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 ABSTRACT 

 

The latitudinal gradient in species diversity is one of the best-documented patterns 

in biogeography.  Explanations for the latitudinal gradient in species diversity (LGSD) 

ranging from null models to evolutionary and ecological hypotheses rely on relationships 

between range size and species richness.   I test Rapoport’s rule, where mean range size 

of tropical organism is predicted to be smaller than for temperate and boreal organisms, 

using New World woody plants.  Geometric constraint models (GCMs) posit that barriers 

to dispersal, in the absence of ecological and evolutionary gradients can generate 

gradients in species diversity.  I describe an analytic solution for the most common 

geometric constraint model and test expected and observed richness patterns for New 

World palms.  I show that domain truncation will inevitably and spuriously increase the 

predictive power of GCMs while potentially decreasing the predictive power of other 

competitor variables.   The LGSD is often considered a general pattern driven by general 

processes.  Assuming that generality of pattern may reflect generality of process, I 

examine the LGSDs for New World mammal orders and families, testing for generality in 

two components of the LGSD, shape and peak.  The overall LGSD is not a general 

pattern for across mammal orders and families and therefore it is unlikely that the LGSD 

is generated by a shared general mechanism or historical process.  
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INTRODUCTION 

 

The latitudinal gradient in species diversity, where the number of species is 

highest near the equator and decreases with distance from the equator, is among the 

oldest recognized patterns in ecology (Forster 1778; Humboldt 1808; Wallace 1878).  A 

very general pattern, the latitudinal gradient in species diversity has been described at 

various scales and taxonomic scopes for many taxa (see reviews in Pianka 1966; 

Rosenzweig 1992, 1995; Willig et al. 2003; Lomolino et al. 2006) with relatively few 

exceptions (Michener 1979; Janzen 1981; Willig et al. 2003). 

 Regardless of the hypothesis at hand, there are only three processes that can 

interact to make differences in diversity along a gradient (See Appendix 3, Figure 1).  

The first order processes are speciation and extinction—speciation adding more to the 

number of species differently along the gradient and extinction removing species 

differently along the gradient.   The second order process that can generate diversity 

gradients is differences in dispersal.  If species move from one portion of the gradient to 

another (e.g., glaciers) then they cause simultaneous loss and gain along the gradient.  

The latitudinal gradient in species diversity is so pervasive (the few exceptions 

aside) that a pattern this common must have a universal explanation (Pianka 1966; Rohde 

1992).    There have been many potential explanations for the latitudinal gradient in 

species diversity, some of which include differences in the area of continents and habitats 

(Terborgh 1973; Rosenzweig 1992, 1995), differences in the degree of specialization on 

such habitats (Stevens 1989),  latitudinal differences in the amount of energy available to 
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organisms (Wright 1983; Currie 1991; Kaspari et al. 2000), differences in evolutionary 

rates (Cardillo 1999; Allen et al. 2002; Cardillo et al. 2005), and random placement on 

the landscape in the absence of meaningful evolutionary gradients. 

 It is interesting to note that the pattern of the latitudinal gradient in species 

diversity was known before any of these potential explanations were created to explain it.  

Thus, most are a posteriori arguments that predict the observed pattern.  Differentiating 

between potential explanations thus requires additional evidence or secondary 

predictions.  One such prediction that is often used to examine and explain latitudinal 

diversity gradients is a corollary latitudinal gradient in species range sizes.   Given the 

myriad ways biological diversity can overlap in space, understanding the distribution of 

range sizes may help use reduce the number of diversity hypotheses we have to test.  

While, just as with the latitudinal diversity gradients, the explanations are typically 

generated a posteriori, the secondary patterns of range size render some hypotheses 

falsifiable.     

Rapoport’s Rule 

In 1989, Stevens published a hypothesis that explicitly incorporated latitudinal 

differences in range size into the explanation of latitudinal gradients in species diversity.  

Combining the observation of smaller range sizes of tropical taxa (Rapoport 1982) and 

arguments of increased climate specialization for tropical taxa (i.e., mountain passes are 

"higher" for tropical taxa, Janzen 1967),  Stevens reasoned that the decreased dispersal 

ability of tropical taxa lead to increased diversification, as populations of tropical taxa 

would be more likely to be genetically isolated.   Thus, “Rapoport’s Rule,” the 
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observation that tropical taxa have, on average, smaller range sizes, was used as potential 

evidence for this explanation. 

 Rapoport’s Rule has been questioned on empirical (Gaston et al. 1998; Kerr 1999; 

Koleff & Gaston 2001) and theoretical grounds (Colwell & Hurtt 1994; Rohde 1996, 

1999), but is still considered by some to be a potential explanation for latitudinal 

gradients in species diversity (Willig et al. 2003; Lane 2007).    While Rapoport patterns 

are used to explain why there are so many species in the tropics (Stevens 1989) the 

strongest evidence for Rapoport patterns comes from examination of North America 

(e.g., Arita et al. 2005), especially north of the tropics (e.g., Stevens 1989; Lane 2007).   

 There are two advantages of Rapoport’s Rule.  First, the hypothesis is based on 

ecological and evolutionary arguments that make sense given what we know about 

physiological tolerance and evolution.   More importantly, Rapoport’s rule is readily 

falsifiable. The hypothesis underlying Rapoport’s Rule is effectively falsified when the 

Rapoport pattern is convincingly absent (i.e., when species range sizes do not increase 

with increasing latitude).    

The Mid-Domain Hypothesis 

In 1994, Colwell & Hurtt, in a paper titled, “Nonbiological gradients in species 

richness and a spurious Rapoport effect,”  generated a null model that, in the absence of 

meaningful ecological or evolutionary gradients, could generate patterns in range size 

that mimicked Rapoport patterns as well as the latitudinal gradient in species diversity.   

The null model was originally called “The Mid-Domain Effect” (Colwell & Hurtt 

1994) but is now also generally known as “Mid-Domain Models” or “Geometric 
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Constraint Models” (Lees et al. 1999; Colwell & Lees 2000; Colwell et al. 2004, 2005).   

The null model is quite simple as it, at least originally, only requires a region (the 

“domain”) be surrounded by complete boundaries to dispersal.  Within this bounded 

domain, species are more likely to overlap near the center of the bounded domain (the 

“Mid-Domain Effect”), even if species are randomly placed in the domain.     

The use, methodology (Sandel & McKone 2006; McClain et al. 2007), and 

“nullity” (Hawkins et al. 2005) of Mid-Domain null models has been severely criticized 

(Kerr et al. 2006) and vociferously defended (Colwell et al. 2005; Lees & Colwell 2007).  

The intent of ecological null models is to examine what a pattern would look like 

in the absence of a putative ecological mechanism (Gotelli & Graves 1996).  This appears 

to have been the original intent of Mid-Domain models (Colwell & Hurtt 1994).   

Recently, however, proponents of Mid-Domain models have been arguing that they 

should be entered into analysis with “null-but-equal” status (e.g., entered as a potentially 

explanatory variable in a multiple or step-wise regression, Colwell et al. 2004, 2005).  
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PRESENT STUDY 

The overarching goal of the work presented here is to better understand what 

drives large-scale spatial patterns of species diversity.   In the present study I address 

several related aspects of gradients in species diversity, particularly the latitudinal 

gradient in species diversity.    

 First I test two very different hypotheses about what generates and maintains 

higher tropical species richness.  The first hypothesis, Rapoport’s Rule, predicts very 

strong, mechanistic and biological relationships between latitudinal gradient in species 

diversity and latitudinal gradients in environment and climate.  The second, the mid-

domain hypothesis, argues that latitudinal gradients in species diversity can be generated 

without necessarily resorting to biological or ecological explanations.  While both of 

these hypotheses predict higher tropical species richness, they clearly differ in their 

secondary predictions—the patterns of range size across latitudes.   

 To test the range size predictions of each, I use a uniquely large dataset, 

comprised of almost 13,000 plant species from throughout the Western Hemisphere.   

While we confirm that plant species richness peaks near the equator, patterns of range 

sizes across latitudes contradict expectations of with prominent diversity hypotheses.  

Range size, here mean latitudinal extent, is greater at the equator than predicted by 

Rapoport’s Rule.  In fact, range size appears to be decoupled from patterns of species 

diversity, with abrupt transitions across the subtropics. The mean latitudinal extents show 

equatorial and north temperate peaks and subtropical minima. Our results suggest that 
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patterns of range size and richness appear to be influenced by three broadly overlapping 

biotic domains (biotic provinces) for New World woody plants.   

 Clearly Rapoport’s Rule does not explain patterns of species diversity for New 

World plant species.   While these patterns also do not match the expectations of a 

hemisphere-wide Geometric Constraint Model (“GCM”, here synonymous with the Mid-

domain Effect), the latitudinal patterns of range size indicate that multiple, over-lapping 

domains might possible explain patterns of range size.   Therefore, in the second chapter,  

I closely examine the assumptions and interpretations of GCMs.  While GCMs typically 

rely on simulations to gain expected values, I develop an analytical solution for the 

central tendency and variance of species richness expected by the random distribution of 

species ranges within a bounded, linear domain (a GCM).   I use this analytical solution 

to examine the behavior of single species in a hypothetical domain.  I also compare 

empirically observed latitudinal species diversity patterns of 547 New World palm 

species with the expected values for 4 GCMs that vary in domain size and species 

richness.   

 This work shows that species with larger range sizes, relative to the size of the 

overall domain, are more constrained to show a better fit of expected to observed values 

of species diversity.   This bias towards a better fit of observed and expected values 

increases continuously until species ranges are the same size as the domain, where the fit 

between observed and expected diversity will all be perfect.  Using this solution, I also 

calculate the expected variance in diversity as a function of range size and show that the 

variance is highest when the range size to domain size ratio is about 0.37.  As the 
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confidence intervals for GCMs are a function of the variance, the sum of the confidence 

intervals is greatest at this value.  Thus, as range size to domain size ratios increase, the 

statistical power of the GCM, or the ability to reject that GCM, decreases.    

 Many, if not most, published GCM analyses use domain barriers that are assumed 

to be barriers to dispersal.  As the mechanism of the GCM is derived from domain 

barriers (i.e., there is not a predicted mid-domain peak in species diversity without the 

barrier), researchers use additional assumptions to “truncate” the domain.   Domain 

truncation will always increase the range size to domain size ratio, which I show to bias 

the fit of the GCM to the data.  Additionally domain truncation is also likely to reduce the 

range of environmental or climate variables, thus potentially reducing the explanatory 

power of climate while spuriously increasing the explanatory power of GCMs.    

 Both GCMs and Rapoport’s Rule have been used as explanations for latitudinal 

gradients in species diversity (LGSD).   The archetypical LGSD is where species 

diversity is lowest at high latitudes and peaks in the tropics.   New World mammal 

species show this pattern clearly (see Appendix 3, Figure 2a).  If the processes driving the 

species diversity of all New World mammal species are general, then individual sub-taxa 

(e.g., mammal families and orders) should show, at least qualitatively, the same pattern.  

I examine the patterns of mammal sub-taxa to see if this is true. Three of 12 

mammal orders and 23 of 48 families examined here failed to show both the peak and 

shape expected.  Thus the overall LGSD is not a general pattern across mammal subtaxa 

and therefore it is unlikely that the LGSD is generated by a shared general mechanism or 

historical process.  Bats and taxa that originated in South America before the emergence 
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of the Isthmus of Panama are more likely to diversity peaks within the tropics, arguing 

that the idiosyncratic biogeographical history of taxa may be more important to 

generating the LGSD than macroecological mechanistic explanations. 

 



                                                                                                                    19 

 

REFERENCES 

Allen A.P., Brown J.H. & Gillooly J.F. (2002). Global biodiversity, biochemical kinetics, 

and the energetic equivalence rule. Science, 297, 1545-1548. 

Arita H.T., Rodriguez P. & Vazquez-Dominguez E. (2005). Continental and regional 

ranges of North American mammals: Rapoport's rule in real and null worlds. 

Journal of Biogeography, 32, 961-971. 

Cardillo M. (1999). Latitude and rates of diversification in birds and butterflies. 

Proceedings of the Royal Society of London Series B-Biological Sciences, 266, 

1221-1225. 

Cardillo M., Orme C.D.L. & Owens I.P.F. (2005). Testing for latitudinal bias in 

diversification rates: An example using New World birds. Ecology, 86, 2278-

2287. 

Colwell R.K. & Hurtt G.C. (1994). Nonbiological gradients in species richness and a 

spurious Rapoport effect. American Naturalist, 144, 570-595. 

Colwell R.K. & Lees D.C. (2000). The mid-domain effect: geometric constraints on the 

geography of species richness. Trends in Ecology & Evolution, 15, 70-76. 

Colwell R.K., Rahbek C. & Gotelli N.J. (2004). The mid-domain effect and species 

richness patterns: What have we learned so far? American Naturalist, 163, E1-

E23. 

Colwell R.K., Rahbek C. & Gotelli N.J. (2005). The mid-domain effect: There's a baby in 

the bathwater. American Naturalist, 166, E149-E154. 



                                                                                                                    20 

 

Currie D.J. (1991). Energy and large-scale patterns of animal- and plant-species richness. 

American Naturalist, 137, 27-49. 

Forster J.R. (1778). Observations Made During a Voyage Round the World, on Physical 

Geography, Natural History, and Ethic Philosophy. G. Robinson, London. 

Gaston K.J., Blackburn T.M. & Spicer J.I. (1998). Rapoport's rule: time for an epitaph? 

Trends in Ecology & Evolution, 13, 70-74. 

Gotelli N.J. & Graves G.R. (1996). Null models in ecology. Smithsonian Institution Press, 

Washington, DC. 

Hawkins B.A., Diniz J.A.F. & Weis A.E. (2005). The mid-domain effect and diversity 

gradients: Is there anything to learn? American Naturalist, 166, E140-E143. 

Humboldt A.v. (1808). Ansichten der Natur mit Wissenschaftlichen Erlauterungen. J.G. 

Cotta, Tubingen. 

Janzen D.H. (1967). Why Mountain Passes Are Higher in Tropics. American Naturalist, 

101, 233-&. 

Janzen D.H. (1981). The peak in North American ichneumonid species richness lies 

between 38° and 42° N. Ecology, 62, 532-557. 

Kaspari M., O'Donell S. & Kercher J.R. (2000). Energy, density, and constraints to 

species richness: Ant assemblages along a productivity gradient. American 

Naturalist, 155, 280-293. 

Kerr J.T. (1999). Weak links: 'Rapoport's rule' and large-scale species richness patterns. 

Global Ecology and Biogeography, 8, 47-54. 



                                                                                                                    21 

 

Kerr J.T., Perring M. & Currie D.J. (2006). The missing Madagascan mid-domain effect. 

Ecology Letters, 9, 149-159. 

Koleff P. & Gaston K.J. (2001). Latitudinal gradients in diversity: real patterns and 

random models. Ecography, 24, 341-351. 

Lane C.S. (2007). Latitudinal range variation of trees in the United States: A reanalysis of 

the applicability of Rapoport's rule. Professional Geographer, 59, 115-130. 

Lees D.C. & Colwell R.K. (2007). A strong Madagascan rainforest MDE and no 

equatorward increase in species richness:  reanalysis of "The missing Madagascan 

mid-domain effect" by Kerr, T.J. Perring, M. & Currie D.J. Ecology Letters, 9, 

149-159. 

