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Abstract. We review patterns of plant species richness with
respect to variables related to resource availability and vari-
ables that have direct physiological impact on plant growth
or resource availability. Thisreview suggeststhat therearea
variety of patterns of species richness along environmental
gradients reported in the literature. However, part of this
diversity may be explained by the different types and lengths
of gradients studied, and by the limited analysis applied to
the data. To advance in understanding species richness pat-
terns along environmental gradients, we emphasise the im-
portance of: (1) using variablesthat are related to the growth
of plants (latitudinal and altitudinal gradients have no direct
process impact on plant growth); (2) using multivariate gra-
dients, not single variables; (3) comparing patterns for dif-
ferent life forms; and (4) testing for different shapes in the
species richness response (not only linear) and for interaction
between variables.

Keywords: Diversity; Environmental gradient; Functional
type; Life form; Nutrient gradient; Temperature.

Abbreviations: AET = Actual Evapotranspiration; PET =
Potential Evapotranspiration.

Introduction

Biodiversity has recently emerged as an issue of
both scientific and political concern primarily because
of an increase in extinction rates caused by human
activities (Ehrlich & Wilson 1991). Severa very large
experiments (Tilman & Downing 1994; Tilman 1996;
Naeem et al. 1994, 1995; Kareiva 1994, 1996) have
addressed the relationship between biodiversity, mea-
sured as species richness, and ecosystem function.
However, they have failed to reveal a clear causal
effect (Huston 1997). After arevision of some of the
problems and hidden treatments in these experiments,
Huston (1997) concluded that they do not provide
evidence that increasing biodiversity improves eco-
system function and that “both local species diversity

and the rate of ecosystem processes such as productiv-
ity are determined by the amount and variability of the
fundamental environmental resourcesthat regul ate plant
growth and ecosystem processes’. Species richness
patternsin relation to the environment need to be under-
stood before drawing conclusions on the effect of
biodiversity in ecosystem processes. Numerous prob-
lems regarding the study of species richness need to be
clarified, including therole of disturbance (e.g. Grime
1979; Huston 1994), and the relative importance of
biotic versus abiotic factors (Grime 1979; Cornell &
Lawton 1992; Austin & Gaywood 1994). Many stud-
ies tend to have a zoological bias (Lawton 1999)
though vegetation studies may have much to offer on
general issues concerning biodiversity (Austin 1999).
In this context, we review studies of plant species
richness in relation to environmental gradients with
emphasis on the potential differences in response to
different typesof gradients, differencesbetween growth
forms and the methodol ogy necessary to investigate the
observed patterns.

In general, plant community ecologists are con-
cerned with patterns of speciesresponseto environmen-
tal gradients (e.g. Grime 1979; Tilman 1988; Wisheu &
Keddy 1989; Moore & Keddy 1989) and tend to adopt
(if only implicitly) a continuum approach to vegetation
with its assumption of continuous change in composi-
tion with position in the multi-dimensional environ-
mental space (Austin 1985,1999). Huston (1979, 1994)
reviewed species richness extensively, and regarded
patterns of species richness as being determined by the
interaction of disturbance with environmental gradients
and competitive exclusion. Although over any large
region the distribution of speciesrichnessislikely to be
governed by two or more environmental gradients
(Marguleset a. 1987; Pausas 1994; Austin et al. 1996),
species richness studies in relation to environmental
gradients have been mainly single-factor studies.

Harrison et a. (1992) avoided the analysis of spe-
ciesenvironment relationships as too problematic in
their study of betadiversity gradientsin Britain, prefer-
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ring to concentrate on distance and dispersal. They
examined the correl ation between distance and the prin-
cipal components of 16 climatic variables, concluding
that “the strong correlation of distance with climate
makes the interpretation in terms of dispersal versus
habitat specificity ambiguous at best”. Richardson et
al. (1995) tested several hypotheses based on biotic
interactions to explain Banksia species richness in
the south of Western Australia. They did not test for
any relationship between species richness and envi-
ronmental parameters; however they concluded that
topographic and soil variability may be an explana-
tion for the patterns of coexistence. They also com-
mented that different regions (i.e. different environ-
ments) do show different patterns of coexistence.
Nufiez-Olivera et al. (1995) studied different diver-
sity indices in shrublands of central western Spain,
and discussed the variation in richness asbeing dueto
competition and biogeographical patterns. A re-analy-
sisof their data(Table 1) suggeststhat environmental
parameters (especially rainfall) may also be involved
in determining species richness. It is essentia to
consider the abiotic environmental (e.g. climatic) con-
trol over the niche dimensions of individual species
and patterns of local species richness (alpha diver-
sity) before attempting to develop general principles
for diversity theory.

Cornell & Lawton (1992) have proposed that spe-
cies richness is determined by local biotic interac-
tions such as competition and predation, and regional
or historical processes such as dispersal and specia-
tion. Local communities may be saturated or unsatur-
ated with respect to number of species depending on
the relative importance of the two types of processes.
It isimplicitly assumed that occurrence of a species
inaregionissimply afunction of dispersal and biotic
processes. However, if species distribution is con-
trolled by variations in climate or soils within are-
gion, dispersal processes may have little relevance.
Although part of the variation in local species rich-
ness may be related to the size of the species pool,
high regional species richnessin Cornell and Lawton's
analysis could simply be aresponse to high environmen-
tal heterogeneity within a region. Any study on species
pool should consider the filtering effect of the environ-
ment (Partel et al. 1996; Zobel 1997; Zobel et al. 1998).

