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ABSTRACT 

This paper examines several major geographic patterns of species richness and related hy— 

potheses of mechanisms．These species patterns include latitudinal gradient，elevation gradient， 

aridity gradient，species—area relationship， and microenvironmental pattern． Hypotheses and 

mechanisms to be examined include time hypothesis，0riginati0n—extincti0n dynamics hypothesis， 

available energy／pr0ductivity hypothesis，habitat heterogeneity hypothesiss moderate disturbance／ 

stress hypothesis，and niche theory／species interaction hypothesis．There has been a lack of con— 

ceptual frameworks to integrate biodiversity studies carried out at different spatial，temporal and 

organizational scales．W e believe that such frameworks must take a hierarchical and scale perspec— 

tive and explicitly consider the multiplicity of processes and mechanisms．In a rather concise fash— 

ion，we propose a hierarchical structure for relating both the patterns and hyp otheses of species 

richness with spatial scales．This hierarchical framework helps to understand patterns，hyp otheses 

and their relationship in terms of spatial scales and related processes．For example，patterns of 

species richness and responsible processes are usually scale—dependent．At continental and global 

scales，available energy in the environment seems to be the ultimate determinant of the number of 

species．However，other hypotheses must be invoked in order to satisfactorily explain the large— 

scale patterns of species richness．Spatial heterogeneity and disturbance are significant at landscape 

or regional scales，whereas species interactions，disturbances，and microenvironmental factors op— 

crate most importantly on local scales． 

1 Introduction 

The study of the distributional patterns of species richness is an important step to 

understanding the relationship between biological diversity and underlying ecological 

factors and processes．This relationship is fundamental to conservation biology in gener— 

al and the identification of stressors in particular(NOSS 1990，Wu 1990，1991，1994)． 

In particular，the distribution patterns of species richness found in natural or semi—natu— 

ral ecological systems on different scales may serve as one kind of baseline conditions，a— 

gainst which changes in species richness can be detected in relation to finthropogenic 

stressors．Accordingly，stressors may be defined as factors and agents which affect the 

level and distributional pattern of species richness that are found in natural or semi—nat— 

ural environment．In this paper，we shall discuss several major geographic patterns of 

species richness and related hypotheses of mechanisms． A hierarchical framework is 

then proposed to improve the understanding of the patterns and mechanisms and to facil— 

itate the development of a more integrative theory of species richness． 
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2 Distributional patterns of species richness 

The pattern of species richness distribution in time and space has been a major 

theme in both ecology and biogeography for several decades．Several geographical pat— 

terns have been documented across a range of spatial scales．For terrestrial systems．the 

patterns include gradual，sometimes monotonic，changes in species richness along physi— 

cal environmental gradients(e．g．，latitude，elevation)on large scales，as well as more 

complex patterns that are determined by both local physicsl factors and biotic interac— 

tions on smaller scales．Here．we elucidate several major spatial patterns of species rich— 

ness with related hypotheses that pertain to explain these patterns (cf．MacArthur 

1965，Pianka 1966，MacArthur et a1．1967，Brown et a1．1983，Brown 1988，Orians 

1994，Wu et a1．1994)． 
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Fig．1 The latitude gradients of species richness(from Currie 1 991)． 

The number of species for different groups of organisms，in general，decreases with increasing 

latitude in the North Hemisphere．Notice，however，that the peaks in species richness for three 

of the four groups seem to occur around 35。N (Mammalia and Amphibia)or 45。N (Ayes) 

2．1 Latitudinal gradient 

Species richness tends tO decrease with increasing latitude from the equator tO the 

poles，though the relationship is not monotonic for most taxonomic groups of organisms 

(Fig．1)．This pattern appears equally general for plants，animals，and microbes，and 

has been well documented in the literature(e．g．，Fischer 1 960，Simpson 1 964，Kiester 

1971，Currie 1991)． 

2．2 Elevation gradient 

Species richness decreases with increasing ele、ration for most
．organisms(Fig．2)． 

The elevation gradient of species richness is also rather general，and has been fair1y 
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well documented (Glenn—Lewin 