Lees D.C., Kremen C. & Andriamampianina L. (1999). A null model for species richness 

gradients: bounded range overlap of butterflies and other rainforest endemics in 

Madagascar. Biological Journal of the Linnean Society, 67, 529-584. 

Lomolino M.V., Riddle B.R. & Brown J.H. (2006). Biogeography. Third edn. Sinauer 

Associates, Sunderland, MA. 

McClain C.R., White E.P. & Hurlbert A.H. (2007). Challenges in the application of 

geometric constraint models. Global Ecology and Biogeography, 16, 257-264. 

Michener C.D. (1979). Biogeography of bees. Annals of the Missouri Botanical Garden, 

66, 277-347. 

Pianka E.R. (1966). Latitudinal gradients in species diversity: A review of concepts. 

American Naturalist, 100, 33-46. 



                                                                                                                    22 

 

Rapoport E.H. (1982). Areography. Geographical Strategies of Species. Pergamon Press, 

Oxford. 

Rohde K. (1992). Latitudinal gradients in species diversity: the search for the primary 

cause. Oikos, 65, 514-527. 

Rohde K. (1996). Rapoport's rule is a local phenomenon and cannot explain latitudinal 

gradients in species diversity. Biodiversity Letters, 3, 10-13. 

Rohde K. (1999). Latitudinal gradients in species diversity and Rapoport's rule revisited: 

A review of recent work and what can parasites teach us about the causes of the 

gradients? Ecography, 22, 593-613. 

Rosenzweig M.L. (1992). Species diversity gradients:  We know more and less than we 

thought. Journal of Mammalogy, 73, 715-730. 

Rosenzweig M.L. (1995). Species Diversity in Space and Time. Cambridge University 

Press, Cambridge, UK. 

Sandel B.S. & McKone M.J. (2006). Reconsidering null models of diversity: Do 

geometric constraints on species ranges necessarily cause a mid-domain effect? 

Diversity and Distributions, 12, 467-474. 

Stevens G.C. (1989). The latitudinal gradient in geographical range: How so many 

species coexist in the tropics. American Naturalist, 133, 240-256. 

Terborgh J. (1973). On the notion of favorableness in plant ecology. American Naturalist, 

107, 481-501. 

Wallace A.R. (1878). Tropical Nature and Other Essays. Macmillan, New York. 



                                                                                                                    23 

 

Willig M.R., Kaufmann D.M. & Stevens R.D. (2003). Latitudinal gradients of 
biodiversity: pattern, process, scale, and synthesis. Annual Review of Ecology and 
Systematics, 34, 273-309. 

Wright D.H. (1983). Species-Energy Theory - an Extension of Species-Area Theory. 
Oikos, 41, 496-506. 

 
 

 

 

 

 



                                                                                                                    24 

 

APPENDIX A: LATITUDINAL PATTERNS OF RANGE SIZE AND SPECIES 

RICHNESS OF NEW WORLD WOODY PLANTS 

 

Michael D. Weiser
1,*

, Brian J. Enquist
1,2

, Brad Boyle
1
, Timothy J. Killeen

2,3
, Peter M. 

Jørgensen
4
, Gustavo Fonseca

2,5
, Michael D. Jennings

6
, Andrew J. Kerkhoff

7
, Thomas E. 

Lacher, Jr.
2
, Abel Monteagudo

8
, M. Percy Núñez Vargas

9
, Oliver L. Phillips

10
, Nathan G. 

Swenson
1 
and Rodolfo Vásquez Martínez

8
 

 

*Correspondence: Michael D. Weiser, University of Arizona, Ecology and 

Evolutionary Biology, 1041 East Lowell Street, Tucson, AZ 85721, USA. E-mail: 

mweiser@email.arizona.edu 

  

1
Department of Ecology and Evolution, University of Arizona, Tucson, AZ, USA. E-

mails: benquist@email.arizona.edu, bboyle@email.arizona.edu, 

swenson@email.arizona.edu; 
2
Center for Applied Biodiversity Science, Conservation 

International, Washington, DC, USA. E-mails: t.killeen@conservation.org, 

g.fonseca@conservation.org, t.lacher@conservation.org; 
3
Museo de Historia Natural 

Noel Kempff Mercado, Santa Cruz, Bolivia; 
4
Missouri Botanical Garden, Saint Louis, 

MO, USA. E-mail: peter.jorgensen@mobot.org; 
5
Department of Zoology, Universidade 

Federal de Minas Gerais, Belo Horizonte, Brazil; 
6
The Nature Conservancy Global 

Conservation Approach Team and University of Idaho, Moscow, ID, USA. E-mail: 

mjennings@tnc.org; 
7
Kenyon College, Gambier, OH, USA. E-mail: 



                                                                                                                    25 

 

kerkhoffa@kenyon.edu; 
8
Proyecto Flora del Peru, Missouri Botanical Garden, 

Oxapampa, Peru. E-mails: tamarainfor@latinmail.com, rodolfo.vasquez@mobot.org; 

9
Herbario Vargas, Universidad San Antonio Abad del Cusco, Cusco, Peru. E-mail: 

nunez1ca@yahoo.ca; 
10

Earth and Biosphere Institute, School of Geography, University of 

Leeds, Leeds, UK. E-mail: o.phillips@geography.leeds.ac.uk. 

 

Running Head: Latitude, range size and richness.  



                                                                                                                    26 

 

ABSTRACT 

Aim Relationships between range size and species richness are contentious, yet they are 

key to testing the various hypotheses that attempt to explain latitudinal diversity 

gradients. Our goal is to utilize the largest data set yet compiled for New World woody 

plant biogeography to describe and assess these relationships between species richness 

and range size.  

Location North and South America.  

Methods We estimated the latitudinal extent of 12,980 species of woody plants (trees, 

shrubs, lianas). From these estimates we quantified latitudinal patterns of species richness 

and range size. We compared our observations with expectations derived from two null 

models.  

Results Peak richness and the smallest- and largest-ranged species are generally found 

close to the equator. In contrast to prominent diversity hypotheses: (1) mean latitudinal 

extent of tropical species is greater than expected; (2) latitudinal extent appears to be 

decoupled from species richness across New World latitudes, with abrupt transitions 

across subtropical latitudes; and (3) mean latitudinal extents show equatorial and north 

temperate peaks and subtropical minima. Our results suggest that patterns of range size 

and richness appear to be influenced by three broadly overlapping biotic domains (biotic 

provinces) for New World woody plants.  

Main conclusions Hypotheses that assume a direct relationship between range size and 

species richness may explain richness patterns within these domains, but cannot explain 

gradients in richness across the New World.  
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INTRODUCTION 

The latitudinal gradient in species richness is arguably the most important 

diversity pattern lacking a mechanistic explanation (Rohde, 1992; Rosenzweig, 1995; 

Willig et al., 2003). This has led to an increasing number of hypotheses attempting to 

explain large-scale latitudinal richness gradients (Pianka, 1966; Wright, 1983; Rohde, 

1992, 1999; Palmer, 1994; Rosenzweig, 1995; Brown & Lomolino, 1998; Dynesius & 

Jansson, 2000; Gaston & Blackburn, 2000; Gaston, 2003; Storch et al., 2005) that differ 

in mechanism(s) acting across different spatial and temporal scales (Latham & Ricklefs, 

1993; Whittaker et al., 2001; Willig et al., 2003). Many clades have highest species 

richness near the equator with a somewhat regular decrease with distance from the 

equator (reviewed in Rosenzweig, 1995; Gaston, 2003; Willig et al., 2003). As most 

diversity hypotheses are a posteriori explanations of this observed pattern, the 

mechanism(s) proposed are typically symmetric across the equator. 

Latitudinal diversity hypotheses have traditionally been single-mechanism models 

that invoke a single global variable [e.g. climate variability (Janzen, 1967; Stevens, 

1989), competition (MacArthur, 1972), temperature (Allen et al., 2002), productivity 

(Currie, 1991), energy (Wright, 1983), etc.] acting continuously across latitudes to 

explain patterns of richness. More complex hypotheses argue for multiple mechanisms 

generating and maintaining latitudinal diversity gradients (Whittaker et al., 2001; 

Hawkins et al., 2003). These ‘multiple-mechanism’ models often argue for differential 

combinations of mechanisms that operate continuously across latitudes.  
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The idiosyncrasies and histories of places and clades may lead to the differential 

combinations of processes and/or to discontinuities in pattern and/or process across large 

scales. For example, large-scale dispersal barriers between biotic domains/provinces may 

generate breaks in pattern and/or process due to random effects (Colwell & Lees, 2000; 

Hubbell, 2001; Colwell et al., 2004), independence of evolutionary histories (Latham & 

Ricklefs, 1993; Rosenzweig, 1995) and differences in geography or geological history 

(e.g. differences in areal extent; Rosenzweig, 1995).  

In an effort to link mechanism with pattern, a central focus in biogeography and 

macroecology is to link diversity patterns with the forces that control geographical range 

size. For example, most of the prominent hypotheses attempting to explain the latitudinal 

diversity gradient assume, either explicitly or implicitly, that range sizes are central to 

understanding patterns of species richness (Stevens, 1989; Brown, 1995; Rosenzweig, 

1995; Gaston & Blackburn, 2000; Whittaker et al., 2001; Gaston, 2003). As many of the 

hypotheses linking range size with diversity patterns were raised to explain observed 

patterns, they predict a negative relationship between range size and richness. There are 

at least three prominent theories explicitly assuming a link between richness and range 

size. 

First, Stevens’ extension of Janzen’s climate variability hypothesis asserts that a 

monotonic increase in temperature variance with latitude leads to a negative relationship 

between range size and richness (Janzen, 1967; Stevens, 1989). Furthermore, the 

‘evolutionary speed argument’ posits that higher temperatures and faster generation times 

have led to higher speciation rates at low latitudes (Rohde, 1992, 1999; Allen et al., 2002; 
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Wright et al., 2006). Thus, if ‘new’ species have smaller ranges than their ancestors, the 

correlation between latitude and temperature should generate a negative relationship 

between range size and richness. 

Second, the differential extinction hypothesis argues that, at higher latitudes 

(especially northern latitudes due to Pleistocene glaciation; Brown, 1995), smaller-ranged 

species are more likely to have gone extinct, again leading to a negative relationship 

between richness and range size.  

Third, ‘mid-domain’ null models (Colwell & Hurtt, 1994; Colwell & Lees, 2000; 

Colwell et al., 2004) demonstrate that richness gradients can be generated with the 

random placement of species ranges. Bounded, single-domain models (where species 

range limits do not exceed domain boundaries) should exhibit positive relationships 

between range size and richness. The domain centre can house the largest-ranged species 

coincident with the mid-domain richness peak. The exclusion of large-ranged species 

near domain barriers decreases both mean range size and richness. While mid-domain 

randomizations typically use observed or theoretical range-size distributions to calculate 

expected values of species richness, they can also be used to calculate expected values of 

the mean and variance of range size.  

If species richness is a continuous, unimodal correlate of latitude, and if patterns 

of range size are functionally coupled to patterns of richness, then the hypotheses above 

assert that range size will be a continuous, increasing, monotonic function of latitude. The 

strength and nature of this relationship under mid-domain models is a function of the 

range-size distribution observed and the domain limits assumed.  
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There is some empirical support for a positive correlation of latitude and range 

size. The pattern of smaller range sizes of tropical species (‘Rapoport’s rule’; Rapoport, 

1982; Stevens, 1989) has been asserted for many taxa (Colwell & Hurtt, 1994; Brown, 

1995; Gaston, 2003). The evidence of small tropical ranges comes from the high numbers 

of small-ranged endemics in tropical ‘hot-spots’ (Mittermeier et al., 1998). In contrast to 

this evidence, several recent studies have noted tropical species with surprisingly large 

ranges (Pitman et al., 1999; Condit et al., 2002). Others have argued that there is, at best, 

a weak relationship between richness and range size (Gaston, 1999; Kerr, 1999; Gaston, 

2003). Nevertheless, it is important to note that many studies of latitudinal richness and 

range size gradients have focused on extra-tropical regions (e.g. Stevens, 1989; Gaston, 

2003; Hausdorf, 2006; Morin & Chuine, 2006), with few studies examining the entire 

terrestrial latitudinal gradient available to a taxon (e.g. Blackburn & Gaston, 1996; Lyons 

& Willig, 1997; Gaston et al., 2005; Romdal et al., 2005).  

Here, we explicitly quantify the relationship between range size and local richness 

by examining the relationship between range size and richness of woody plant species 

across Western Hemisphere terrestrial latitudes by compiling one of the largest diversity 

and range-size data bases assembled for woody plants. Our goals here are to: (1) assess 

the relationship between range size and species richness across latitudes; (2) compare 

these relationships with those expected by two classes of null models; and (3) compare 

our observations with several proposed explanations for the latitudinal gradients in 

species richness and range size.  
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Specifically, we use two measures of the central tendency and variance of range 

sizes to test and describe the functional relationship(s) between range size and richness 

across New World terrestrial latitudes. We show that hypotheses that assume a direct 

relationship between range size and richness may explain richness patterns but cannot 

explain gradients in richness across the New World.  

METHODS 

Data set  
We generated a list of New World woody plant (i.e. trees, shrubs, lianas) species. 

The initial species list (3019 species) was taken from a series of New World woody plant 

inventories housed in the SALVIAS databases  (http://www.salvias.net/). We expanded 

this raw species list using field guides, regional lists and online databases (c. 22,100 

species). Using this species list we utilized informatics tools accessible via the SALVIAS 

project to accumulate geo-referenced point occurrences from online and in-house 

herbarium, inventory and atlas databases (see Appendix S1 in Supplementary Material). 

Species represented by one sample location were removed from further analyses, as were 

morpho-species and incompletely determined specimens. Where possible, we removed 

cultivated species and specimens, corrected orthographic variants and standardized 

synonymy using regional floras and checklists, leaving c. 308,000 occurrences of 12,980 

species with estimates of range extents (Fig. 1 and Appendix S2 in Supplementary 

Material). As far as we are aware, this is the largest collection of standardized range data 

assembled for woody plant species. We estimate that our species list comprises one-third 

to one-half of the total number of woody species within the New World.  
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We used two related methods to quantify richness and range sizes by 1° 

latitudinal bins. First, we calculated the total species richness (S), mean latitudinal extent 

(MLE) and standard deviation of latitudinal extent (SDLE) of all species that occur in a 

given 1° latitudinal bin (Stevens, 1989). Second, we calculated mid-point richness 

(midS), mid-point mean latitudinal extent (midMLE) and mid-point standard deviation of 

latitudinal extent (midSDLE) of the subset of species with range mid-points that occur 

within that given latitudinal bin (Rohde, 1992).  

Measures that allow species to be counted in more than one bin (hereafter 

‘overlap measures’; S, MLE, SDLE) are not independent across latitudes (Rohde, 1992). 

‘Mid-point measures’, which include a subset of species present in a bin, may be biased 

by geometric constraints, where small-ranged species can have mid-points anywhere, 

while larger-ranged species are constrained to have mid-points near the middle of the 

domain (Colwell & Hurtt, 1994; Colwell & Lees, 2000; Colwell et al., 2004).  