In arecent experiment, Hector et a. (1999) found a
consistent negative relationship between loss of plant
richness and loss of above-ground productivity in eight
European grasslands. However, they also found that
siteswith the lowest productivity werein both the north
and the south of Europe, and presumably that low pro-
ductivity values were caused by different mechanisms
(e.g. low temperatures in the north and low water

Table 1. Mean number of woody speciesin thethree groups of
Cistus ladanifer shrublands (A, B and C with n = number of
plots) proposed by Nufiez-Olivera et a. (1995), and mean
values for annual rainfall (mm) and mean annual temperature
(°C). Elaborated from the data in Nufiez-Olivera et al. (1995,
Table2 and Fig. 7). Significance: *** =p < 0.0001; ** = p<
0.01; ns = non-significant.

Group n Number Rainfall Temperature
of species mm °C

A 14 8.86 681 16.4

B 14 557 583 16.2

C 17 5.35 607 159

Significance *kk > ns

In(number of species) = 1.024 + 0.01355 x rain; n=45; p<0.05.

availability in the south). The diversity-productivity
relationship is important, especialy for management
and conservation purpose, but in order to understand the
mechanisms controlling speciesrichnessthereisaneed
to consider parameters that have direct impact on plant
growth.

Below we review patterns of plant species richness
found in different ecosystems in relation mainly to
resources and direct environmenta variables. We as-
sume that environmental conditions act as a filter pre-
venting speciesthat bel ong to theregional florabut lack
thetraitsrequired to surviveinlocal conditions (Keddy
1992; Zobd 1997). We review the species richness
pattern produced by this filtering effect, and emphasize
the importance of multi-factor studies and the use of
non-linear statistical techniques. The effect of distur-
bance is not reviewed extensively (see Huston 1994)
and is only commented upon briefly.

Patter ns of plant speciesrichness

Nutrients

Many studies have found relationships between
changes in species richness and a gradient of nutrient
availability (e.g. Grime 1973; Huston 1980; Tilman
1982). The typical response observed has been a
‘humped-back curve' (Grime 1979; Tilman 1982): spe-
ciesrichnessislow at low nutrient levels, increasesto
apeak at intermediate levels and declines more gradu-
ally at high nutrient levels. This pattern has been ob-
served in a number of studies (e.g., Beadle 1966;
Ashton 1977, 1989; Tilman 1982; Vermeer & Berendse
1983; Janssens et al.1998; Lichter 1999). The humped
pattern has been interpreted in different ways by dif-
ferent researchers (Grime 1979; Tilman 1982; Taylor
et al. 1990; Huston & DeAngelis 1994). According to
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Grime (1979), few species are able to tol erate extreme
conditionsof nutrient deficiency. Asresourcesincrease,
more species can survive and hence species richness
rises. At higher nutrient levels, afew highly competitive
species become dominant, suppressing other species.
This competitive exclusion causes a decline in species
richness.

Calcium is often the most important exchangeable
cationinthesoil and can control theavailability of other
nutrients. Pausas (1994) found a humped response of
species richness in relation to Ca-concentration in
Pyreneanforests, while Peet & Christensen (1988) found
a positive relationship in forests of the North Carolina
Piedmont. However, Peet & Christensen (1988) studied
a narrower range of soil calcium concentration than
Pausas (1994). The different length of the gradient stud-
ied may explain the different pattern observed in many
studies. For example, Tilman (1982) showed a decline
in species richness in fertilized plots compared with
control plots in the Park Grass experiment. We could
assume that the study corresponds to the declining half
of the nutrient gradient response. Decrease in species
diversity following fertilization had earlier been re-
ported for other plant communities (Milton 1947; Willis
1963; cited by Tilman 1983). Janssens et al. (1998)
found that the highest number of species in European
grasslandsis found below the optimum soil phosphorus
level for plant nutrition but at the optimum soil potas-
sium level; beyond this optimum, species richness de-
creased. A less clear humped response is found for
nitrogen for the same data set. The degree of correlation
between the three soil nutrientsis not mentioned nor isa
statistical analysis presented. Huston (1980) found a
decrease of tree species richness along anutrient gradi-
ent in Costa Rican forests, while Tilman (1982) and
Ashton (1989) showed a humped curve in tropical for-
estsof Borneo. The different measures of nutrient avail-
ability used in the different studies make comparisons
difficult; however, most grassland studies and most
fertilization experiments showed a downward trend in
species richness.

