaped relationship or made little note of such a
result. Clearly, U-shaped relationships are not an aberration and need to be accounted for
by theory.

Some of the U-shaped relationship for the state as a whole (Fig. 2) can be explained by
the details of communities (Table 1). At the low end of the productivity gradient, prairies
had relatively high species richness (Fig. 3H). At the other end of the productivity gradient,
northern forests, especially boreal forests (Fig. 3D), also had high species richness. This high
species richness may be due to the transitional nature of this region. An analysis of similar
forest communities in northern lower Michigan (Scheiner and Istock, 1994) found that
boreal stands were very species-rich because they contained a mixture of both northern and
southern species. Prairies in Wisconsin may be enriched similarly due to their placement
at an ecological transition. The combination of these two transition zones at opposite ends
of the productivity gradient may thus be the cause of the U-shaped distribution. Thus,
observed productivity—diversity patterns may result from the interaction of productivity-
driven processes with other processes.

On the other hand, both divisions and most of the formations and community types have
values for productivity and species richness that span almost the entire range of the data.
So, the U-shaped relationship is not merely the result of combining three separate biomes
with different species pools and productivities. This suggests that the relationship does
not depend on local idiosyncrasies. As always in ecology, particularized causes must be
distinguished from the more general theories that we hope to test.

Extent and productivity

The effects of spatial extent are also surprising. In our analysis, increasing the geographic
extent increased the range of productivity values while decreasing the tendency towards
hump-shaped relationships (Table 2), the exact opposite of the expected pattern. Previous
studies (e.g. Begon et al, 1990; Rosenzweig, 1992, 1995; Huston, 1994; Guo et al., 1998;
Grace, 1999) have claimed that the shape of a detected relationship is related to the range of
productivities (i.e. a positive relationship is just the lower end of a hump). Mittelbach et al.
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(2001) found that a hump-shaped relationship was more common in studies with a greater
range of productivity.

In our data, the shape of the relationship was not related to the range of productivity
(Table 1). For example, prairies had one of the largest ranges, yet showed a linear relation-
ship, not a humped relationship. Similarly, ecological range (f diversity measured as
mean similarity) could also affect the ability to detect a relationship. However, in the
present data, the tendency to find a relationship was not a function of f diversity for
formations or community types (Table 1) or for geographic extent (data not shown). The
six community types with significant or near significant relationships spanned the range of
mean similarities (Table 1).

Mittelbach et al. (2001) found that hump-shaped relationships were more common in
studies that went across community types or at landscape to regional scales; such studies
also tended to span a greater range of productivity. In our data, non-monotonic (U-
and hump-shaped) relationships generally were associated with analyses across community
types or formations (Figs 2, 3B, SA). Prairies, however, are a heterogeneous mixture of dry
to mesic to wet stands (Curtis, 1959; Umbanhower, 1992) and showed a negative linear
relationship. It is possible that we might have found more examples of hump-shaped
relationships with a greater range of productivity values, especially lower productivity. The
range in our data was only 529 g C-m-year '. For example, we might be able to extend
that range by including samples farther west and northwest into the tallgrass prairie. How-
ever, studies in both Kansas (Collins and Glenn, 1995) and Minnesota (Gross et al., 2000),
with lower productivities than in Wisconsin, found negative — not hump-shaped — relation-
ships. Thus, if a hump-shaped relationship exists, the hump lies at productivity values lower
than those encountered on the Great Plains.

For community types with significant or near significant relationships, five of the six were
monotonic. Perhaps those relationships would have been hump-shaped if the productivity
range were greater. However, because the state as a whole had a U-shaped distribution, at
best that relationship would have become a fourth-order curve, something that has never
been observed and certainly not predicted by any theory. For the community types,
based on the observed relationships, any unobserved quadratic relationship is as likely to be
U-shaped as hump-shaped. Thus, we find no evidence that our general conclusions would
be changed if we had been able to extend the range of productivities by extending the
geographic extent of the data.

Dissecting the effects of scale

The effects of scale depended upon both the component and the hierarchy. The use of focus
as an explicit component of scale is new (Scheiner et al., 2000), although the notion of
samples applying to an ecological inference space certainly has a long tradition. For
example, ecological hierarchies go back at least as far as Clements (1916). What has rarely
been done, however, is to examine how a relationship changes as a function of changing the
ecological or spatial focus.