Null models 

As both overlap and mid-point measures are imperfect, we compared observed 

measures of range size (MLE, midMLE, SDLE, midSDLE) with expected values taken 

from two null models that allow these range size measures to vary under simple 

constraints. First, we used the ‘standard’ geometric constraint null model for two-

dimensional data (Colwell & Hurtt, 1994; Colwell & Lees, 2000; Colwell et al., 2004). We 

generated uniform random mid-points and randomly assigned each a latitudinal extent 

drawn (with replacement) from the empirical distribution of latitudinal extents under the 

constraint that mid-point/extent combinations could not exceed the latitudinal constraints 
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of 55° S and 75° N (i.e. the randomized range algorithm assigned a uniform random 

number > 0 and ≤ 1 multiplied by the distance to the nearest constraint boundary). This 

randomization procedure, hereafter referred to as the ‘MDE null’, addresses the question 

of how range size measures would be distributed given random location, but geometrically 

constrained, species ranges (Lyons & Willig, 1997; Willig et al., 2003; Colwell et al., 

2004).  

As our overall goal is to understand patterns of range size, given observed 

patterns of richness, we performed a second, more conservative, Monte Carlo 

randomization, hereafter referred to as the ‘mid-point null’. Under the mid-point null, we 

randomly assigned latitudinal extents, drawn with replacement from that empirical 

distribution, to the empirical distribution of observed species mid-points. Thus, in the 

mid-point null, the observed and randomized distributions of mid-point species richness 

are identical. Our goal was not to randomize richness across latitude, as done in ‘mid-

domain’ analyses (e.g. the model (2) null above; Willig et al., 2003; Colwell et al., 2004; 

Romdal et al., 2005). The goal of the mid-point null randomization was to compare the 

observed range size measures with their expected values given the empirical distribution 

of mid-point richness. 

Both randomization procedures shared the number of species (n = 12,980), 

number of iterations (n = 100), and geometric constraints (55° S and 75° N). We 

calculated randomized values of S, MLE, SDLE, midMLE and midSDLE by 1° 

latitudinal bin. We considered observed measures not different from expected values 

whenever at least 3 of 100 randomizations generated a higher value or at least 3 of 100 
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generated a lower value. Thus, we considered observed measures to be significantly 

different from expected only when the observed was greater than or less than 98% of the 

randomizations, corresponding to a P ≤ 0.04.  

RESULTS 

Species with the largest and smallest latitudinal extents had mid-points in the 

tropics (all 12,980 species are plotted in Fig. 1a). Few tropical species had mid-

point/extent combinations that approached the geometric constraints assumed  

(i.e. 55° S and 75° N).  

Observed patterns of richness and range extent  

Species richness and mid-point species richness of the 12,980 New World trees, 

shrubs and lianas peaks at the equator (Fig. 1b) matching latitudinal species richness 

gradients from numerous other taxa (e.g. Pianka, 1966; Rosenzweig, 1995; Willig et al., 

2003). Both log10 midS and log10 S are unimodal, best fit by quadratic polynomials 

(Table 1). While there has been considerable debate about the best methods for 

quantifying richness across latitudes (mid-point versus overlap measures; see Stevens, 

1989; Rohde, 1992; Gaston, 2003; Willig et al., 2003), midS and S are highly correlated 

(standard linear regression, r
2 
= 0.76; reduced major axis regression of log10 S and log10 

midS + 1 gives r
2 
= 0.90).  

Observed patterns of latitudinal extent are more complex than the pattern for 

richness (e.g. compare Fig. 1b and 1c). MLE across latitude is best fit by a cubic 

polynomial (Table 1) which shows a ‘peak’ (i.e. local maximum) at around 20° S, a 
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‘trough’ (i.e. a local minimum) around 40°N, and a monotonic increase north of 40° N. It 

is important to note that, for the latitudes reported in Stevens (30–75° N, Figure 1 in 

Stevens, 1989), we see the increase in MLE with increasing latitude originally reported 

by Stevens. The relatively independent measure midMLE is best fit by a quintic 

polynomial (Table 1, but note we did not assess the fit of higher than fifth-degree 

polynomials), which shows peaks at around 7° S and 56° N and troughs at 35° S and 27° 

N.  

The variance of latitudinal extent when all species are considered (i.e. SDLE) is 

best fit by a quintic polynomial (Fig. 1d). However, midSDLE, where large-ranged 

species only affect the value of one bin, is unimodal as midSDLE across latitude is best 

fit by a quadratic with an equatorial peak.  

In summary, species richness across latitude is unimodal with equatorial peaks. 

Measures of average range size across latitude are more complex. When bins are 

independent, the variance of range size (midSDLE) is unimodal with an equatorial peak.  

Comparison of observations with null models  

The results of the two null model randomizations are compared with observed 

values in Fig. 2(a–k). The conservatism of the mid-point null, relative to the MDE null, 

should be apparent from the broad intervals of values in regions of low species richness. 

At high levels of observed species richness, the expected values of MLE and midMLE 

from the randomization approach the mean of the observed range-size distribution. To 

simplify presentation of the results, we take the four comparisons in turn.  

Mid-point measures and mid-point null  
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As the mid-point species richness (midS) in the observed data set is identical to 

midS in the mid-point null model, we do not plot observed and expected (but note, as a 

check, r2 = 1.00). MidMLE is greater than expected by the mid-point null (red circles in 

Fig. 2d) in the north temperate (c. 50° N to 55° N) and around the equator  (c. 10° S to 2° 

S and 1° N to 7° N).  MidMLE is less than expected (yellow circles in Fig. 2d) around the 

southern limits of the tropics (21° S to 25° S), the northern limits of the tropics (16° N to 

22° N) and northern subtropics (27° N to 34° N). The standard deviation of mid-point 

latitudinal extent (SDmidLE) is greater than expected at the equator. SDmidLE is lower 

than expected from Central America northward to the middle of the United States (13° N 

to 43° N), as well as the southern limits to the tropics (20° S to 26° S).  

Mid-point measures and MDE null  

All observed mid-point richness values (midS) were less than expected by the 

MDE null north of 37° N, as were all but two values south of 11° S (Fig. 2a). Observed 

midS from 9° S to 10° N was greater than expected by the MDE null. Overall, the MDE 

null was a poor predictor of observed midS (r2 < 0.0001 for both the linear regressions). 

The peak and trough structure for midMLE observed in the mid-point comparison exists 

in the MDE comparisons (Fig. 2e). MidMLE is greater than expected around the equator, 

the north temperate/boreal boundary (47° N to 64° N), and around 31° S and 46° S. 

MidMLE is lower than expected by the MDE null across the northern (16° N to 34° N) 

and southern (16° S to 27° S) subtropics. The observed variance of latitudinal extent 

(midSDLE) is lower than expected by the MDE null across most of the latitudes 

examined here (Fig. 2i), with midSDLE higher than expected at the equator.  
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Overlap measures and mid-point null  

Species richness S and the range size measures mean latitudinal extent (MLE) and 

the standard deviation of latitudinal extent (SDLE) are calculated from all species that 

occur (or overlap) in a given latitudinal bin. While the mid-point null preserves midS, 

observed S, influenced by species with mid-points outside a given bin, varies from the 

mid-point null expectations (Fig. 2b). Thus S is higher than expected by the mid-point 

null over much of the tropics. Moving south from the northern boreal, MLE shows a 

regular decrease until it increases again around 28° N (Fig. 2f ). MLE is significantly less 

than the expectation from 16° N to 55° N. Within the tropics, MLE increases with 

distance from the equator, but between 15° S and 15° N most MLE values are greater 

than expected by the mid-point null. The variance of latitudinal extent (SDLE) is lower 

than expected by the mid-point null for most of the north temperate region and the 

southern tropics (Fig. 2j) but greater than expected for most of the south temperate region 

and northern tropics.  

Overlap measures and MDE null  

The MDE null model shows a flat pattern of richness across most of the latitudinal 

gradient, as would be expected where the domain size is much greater than the mean of 

the range size frequency distribution (Fig. 2c). Observed species richness S showed a 

pattern similar to midS; there are more species in the tropics than expected by the MDE 

null and fewer than expected in extra-tropical areas (Fig. 2c). MLE was lower than 

expected by the MDE null from 17° N to 48° N and across the equator. With few 

exceptions MLE was greater than expected everywhere else. Observed SDLE was less 
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than expected by the MDE nulls both across the equator and the north temperate to boreal 

(Fig. 2k) and greater than expected across most of southern South America and the 

northern subtropics.  

Range size and species richness 

Our analyses indicate that the relationship between MLE and species richness 

differs dramatically across the latitudinal gradient (Fig. 3). When all New World 

terrestrial latitudes are considered simultaneously, there is no relationship between 

latitudinal extent and species richness (r2 = 0.006; Table S1 in Supplementary Material).  

However, when the data are analyzed within regions (tropics, north temperate, south 

temperate, using tropical limits of 23° S and 23° N), a negative relationship between 

species richness and range size is observed within the north temperate (slope = −5.3, r2 = 

0.69, P < 0.0001) and the tropics (slope = −2.4, r2 = 0.33, P < 0.0001), but not across the 

entire latitudinal gradient (Fig. 3). This is consistent with hypotheses that posit negative 

range size–richness relationships (e.g. climate variability, evolutionary speed, differential 

extinction) within, but not across these two regions. In contrast, the south temperate 

latitudes show an opposite relationship, where richness is positively related to mean 

latitudinal extent (slope = 3.9, r2 = 0.40, P < 0.0001). Thus, within the tropics and north 

temperate zones, increases in species richness are generated by the additional occurrence 

of small-ranged species, not due to increased overlap of large-ranged species. However, 

the slope of the latitudinal extent– richness relationship is steeper for the north temperate 

zone than the tropics. Furthermore, within the tropics, a given MLE yields approximately 

an order of magnitude more species than the same MLE in the north temperate zone.  
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In contrast to the above patterns, within the south temperate zone (55° S to 24° S), 

increases in richness are due to increased overlap of large-ranged species, not the addition 

of small-ranged species. The difference between north and south temperate areas may be 

due, in part, to the particular geometries of the two zones. As one moves south across the 

south temperate, decreasing continental area may preclude large ranges. The latitudinal 

band representing 55° N has approximately two orders of magnitude more species than 

55° S, likely due to both larger longitudinal area (i.e. more mid-points) and overlap from 

species also found north of 55° N. Together, these patterns indicate that the processes that 

govern range size, and potentially richness, differ in magnitude and sign across latitude. 

DISCUSSION 

We present here what we believe is the most comprehensive examination of 

latitudinal trends in range sizes of woody plants in the New World. The equator is the 

location of both the greatest overlap of species ranges (i.e. highest S) and the greatest 

numbers of range mid-points (highest midS). Both S and midS are relatively monotonic 

functions of latitude (Fig. 1b & Table 1). Given the geometric constraints and data used 

here, species richness of tropical woody plants is greater than expected by the MDE null 

(Fig. 2a,c) as well as by our null model that holds mid-point species richness constant 

(Fig. 2b).  

Neither measure of mean latitudinal extent is a monotonic function of latitude 

(Fig. 1c & Table 1). Quadratic models, concave-down and symmetric across the equator, 

explain 84% and 92.8% of the variance in log10 midS and log10 S, respectively (Table 1). 

Hypotheses that assert a continuous relationship between range size and richness give 
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expectations that cannot be reconciled with our observations. Rapoport’s rule argues that 

MLE and midMLE will be concave-up, quadratic and symmetric across the equator. The 

quadratic models for MLE and midMLE explain 1–3% of the variance in mean extents.  

While the largest mean range sizes occur outside the tropics, tropical midMLE is higher 

than in the subtropics and tropical MLE is larger than expected by chance. Within 10° of 

the equator, 16 of the 20 latitudinal bins have significantly greater midMLE and MLE 

than null model expectations.  

Rapoport’s Rule 

While many have argued against the generality and/or existence of Rapoport’s 

rule (Gaston et al., 1998; Gaston, 1999; Kerr, 1999; Rohde, 1999), recent studies have 

asserted that mean range size increases with distance from the equator for North 

American mammals (Arita et al., 2005) and north temperate/boreal trees (Morin & 

Chuine, 2006). If only a portion of the terrestrial latitudinal gradient is examined (c. 25° 

N to c. 70° N; see Stevens, 1989; Morin & Chuine, 2006), Rapoport’s rule appears to be 

correct (e.g. see those latitudes in Fig. 2f). The observation of a strong Rapoport signal 

for latitudes most affected by glaciation lends credence to the differential extinction 

hypothesis (Brown, 1995) that warrants further investigation. Given our data and results, 

Rapoport’s rule is clearly not a general explanation of range size patterns. While 

Rapoport’s rule may exist for some taxa for some regions (Gaston, 2003; Lomolino et al., 

2005; Morin & Chuine, 2006), the range size of these New World woody plant species is 

not a monotonic function of latitude.  
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 The relationships between latitude and latitudinal extent do not match the 

unimodal predictions of Rapoport’s rule, evolutionary speed or other hypotheses — 

including the ‘mid-domain’ null model examined here — that predict a monotonic 

relationship between richness and range size. While this failure to find a simple 

relationship between latitude and range size is sufficient to ‘falsify’ Rapoport’s rule for 

these data, it is the nature and strength of the relationship between richness and range size 

that is of relevance to diversity hypotheses.  

Mid-domain effect—How many domains? 

The failure to match expectations of geometric constraint models is not surprising 

— even proponents of such models specifically argue against their utility at such large 

scales (Colwell et al., 2004). The potential influence of geometric constraints on richness 

patterns within these temperate and tropical regions is not examined here. That said, as 

there is no latitude between 55° S and 75° N that can be considered a complete barrier to 

dispersal, the question then becomes, “Where are the barriers to dispersal and recruitment 

across latitudes the strongest?” 

Our data suggest that the most stringent barriers to dispersal occur in the tropical 

to temperate transitions (c. 20° to 30° N and 20° to 30° S). midMLE is lower (Fig. 1c) 

and less variable (Fig. 1d) at these latitudes. Across these latitudes, midMLE is lower and 

less variable than expected, given observed values of species richness and geometric 

constraints (Fig. 2d,h). When overlap measures are used, the tropical–temperate 

transitions have higher variance than expected, which result from large-ranged species 

with range midpoints in the tropics or temperate zones overlapping with these smaller-
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ranged species. Our results suggest that this latitudinal gradient comprises at least three 

(but potentially more) overlapping ‘leaky’ biotic domains. Additional methods must be 

developed to objectively quantify and assess large-scale domain structure.  

There has been much controversy about the use of geometric constraint models to 

calculate expected values of richness given an observed distribution of range sizes 

(Colwell et al., 2005; Hawkins et al., 2005). While we do not solve the controversy here, 

our analyses suggest additional ways of testing and/or quantifying mid-domain effects. 

‘Null’ models of richness patterns, generated by random placement of observed ranges, 

also yield expected values of central tendency and variance of range sizes (Fig. 2e,g,i,k), 

given a putative domain structure.  