Many studies on speciesrichnessin relation to envi-
ronment find ahumped curvein relation to a productiv-
ity gradient where productivity is often imputed from
thelevel of an environmental variable. Tilman & Pacala
(1993) show eight humped curves along habitat produc-
tivity, three using soil nutrient measures, two using
moisture measures and three based on biomass esti-
mates. Only one from Beadle (1966) used a single soil
nutrient. However, productivity is a biotic variable de-
pendent on environment. Differential responses to dif-
ferent resource gradients (e.g. nutrient and moisture)
can not be distingushed unless examined separately.
Austin & Gaywood (1994) have pointed out that biom-

ass and productivity gradients carry the implicit as-
sumption that a specific biomass level has the same
effect, regardless of the environmental variable(s) de-
termining the level. They suggest that experimentswith
two environmental gradients (e.g. Goldberg & Miller
1990) are required to test this assumption.

Austin & Smith (1989) proposed that there may bea
second hump of high species richness and subsequent
decline along the resource gradient as the nutrient con-
centration becomes toxic. Few studies have reported
this bimodal response for plant communities (e.g.
Meurk & Foggo 1988). The second potential hump
may be confounded with the first if the datais plotted
as a productivity gradient (Austin & Gaywood 1994),
but supra-optimal levels are not usualy reached in
most studies. The lack of examples may be due to the
lack of generality of this hypothesis, the lack of an
appropriate statistical methodology to test it, or the
lack of studies with sufficiently wide nutrient gradi-
ents; we cannot distinguish between these possibili-
ties. pH isan environmental parameter related to nutri-
ent and toxic element availability. Grime (1973) showed
that the maximum number of speciesin an unmanaged
grassland occurs at a soil pH of 6.1 - 6.5; species
richness declined towards both acidic and alkaline
soils. He concluded that few species are adapted nutri-
tionally to exploit highly acidic or alkalinesoils. Pausas
(1994) showed a positive relationship between soil pH
and moss species richness in the understory of Pinus
sylvestris woodland; however, the range of pH studied
was limited because the pine litter tends to be acidic,
and so, the mossesin that study never grew on akaline
substrates. Pausas & Carreras (1995) found signifi-
cantly more plant species in forests on bedrock with
calcium carbonate (e.g., limestone) than in forests on
non-carbonate bedrock (e.g., schists, granites, sand-
stone). Vetaas (1997) found that vascular plant rich-
ness, and also climber and herbaceous species rich-
ness, were positively related to pH in a study in the
Himalayas. The length of the nutrient gradient, the
correlation with other nutrients present and the influ-
ence of pH on nutrient availability may all influence
the shape of the response of species richness to a
nutrient. Gould & Walker (1999) found a unimodal
relationship between speciesrichness and pH for vascu-
lar speciesin arctic riverine communities — but not for
lichens.

Braakhekke & Hooftman (1999), in an alternative
approach while testing their ‘resource balance hypoth-
esisof plant speciesdiversity’, found maximum species
richness at intermediate values of the nutrient ratios
N/P, P/IK and particularly K/N.

To summarize, there is atendency for the response
of species richness to a nutrient gradient to take a
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humped shape or at least a unimodal envelope, but few
examples show an unambiguous humped shape pattern
(Oksanen 1996). In most fertilization treatments on
grasslands, only adecrease in richnessis observed.

Water

Different variables have been used asasurrogate for
water availability (e.g., rainfall, topography, evapo-
transpiration, soil drainageindex). Asaresource, water,
if appropriately measured, could generateasimilar hump-
shaped curveto that proposed for nutrients.

Richerson & Lum (1980) found a positive logarith-
mic rel ationshi p between Californian plant-speciesrich-
ness and rainfall, the environmental variable that ac-
counted for the greatest variance in species richness in
their study. Knight et al. (1982) and O'Brien (1993)
found apositive correl ation between mean annual rain-
fall and woody species richness in southern Africa.
Gentry (1988) found an increase in neotropical plant
species richness with precipitation up to about 4000
mm where speci esrichnessreaches an asymptote; how-
ever, he also noted that there were differences that
could be explained by seasonality of rainfall and soil
nutrients. He also reported very high richness for an
aseasonal tropical system when approaching 1000 mm.
Pausas (1994) used a moisture index based on soil and
site parameters (topographic position, slope, soil tex-
ture, stoniness and soil depth) and found a humped
curve of moss species richness. Margules et al. (1987)
and Austin et al. (1996) found more Eucalyptus spe-
cies at low annual rainfall levelsin eastern Australia,
but the pattern of variation in species richness also
depended on the values of other variables like mean
annual temperature and solar radiation. However, total
tree species richness showed little relation to annual
rainfall (Austin et al. 1996). Leathwick et al. (1998)
used awater-balance model to estimate an annual root-
zone moisture deficit and a minimum monthly mean
humidity measure in aregression analysis of tree spe-
cies richness patterns in New Zealand. They found
humidity to be the second most important predictor
after temperature.

In an extensive empirical analysis using several
groups of plants and animals for the North American
continent, Currie (1991) concluded that potential evapo-
transpiration (PET) isthe best predictor of faunaspecies
richness. For tree species, the only plant group consid-
ered, actual evapotranspiration (AET) was the best pre-
dictor of richness and showed a monotonically increas-
ing relationship (Currie& Paquin 1987; Francis& Currie
1998). O'Brien (1993), using asimilar approachin south-
ern Africa, showed aquadratic response (humped curve)
of woody species richness to minimum monthly PET.