Comparing the effects of focus and grain provides information on the scale-invariance
of the diversity—productivity relationship and hints about the scale of processes that
determine that relationship. For the geographic hierarchy, increasing grain changed the
productivity—diversity relationship from negative to hump-shaped (Table 3), whereas
increasing the focus led to a negative relationship (Table 4). In contrast, for one ecological
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hierarchy, increasing the grain resulted in a negative relationship (Fig. 4A), whereas
increasing the focus maintained a U-shaped relationship (Fig. 5SA).

These differences in the effects of grain and focus are partly due to differences in how
scaling operates on different variables. Some variables are summative (e.g. species richness),
whereas others are averaging (e.g. net primary productivity). The former may increase with
some components of scale, while the latter probably will not. In our analysis, a hump-
shaped relationship appeared with increasing geographic grain because species richness
must increase, whereas productivities assume intermediate values.

In contrast to the effects of changing grain, changes in geographic focus caused both
productivity and diversity to assume intermediate values. On average, high productivity
regions had lower mean species richness (Fig. 2), resulting in a negative relationship. On
the other hand, an increase in the ecological focus led to a U-shaped relationship. Increasing
ecological focus averages values among similar stands, rather than across disparate
stands, thus preserving or intensifying any pattern. Thus we need to be aware of all aspects
of scale when we make comparisons across data sets. Studies may differ in more than one
component of scale and be based on different types of hierarchies.

Possible causal mechanisms

Our results provide hints about the causes of productivity—diversity relationships. Many
theories apply to scales not considered in our analyses (e.g. global patterns) or to trophic
levels other than plants. Consequently, we limited our examination to those theories
germane to our data. We find support for two theories, but only at certain scales, find mixed
support for one and find no support for two others. Any conclusions must be considered
tentative, however, given the limited nature of our data. A comprehensive test of these and
the other theories will require both a thorough re-examination of the theories to determine
what, if any, predictions they make about scale effects and the examination of many more
data sets. We eschew a common practice in ecology, making general theoretical claims based
on a single data set.

Two explanations for hump-shaped relationships that find support are built on assump-
tions about the scale of environmental variation. The first theory — environmental hetero-
geneity — is predicated on mechanisms that operate on within-grain environmental
variation: diversity is highest at intermediate productivities because those environments are
most variable (Tilman, 1982, 1988; Huston and DeAngelis, 1994). This theory can explain
the appearance of humped-shaped relationships at larger geographical grains (Table 3).
Increasing the grain was done by aggregating nearest-neighbour stands. For such nearest-
neighbour pairs, there was a negative correlation between mean similarity and the difference
in productivities (r =—0.23, n=1000, P <0.001). That is, stands that were most different
in species composition tended to be most different in productivity. The aggregated unit
will tend towards a high species richness (because species richness adds across stands) and
an intermediate productivity (because productivity averages across stands), resulting in
an interior peak in the productivity—diversity curve. Nor was the appearance of a hump at
larger grain size simply an artifact of aggregates with a low mean similarity having
an intermediate productivity. While such a relationship between mean similarity and
productivity was found, the relationship existed at all grain sizes (results not shown).
Only when grain size became large enough to capture a sufficient variety of stands did a
hump appear.
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Our results point to the scale at which the environmental heterogeneity process operates.
The evidence suggests that the environmental heterogeneity process is more likely to operate
at a large grain and a landscape to regional extent. The theory itself is agnostic about the
scale of operation, although some authors have asserted that it can explain hump-shaped
relationships at all scales (Huston and DeAngelis, 1994).

The second theory — available habitat — is predicated on mechanisms that operate on
among-grain environmental variation: species richness is greatest at intermediate product-
ivities because such habitats are more common (Denslow, 1980; Rosenzweig and Abramsky,
1993). In our data, density of stands was lowest at intermediate productivities (Fig. 2).
Thus, an inverted version of this theory could explain the U-shaped relationships that we
found. However, this theory fails to predict the change in relationship with changing grain
and focus, suggesting that its domain is limited to the smallest grain examined here.