In summary, our results show that although species richness of New World 

woody plants is a unimodal correlate of latitude (Fig. 2a), the distribution of mean range 

sizes is more complex (Fig. 2b,c). Richness and range size show no consistent patterns 

across the entire latitudinal gradient. As a result, either there is no direct functional 

relationship between range size and species richness (as argued for mammals and insects 

by Kerr, 1999) or this relationship is discontinuous with latitude. These results 

simultaneously support the empirical, more regional findings of continental-scale studies 

of trees (Stevens, 1989; Morin & Chuine, 2006) and refute the latitudinal extrapolations 

made by Stevens (1989).  

Our findings emphasize the danger of extrapolating diversity patterns from 

regional studies to broad-scale latitudinal gradients. The assumption that north temperate 

patterns continue into the tropics (and are symmetric across the equator) has been used to 
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support hypotheses about tropical diversity (Stevens, 1989). Three patterns argue strongly 

for discontinuities in the ecological and evolutionary processes that influence variation in 

diversity and geographical range extents. First, patterns of mean mid-point latitudinal 

extents suggest ‘troughs’ around the limits of the tropics (c. 23° S and c. 23° N), possibly 

implicating stronger constraints on dispersal and recruitment across the subtropics. 

Second, there are apparently three different relationships between range size and richness 

(Fig. 3). While the north temperate and tropical zones both show a negative relationship 

between range size and richness, the north temperate slope is much steeper, and north 

temperate richness an order of magnitude lower, than the tropics. The transitions in the 

range size–richness relationship are abrupt across both of the temperate–tropical 

transitions (see ovals in Fig. 3), and not simply the continuation of a single relationship.  

Third, the range size–richness relationship shows opposite patterns for the north and 

south temperate zones. Together, these results show that the unimodal increase in species 

richness towards the equator cannot be driven by a unimodal pattern in range-size 

distributions.  

It is important to acknowledge explicitly that we make no statistical corrections 

for sampling effort or area of a latitudinal bin in this analysis. A potential bias of the data 

would be that poorly sampled species (i.e. within the tropics) have their range sizes 

underestimated by the incomplete sampling of their entire species range. Given the 

species richness pattern in Fig. 1(b), and the latitudinal distribution of the number of 

observations (see Fig. S1 in Supplementary Material), the number of samples per species 

per bin is lowest near the equator. If lower per species per bin sample sizes underestimate 
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latitudinal extents, this suggests that our analysis is biased towards finding smaller range 

sizes in the tropics, due to decreased sampling effort. Our results, however, indicate that, 

even with this potential bias, the latitudinal extents of tropical species are, on average, 

larger than expected. Additionally, our analysis is explicitly one-dimensional (i.e. 

latitude). It is possible that patterns of two-dimensional ranges (i.e. latitudinal and 

longitudinal) fit expectations of Rapoport’s rule and mid-domain models better. Future 

work will focus on extending our one-dimensional analysis to two dimensions.  

Our results highlight a novel large-scale pattern that simultaneously supports 

apparent contradictions of tropical woody plant species range size — the tropics have 

numerous small-ranged endemics (Mittermeier et al., 1998) as well as the largest-ranged 

species (Pitman et al., 1999; Condit et al., 2002). While richness is unimodal with 

latitude, New World woody plants may form three overlapping latitudinal domains (i.e. 

where dispersal potential is higher within subregions than between subregions) with 

smaller average range sizes in more xeric, subtropical latitudes – a potentially overlooked 

conservation priority. Empirical studies of latitudinal diversity often extrapolate regional 

analyses to hemispheric scales and assume that dispersal and recruitment probabilities 

vary monotonically with latitude. Our results paint a more complex picture — 

extrapolation of regional latitude–range size relationships to the entire gradient will give 

results incorrect in magnitude and sign. This is especially true across the xeric tropical–

temperate transitions, which are likely to be strong barriers to dispersal by more mesic 

species. 
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TABLES 

Table 1. 

Statistics for regressions of binned richness and binned range size against latitude. For 

each relationship we compare five models, linear to quintic polynomials. S is total species 

richness, midS is mid-point richness, MLE is mean latitudinal extent of all species that 

occur in a given bin, midMLE is the mid-point richness. ‘Best-fit’ model in bold. Model 

selection was based on ∆AIC which is the difference in AIC between a given model and 

the model with one less parameter. As we binned data by arbitrary distances (i.e. 1° 

latitude), and as bin values are not spatially independent, we do not report P values for 

these regression equations. 
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FIGURE LEGENDS 

Figure 1.  

Observed values of richness and range size for 12,980 New World woody plant species. 

In this and all following figures negative values of latitude represent latitudes south of the 

equator. (a) Plot of the raw values of species mid-point and latitudinal extent, measured 

in degrees latitude. Latitudinal extent is scaled to log10 solely to show the smallest-

ranged species. (b) Species richness by 1° latitudinal bin. Open circles are S, the count of 

all species found in that bin. Closed circles are midS, the count of all species with mid-

points occurring in that bin. (c) Mean latitudinal extent by 1° latitudinal bin. Open circles 

are MLE, the mean for all species in that bin. Closed circles are midMLE, calculated only 

from the subset of species with a mid-point in that bin. (d) Standard deviation of 

latitudinal extent by 1° bins. Legend as in (c) above.  

 
Figure 2.  

Comparison of species richness and range size variables to two null models. All results 

are binned by 1° latitude. Circles are observed values, dashes are expectations gained by 

100 iterations of null models. Null models are mid-domain (i.e. ‘box 5’) and ‘mid-point’ 

(see Methods for details). Coloured circles show deviation from null expectations at P = 

0.04, red circles are greater than expected, yellow less than expected, white circles are not 

different from the null model. Coloured bars along the ordinate axis represent significant 

(P(run) < 0.05) runs of greater than or less than expected where P(run) = (n>or <exp/N)run size. 

(a)–(c) Comparisons of species richness. Note that observed mid-point richness (midS) is 
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identical to null expectations: (a) midS with expectations from MDE null; (b) S with 

expectations from mid-point null; (c) S with expectations from MDE null. (d)–(g) 

Comparisons of average latitudinal extent: (d) midMLE compared with mid-point null; 

(e) midMLE compared with MDE null; (f) MLE compared with mid-point null; (g) MLE 

compared with MDE null. (h)–(k) Comparisons of variance of latitudinal extent: (h) 

SDmidLE compared with mid-point null; (i) SDmidLE compared with MDE null; (j) 

SDLE compared with mid-point null; (k) SDLE compared with MDE null.  

Figure 3. 

 The relationships between log10MLE and log10S for tropical, south temperate and north 

temperate latitudes. All points included, there is no significant relationship between mean 

latitudinal extent and species richness (r2 = 0.006, P = 0.6442). For the north temperate 

(triangles) there is a pronounced Rapoport effect [log10S = 9.2 − (5.3 log10MLE); r2 = 

0.69, P < 0.0001] with higher richness associated with smaller range sizes. There is a less 

pronounced Rapoport effect for the tropics [diamonds; log10S = 6.7 – (2.4 × log10MLE); r2 

= 0.33, P < 0.0001]. The south temperate (circles) show a reverse Rapoport effect, with 

higher species richness associated with larger range sizes [log10S = −3.8 + (3.9 × 

log10MLE); r2 = 0.40, P < 0.0001]. Temperate–tropical transitions are included in above 

regressions and marked with ovals to emphasize the discontinuities in the relationship 

(dashed oval 18°N to 28°N, other oval 18°S to 28°S). These discontinuities appear even 

though the points are not independent (i.e. both richness and mean latitudinal extent are 

spatially autocorrelated). 
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FIGURES 

Figure 1 
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Figure 2 
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Figure 3 
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APPENDIX B: BIOLOGICAL GRADIENTS IN SPECIES RICHNESS AND A 

SPURIOUS MID-DOMAIN EFFECT.  

 

 

ABSTRACT 

Geometric Constraint Models (or “GCMs”=Mid-Domain Models) are null models 

that output expected diversity patterns given bounded domains.   Here we offer an 

analytic solution to calculate the expected richness along a linear gradient (e.g., latitude) 

given a set of range-sizes and a given domain.   We use this solution to compare expected 

and observed species diversity for New World palm species using 4 different geometric 

constraints.  While the “mechanism” of GCMs arises from the geometric constraint itself, 

GCMs typically assume dispersal boundaries and truncate the domain to the spatial 

domain of study.  This violates the nullity of the GCM, spuriously inflates the predictive 

power of the GCM and has great potential to reduce the predictive power of other 

variables, even if those variables deterministically generate diversity gradients. 
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INTRODUCTION 

Understanding the mechanistic underpinnings of gradients in biological diversity 

remains a central focus of ecology and biogeography .  Differences in diversity across 

space, such as the number of species found at a given latitude, are typically thought to be 

generated by extrinsic factors that cause differences in selective pressures or evolutionary 

histories across space, such as area, energy, or productivity (e.g., Wright, 1983; Currie, 

1991; Rosenzweig, 1995; Kaspari et al., 2000).  As large-scale diversity hypotheses 

cannot be directly assessed with experiments, tests are typically limited to correlative 

comparisons of observed pattern to potential explanatory variables such as energy, 

temperature, precipitation, and area.   

Null models attempt to describe the expected pattern in the absence of the effects 

of these explanatory factors.  A null model is a pattern generating algorithm that 

describes the expected distribution of a variable of interest in the absence of a mechanism 

of interest (Gotelli & Graves, 1996).   Thus, there is no single null model inherent to a 

pattern—the “nullity” of a null model exists only in relation to more complex models.    

Assertions that extrinsic factors such as energy and temperature generate latitudinal 

patterns of diversity (e.g., Stevens, 1989) led to the development of null models that 

attempt to describe the pattern of diversity expected in the absence of meaningful 

variation in these factors.  

Geometric Constraint Models (GCMs, here synonymous with  “Mid-Domain 

Models”) are null models that quantify patterns of diversity (in the absence of ecological 

and evolutionary effects) where dispersal is constrained between but not within bounded 
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domains and in the absence of other ecological and evolutionary effects (Colwell & 

Hurtt, 1994; Lees et al., 1999; Colwell & Lees, 2000; Colwell et al., 2004).   GCMs are 

used as null models of diversity gradients and, by the nature of the constraint, may 

generate expectations of a diversity peak at the center of the domain (i.e., the "Mid-

Domain Effect" of Colwell & Hurtt, 1994).  While GCMs have been used to explain both 

linear (e.g., latitudinal, elevation) and spatial (e.g., latitudinal and longitudinal) diversity 

patterns, here we focus exclusively on the application of GCMs to latitudinal patterns of 

species diversity. 

The use of GCMs as null models for diversity patterns remains controversial (e.g., 

Colwell et al., 2005; Hawkins et al., 2005; Zapata et al., 2005; Sandel & McKone, 2006; 

McClain et al., 2007).  Originally, the principle of falsification of null models was a 

claimed advantage of null models in general (Gotelli & Graves, 1996) and this idea has 

been applied to GCMs in specific.   Where null model predictions differ enough from 

observations, that null model can be rejected as a sufficient explanation for the observed 

pattern.   This “all or nothing” approach (Colwell et al., 2004)  to GCMs continues to be 

argued by numerous researchers  (e.g., Koleff & Gaston, 2001; Hawkins & Diniz-Filho, 

2002; Laurie & Silander Jr., 2002; Zapata et al., 2003).  Recently, however, null models 

have been used to explain variance within a multiple-explanation framework (e.g., Jetz & 

Rahbek, 2002; Colwell et al., 2004).   There are two interpretations of these partial null 

analyses.  First, partial explanation of a given pattern by a null model can be used to 

exclude variance from further analysis or interpretation, analogous to controlling for the 

effect of the null model. Second, GCMs have been granted “equal but null” status where 
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the pattern expected (and therefore variance explained) by the GCM is treated as another 

extrinsic variable in a more complex diversity model (Colwell et al., 2004).    

A more clear understanding of the assumptions and parameters underlying GCMs 

should serve to better understand their utility and applicability.  While the exact methods 

vary, GCM expectations are usually generated from simulations where species ranges are 

randomly shuffled or modeled within a given domain (e.g., see software packages of Jetz 

& Rahbek, 2002; McCain, 2004; Colwell, 2006; Gotelli et al., 2007).  GCMs are built 

with three parameters/assumptions: 1. a domain surrounded by barriers to dispersal (the 

geometric constraint); 2. a theoretical or empirical range size distribution and number of 

species; and 3. random placement of species within the domain.  We address each in turn: 

Domain boundaries 

 GCMs are rarely applied to situations where there is a complete barrier to 

dispersal (Laurie & Silander Jr., 2002; Weiser et al., 2007), thus the geometric constraint 

in most GCMs are assumptions of the model.  In GCMs, constraint boundaries have 

typically been treated as coming from one of two classes, “hard” and “soft”.  ”Hard” 

boundaries are, due to the nature of the taxon of interest, barriers to dispersal, such as the 

limits of the terrestrial extent (i.e., coastlines) of the New World (~55°S and ~83°N) for 

terrestrial organisms (Willig & Lyons, 1998; Weiser et al., 2007).   “Soft” boundary 

domains are typically limited to the current observed limits of the taxon, biome, or habitat 

of interest, thus truncating the domain (e.g., Lees et al., 1999; McCain, 2003).  Clearly 

domain boundaries used in GCMs fall along a continuum of dispersal limitation.  
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Range Size Distributions 

 GCMs are generated using either the empirical or a theoretical RSD. There are 

numerous theoretical RSDs that have been used in GCMS (e.g., Colwell & Hurtt, 1994; 

Willig & Lyons, 1998; Koleff & Gaston, 2001; Laurie & Silander Jr., 2002; Arita, 2005).  

Here we focus specifically on the use of empirical RSDs (but see Discussion below). 

When using an empirical RSD, the choice of domain can alter the RSD.  For example, 

when no species range violates assumed geometric constraints the empirical RSD is 

appropriate.  However, when “soft” domains are assumed, the empirical RSD can contain 

species with ranges larger than the domain. As we consider the geometric constraint the 

fundamental assumption of GCMs, we do not focus on models that allow violation of this 

constraint (but see McClain et al., 2007).  When species do have ranges that violate the 

geometric constraint, two methods are typically used.  First, the portion of the range that 

violates the constraint can be ignored (i.e., the range size is truncated to fit within the 

domain; e.g., Diniz-Filho et al., 2002; McCain, 2003; Colwell et al., 2004).  Thus, the 

domain barrier is enforced by truncating the ranges of species that violate that domain 

barrier (by dispersing across it).  Second, the domain barrier is enforced by inclusion of 

only those species that are endemic (e.g., Colwell & Lees, 2000; Jetz & Rahbek, 2002) or 

mostly endemic (e.g., McCain, 2003) to the domain of interest. Thus a domain barrier (to 

dispersal) is generated by ignoring the species that violate that domain barrier (by 

dispersing across it).  

It is clear that the predictions and outcomes of GCMs are related to the RSD 

relative to the domain size (i.e., the range size:domain size ratio "RS:DS";  Dunn et al., 
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2007).  First, within analyses, large-ranged species are more likely to match GCM 

predictions than small ranged species (Jetz & Rahbek, 2002; Romdal et al., 2005).  

Second, amongst analyses, taxa with larger RSDs (thus larger RS:DS ratios) are more 

likely to match GCM predictions than taxa with smaller RSDs (Dunn et al., 2007) 

Stochastic Range Placement 

 Once a domain and a range size distribution is assumed, there are different 

algorithms used to calculate what the expected distribution of species richness, given that 

species range occurs randomly within the domain (Colwell & Hurtt, 1994; Jetz & 

Rahbek, 2002).    Here we offer a simple method to calculate the exact expected value of 

species richness as well as the 95% prediction interval in a linear domain given a RSD 

and a domain size (see methods).   