However, in that study, the underlying factor could
changefrom the effect of temperature (inthefirst part of
the gradient) to the effect of water stress (in the second
part of the gradient); a direct indicator of water avail-
ability would probably suggest a decrease in species
richnesswith adecreasein water availability. Theinter-
pretation is further complicated by the fact that the
simple linear correlation between species richness and
precipitation is0.776 and the correl ation with minimum
monthly actual evapotranspiration is 0.773; however,
the role of actual evapotranspiration is not explored
further in the paper (O'Brien 1993). Such corréelations
between variables are a consequence of physical rela
tionships between the variables and the range of cli-
matic conditionsin the study region. O'Brien'srelation-
ship hasrecently been extrapolated world-wide (O'Brien
1998).

Similar problems of confounding variables have
arisen in recent discussions of whether regional history
or climatic differences between regions were more im-
portant in explaining species richness patterns (Latham
& Ricklefs 1993; Francis & Currie 1998). The two
hypotheses were equally plausible but could not be
distinguished statistically because the predictors were
correlated (Francis & Currie 1998). Several studies of
tree speciesrichnessin relation to moisture components
(Currie 1991; O'Brien 1993, 1998) have used geo-
graphical gridcell based counts of speciesrichness. The
large size of these grid cells ( e.g. 2.5° lat. x2.5° long,
Currie 1991) ensures that internally many of the cells
are highly environmentally heterogeneous.

Specht & Specht (1989, 1993) present evidence that
the species richness of overstorey species (trees and
shrubstaller than 2 - 3 m) isafunction of an evaporative
coefficient and of annual solar radiation, both of which
are related to the shoot growth of the foliage canopy.
These |atter conclusions are based on various data sets
from eastern Australia using simple linear regression.

Thereisatendency towardsincreasing speciesrich-
ness with increasing water availability. However, asin
thecase of nutrient gradients, itisdifficult to comparethe
species richness response to a moisture gradient in the
different studies due to different measures of moisture
availahility, the different correlative analysis methods,
and the different spatial scale used.

Light

Brown (1981), Wright (1983) and Currie (1991)
have suggested that the capacity of the environment to
support species is determined by the availability of
energy. Knight et al. (1982) and Austin et al. (1996)
found a negative relationship between tree species
richness and annual incoming solar radiation in south-
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ern Africa and south-eastern Australia, respectively
(Fig. 1). However, intheKnight et al. (1982) study, the
radiation is also negatively correlated with rainfall,
and the decrease in richness could be explained by the
decreaseinrainfall. In New Zealand, total tree species
richness increased with solar radiation, temperature,
soil and atmospheric moisture (Leathwick et al. 1998).
It is difficult to separate the effect of light from the
other componentsin thewater balance. Radiation has at
least two effects on plants. It serves as a resource for
photosynthesi s, and shading (absorption) can reducethe
availability of the resource to other plants. Light also
supplies energy which results in evaporative demand
and the potential for moisture stress. Various authors
have combined radiation with precipitation to estimate
evapotranspiration (see above; Currie & Paguin 1987;
Currie 1991; O'Brien 1993; Specht & Specht 1989,
1993), or have used multipleregression techniqueswith
several variables (Margules et al. 1987; Austin et al.
1996; Leathwick et al. 1998).

Theenergy hypothesis, whereresourcesand heat are
lumped together as a measure of available energy, has
recently attracted attention (Wright 1983; Wylie& Currie
1993a,b). Speciesrichnessisexpected toincrease mono-
tonically (if water isnot limiting) with increasing avail-
able energy (e.g., potential evapotranspiration). In this
context, the energy hypothesis has been considered an
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Fig. 1. Pattern of total tree species richness (solid line), euca-
lypt (sclerophyll) speciesrichness (dashed line) and rainforest
(broadleaf evergreen) speciesrichness (dotted ling) in relation
to mean monthly solar radiation (kj m= day1) in New South
Wales, Australia. Statistical modelselaborated by Austinet al.
(1996).

extension of the species-area relationship (Wright 1983).
However, this pattern is better fitted for animals (Wylie &
Currie 1993g, b; Kerr & Currie 1998) than for plants
(Currie& Paquin1987; Currie1991; Hoffman et a. 1994).
Thenumbersof angiosperm specieson 24 isandsworld-
wide are better related to AET (related to water avail-
ability) timesareathan to PET (Wright 1983). Hoffman
et a. (1994) found the opposite pattern to that of Currie
and colleagues. plant species richness in a semi-arid
ecosystem was negatively related to energy availability
(PET), because the underlying factor was the reduction
of water availability. Although some of these patterns
are at larger scales than most of the studies reviewed
here, they show the importance of considering both
energy and water availability when studying patterns of
plant richness.

Species richness tends to increase with radiation;
however, many studies do not show thistrend probably
due to the interaction with other parameters. The in-
creaseinradiationisoften associated withareductionin
water availability.