1977，Brown 1988)． 

2．3 Aridity gradient 

Species richness decreases with 

Increasing aridity across a geographic 

region or a continent．A striking ex- 

ample is that the number of plant 

species declines dramatically when 

one moves across the north—south 

oriented vegetation zones westward 

from the deciduous forest，to forest 

steppe， to typical steppe， and to 

desert in the temperate Eurasian con- 

tinent．Aridity gradient often inter— 

acts with other gradients like eleva— 

tion，which complicates the species 

richness patterns and their interpre— 

tation (Brown 1 973，Whittaker et 

a1．1 965，Glenn—Lewin 1 977，Brown 

1988)． 
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Fig．2 The elevational gradients of species richness 

(from Brown 1988~orginal data from W hit— 

taker et a1．1975)． 

2．4 Species—Area relationship 

Species richness tends to increase monotonically with habitat area．A widely cited 

mathematical expression is of the form ：S=cA ，or，log S— log A+／og c，where S is 

species richness，A is area，and c and are positive constam s．c usually reflects the ef— 

fect of geographical variation on species richness，and usually varies between 0．1 8 and 

O．35．This relationship has long been fo．und in numerous studies of terrestrial communi— 

ty ecology and island biogeography(e．g．，Preston 1962，MacArthur et a1．1967；also 

see W u 1989，W u et a1． 1994)．The spatial scales on which this relationship iS most 

likely to hold are from local communities to landscapes．and the effect of area on species 

richness seems to disappear on larger scales(see Currie 1 991)． 

2．5 M icroenvironmental pattern 

。 Species richness exhibits gradient—like changes or more complex patterns on local， 

small scales in response to variations in abiotic and biotic environments． Numerous 

studies have demonstrated the importance of biological processes(e．g．，competition， 

predation，mutualism)on species richness through mechanisms such as niche differenti— 

ation and competitive exclusion~(e．g．，Sehoener 1 974，Shmida et a1．1 985，Auerbach et 

a1．1987，Tilman 1993)．Spatial patterns of species richness correlated with local—scale 

physical environmental conditions (e． g．， soil properties， micrometerological 

conditions)have been well documented for plant species (e．g．，Goodall 1970，Wu 

1992，Tilman et a1．1993)，but much less for animals and microbes． 

mechanisms of species richness patterns 

Several hypotheses that invoke various mechanisms have been proposed to explain 
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the observed spatial patterns of species richness on diffe：rent scales(see Pianka 1 9 6 6， 

Loucks 1970，Brown et a1．1983，Brown 1988，Currie 1991)．These include time，origi- 

nation—extinction dynamics，available energy／productivity，habitat heterogeneity，dis- 

turbance，and niche theory／species interaction．In the following，we shall summarize 
these hypotheses by providing a concise description of their essential elements with a 

feW relevant references．Then，a synthesis will be given based on a hierarchical and 

scale perspective． 

3．1 Time hypothesis 

Species richness increases with time because longer time allows both colonization 

and speciation to operate which in turn result in more diverse biotas (Fig． 

3)．This hypothesis has been applied on both ecological and evolutionary time scales． 

M illions of years before present 

Fig。3 The diversification of three groups of terrestrial plant species—ferns， 

gymnosperms，and angiosperms(from Orians 1994)． 

Time was first proposed as a hypothesis to explain the decrease in species richness with 

increasing latitude，in which tropical areas were thought to have more time to diversify 

because of the absence of the glaciation that took place at temperate latitudes(e．g．， 

Fischer 1960)．However，it is difficult to test the hypothesis on evolutionary or geologi- 

cal time scales．At local spatio-temporal scales，it seems generally acceptable that the 

longer the time since last disturbance，the more species are likely to colonize． 

3．2 Origination—extinction dynamics hypothesis 
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species richness is a result of the balance between species origination (colonization 

and speciation)and extinction，and，therefore，the patterns of species richness may be 

explained by the differences in these processes．This hypothesis also involves both eco— 

logical and evolutionary times，and has been used to explain species richness patterns 

from the local community to the continental and global levels(M acArthur et a1． 1 967， 

Benton 1 987，Brown 1 988)．On ecological time scales，the theory t)f island biogeogra— 

phy asserts that the number of species in insular habitats is determined primarily by col— 

onization and extinction rates which in turn are affected by habitat area and distance to 

the colonizing source(M acArthUr et a1．1967)．W hile the theory has been criticized on 

several grounds，there have been many studies of oceanic and terrestrial habitat islands 

supporting the basic idea of colonization—extinction dynamics (Wu 1989。Wu et a1． 

1994)．There has been little direct evidence，however，for the applicability of this hy— 

pothesis af continental and global scales or on evolutionary and geological times(Benton 