  We use this analytic solution to better understand how differences in the initial 

assumptions of domain barriers and RSDs (i.e., “hard” vs. “soft” barriers, empirical vs. 

truncated RSDs) influence the predictions of diversity and diversity gradients in GCMs. 

We use our analytic GCM to examine the fit between prediction and empirical patterns 

for 4 different GCMs using New World palm species (Arecaceae). In doing so, we show 

that domain truncation, or any method that increases the RS:DS ratio, will lead to better 

fit between expected and observed richness.  We also show that the size of the prediction 

interval is a function of the RS:DS ratio, with largest prediction interval occurring at 

DS:RS around 0.37.   We argue that the widespread practice of using arbitrary truncated 

domains in GCMs has great potential to spuriously inflate the fit of a GCM to observed 
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patterns while violating the central assumption (and “mechanism”) of GCMs and 

potentially decreasing the predictive power of other competing variables.  

METHODS 

Exact solution for linear GCM richness and variance  

 Assume a closed, linear, bounded domain with a Domain Size (D) measured in 

number of equal length bins, where each bin j is assigned an integer value equal to 

distance to closest domain boundaries (both edge bins=1, maximum value in center). 

Each species i has a continuous, linear extent (Ei) measured in number of bins.  The 

expected contribution to richness of species i to each bin j is equal to the probability that i 

will be found in j (i.e., 

! 

p(ij) = ˆ S ij ). 

! 

ˆ S ij  is a function of D, Ei, and the location of each bin j.  

Where species have ranges such that Ei<D, there will be a subset of bins where those 

species is not constrained to occur.  Whether a given bin j is constrained is again a 

function of Ei, D, and j. 

 Where j < D- Ei  

  and j ≥ Ei     

! 

ˆ S ij =
Ei

D" Ei +1
                    (1) 

  and j < Ei   

! 

ˆ S ij =
j

D" Ei +1
         (2) 

When species have extents greater than half the domain size (i.e.,

! 

E
i
" 1

2
D), they are 

constrained to occur in some bins (Colwell & Lees, 2000) and thus the expected 

contribution to richness is equal to 1.  
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 Where j ≥ D- Ei   

! 

ˆ S ij =1           (3) 

The expected value of species richness for bin j is the sum of the expected values for each 

species i to n:      

! 

ˆ S j = ˆ S ij
i=1

n

"            (4) 

The value 

! 

ˆ S j  is equal to the mean species diversity of bin j when all possible 

combinations for a given species in a GCM occur in a simulation once (which is also 

equal to infinite sampling in a simulation). While here we assume range continuity (no 

gaps in species ranges) the probability of occurrence can be adjusted to reflect empirical 

or hypothetical gaps in ranges (Dunn et al., 2006).  

 For a given bin, the variance in species richness 

! 

ˆ " j
2 can be calculated by summing 

the contribution to variance by each species 

! 

ˆ " j
2

= ˆ " ij
2

i=1

n

# .   

 Where j < D- Ei   

! 

ˆ " ij
2 = (1# ˆ s ij )

2 $ ˆ s ij[ ]% + (0 # ˆ s ij )
2 $ (1# ˆ s ij )[ ]    (5) 

 Where j ≥ D- Ei  

! 

ˆ " ij
2

= 0       (6) 

Equation 5 sums the deviations where a species is present 

! 

(1" ˆ s ij )
2[ ] and absent 

! 

(0 " ˆ s ij )
2[ ] and multiplies each by the probability of presence (

! 

ˆ s ij ) and absence (

! 

1" ˆ s ij).  

When species have extents greater than half the domain size (i.e.,

! 

E
i
" 1

2
D), they are 

constrained to occur in some bins (Colwell & Lees, 2000) and thus the expected 

contribution to variance is equal to 0 (equation 6).  The variance in species richness of 

bin j can then be used to calculate the 95% prediction interval for the GCM:   

     CI95%j=

! 

ˆ S ij ± 2 ˆ " j
2                     (7) 
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To examine the behaviors of 

! 

ˆ S ij  and 

! 

ˆ " ij
2  for a given 

! 

E
i
, we generated a 

hypothetical domain where D=101 and calculated 

! 

ˆ S ij  for a range of values of 

! 

E
i
 for all 

bins in the domain.  We also calculated the sum of the variance (i.e., the “size” of the 

prediction interval, 

! 

ˆ " 
i

2# ) of each species i for all possible range sizes Ei.  

New World Palm Data 

 We estimated the latitudinal extent of 547 New World palm species from 

digitized versions of range maps published in Henderson et al. (1995).  The 

biogeographical and macroecological patterns of New World palm species, based on the 

same data source, have been recently and thoroughly investigated elsewhere (Henderson 

et al., 1995; Bjorholm et al., 2005; Bjorholm et al., 2006; Kreft et al., 2006).  To examine 

the effect of different assumptions about domains, we used the analytic solution 

presented above to calculate the expected values of species richness, variance, and 95% 

prediction interval for each bin for each of 4 scenarios.  We examined: 1. the latitudinal 

extent of the terrestrial Western Hemisphere (“New World Domain” 55°S to 83°N, 

Domain Size D=139°);  2. the latitudinal extent of the New World palms, (“Palm 

Domain” 35°S to 36°N, D=71°); 3. An arbitrarily delimited domain within the tropics  

(“Truncated Domain” 20°S to 20°N, D=40°), with all species ranges that extend across 

the boundaries truncated at that domain edge (such that a species with a range from 10°S 

to 30°N would be reset to a smaller range of 10°S to 20°N); and 4. that same truncated 

domain where only those species whose empirical range is entirely within these limits 
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(i.e., endemics) are included in the calculations of observed and expected diversity 

(“Endemic Domain”; 20°S to 20°N, D=40°).   

The four domains varied in several ways (Table 1).  First the New World and 

Palm Domains used the same empirical inputs: 547 palm species with a mean extent of 

8.936°.  Truncating the domain removed 48 species and reduced the mean extent of the 

remaining 499 to 8.569°.  There were 408 species in the Endemic Domain with a mean 

extent=8.407°.   

To compare the fit between observed and predicted values, we calculated the sum 

of squared deviation SSD=(predicted-observed)2 for each of the four GCMs.  We also 

counted the number of bins with observed values of richness within the 95% prediction 

interval.  As the GCMS differed in numbers of bins (i.e., there are three different domain 

sizes), to allow comparisons between the models we used only the 40 bins present in all 

four models (i.e., 20°S to 20°N).  Observed richness patterns are the same for the first 

three domain types, but the endemic species richness must be equal to or less than total 

observed richness.   Therefore, we divided the model SSD by the species richness.  

RESULTS 

Analytic Model 

 Examination of the expected contribution of richness to a single bin by a single 

species is useful in understanding the behavior and expectations of multi-species GCMs.  

For a given domain size D, the expected contribution to species richness of a species i to 

a bin j (i.e., 

! 

ˆ S ij ) is a function of that species’ extent 

! 

E
i
 and the distance of j to the domain 
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edge (Figure 1a).  While it may seem trivial at first, species with an extent equal to the 

domain size (

! 

E
i
=D) will always be found in every bin (

! 

ˆ S ij =1 for all j).   Thus, the 

predicted richness will always match observed richness for all bins.   

 A species that is one bin smaller than the domain size (e.g., 

! 

E
i
=100 in Figure 1a) 

will be found in all bins with j >1 every time and in bins j=1 half the time.  Thus, when 

D=101 and Ei=100, 

! 

ˆ S ij =1=observed S for 99/101 bins and 

! 

ˆ S ij =0.5 for the two edge bins.  

Thus predicted richness will always match observed richness for 100/101 bins.  When 

D=101 and Ei=75, the predicted richness is constrained to match observed richness for 

bins j ≥ D-Ei.  Whenever a species has an extent greater than half the domain size 

! 

E
i
" 1

2
D, it will be constrained to occur in D-Ei bins (Colwell & Lees, 2000).   Thus, 

larger ranged species are more likely to match to GCM expectations (Dunn et al., 2007) 

as they are constrained to do so.  

When Ei=1 (i.e., the species is present in only one bin), the prediction is Ei/D for 

all bins. When 

! 

1

2
D > Ei >1, the expected contribution to richness increases with j until 

j=Ei , where 

! 

ˆ S ij  becomes flat (see Ei=10 & 25 in Figure 1a.).  Thus, the smaller the 

extent, the greater the potential to vary from GCM expectations.   

 The expected contribution to variance by a species i to a given bin j is also a 

function of the domain size (D), extent (Ei), and the distance of that bin to the domain 

edge (j).   The prediction interval of the GCM is calculated from the variance, and the 

smallest ranged species (where Ei=1) and the largest ranged (Ei=D) species show the 

lowest total variance (Figure 1b).  Where 

! 

E
i
" 1

2
D the variance of central bins is 
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constrained to be zero where predicted 

! 

ˆ S ij  is constrained to equal 1.0.  Thus, the overall 

contribution of species i to the size of the prediction envelope 

! 

i

2

"#  varies with Ei, and 

this value peaks for our hypothetical domain at Ei=37 (Figure 1b).  GCMs with range-

size:domain-size ratios between 0.35 to 0.4 will then have the largest prediction intervals.  

New World palm diversity  

New World palm species diversity varies from 0 (south of 35°S and north of 

36°N) to 151 species (at the equator, Figure 2a).  The worst fit between the observed 

species richness and expected by the GCM (only considering latitudes 20°S to 20°N, so 

n=40 bins for all comparisons) was for the New World Domain [SSD=208,429; 2 of 40 

(5%) of observed richness values within the 95% prediction interval; Table 1, Figure 2a].  

The Palm Domain, which is approximately half the size of the New World domain, 

showed a considerable better fit with the deviation [SSD=49,274; 12/40 (30%) of 

observed values within PI; Figure 2b] less than a quarter of the deviation in the New 

World Domain.  The fit of the truncated domain [SSD=20,974; 20/40 (50%) of observed 

values within PI; Figure 2b] was almost an order of magnitude less than the New World 

Domain.  The Endemic Domain performed the best in terms of total deviation 

(SSD=14,974) but showed similar numbers of observation within the prediction interval 

(18/20=45% of observed values within PI; Figure 2d).   

Part of the improvement in fit between the New World + Palm Domains and the 

Truncated + Endemic domains may have come from the fewer species used to calculate 

the SSD for the Truncated and Endemic Domains, but the relative fits remains on a per 

species contribution to SSD (see Table 1).  
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DISCUSSION 

Analytic solution for GCMs 

Here we offer an exact solution for the species diversity expected, as well as 95% 

prediction intervals for linear GCMs, given a domain size, bin size and a range-size 

distribution.  This allows for GCM analysis without need for simulations.  While we 

focus exclusively on the use of empirical RSDs for latitudinal diversity patterns, this 

solution can be applied to theoretical RSDs and any linear GCM such as elevation.  Also, 

while we assume range continuity and equal bin sizes, the expectations can also be 

modified to reflect other assumptions (e.g., unequal bin sizes, real or sampling gaps in 

ranges) by weighting the probabilities of occurrence for either species or bins.   Excel 

files used to calculate these statistics are available from MDW.   

 Additionally, applying this solution to individual species of a hypothetical domain 

as well as to empirical data for new world Arecaceae, allows us to highlight the 

importance of Range-Size to Domain-Size Ratios in the implementation and 

interpretation of GCMs.  Simply stated, analyses with larger RS:DS ratios are more likely 

to produce expected values that match observed patterns than analyses with smaller 

RS:DS ratios.  In itself, this does not preclude the use of GCMs as null models for 

diversity patterns.   It does, however, strongly suggest caution in the application and 

interpretation of GCMs where the domain size is truncated to fit a habitat or taxon of 

interest.   Domain truncation can inflate the fit of a GCM (increase the correlation 

between observed and expected) and reduce the ability to falsify a GCM (decrease the 

ability to reject a given GCM) while simultaneously decreasing the explanatory power of 
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biological variables and violating the fundamental assumption of GCMs.  We discuss 

each in turn: 

Domain truncation inflates the fit of GCMs. 

 When considering a single species, the fit of geometric constraint models 

increases as the range size of a species approaches the size of the domain.  When a 

species has a range size equal to the domain size, the GCM is completely predictive and 

there is no deviation between observed and expected values.  Whenever a species has a 

range size larger than half of the domain size, they are constrained to occur in a subset of 

bins that increases with increasing range size (Colwell & Lees, 2000).   Even when a 

species is less than half the range size, the fit of a GCM to observed patterns may be 

higher simply because the size of the 95% prediction interval is highest for species with 

range sizes 30-40% of the domain size.  

As the prediction of species richness for a group of species is the sum of the 

individual species predictions, the match between observed and predicted richness will be 

higher with larger range-size distributions, as has been observed in empirical studies (Jetz 

& Rahbek, 2002; Dunn et al., 2007).   It is important to note that Dunn et al (2007) show 

this increased fit for spatial, but not elevational diversity patterns.  This may indicate that 

elevational patterns are also affected by spatial distances between points (i.e., the 

differences between elevations do not necessarily reflect the “crow’s flight” distances 

between two points).   

 Therefore, the act of assuming a smaller domain size, by itself, is likely to 

increase the fit of GCMs. In our case study, the New World and Palm Domains do not 
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differ in observed richness patterns or range-size distributions (Table 1).  The only 

difference is in domain size.  The different domain sizes generate different range-

size:domain-size ratios and different shaped predictions (compare Figure 3a & 3b).   As 

the predictive ability of GCMs increases with increasing RS:DS ratios and this is the only 

difference between the Palm and New World domains, the better fit of the Palm Domain 

is due solely to the decreased domain size.   

The Statistical “power” of a GCM is a function of RS:DS ratios 

 Our results argue that the fit between expected and observed patterns of richness 

given by a GCM, and therefore the ability to falsify and reject a given GCM, is a function 

of the RS:DS ratio.  Increasing RS:DS increases the probability of match between the 

GCM and observed patterns, and forces the match between the GCM and observed 

patterns for central bins when range size is greater than half the domain size. It is 

worthwhile to note that this is the “mechanism” that generates the Mid-Domain Effect.  

 The highest variance in predicted richness, and thus the largest area of the 95%PI, 

occurs when RS:DS=0.37. Many, if not most, GCM analyses have RS:DS ratios between 

0.3 and 0.5 (Dunn et al., 2007).  With RS:DS greater than this value, the area of the 

prediction envelope decreases, but the degree to which GCM expectations can vary from 

observations decreases.  Thus, the ability to reject (or poorly fit) a given GCM 

(~statistical power) is a direct function of the RSD and Domain Size.   Therefore, the best 

evidence of random patterns of species ranges would be where RS:DS is very small and a 

GCM cannot be rejected (or explains a considerable portion of the variance).   As GCMs 

with small RS:DS ratios produce relatively flat prediction (e.g., Figure 2a), this relegates 
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the Mid-Domain Effect (i.e., randomly generated differences in diversity across space) to 

domain edges. 