Temperature

Richerson & Lum (1980) found that plant species
richnessin Californiashows anegative response along
a temperature gradient. Knight et al. (1982) found a
positive linear relationship between South African
tree species diversity and temperature. Austin et al.
(1996) showed an increase in the richness of tree
species, Eucalyptus species (see also Margules et al.
1987 and Austin 1987), and rainforest species with
increasing temperature. However, they also showed
that the pattern of increase depends on other environ-
mental variables such as rainfall. Both Austin et al.
(1996) and Leathwick et al. (1998) found that tem-
perature was the environmental predictor that ex-
plained the most variance in total tree species,
rainforest species (Austin et al. 1996), conifer species
(Leathwick et al. 1998), and eucalypt species (Austin
et al. 1996). The relative importance of the different
environmental gradients and their interaction in de-
termining the species richness of different growth
forms needs to be examined further.

Several authors have used atitude (an indirect en-
vironmental variable) as a surrogate variable for tem-
perature; however, this parameter is complex and may
covary with other climatic factors (e.g., rainfall, cloud
cover, wind) and with the degree of isolation on the top
of mountains. A negative relationship between altitude
and woody species richness has been reported in differ-
ent ecosystems (e.g., in coniferous forests by Pausas
1994 and Rey Benayas 1995; in Alaska, Tennessee and
Costa Ricareviewed by Stevens 1992).
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Many studies have found a general increaseinrich-
ness with temperature. However, the trend may be dif-
ferent when water is limiting; so both parameters need
to be considered simultaneously.

Environmental heterogeneity

The effect of environmental heterogeneity is highly
scale-dependent. The existence of environmental or re-
source heterogeneity may create high niche diversity
and hence allow species to coexist at a large spatial
scale. At the local scale, environmental and resource
heterogeneity may explain part of the variability in
species richness, but it may be secondary in impor-
tance to resource and direct variables. For example, in
monospecific woodlands of the Pyrenees, understory
shrub species richness showed a significant positive
relationship with overstory heterogeneity (Pausas
1994). This heterogeneity gradient variable entered
the model (using a forward stepwise procedure) after
the environmental variables, suggesting that woody
species richness is more related to the environment
than to spatial heterogeneity. Richerson & Lum (1980)
also showed a positive relationship between species
richness in California and spatial (topographic) het-
erogeneity, and in that study, environmental vari-
ables were also more important than heterogeneity
variables. The relation between species richness and
within-gap heterogeneity hasbeen reported elsewhere
(Orians 1982; Brandani et al. 1987). At the large
scale, Ricklefs (1977) suggested that the increase in
plant diversity at low latitudes may be due to the
greater heterogeneity of environmental conditions
(latitudinal gradients in physical factors interacting
with openings in the forest canopies). Analyses of
environmental heterogeneity should include the ac-
tual environmental variables as well as an indicator
of in-sitevariability in order to separate the two possi-
bilities (Austin 1999), and the relative importance of
each will depend on their range. Studies using arbi-
trary grid cellsat ageographical scale (e.g. Harrison et
al. 1992) should consider both within- and between-
grid cell environmental heterogeneity (e.g. Palmer &
Dixon 1990). Even for broad-scale regional studies,
Latham & Ricklefs (1993) argue that small plot sizes
should be used because it is only at that scale that
species interactions contribute to determining species
richness.

Climatic variability may be predictable (e.g. sea
sons) or unpredictable. Unpredictable (stochastic) cli-
matic variation may be regarded as a form of distur-
bance. The presence of the seasons of the year enables
different species with different physiological nichesto
coexist. A typical example can be found in hardwood

forestswherevernal speciesflower beforethetree canopy
leaves appear. Another exampleisthedifferent growing
seasons of C3 (cool-season) and C4 (warm-season)
grasses which permit these two types of species to
coexist on the Colorado steppe (Monson et al. 1983).
Scheiner & Rey Benayas (1994) suggested that cli-
matic variability may be animportant factor in explain-
ing species diversity at the landscape level in their
study. However, they did not test variations within
landscapes (e.g., variations in altitude and topographic
position). Landscape heterogeneity (micrositediversity)
may well be a very important factor for explaining
speciesdiversity at thelevel reported by Scheiner & Rey
Benayas (1994).

Environmental and resource parameters may deter-
mine speci es occurrence and their growth and competi-
tive interactions, while parameters related to environ-
mental heterogeneity (including disturbance, see be-
low) tend to increase coexistence and maintain high
richness. It is essential to consider both the level of the
environmental variable and its heterogeneity simul-
taneously in order to distinguish between the two types
of parameters.