1987，Brown 1988)． 

Potential evapo|ranspirafion (ram ·Yr‘‘) 

Fig· 4 The relationship between potential evap0transpirati0n and the species 

richness of four vertebrate classes—— birds，amphibians，mammals， 

and reptiles(from Currie 1991)． ． 

3．3 Available energy／productivity hypothesis 

Species richness proliferates with increasing energy availability in the environment
． 

At regional and continental scales，it has been shown that species richness is a function 

Ot available energy or primary productivity (Wright 1983，Currie 1991，Hall 1991)
． 

Based on the species-area relationship and the equilibrium theory of island biogeogra— 

phy，Wright(1983)developed a“species—energy theory．”The core of the theory is rep— 

resented by the mathematical formulation，S= kE ，where S is the species richneSs
。 E is 

the total production of available energy，and k and are constants
． Wright(1983) 
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found that available energy，measured as total actual evapotranspiration (AET)for an— 

giosperms and total net primary production (NPP)for breeding land and freshwater 

birds，was able to account for 70～ 8O of the variation in species richness on islands 

ranging from Greenland and Spitsbergen to New Guinea and Jamaica．Currie (1 9 9 1) 

demonstrated that。for the four vertebrate classes in North America he studied (birds， 

mammals，amphibians，and reptiles)，annuaI potentiaI evapotranspiration (PET)alone 

accounted for 8O～90 0A of the variability in species richness(Fig．4)．In addition，avail— 
able energy h s been shown to be the best predictor of decomposition rate at continental 

and global scales(Meentemeyer 1984)。At smaller scales，on the other hand，empirical 

studies(especially in plant community ecology)have shown that species richness de— 

creases with increasing community porductivity (e．g．，Rosenzweig 1 968，Tilman 1 982， 

1 993)．Therefore。the interpretation of the hypothesis and mechanisms involved are 

both scale—dependent． 

3．4 Habitat heterogeneity hypothesis 

Species richness increases with habitat heterogeneity which reflects the diversity 

and variability in the structure，function and dynamics of the environment organisms 

lire in．Among the first，W illiams (1964)asserted that the species．area relationship re— 

suhs from a positive correlation existing between area and habitat diversity and between 

habitat diversity and species diversity．High habitat heterogeneity usually supports more 

species by providing more habitat types and reducing local extinctions caused by adverse 

biotic interactions such as competition and predation．There has been ample supporting 

evidence for the habitat heterogeneity—species richness relationship(Cody 1974，Tilman 

1993，Shmida et a1．1985。Boecklen 1986)．Recent studies of patch dynamics have pro— 

vided new insight into the relationship between spatial heterogeneity on species richness 

by emphasizing the interactions between pattern and process at population and comm‘u— 

nity levels (Steele 1978，Pickett et a1．1985，Aerbach et al。 1987，Levin et al。 1993。 

W u et a1．1994)。 

3．5 M oderate disturbance／stress hypothesis 

The highest species richness usually occurs where disturbance or stress is interme— 

diate． Disturbance often creates structural and functional heterogeneity in time and 

space’and promotes the coexistence of species by directly suppressing destabilizing blot— 

lC interactions(e．g．·intense interspecific competition and predation)or by providing 

regeneration niches．A number of empirical and theoretical studies on scales from local 

communities to regional landscapes support this notion (e．g．，Grime 1 973。Connell 

1978，Loucks 1970，Surfing et a1．1988)．However．the terms“moderate”and “inter— 

mediate”seem ambiguous and，therefore，have been used largely in a qualitative sense． 

3。6 Niche theory／species interaction hypothesis 
Species richness in a biotic community is a function of the number of niches s inter— 

specific interactions such as competition，predation， and mutualism ， may promote 

species proliferation through modifying niche relations．The study of interactions be— 

tween species diversity and niche relations has been a central theme in both theoretical 

and field community ecology for the past several decades (e
．
g．，Schoener 1 974。Krebs 

1 985)． In particular，it has been suggested that interspecific competition facilitates 

niche differentiation，while predation reduces competition among prey species which in 

turn reduces the probability of competitive exclusion (e．g．，Paine 1 966，Connell 1 978， 
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Brown 1988)· 

The above hypotheses are not mutually exclusive，but are complimentary to each 

other．Evidence supporting one hypothesis does not imply that others are not as valid． 