Domain truncation can decrease the predictive ability of environmental variables 

Assuming that larger domains include a greater range of environments, truncating 

domains will then likely decrease the range of environment space used that could 

potentially explain spatial differences in diversity.  As domain truncation is usually 

performed to explicitly include (e.g., rainforests of Madagascar for myscaline butterflies 

in Lees et al., 1999; North American deserts in McCain, 2003) or exclude (e.g., desert 

North Africa in Jetz & Rahbek, 2002) biomes or habitat types, this decrease in range of 

environmental variables is obvious. That said, domain truncation may increase the fit of a 

GCM (via increasing RS:DS ratios) while simultaneously decreasing the fit of 

bioclimatic explanations.   

To illustrate the potential effect of domain truncation on the GCM predictions 

relative to other correlates of latitude, we compared the shapes of the GCM predictions 

with the grand mean of mean monthly minimum temperatures (calculated with data from 

New et al., 2002).   As the domain size decreases the shape of the latitudinal pattern in 

temperature flattens out (Figure 4).  Thus, examining only portions of the domain, 

whether by range truncations or only including endemics, may further inflate the 

predictive power of a GCM by reducing the predictive power of a latitudinal covariate.  

This could happen even if that covariate mechanistically and deterministically generates 

gradients in species diversity. 
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This does not exclude GCMs as potentially useful null models of diversity, but 

again, strong caution is advised in the interpretation of GCMs that use truncated domains.  

First, the assumption of a domain barrier defined by climatically delimited parameters 

such as habitat is an implicit assertion that these parameters are biologically important to 

patterns of diversity at a larger scale.  GCMs are expected to explain more variance 

within biomes than between biomes (Colwell et al., 2004; Rangel & Diniz-Filho, 2005) .  

This climatic-scale-dependent nature of GCMs is best exemplified by the recent debate 

about the use and interpretation of diversity patterns in Madagascar (Lees et al., 1999; 

Kerr et al., 2006; Currie & Kerr, 2007; Lees & Colwell, 2007).  One group argues against 

the presence of an “island-wide” Mid-domain Effect (Kerr et al., 2006; Currie & Kerr, 

2007) while the other argues for Mid-domain Effects for many groups when only a single 

biome type is examined (Lees & Colwell, 2007).    

It may well be that GCMs explain much or all of the variance in diversity 

gradients, once most spatial variance in biologically relevant parameters is removed.  If 

there is no meaningful environmental variance within Madagascan rainforests and a 

GCM which assumes the edge of the rainforest to be a domain barrier explains all or most 

of the variance in diversity, then there are biological gradients at scales larger than the 

rainforest but not within rainforests.   Another example may be found in our figure 4, 

where there is relatively little variance in mean temperature between 20°S and 20°N 

(Figure 4c) compared to the entire gradient (Figure 4a).  The GCM that assumes domain 

barriers at 20°N and S explains much of the observed pattern in species diversity but it is 

unlikely that temperature could.    
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Geometric constraints are falsifiable but not necessarily verifiable 

Whether treating a GCM as a null model or a null hypothesis, the pattern 

generating “mechanism” of a GCM is the geometric constraint.  The geometric constraint 

is a testable assumption or hypothesis in its own right.   If a species range extends across 

a putative barrier, the assumption is falsified. Thus, analyses that truncate species ranges 

or remove non-endemics to make the data “fit” the assumed domain violate the 

fundamental assumption and pattern-generating “mechanism” of GCMs.  This is vitally 

important because the predictions of GCMs with leaky or semi-permeable domain 

barriers are different from predictions of GCMs with strict domain barriers (Colwell & 

Hurtt, 1994; McClain et al., 2007).   In our analysis of NW palms, the best fit between 

observed and GCMs occurred when we forced data to match the assumed arbitrary 

domains (Table 1).  Our “truncated” domain has 91 of 499 (18.2%) species that where 

truncated to not violate the limits of 20°S and 20°.   

 If no species violate a putative barrier (e.g., the myscalines in the rainforest 

domain of Lees et al., 1999), that barrier is not falsified.  Nor is it verified.  Failure to 

reject a barrier is not necessarily evidence that a barrier to dispersal exists in the absence 

of biologically relevant gradients (e.g., temperature, precipitation, etc.).  The argument 

that hard barriers to dispersal (e.g., coastlines) are different only in severity from other 

physiological barriers (e.g., cold temperatures reducing fitness) is actually one that works 

against any domain truncation.  Coastlines are biologically relevant, albeit trivial to 

biologists, gradients in environment for many species.  Biomes are biologically relevant 

gradients in environment for many species.  
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Elevational GCMs 

 While we have focused here extensively on linear spatial domains, particularly 

latitudinal gradients, there are two important considerations of GCMs that use elevation 

domains that we feel need to be addressed.  First, elevational domains (e.g., sea level to 

the top of a mountain) are tautological—they cannot be typically be falsified nor verified. 

Species cannot, by definition, be lower or higher than the domain limits.  Second, 

elevational domains often cross biomes.  If spatial GCMs are best used within, but not 

between biomes (Colwell et al., 2004; Rangel & Diniz-Filho, 2005) , then the cross-

biome nature of many elevational GCMs may explain the poor fit of elevational GCMs 

(at least relative to purely spatial GCMs, see Dunn et al., 2007).  

Suggestions for future GCM analyses 

Our results show that the fit of GCM expectations and observed patterns can be 

greatly influenced by the RS:DS ratio.  As the RS:DS is, first and foremost, a function of 

the DS, the assumption of a domain must be defended and not chosen simply to fit the 

distribution of a taxon or habitat of interest.  If the assumed dispersal barrier delimiting a 

domain is violated, the porosity of that domain, both in terms of the number of species 

crossing the barrier and the extent of their ranges that cross the barrier should be reported. 

At the very least, the RS:DS, if not the entire RSD as a function of domain size (e.g. the 

inset histograms in figure 3), should be reported as a result of GCM analysis.  

Additionally, analyses of the sensitivity of results to various domain sizes may be 

useful. The debate surrounding the “Madagascan Mid-domain Effect” (Lees et al., 1999; 

Kerr et al., 2006; Currie & Kerr, 2007; Lees & Colwell, 2007) points to the potential 
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utility of hierarchical models of spatial patterns of diversity as the habitat GCMs of Lees 

and colleagues is spatially nested within the island-wide GCMs of Kerr, Currie and 

colleagues.  

Conclusions 

 Here we offer a simple way to calculate the exact expected values for the central 

tendency and variance in linear GCMs without estimation via simulation.  This 

probability-based method may be developed further to incorporate weighted or 

conditional probabilities to examine more complex types of spatial diversity patterns.  

For example, incorporating spatial and elevational distances into a single GCM or 

incorporating gaps in occurrences within a GCM (Dunn et al., 2006). 

 Within the context of this paper, we are not arguing that stochastic processes 

cannot generate diversity gradients; that all taxa show traditional latitudinal gradients in 

species diversity; nor that traditional latitudinal gradients in species diversity are 

evidence for energetic or climatic explanations of diversity gradients.  

 We argue that GCMs may be powerful tools for understanding the distribution of 

diversity where environmental variance is removed (e.g., within biomes and habitats) and 

that this is an interesting and necessary consideration in diversity studies.  That said, if 

within-biome analysis is the appropriate scale for GCMs, they either show little promise 

in explaining patterns of diversity across biomes (e.g., larger latitudinal gradients or 

elevational gradients) or must find a way to hierarchically incorporate multiple “leaky” 

domains.   We strongly assert that domain barriers, as the fundamental assumption and 
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“mechanism” of GCMs, are hypotheses and/or model assumptions that should be tested, 

supported and defended.     
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FIGURE LEGENDS 

Figure One.  a) The expected contribution to species diversity (

! 

ˆ S ij ) of species i to bin j 

as a function of the extent of species i, (Ei) in a hypothetical domain of domain size 101.  

Each line represents the contribution of a single species of that range size, Ei . Note that 

when 

! 

ˆ S ij =1, then the GCM prediction for that bin must match observed values.  Thus, the 

number of bins that must match observed values increases with increasing range size. 

Also note that as Ei approaches half of domain size, the mid-domain diversity peak is 

more pronounced.  b) The calculated sum of variance of species i in a GCM as a function 

of range size Ei.  The x-axis represents range size increasing from 1 to domain size, the y-

axis represents the total contribution to variance (i.e., the sum of the variance for each of 

101 bins) for each range size.  As the 95% prediction interval is calculated from the 

variance, when Ei is ~37 bins, the 95%PI will be larger and potentially the ability to reject 

the GCM lowest.  While the prediction interval decreases with increasing Ei the 

constrained match between observed and expected of larger Ei will also reduce the ability 

to reject or poorly fit the GCM. 

 Figure 2. Observed (red circles) and predicted (black circles) diversity of New World 

palm species from the four domains examined here.  (a) domain size equal to New World 

terrestrial latitudes (56°S-84°N) with empirical range sizes, n=547; (b) domain size equal 

to the observed limits to New World palm distributions (35°S-36°N) with empirical range 

sizes , n=547; (c) an arbitrary domain truncated to 20°S-20°N, only species that occur 

somewhere in this domain are included and their range sizes are truncated (the portions of 
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range outside the domain are removed), n=499; (d) the arbitrary domain 20°S-20°N, 

including only species with ranges that occur entirely within (i.e., endemic to) the 

domain, n=408.  The Sum of Squared Deviation [SSD=∑(predicted-observed)2] for all 

four cases was calculated using only the bins within the arbitrary domain size 20°S-20°N, 

but note that species richness varies between comparisons.  

Figure 3.  GCM null predictions of New World palm species diversity for the four 

domains examined here, separated by the contribution to the overall prediction by range 

size relative to domain size (nb, the maximum of a given bin is equal to the 

corresponding black circles in figure 2).  Inset histograms represent the log transformed 

range-size frequency distribution where range size is represented as percent of the 

domain size. (a) the New World Domain; (b) the Palm Domain; (c) the Truncated 

Domain; and (d) the Endemic Domain (see Figure 2).  Note that as the domain size 

decreases from the entire New World to the truncated domain (a to c), the range-size 

frequency distribution (insets) shifts to larger ranges relative to domain size, thus 

constraining the predictions to be closer to observations.  This shift is also observed when 

only endemics are considered (d).  

Figure 4. An example of how truncation of domain can influence the distribution of 

climate variance relative to variance of the predictions of GCMs. (a) New World 

Domain; (b) Palm Domain; (c) Truncated Domain.  Note that the latitude axes represent 

shorter spans of latitude from a to c. Circles represent the observed richness of palm 

species by latitude. The black lines are the predictions of the GCMS for these domains 

(the richness observations and predictions are the same as the corresponding models in 
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Figures 2).   The red line represents the grand mean of mean minimum monthly 

temperature by latitude. As range-size:domain-size increases (from a to c), spuriously 

inflating the Mid-Domain Effect, the “predictive ability” of the GCMs increase.  The 

range and spatial variance of temperature decreases as the domain size decreases, likely 

decreasing the “predictive ability” of temperature.  
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 APPENDIX C: IS THERE A GENERAL EXPLANATION FOR THE LATITUDINAL 

GRADIENT IN MAMMAL SPECIES DIVERSITY? 

 

ABSTRACT 

The latitudinal gradient in species diversity (LGSD) has long been known but 

lacks a general, mechanistic explanation.  Assuming that generality of pattern may reflect 

generality of process, we examine LGSDs of New World mammal orders and families, 

testing for generality of pattern in two components of the LGSD, shape and peak.   Using 

the overall mammal pattern as the expectation, subtaxa should exhibit a tropical peak and 

a concave-down pattern of diversity. Three of 12 mammal orders and 23 of 48 families 

examined here failed to show both the peak and shape expected.  Thus the overall LGSD 

is not a general pattern across mammal subtaxa and therefore it is unlikely that the LGSD 

is generated by a shared general mechanism or historical process.  Bats and taxa that 

originated in South America before the emergence of the Isthmus of Panama are more 

likely to diversity peaks within the tropics, arguing that the idiosyncratic biogeographical 

history of taxa may be more important to generating the LGSD than macroecological 

mechanistic explanations. 
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INTRODUCTION 

“It would, of course, be unsound to qualify variations as ‘noise’ simply because 

they fail to agree with a hypothesis, such as that of a polar-equatorial gradient in 

the density of taxa”     

Simpson 1964, page 61.  

 

The latitudinal gradient in species diversity is the oldest known (Forster 1778; 

Humboldt 1808; Wallace 1878) and perhaps the most-examined pattern in biogeography 

(Rosenzweig 1995; Hawkins 2001; Brown & Sax 2004; Hillebrand 2004; Lomolino et al. 

2006).  The traditional latitudinal gradient in species diversity (hereafter “LGSD”) is 

where the number of species found at a given latitude decreases with increasing distance 

to the equator (Rosenzweig 1995; Gaston & Blackburn 2000; Hillebrand 2004; Lomolino 

et al. 2006).   While the exact shape of the LGSD varies across taxa, regions and scales 

(Lomolino et al. 2006), the LGSD has been called a “bold signature of nature” (Lewin 

1989) and “one of the most striking characteristics of life on Earth” (Lomolino et al. 

2006). 

The latitudinal gradient in species diversity has been extensively studied for 

Western Hemisphere mammals.  Using various methods, the LGSD has been documented 

for North American mammals (Simpson 1964; Wilson III 1974); North American bats 

(Fleming 1973; Wilson III 1974; McCoy & Connor 1980; Willig & Selcer 1989; 

Rosenzweig 1992; Arita et al. 2005); North American quadrupeds (Wilson III 1974; 

Rosenzweig 1992; Arita et al. 2005); South American bats (Willig & Selcer 1989; 
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Ruggiero 1994); South American primates (Ruggiero 1994); New World mammals 

(Willig & Selcer 1989; Kaufmann 1995); New World bats (Lyons & Willig 1997); New 

World quadrupeds (Kaufmann 1995); and New World Bats (Kaufmann 1995). 

A pattern seemingly this general begs a general explanation, and there are 

numerous competing explanations for the LGSD (see reviews in Pianka 1966; Rohde 

1992; Rosenzweig 1992, 1995; Willig et al. 2003; Brown & Sax 2004; Lomolino et al. 

2006). As most of these hypotheses were generated a posteriori to explain the observed 

(or expected) LGSD, they predict higher numbers of species in the tropics.   While these 

hypotheses often share predictions, they differ in the mechanism(s) generating, as well as 

the general interpretation of, the LGSD.   

  By definition, the LGSD for New World mammals is generated by differences in 

net diversification, where net diversification is negatively correlated with absolute 

latitude.  The LGSD can be generated by higher tropical net diversification rates (Cardillo 

et al. 2005a; Cardillo et al. 2005b; Ricklefs 2006; Weir & Schluter 2007).  The LGSD 

could also be generated without differences in rates, but with latitudinal differences in the 

amount of time diversification processes have been acting. For example, if a given taxon 

that diversified in South America only entered North America after the emergence of the 

Panamanian Isthmus, it should be more diverse in South America.  In this case, the 

putative rate difference (higher speciation rate circularly evidenced by more species in 

South America) may be an artifact of idiosyncratic biogeographic history. 