Disturbance

Disturbance-, resource- and direct environmental
gradients constitute threetypes of gradientsthat deter-
mine plant growth and survival. The intermediate
disturbance hypothesis (Loucks 1970; Grime 1973;
Connell 1978; Huston 1979, 1994; Tilman, 1983)
suggests that species richness reaches a maximum at
some ‘intermediate’ level of disturbance. Zeevalking
& Fresco (1979) and Lubchenco (1978), studying graz-
ing intensity gradients produced by rabbits and peri-
winkles, respectively, and Wilson & Keddy (1988),
studying a wave-exposure gradient on a shoreline,
provide classical examples that support the interme-
diate disturbance hypothesis. During & Willems
(1984) provide experimental support on chalk grass-
lands. Huston (1994) gives details of this hypothesis
and its consequences, and demonstrates its applicabil-
ity with numerous different examples. On the other
hand, Hubbell et al. (1999) recently found little evi-
dence of theintermediate disturbance hypothesiswhen
studying alarge data set in atropical rainforest. Hiura
(1995) found ahumped disturbance responsein Japanese
beech forests, but he aso found that temperature was a
more important factor in predicting forest species diver-
sity. Vetaas (1997) examined the impact of canopy dis-
turbance on species richness in an oak forest and the
results provide support for the intermediate disturbance
hypothesis while controlling for other environmental
variables.
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Without adefinition of intermediate disturbance that
is independent of its effects, the argument is circular.
Currently, any peak on richnessis assumed to be in the
intermediatelevel of the gradient; thus, theintermediate
hypothesis fits well. Furthermore, the increase in spe-
ciesrichness after a disturbance is related to atransient
increase in the availability of resources (e.g. Grace &
Pugesek 1997), but different mechanisms may produce
the observed pattern. Collins et al. (1995) found a sig-
nificant monotonic decline in species diversity with
increasing frequency in experimental disturbance. How-
ever, they also reported that richness reached a maxi-
mum at an intermediate time interva since the last
disturbance. They suggested that a discrete disturbance
may be an extinction-causing event whereas recovery
following disturbanceisabal ance betweenimmigration
and extinction (Loreau & Mouquet 1999). Glenn &
Callins (1992) showed the importance of the scale of
disturbanceinthedifferential effect onimmigration and
extinction rates.

The important point is that different processes are
often confounded under the concept of disturbance (fre-
guency, intensity, season and extent), and thus generali-
zations are difficult. Different disturbance regimes or
different moments after disturbance may underlie dif-
ferent processes, with different resource limitations. For
instance, the humped response could be due to the
switch from the limitation of one resource (e.g. light) to
the limitation of another (e.g. water) at different stages
of the vegetation dynamics. The richness peak may
occur when no resource is limiting (Lichter 1999). To
better understand the species richness patterns, the dif-
ferent processes associated with disturbance should be

disaggregated.

Potential approaches

Brown (1981) suggested that “ageneral equilibrium
theory of diversity must contain two kinds of con-
straints, capacity rules and allocation rules’. He pro-
posed that capacity rules define the ability of sites to
support life, and are related to the environmental char-
acteristics of the sites. Allocation rules determine how
available energy is apportioned among species. Such
rules will depend on biotic processes such as competi-
tion and predation, and on the physiological and mor-
phological properties that allow the species to exist in
particular environmental conditions. Differencesin the
environmental adaptability of different species groups
may explain the differential patterns of richnessin rela-
tion to environment (Cody 1991; Currie 1991). A com-
prehensive analysisincorporating different environmen-
tal gradients, growth forms and biotic processes has yet
to be done.

We argue that there is a need to emphasise the
following approaches when studying the species rich-
ness-environment rel ationship: (a) choose the appropri-
ate variables incorporating parameters related to re-
sources availability and to direct environmental factors;
(b) study multidimensional gradients using non-linear
regression techniques; and (c) separate species richness
into the richness of the different functional types. Be-
low, some examples are reviewed to show the impor-
tance of these aspectsin studying plant speciesrichness.

Appropriate variables

We assume that resource availability plus the re-
sponse to direct environmental variables (i.e., param-
eters that have a direct physiological impact on plant
growth or on resource availability but are not con-
sumed, e.g. temperature; Austin 1980) are the primary
causes of the observed patterns on plant species rich-
ness at local scale, and that disturbance and dispersal
are secondarily important. Another group of variables
that has often been used to explain plant speciesrich-
ness include the indirect environmental variables (i.e.,
variables that, in themselves, do not have any impact
on plantsor resource avail ability but may be correlated
with one or more direct variables). Examples of this
type that have been applied to studies on plant species
richnessarealtitude, latitude or distance from the coast
(e.g. Glenn-Lewin 1977; Brown & Gipson 1983;
Silvertown 1985; Currie 1991; Stevens 1989, 1992;
Pausas & Saez 2000). Patterns of species richness
along these gradients do not have any direct causal
relationship to plant growth.

Numerous different potential causal variables may
be correlated with the same indirect gradient, com-
pletely precluding any mechanistic interpretation, and
therefore, little advancein ecol ogical understanding can
be made by studying such variables. Similar arguments
can be applied to productivity gradients. Several studies
have concentrated on species richness patterns along
productivity gradients (Moore & Keddy 1989; Grime
1979; Tilman & Pacala 1993; Hector et al. 1999). How-
ever, different combinations of environmental param-
eters may lead to similar productivity values (Austin &
Gaywood 1994). Furthermore, inappropriate dataanal y-
sisis producing misinterpretations in the diversity-pro-
ductivity experiments (Garnier et al. 1997). Productiv-
ity depends on the environment (as we hypothesise for
species richness), and so it should not be used as an
independent variablefor predicting vegetation attributes
(such asspeciesrichness) if primary factorsarethemain
interest.
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Multidimensional gradients