One process that could lead to non-monotonic relationships is based on changes in
numbers of individuals across community types (Oksanen, 1996; Stevens and Carson,
1999a,b). There are two ways to conceptualize this effect, one driven by biological mechan-
isms and one driven by sampling artifacts. For our data, the biological conceptualization
finds mixed support, whereas the sampling artifact finds no support.

As a biological mechanism, changes in numbers might be driven by changes in physi-
ognomies. Such change in physiognomies is a plant-specific version of the more general
inter-taxonomic competition theory: that environmental gradients result in clade replace-
ment along them (Tilman and Pacala, 1993; Rosenzweig and Abramsky, 1993; Rosenzweig,
1995). Our results give mixed support to this proposition for both ecological and
spatial hierarchies. In agreement with the proposition, non-monotonic (U- and hump-
shaped) relationships generally were associated with analyses across community types or
formations. Contrary to the prediction, the pine and oak savanna formations, which had
the greatest mixtures of forest, shrub and grassland communities, showed no significant
relationships. In support of the proposition, U-shaped relationships were more common at
the largest extents; but contrary to the proposition, hump-shaped relationships were more
common at the smallest extents (Fig. 2, Table 2).

As a sampling artifact, changes in numbers could also be seen as an effect of using a grain
size that is too small to capture local diversity — that is, inadequate sampling (Oksanen,
1996). Contrary to this proposition, hump-shaped relationships were more common as
grain size increased (Table 3).

The final theory — the intermediate productivity hypothesis — found no support in our
data. This hypothesis explains hump-shaped relationships as a balance between environ-
mental stress at low productivities and competitive exclusion at high productivities (Grime,
1973, 1979; Huston, 1979, 1994; Huston and Smith, 1987). This theory predicts that hump-
shaped relationships should be most common at small grain sizes, because larger grains will
combine habitats at different successional stages or with different productivities. Our results
found just the opposite pattern: hump-shaped patterns appeared only at larger grain sizes
(Table 3). More generally, a survey of 197 studies of the relationship between disturbance
and diversity found that the most common pattern was no relationship, while humped,
positive and negative relationships were all equally common (Mackey and Currie, 2001). A
comprehensive test of this hypothesis is complicated because the location of hump depends
on where along the productivity gradient strong competition occurs. Whether competition
is greater at low or high productivity is a matter of contention. One large-scale experiment
concluded that the strength of competition is independent of productivity (Reader et al.,
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1994). However, other studies have shown that competition is greatest at high productivity
(Wilson and Keddy, 1986; Sammul et al., 2000; Olofsson et al., 2002). On the other hand, a
recent meta-analysis (Goldberg et al., 1999) found that competition was greatest at low
productivities, although this conclusion depended on the competition metric that was used.
Again we caution that, in our data, low productivities and high environmental stress may
not have been adequately represented.

Sampling bias and scale analysis

To what extent does non-random, regular or incomplete sampling affect the analysis of
scale effects? Our analyses are potentially biased because habitats were sampled non-
proportionally to their representation in Wisconsin. For example, prairie stands accounted
for 26% of the samples, whereas only about 6% of the state is prairie (Curtis, 1959). In
addition, stands were chosen within an area to represent the breadth of variation, instead of
being representative.

The effects of biased sampling depend on both the scale component and the scale
hierarchy. An ecological hierarchy will generally be less affected by non-proportional
sampling. When examining the effects of grain and focus, data aggregations are done within
each ecological sub-category (e.g. mean species richness within each community type),
thereby correcting sampling differences among types. For a geographic hierarchy, analyses
that involve taking averages (e.g. effects of focus) will be affected to a lesser extent than
analyses that involve sums (e.g. effects of grain). For effects of extent, non-proportional
sampling may actually improve the ability to discover a pattern because the power
of regression analyses increases with increasing range of the independent variable (e.g.
sampling to maximize the range of productivity values).

We must be cognizant of possible sampling biases. Studies of productivity—diversity
relationships must be particularly sensitive to these issues because they will often involve
using data collected for other purposes (e.g. Gross et al., 2000) or meta-analyses of data
collected using a variety of methods (e.g. Gough ef al., 2000; Mittelbach et al., 2001).
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