These two ideas, continuous latitudinal gradients in net diversification versus 

idiosyncratic biogeographical history, represent two extremes of a continuum that can be 



                                                                                                                    91 

 

characterized as a dichotomy---either general, mechanistic processes extrinsic to a taxon 

–or– the idiosyncratic biogeographical history of a taxon generates latitudinal gradients in 

species diversity.  

Current macroecological explanations for the LGSD typically focus on 

differences in net diversification rates, positing general mechanisms that are shared 

across taxa and act similarly across taxa and latitudes.   These “general macroecological 

hypotheses” implicate general mechanisms such as area (Rosenzweig 1995), temperature 

(Allen et al. 2002),  energy (Currie 1991),  and productivity (Kaspari et al. 2000) in 

creating differences in net diversification rates across latitudes.   While not asserting a 

biological mechanism, geometric constraint hypotheses such as the Mid-Domain 

Hypothesis (Colwell & Hurtt 1994)  argue that diversity gradients such as the LGSD can 

show central peaks between hard barriers to dispersal.  Mid-domain analyses have not 

incorporated historical domain structure (e.g., the hard limits to dispersal between North 

and South America disappeared, creating the Great American Biotic Interchange).  

The general macroecological hypotheses above focus on the distributions of 

conditions (temperature, energy, barriers, etc.) across latitudes and generate general 

expectations of how taxa will interact with those conditions.   There are two components 

to generality for the mammal LGSD.  First, a general mechanism must apply to all (or 

most) mammal taxa.  If an extrinsic condition is expected to affect net diversification 

rates for mammals, it should affect net diversification rates for all (or most) mammal 

clades.   Second, a general mechanism must apply over the entire (or most) of the spatial 

extent of the latitudinal gradient.   
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There are general hypotheses that allow for and incorporate idiosyncratic 

biogeographic history.   The Phylogenetic Conservatism Hypothesis argues that 

phylogenetic niches, the intrinsic traits that interact with extrinsic conditions, are 

conserved within clades.  In the PCH, the LGSD is generated by more clades having 

tropical origins than temperate.  While the PCH is used to explain the LGSD, it does not 

demand and in fact predicts that clades that arose in temperate and boreal habitats should 

be more diverse at those latitudes.  

While the LGSD for all New World mammals is not debated, exceptions for 

specific mammalian taxa exist.  For example, shrews (Soricomorpha) and hares 

(Lagomorpha) have richness peaks well within the North Temperate (Kaufmann 1995).  

When analyses examine a single continent or part of a continent, patterns can differ from 

the traditional LGSD.  North American (north of 25ºN) mammal and non-volant mammal 

species diversity peaks at 44ºN (Currie 1991) or around 40ºN (Pagel et al. 1991).  South 

American marsupials, Edentata, Artiodactyla and hystricognath rodents peak at “mid-

latitudes” (Ruggiero 1994). South American carnivores peak in richness at 15ºS 

(Ruggiero 1994).  Methodological exceptions aside (Willig et al. 2003), hypotheses that 

predict the traditional LGSD are falsified (on a taxon by taxon basis) when a group 

convincingly fails to show the expected LGSD. 

The relative importance of mechanistic and historical processes behind the LGSD  

 Here we propose that hypotheses for the LGSD must account for two patterns.  

Specifically, we assert that focusing on the two major components of the LGSD-- Peak 

and Shape-- within and across taxa, will advance our understanding of the relative 
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importance of  ‘mechanistic’ and ‘historical’ explanations for the LGSD.  Traditionally, 

the ‘Peak’ of the LGSD should occur in the tropics (23.5°S to 23.5°N) and decrease with 

distance from the tropics.  The ‘Shape’ of the LGSD is the fitted function that should, 

when the diversity peak is tropical and species diversity is log-transformed, be a concave-

down function (e.g., Fig. 2).  While mammal species are found along the entire terrestrial 

latitudinal gradient of North and South America (Kaufmann 1995; Willig et al. 2003), 

many lineages of mammals are not. 

 A focus on patterns of ‘Peak’ and ‘Shape’ of the LGSD should help evaluating the 

generality and relative importance of ‘mechanistic’ and ‘historical’ processes.   

Similarities in LGSD Peak and Shape amongst subtaxa of a larger taxonomic group, and 

across taxonomic scales, indicates general, mechanistic processes.  Differences in LGSD 

Peak and Shape of subtaxa, and across taxonomic scales, assert more strongly a lack of 

generality across space and/or taxa.   

  Subtaxa that do not occupy the entire latitudinal gradient, particularly those that 

are not symmetrically distributed across the tropics, are especially valuable to our 

understanding of the generality of the patterns and processes underlying the LGSD.  For 

example, if a lineage occupies only the northern portion of the tropics and the north 

temperate (say, 10°N to 60°N), then a general mechanism acting to create the expected 

LGSD should increase net diversification in the tropics relative to the temperate.  This 

action could be through higher tropical speciation rates, lower tropical extinction rates, 

differences in dispersal, or some combination of these three factors. Regardless of 

process, this hypothetical taxon should show a linear monotonic increase in species 
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diversity with decreasing latitude.   Similarly, a lineage that asymmetrically straddles the 

tropics (say, 30°S to 80°N) is expected to show a concave-down diversity pattern with a 

tropical peak that is offset from the center (in this case south) of that lineage’s 

distribution. 

While the LGSD for New World mammals is considered a general pattern, it is 

unclear if this pattern is driven by a single, general mechanism.  Here, we assert that if a 

general, macroecological mechanism generates the mammalian LGSD, that this 

mechanism and resulting pattern should be evident across taxonomic scales within 

mammals (i.e., orders and families).  Our method makes several graphical predictions 

(Fig. 1).  If the mammalian LGSD is the result of a general macroecological mechanism, 

then: (1) most (if not all) taxa that occupy a substantial portion of the terrestrial gradient 

will show a concave-down LGSD with a tropical peak--mirroring (and in part generating) 

the overall mammalian LGSD; (2) extra-tropical taxa that occupy none or a small portion 

of the tropics will show linear LGSD with a tropical peak (i.e., mirroring the overall 

gradient for the regions they occupy); and (3) taxa that asymmetrically bestride the 

tropics should show diversity peaks offset towards the tropics.   Substantial deviations 

from these predictions would indicate the LGSD is not generated from a single general 

(macroecological or historical) process. 

METHODS 

Data 

We calculated the latitudinal ranges of 1,670 New World mammals by 1.0° 

latitudinal bins, centered on middle of the cardinal latitudes. Mammal species ranges 
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were taken from digital range maps made available by NatureServe 

(www.natureserve.org,  Patterson et al. 2005).  Where necessary, we updated the 

taxonomy to reflect the taxonomy presented by (Wilson & Reeder 2005) and in some 

cases “lumped” range maps to account for synonymy. See Appendix B for a list of 

included taxa and a list of taxa in Wilson & Reeder (2005) that were not represented by 

NatureServe maps.  Families represented by only one species (e.g., Antilocapridae, 

Cyclopedidae, Microbiotheriidae, Glironiidae, Aplodontiidae, Castoridae, 

Hydrochaeridae, Dinomyidae and Myocastoridae) or did not have more than one species 

in at least one latitudinal bin (Ochotonidae, Solenodontidae) were excluded from family 

level analyses.  We calculated latitudinal band diversity by counting all species that 

occurred in that latitudinal band.   We calculated species diversity by latitude for all 

species in the dataset, volant and non-volant species separately, each of the orders 

separately, and each of the families separately.  Unless otherwise noted, latitudes south of 

the Equator are treated as negative values.  

Model Fits 

 For each taxonomic grouping we compared the fits of six regression models of 

latitude and the log-transformed number of species in each latitudinal bin.  In a step-wise 

fashion, we sequentially stepped from simpler (i.e., linear) to more complex models 

(quadratic to sextic polynomials). The fitted models were then compared using 

comparison of change in Akaike’s Information Criterion (AIC, Hilborn & Mangel 1997; 

Burnham & Anderson 2002) sequentially from simpler to more complex models.  Thus, 

∆AIC for a model with n terms is the AIC of that model minus the AIC of the n-1th 
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degree model.  We also report the r2 for each fitted model, as r2 is a more intuitive 

measure of goodness of fit, but note that the r2 is likely biased due to spatial 

autocorrelation (Diniz et al. 2003), and therefore use our measure of ∆AIC to select 

models. 

 The “peak” of diversity is the model peak  (i.e., the singular maxima of linear to 

cubic models; highest model peak of more complex, potentially “bimodal” models).    

The “shape” of the LGSD for each New World mammal order and family is the line or 

curve that best fits the log-transformed species diversity by latitudinal bin. The 

complexity of the best-fit model can be used as an indication of symmetry of the LGSD.  

Based on our predictions above, taxa that are symmetrically distributed across the equator 

should show a (symmetric) concave-down quadratic polynomial LGSDs.  Taxa that do 

not extend across the tropics should show (asymmetric) linear LGSDs. Similarly, taxa 

that asymmetrically straddle the tropics should show more complex, asymmetric 

concave-down functions (e.g., a cubic polynomial) with the peak offset towards the 

equator. Here we are simply testing to see whether each order and family shows the shape 

and peak expected by the traditional LGSD.   

 

RESULTS 

The shape and peak of the LGSD varied across taxonomic scales and across taxa 

at a given taxonomic scale.  Results are plotted in figures 1-3, reported in Table 1, and 

results of model comparisons are reported in Appendix 2.   

 



                                                                                                                    97 

 

The Shape of the LGSD 

 Log-transformed species diversity of all New World mammals clearly shows a 

concave-down quadratic polynomial (Figure 1a), as do bats and non-volant mammals 

(Figures 1b,c). 

Of the twelve mammal orders examined here, 4 show LGSD shapes differing 

from the expected concave-down quadratic polynomial.  The Paucituberculata is best fit 

by a linear, Cingulata by a cubic polynomial, the Artiodactyla by a quartic polynomial, 

Perissodactyla by a quintic polynomial.   As the Paucituberculata are found mostly south 

of the equator, a linear relationship is predicted by the traditional LGSD.   The more 

complex models for the Cingulata and the Perissodactyla are likely due to single species 

tails being large relative to overall diversity- the prediction of a concave-down quadratic 

fits the centers of these two orders when these tails are removed.  Only the Artiodactyla, 

with a bimodal LGSD, have a shape that is clearly different from the expected traditional 

concave-down, quadratic polynomial.  

 Of the 48 families of mammals examined here, 30 showed the expected concave-

down quadratic polynomial LGSD.   Seven families (Camelidae, Octodontidae, 

Mephitidae, Myrmecophagidae, Ursidae in addition to the mono-familial Perissodactyla 

and Cingulata above) showed more complex fits that are qualitatively similar to the 

expected concave-down pattern.  The Capromyidae and the Caenolestidae (in the mono-

familial Paucituberculata) are best fit by the linear relationships expected by their 

distributions.  The remaining nine families show LGSDs with shapes not expected by the 

traditional pattern.  The Natalidae and the Erethizontidae show linear relationships that 
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are likely affected greatly by single species tails.  Some families show more complex 

shapes that may be due to low species richness (e.g., Abrocomidae, Sextic; 

Bradypodidae, Quartic).  Other families show LGSDs that do not match the predicted 

shape.  The Canidae, Cervidae, and Mustelidae are clearly bimodal. 

The Peaks of the LGSDs 

 When all New World mammal species are considered, the peak richness is clearly 

tropical (Figure 1a).  While the absolute diversity peak is closer to the equator (i.e., 421 

species at 3.5°S), the model diversity peak is at 6.5°N.   Non-volant mammals (model 

peak=7.5°N) and bats (model peak=4.5°N) both show the expected tropical diversity 

peak.   

 Most (i.e., 10 of 12) mammal orders show diversity peaks between 24°S and 

24°N.  Two of these orders, the Artiodactyla and the Cingulata show diversity peaks that 

are marginally within these limits (22.5°S and 21.5°S, respectively).  Two orders 

(Lagomorpha and Soricomorpha) show diversity peaks well outside the tropics (32.5°N 

and 39.5°N, respectively).  

 Of the 48 families examined here, 27 (56.25%) have peak diversity between 24°S 

and 24°N.   Of the 5 families from mono-familial orders, 4 show tropical diversity peaks 

(Caenolestidae, Dasypodidae, Didelphidae and Tapiridae).  Of the remaining 7 orders, 3 

have most or all families showing tropical diversity peaks: Chiroptera, Primates, and 

Pilosa.  Eight of 9 bat families show tropical peaks.  Thus, one-third of the 27 families 

that show a tropical diversity peak are in the order Chiroptera.  All 4 families of Primates 

show tropical diversity peaks, as do 2 of the 3 families in Pilosa.  Thus, more than half 
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(55%) of families with tropical diversity peaks are from one-quarter of the 12 orders 

examined here.  

 Of the 2 orders with extra-tropical diversity peaks (i.e., the Soricomorpha and 

Lagomorpha), none of their 3 families show tropical peaks.  While the Artiodactyla as a 

whole show a tropical peak, only 1 of 4 artiodactyl family, Camelidae (with two species 

and a model peak at 18°S), shows a tropical peak.  Similarly, the Carnivora has a tropical 

peak, but only 2 of 6 carnivore families (Procyonidae and Felidae) have tropical peaks.  

Rodents, which represent 15 of the 48 mammal families examined here, have a tropical 

peak.  Only 6 of 15 rodent families have tropical peaks.   

 While 83% of New World mammal orders show the expected tropical peak in 

species diversity, only 56% of New World mammal families do. 

Combined Predictions of Shape and Peaks 

When considered together, New World mammal species show a concave-down quadratic 

shape and the tropical peak.  This is also true for bats and non-volant mammals.  These 

results are essentially identical to previous reports (Simpson 1964; Wilson III 1974; 

McCoy & Connor 1980; Kaufmann 1995; Willig et al. 2003).  However, the generality of 

this pattern deteriorates finer taxonomic scales.   

  Three orders failed to match the expected LGSD pattern of possessing both a 

expected shape and a tropical peak.  The Artiodactyla (with a bimodal LGSD and a 

marginally tropical peak), the Soricomorpha and Lagomorpha, both of which showed the 

expected concave-down quadratic shape but had extra-tropical diversity peaks.   Of the 

48 families examined here, a little more than half (25 families) showed both the expected 
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tropical diversity peak and the LGSD shape expected by their latitudinal distributions.   

Of the 25 families that matched both predictions, 8 were bat families and 4 were Primate 

families.  Thus 48% of the groups that match both expectations are taken from 2 orders.  

Only 4 of 15 rodent families, 2 of 6 carnivore families, and 6 other families from 5 orders 

matched both predictions. 

DISCUSSION 

Tropical latitudes of the New World have more mammal species than extra-

tropical latitudes and mammal species diversity declines with distance from the equator.  

This traditional LGSD pattern is also apparent for both bats and non-volant mammals.   

However, out analysis on peak and shape of the LGSDs reveals several novel patterns 

that may speak to the nature of the processes generating the LGSD in New World 

mammals. In particular, our results suggest that the traditional LGSD is not a general, and 

certainly not a universal, pattern for New World mammal families and orders.  For these 

subtaxa, shared general mechanism(s) or historical processes cannot generate these 

LGSD patterns across both taxa and latitudes.   First, many orders and families simply do 

not show LGSD patterns expected by shared mechanism or history expected patterns.  