In many of the studies only single environmental
gradients have been considered or, where multiple re-
gression techniques have been used, only linear additive
models with no interaction terms have been fitted. No
strong ecological conclusion can be drawn from test-
ing linear regressions only; non-linear relationships
aretoo common in ecology to beignored. Few studies
(e.g. Margules et al. 1987; Currie 1991; Pausas 1994,
Austin et al. 1996) have considered how species rich-
nessvariesin an environmental space defined by more
than one axis of environmental variation and tested for
different possible response shapes. Speciesthat seemto
coexist (overlap) when examining one or two gradients
(eg. climatic gradients) may be segregated by a third
gradient (e.g. soil nutrients). Austin et a. (1996) ex-
plained tree species richnessin NSW by a multi-factor
model of seven environmental variables (temperature,
topography, rainfall, radiation, seasonality of rainfall,
soil nutrients and bedrock type) plus plot size. They
found that both eucalypt speciesrichness and rainforest
speciesrichnesswere higher at high temperaturesand at
high or intermediate rainfalls. However, although these
speciesappeared overlapping inthe environmental space
defined by temperature and rainfall, they were in fact
clearly segregated by topography. Similar conclusions
werereached by Leathwick et al. (1998) using six envi-
ronmental parametersto predict tree speciesrichnessin
New Zealand.

Most fertilization experiments or nutrient gradient
studies do not take into account the availability of water
or light, and at intermediate nutrient levels the limiting
factor may switch from nutrient to water or light; as one
resource limitation is reduced, another resource may be-
come limiting. This change in resource stress may pro-
duce the humped response. Eek & Zobel (1997) found
that additional illumination in an enrichment experiment
mitigates the effect of fertilization, indicating that ob-
served changes in biomass were due to increased light
competition (and not root competition). Goldberg &
Miller (1990) added water and/or one of three nutrients
(nitrogen, phosphorus, and potassium) to a first-year
old-field community dominated by annuals. Watering
increased productivity (total above-ground biomass),
but had no effect on species richness. Nitrogen pro-
duced a smaller increase in biomass, but reduced spe-
cies richness considerably compared to the controls.
Other nutrient additions had little effect. Annuals ac-
counted for more than 90% of the above-ground biom-
ass in the community, and one annual species Ambro-
sia artemisiifolia, was responsible for the watering
response. Experiments of thiskind with agreater range
of functional typesincluding perennials are needed.

Marguleset al. (1987) and Austin et al. (1996) found
that tree species richness showed a complex depen-
dency on temperature, rainfall, and radiation (due to
aspect) requiring the use of an interaction term between
rainfall and temperature. For agiven aspect, the shape of
the Eucalyptus species richness curve against the mean
annual temperature depended on the mean annual rain-
fall. At low rainfall levels, the peak of species richness
wasat high temperaturesgiving askewed curve, whereas
at intermediate levels of rainfall the peak of richness
was at an intermediate temperature.

Functional types

Severa interpretations of species richness patterns
are based on competitive interactions. For example, the
humped curve of species richness along a resource
gradient is based on competitive exclusion at high re-
source levels (Grime 1979). In asimilar way, the inter-
mediate disturbance hypothesisis based on competitive
interactions because disturbance reduces competitive
exclusion by reducing the dominant competitor and
allowing the growth of inferior competitors.

Because functional types are defined as groups of
species that use the same resources and respond to the
environment in a similar way, competition would be
expected to be moreintense within the same functional
type than between different functional types. Al-
though exceptions to this assumption have been ob-
served (tree/grass interactions), patterns of species
richness might be more interpretable by considering
both the species richness of the different functional
types and total speciesrichness. Different functional
types are adapted to different environmental condi-
tionsin such away that competitive interactions are
minimized. Spatial heterogeneity may well berelated
to the number of functional types because of the in-
crease in microsite diversity. The factors influencing
the number of functional types may be very different
from those influencing the number of specieswithin a
functional type (Moore & Keddy 1989; Nilsson et al.
1989; Cody 1991; Huston 1994). Few data are avail-
able to test this hypothesis. At ‘equilibrium’, species
should differ sufficiently in order to coexist (by niche,
lifeform or phenology differentiation, Bengtsson et al.
1994); however, the magnitude of this difference is
unknown.

Environment can be interpreted as a filter remov-
ing speciesthat lack traitsfor persisting under aparticular
set of conditions (Keddy 1992). In this context, Diaz et
al. (1998) provide an example of asignificant relation
between climatic factors and several plant traits across
a wide spectra of plant growth forms in a climatic
gradient in central-western Argentina. This relation
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between the environment and the key functional traits
isthe basis of the environment-based functional types.
Disturbance can be considered asecondfilter, and several
traits have been recognized to be of great importance for
prevailing under a particular disturbance regime (Noble
& Satyer 1980; Pausas 1999 a, b).

Pausas & Carreras (1995) found that of al the
variables studied, only bedrock type was significantly
related to species richness in Pyrenean forests. How-
ever, when they studied the species richness of differ-
ent life forms, temperature and moisture also became
significant (i.e., woody speciesrichness showed aposi-
tive relationship with increasing temperature whereas
non-graminoid herbs showed a negative relationship).
Theincreasein predictability achieved by subdividing
total speciesrichnessinto different life formshas aso
been observed by Nilsson et al. (1989), Pausas (1994),
Austin et al. (1996) and Leathwick et al. (1998). Al-
though life forms are often a crude division of func-
tional types, it has often been suggested as a first
approximation for functional -type subdivision (Lavorel
et al. 1997).