Indeed，multiple hypotheses are usually necessary to better account for an observed 

species distribution pattern．In most cases，each hypothesis represents only one of sev— 

eral levels of explanation(Brown 1 988)．On the other hand．overlap among some of the 

hypotheses is evident．For example，time，be it ecological or evolutionary，is critical in 

the origination—extinction dynamics hypothesis since dispersal and speciation are consid— 

ered essentia1． Also，the hypotheses a
．

bout habitat heterogeneity， disturbance，and 

niche theory／species interactions are interrelated conceptually and practically．Distur— 

bance is important in both creation and maintenance of spatial heterogeneity，whereas 

spatial heterogeneity may significantly affect the disturbance regime (Pickett et a1． 

1985)．Both habitat heterogeneity and disturbance interact with species and population 

dynamics．In concert，these three hypotheses may account for many if not most species 

richness patterns on small scales．The interaction among the three hypotheses is best 

exemplified by the regeneration niche theory which has been evidenced by numerous 

studies at the community level(Grubb 1977，Pickett et a1．1985，W u et a1．1994)． 

4 Concluding remarks 

One of the problems in the study of biological diversity has been the Iack of a con— 

ceptual framework to integrate information obtained from numerous ecological and bio— 

geographical observations on a wide range of scales．Available energy and its allocation 

across different organizational levels may serve as a basis for developing a general theory 

of species richness(see Brown 1981，Wright 1983，Currie 1991，Hall 1991)．Towards 

this end，Hall(1991)has recently developed an integrative framework for the distribu— 

tion and abundance of organisms using energy cost and gain analysis．Importantly，any 

general theory must take a hierarchical and scale perspective，and should explicitly con— 

sider the multiplicity of processes and mechanisms that operate on different temporal， 

spatial and organizational levels．Based on previous studies，we propose a hierarchical 

structure to relate both the patterns and hypotheses of species richness to spatial scales 

which are categorized into local，regional，and continental／global domains(Fig．5)． 

It is important to notice that a particular pattern of species richness usually occurs 

over a certain range of spatial scales，and that different patterns and mechanisms should 

be expected on disparate scales．In other words，the hypotheses of mechanisms regard— 

ing species richness patterns have to be scale—dependent． In particular，at very large(e． 

g．，continental or globa1)scales．the available energy in the environment seems to be 

the ultimate determinant of the number of species，although the specific measure of 

available energy may vary with taxonomic groups(see W right 1983，Currie 1991)．That 

is’the maximum or potential species richness is constrained by energetics on large 

scales．Brown (1 981)conveyed essentially the same idea using the term “capacity 

rules．”However，to fully explain the large—scale patterns of species richness．other hy— 

potheses such as time and origination—extinction dynamics must be invoked，because 

processes like colonization and speciation take time and history can be just as important 

as anything else． 
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Fig．5 The relationship between the pat- 

terns and hypotheses of species 

richness and the domains of spatial 

scale on which they operate l(A) 

observed geographic patterns of 

species richness，and (B) by- 

potheses of mechanisms that have 

been used tO explain the patterns． 

The range for the patterns to OC— 

cur and for the hypotheses to apply 

mostly goes beyond one of the three 

broadly categorized spati~ domains． 

However，some ofthem do seem to op- 

erate prima rily on one(e．g．，latitudi— 

na!and microenvironmental gradients 

and niche relations hypothesis)．Infor- 

marion on the v~riotls gradients and by- 

potheses of species richness is based 

mainly on Brown (1981，1988)，Auer— 

bach and Shmida (1987)，and  Currie 

(1991) 

on the other hand，is primarily deter— 

iS consistent with Brown’S(1981)con— 

cept of“allocation rules”．Any factors and processes that affect the energy allocation a— 

mong species thus may influence the distribution of species richness．On landscape or re． 

gional scales，spatial heterogeneity and disturbance are important。whereas on local 

scales species interactions，disturbances，and microenvironmental factors most likely be． 

come the determinants of species richness． Indeed．the pluralism in mechanisms and 

multiplicity in scale may have been significant sources of controversy and confusion in 

the study of species richness in particular and biodiversity in genera1．A hierarchical ap． 

proach as illustrated here may facilitate the examination of the relationships among dif ． 

ferent patterns and mechanisms and，therefore，the development of a more comprehen— 

sire understanding of species richness． 
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