Grubb (1987) and Goodland (1971) found a posi-
tive relationship between tree speciesrichness and soil
fertility, and a negative relationship between herb spe-
ciesrichness and soil fertility. Grubb (1987) proposed
that these relationships could be explained by the fact
that herbs have more potential for competitive exclu-
sion and establishment in gapsthan trees. Wright (1992)
found a positive relationship between soil fertility and
herbs or understory shrubs richness but did not find a
robust relationship with tree species richness. He sug-
gested that differences in the rooting depths of herbs,
shrubs and trees could explain the different patterns of
species richness between life forms in relation to
drought. Moore & Keddy (1989) also found different
patternsof speciesrichnesswith different speciestypes
while studying the species richness-biomass relation-
ship.

Austin et al. (1996) found that tree speciesrichness
is only dlightly (positively) related to soil nutrients
(Fig. 28). However, when the total tree speciesis split
into species groups, each of these groups presents a
different and strong pattern (Fig. 2). The humped pat-
tern appears only for the eucalypt Monocalyptus sub-
genus. The different patterns of the different subgenera
of Eucalyptus suggest that they may be related to two
functional types. This suggestion agrees with the ex-
perimental evidence reviewed by Noble (1989), show-
ing different behaviour patterns for different eucalypt
subgenera. Different patterns of species richness de-
pending on species group were a so observed for other
variables such as incoming solar radiation (Fig. 1; for
details see Austin et al. 1996). Leathwick et al. (1998)
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Fig. 2. Pattern of tree speciesrichnessalong anutrient gradient
for different functional groupsin New South Wales, Australia.
a) Total tree species (solid line) and eucalypt (sclerophyll)
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(broad-leaved evergreen) species. The pattern is expressed by
the coefficients in the regression (derived from Austin et al.
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also found distinctly different responses for different
typesof treesin New Zealand. Richness of broad-leafed
angiosperm trees increased with solar radiation, tem-
perature and moisture, while conifer species occurred
maximally with low insolation, low moisture deficit and
high humidity, intermediate temperatures and impeded
drainage. Maximum Nothofagus species richness oc-
curred on sites with high insolation, low temperatures,
high soil moisture but low atmospheric moisture.

Pausas et al. (1999) showed that species-areacurves
in Mediterranean post-fire shrublandsfollow the classic
power function (linear log-log relationship) for nested
plots (Preston 1962; Rosenzweig 1995). However, when
different growth forms were considered, different pat-
terns were elucidated: woody species more aptly fol-
lowed asemi-log relationship, while herbaceous species
fitted well in alog-log relationship. That is, herbaceous
species showed a higher rate of species addition at the
large scale than woody species.

Recently, open-top chamber and FA CE experiments
in natural pastureshave suggested different responsesto
CO, enrichment between grasses (monocots) and forbs
(LUscher 1996; Poorter et al. 1996; Potvin & Vasseur
1997); that is, grasses were reduced and forbs were
favoured. Other studies showed different behaviour be-
tween C3 and C4 grasses (Owensby 1996; Poorter et al.
1996). In contrast to nutrient enrichment, CO, enrich-
ment increased diversity and decreased dominance in
Quebec grasslands (Potvin & Vasseur 1997).

Concluding remarks

There are a variety of patterns of species richness
along environmental gradientsreported intheliterature.
Part of this variety may be explained by the different
typesand lengths of gradientsstudied, particularly when
using variables with no direct biological meaning, and
by the fact that most studies search for the pattern of one
environmental parameter at atime without considering
other parameters simultaneously. In general, most stud-
ies show a tendency towards an increase in species
richnesswith temperature and water availability, aswell
as with increased environmental heterogeneity. Also,
most nutrient enrichment studies suggest a decrease in
species richness. However, different responses may be
observed due to interactions between parameters, in-
cluding disturbance factors, and to switchesin resource
limitation along the gradient. Single gradients may re-
flect limitations on different resourcesat each end of the
gradient, and hump-shaped responses may arise as a
consequence of these shifts.

To advance in the understanding of speciesrichness
patterns along environmental gradients, we emphasize

the importance of the following points:

1.1t is important to choose appropriate variables,
that is, variables reflecting the amount of resources or
resource availability, and environmental variables that
have direct physiological impact on plant growth.

2.We suggest studying multidimensional gradients
of resource and environmental parameters, and using
non-linear regression techniquesand interactions. Single-
gradient analyses can easily be confused with other
variables, and non-linear patterns are too common in
nature to be omitted in the analysis of species richness.
It is also important to study long environmental gradi-
ents in order to define the response shape of species
richness unambiguously.

3.When studies are carried out using arbitrary sam-
pling units (e.g., geographical grid systems), variables
incorporating environmental heterogeneity should be
considered.

4. Patterns of species richness may be clarified if
disaggregated into different functional types. We sug-
gest studying the pattern of species richness for each
functional type independently but on the same sites.
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