Second, there appears to be a major historical bias—groups that show the expected 

LGSD are disproportionately (although interestingly enough not exclusively) of South 

American origins.  Third, the expected shape of the LGSD is seen many families and 

orders that do no show the expected tropical peak.   

The hypothesis of a single pattern of diversity Peak and Shape underlying the LGSD is 

falsified for many taxa.  
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 Starting with two relatively simple predictions of a general explanation for the 

LGSD—that mammal subtaxa should show diversity Peak and Shape that mirrors the 

pattern for all mammals—three orders and almost half of NW families do not match these 

two predictions.   Thus, the hypothesis for a traditional LGSD is effectively falsified for 

25% of mammal orders and 46% of mammal families.  Even if the New World mammal 

LGSD is driven by a general mechanism, there will be some taxa that deviate from the 

expected pattern.  Conceding this, and building on Simpson’s suggestion at the beginning 

of this paper, the question becomes, “How many deviations can we consider ‘noise’?”   

Starting with the hypothesis that “all families and orders will show the traditional 

LGSD,” and assuming α=0.05, this hypothesis is falsified for mammal orders, even with 

very low statistical power.  At the level of families, the critical value to reject the 

hypothesis of the LGSD pattern being general across mammal families is 2-3 families; 

here an order of magnitude more families (23) do not show the traditional LGSD.  

Biogeography and history  

 The simple test above assumes that taxonomic ranks are equivalent (e.g., all the 

same age, similar biogeographic histories) and phylogenetically independent.  Both of 

these assumptions are clearly not true.   There is a clear historical bias in which taxa show 

the traditional peak diversity in the tropics. The extant groups of New World 

Lagomorpha and Soricomorpha originated and diversified in the Northern Hemisphere 

and did not enter South America until the Great American Biotic Interchange” ("GABI"; 

Stehli & Webb 1985).  Thus, the idiosyncrasy of their extra-tropical diversity peaks has 

been justified by their particular biogeographic histories.   The orders Cingulata, 
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Didelphimorpha, Pilosa and Primates all show the peak species diversity in the tropics.  

The rodent families Caviidae, Cuniculidae, Dasyproctidae and Echimyidae also show the 

traditional LGSD pattern.  All extant New World lineages of these groups arose and 

diversified in South America (Patterson & Pascual 1968; Webb 1991).  While present in 

North America before the GABI (Czaplewski et al. 2003), most New World bat lineages 

are believed to have radiated in South America. Using the logic for the Soricomorpha and 

the Lagomorpha above, these Southern groups show LGSD patterns that are equally 

idiosyncratic based on their origins (which happen to be Neotropical/South American).   

Including the Chiroptera, families with South American origins account for 21 of the 25 

families that match the predictions of the traditional LGSD.    Excluding the Chiroptera, 

13 of the remaining 16 (non-volant) families that show the traditional LGSD have South 

American origins.  

The shape of the LGSD 

 The expected LGSD pattern, when species diversity is log-transformed, is a 

concave-down quadratic polynomial (“shape”) with a tropical maximum (“peak”).   For 

mammal orders and families, the shape appears to be as general as the tropical peak.  

Almost all orders and many families are best fit by a concave-down quadratic or cubic 

polynomial with a well-defined maximum.   The concave-down quadratic function was 

the best fit for 62.5% of the families examined here.   Counting the more complex fits 

that are qualitatively similar to the expected, 77% of mammal families show the concave-

down pattern.   Families that show the traditional LGSD with tropical peaks (e.g., most 

bats, all 4 primate families, Dasyproctidae, Procyonidae, etc.) as well as the families that 
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do not (e.g., Bovidae, Caviidae, Chinchillidae, Ctenomyidae, Geomyidae, Heteromyidae, 

Leporidae, Soricidae, Talpidae) were best fit by the concave-down quadratic.  Of the 29 

taxa with tropical peaks, 24 showed concave-down quadratic or cubic polynomials.  Of 

the 19 taxa with extra-tropical peaks, 12 showed concave-down quadratic or cubic 

polynomials.   Thus tropical and extra-tropical families are just as likely to show the 

concave-down pattern of diversity (X2=0.59, df=1). 

Pattern and Process in the LGSD 

 Our results underscore the importance of taxonomic scale in understanding the 

patterns of latitudinal gradients in species diversity.  But what can these patterns tell us 

about process?  The notion that a single, generally applicable explanation for the LGSD 

permeates modern macroecology and biogeography (Fischer 1960; Pianka 1966; 

Terborgh 1973; Stevens 1989; Palmer 1994; Rosenzweig 1995; Gaston & Blackburn 

2000; Willig et al. 2003; Hillebrand 2004; Lomolino et al. 2006; Ricklefs 2006).   Our 

results show that this is unlikely—different taxa diversify in different places.  
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TABLE 1 

Traits of LGSDs for the taxa examined here.  The predicted shape is based on the latitudinal extent of the subtaxon.  Model 
shape and model peak are the shape and peak of the best-fit regression line (see Methods and Appendix 2 for model 
comparisons).  Northern or Southern is the location of origin for extant members of  that group (Patterson & Pascual 1968; 
Koopman 1982) 

  Concave 
Down? 

Predicted 
Shape 

Model 
Shape 

Model 
Peak 

Tropical 
Peak? 

Correct 
Shape? 

Traditional 
LGSD? 

Northern 
or 
Southern 

All Yes Quadratic Quartic -22.5° yes no no Northern 
Bovidae Yes Linear Quadratic 49.5° no no no Northern 
Camelidae Yes Linear Cubic -18.5° yes no no Northern 
Cervidae Yes Quadratic Quartic -24.5° no no no Northern 

Artiodactyla 

Tayassuidae Yes Quadratic Quintic -25.5° no yes? no Northern 
All Yes Quadratic Quadratic 8.5° yes yes yes Northern 
Canidae Yes Quadratic Sextic -18.5° yes no no Northern 
Felidae Yes Quadratic Quadratic -6.5° yes yes yes Northern 
Mephitidae Yes Quadratic Cubic 30.5° no yes no Northern 
Mustelidae Yes Quadratic Quartic 48.5° no no no Northern 
Procyonidae Yes Quadratic Quadratic 9.5° yes yes yes Northern 

Carnivora 

Ursidae Yes Cubic Quartic 46.5° no yes? no Northern 
All Yes Quadratic Quadratic 5.5° yes yes yes ? 
Emballonuridae Yes Quadratic Quadratic -0.5° yes yes yes ? 
Furipteridae Yes Quadratic Quadratic -9.5° yes yes yes ? 
Molossidae Yes Quadratic Quadratic -1.5° yes yes yes ? 
Mormoopidae Yes Quadratic Quadratic 6.5° yes yes yes ? 
Natalidae No Quadratic Linear 30.5° no no no ? 
Noctilionidae Yes Quadratic Quadratic -7.5° yes yes yes ? 
Phyllostomidae Yes Quadratic Quadratic 2.0° yes yes yes ? 
Thyropteridae Yes Quadratic Quadratic -1.5° yes yes yes ? 

Chiroptera 

Vespertilionidae Yes Quadratic Quadratic 8.5° yes yes yes ? 
Cingulata Dasypodidae Yes Quadratic Cubic -21.5° yes yes yes Southern 
Didelphimorpha Didelphidae Yes Quadratic Quadratic -13.5° yes yes yes Southern 
Lagomorpha Leporidae Yes Quadratic Quadratic 32.5° no yes no Northern 
Paucituberculata Caenolestidae No Linear Linear 7.5° yes yes yes Southern 
Perissodactyla Tapiridae Yes Quadratic Quintic 3.5° yes yes? Yes? Northern 
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All Yes Quadratic Quadratic -4.5° yes yes yes Southern 
Bradypodidae No Quadratic Quartic ??? yes no no Southern 
Megalonychidae Yes Quadratic Quadratic -0.5° yes yes yes Southern Pilosa 

Myrmecophagidae Yes Quadratic Cubic 2.5° yes yes yes Southern 
All Yes Quadratic Quadratic -5.5° yes yes yes Southern 
Aotidae Yes Quadratic Quadratic -6.5° yes yes yes Southern 
Atelidae Yes Quadratic Quadratic -3.5° yes yes yes Southern 
Cebidae Yes Quadratic Quadratic -6.5° yes yes yes Southern 

Primates 

Pitheciidae Yes Quadratic Quadratic -3.5° yes yes yes Southern 
All Yes Quadratic Quadratic 4.5° yes yes yes Both 
Abrocomidae Yes Linear Sextic -30.5° no no no Southern 
Capromyidae No Linear Linear 17.5° yes yes yes? ??? 
Caviidae Yes Linear Quadratic -20.5° yes no no Southern 
Chinchillidae Yes Linear Quadratic -30.5° no no no Southern 
Cricetidae Yes Quadratic Yes 3.5° yes yes yes Northern 
Ctenomyidae Yes Linear Quadratic -30.5° no no no Southern 
Cuniculidae Yes Quadratic Quadratic -4.5° yes yes yes Southern 
Dasyproctidae Yes Quadratic Quadratic -3.5° yes yes yes Southern 
Dipodidae Yes Linear Quadratic 45.5° no no no Northern 
Echimyidae Yes Quadratic Quadratic -5.5° yes yes yes Southern 
Erethizontidae No Quadratic Linear -33.5° no no no Southern 
Geomyidae Yes Linear Quadratic 30.5° no no no Northern 
Heteromyidae Yes Linear Quadratic 29.5 no no no Northern 
Octodontidae Yes Linear Cubic -34.5° no no no Southern 

Rodentia 

Sciuridae Yes Quadratic Quadratic 29.5° no yes no Northern 
All Yes Linear Quadratic 39.5° no no no Northern 
Soricidae Yes Linear Quadratic 39.5° no no no Northern Soricomorpha 
Talpidae Yes Linear Quadratic 40.5° no no no Northern 
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FIGURE LEGENDS 

Figure 1. 

Graphical representation of possible peak and shape diversity if the New World mammal 

LGSD is generated by processes that are general across taxa and latitudes.  The latitudes 

represent New World terrestrial latitudes.  Grey arrows indicate the expected effect on net 

diversification.  Net diversification is expected to increase in tropical areas and decrease 

with distance from the equator.  These effects may be due to differentials in speciation, 

extinction, or range-sizes across latitudes or some combination of the three. The black 

line represents the expected shape and peak of the LGSD for a group that is distributed 

symmetrically across the equator- a tropical peak and quadratic polynomial shape.  The 

red and blue lines represent the peaks and shapes of the LGSD for a groups that are not 

distributed symmetrically across the tropics- either a monotonic, increasing linear 

function (red line) or a concave-down, more complex (than quadratic) shape with a peak 

offset towards the tropics.  

Figure 2. 

a) Log10 species diversity by latitude for the 1,622 New World mammal species examined 

here.  The line represents the “best-fit” polynomial  (a concave-down quadratic 

polynomial where Log10S = 2.63 - 0.004*lat_bin - 0.0003(lat_bin-13.5)2; r2=0.935; n=139 

1°bins. b) Log10 species diversity by latitude for the non-volant mammal species 

examined here.  Non-volant mammal diversity is best fit by a concave-down quadratic 

polynomial where Log10S = 2.37 - 0.0034*lat_bin - 0.00026(lat_bin-13.5)2; r2=0.877; 

n=139 1°bins. c) Log10 species diversity by latitude for the bat species examined here.  



                                                                                                                    112 

 

Bat diversity is best fit by a concave-down quadratic polynomial where Log10S = 2.165 - 

0.0099*lat_bin - 0.00054(lat_bin-13.5)2; r2=0.964; n=124 1°bins. 
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FIGURE 2 
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ABSTRACT 

  The latitudinal gradient in species diversity (LGSD) is one of biogeography’s 

oldest patterns but remains without a general mechanistic understanding.   What may 

have hindered macroecological biogeography is the assumption that the LGSD is a single 

pattern caused by a general mechanism.  Assuming that a general process or set of 

processes generates the shape of the LGSD, taxa that occupy different latitudes are 

expected to have different shaped LGSDs.  Here we examine the shape and peak of the 

LGSD in two groups of families of New World woody plants: diverse families that 

straddle the tropics and families that are found only north of the equator.   As the pattern 

expected of New World woody plants families is a hump-shaped LGSD with a tropical 

peak in richness our simple prediction is that the “northern” families will show linear 

LGSDs with peak richness at lowest latitudes.   All of the six families predicted to have 

linear patterns across latitude showed hump-shaped LGSD, as did all the families that 

straddle the equator.  Thus, the hump-shaped LGSD is more general than southernmost 

peak predicted by a general explanation for latitudinal gradients in species diversity.  
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INTRODUCTION 

The latitudinal gradient in species diversity remains a puzzle to biogeography and 

ecology. The archetypical latitudinal gradient in species diversity (hereafter “LGSD”) is 

where more species are found at lower latitudes (e.g., in the tropics) and diversity 

declines with distance from the equator (Rosenzweig 1992, 1995; Gaston & Blackburn 

2000; Hillebrand 2004; Lomolino et al. 2006).  While there are exceptions to the 

traditional form of the LGSD (e.g., Janzen 1981; Weiser & Enquist this volume, 

Appendix C) the LGSD is one of biogeography’s best documented patterns (Brown 1995; 

Rosenzweig 1995; Willig et al. 2003; Hillebrand 2004).  

 There are numerous competing explanations for the LGSD (Pianka 1966; Rohde 

1992; Rosenzweig 1992, 1995; Willig et al. 2003; Brown & Sax 2004; Lomolino et al. 

2006).   There are difficulties in differentiating between the various diversity hypotheses, 

most diversity hypotheses were generated a posteriori to explain observed patterns of 

diversity.  Thus, they attribute the same prediction of higher tropical species diversity to 

different mechanism(s).      

 In addition to the shared prediction of the traditional LGSD, many diversity 

hypotheses also share the aim of generality.  Here, we mean that the proposed 

explanation is asserted to explain differences in net diversification rates across both taxa 

and space.   Generality across a taxon of interest means that the mechanism believed to 

affect net diversification rates should act similarly across subtaxa or clades of that focal 

taxon.   Generality across space means that the mechanism should apply across a spatial 

scale relevant to generating pattern (here latitudinal pattern in species diversity).    
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 New World woody plants offer an opportunity to examine the relative importance 

of idiosyncratic (e.g., biogeographic and evolutionary) history against the general 

macroecological expectations for the LGSD.  Woody plant species richness shows the 

traditional LGSD, with peak richness near the equator and a somewhat regular decrease 

in richness with distance from the equator (Weiser et al. 2007).   

The simple prediction that we test here are that subtaxa (i.e., families) of New World 

woody plants will show patterns similar to the overall pattern. Widespread families (e.g., 

those found throughout New World terrestrial latitudes), are predicted to show a hump-

shaped diversity pattern across latitude that has a tropical peak (i.e., a concave-down 

quadratic with a tropical maximum when diversity is log-transformed).    

Families that occupy only a portion of the latitudes, especially if they occupy portions 

outside the location of expected peak diversity, may be especially useful in gauging the 

generality of the LGSD, as they are expected, under a general spatial explanation, to 

show qualitatively different shaped LGSDs.  

 Given a family that is found from the equator northward to Canada, a general 

mechanistic explanation for the LGSD should predict that the tropical portion of that 

family’s range would experience greater net diversification than the temperate portion 

(Fig 1).   Thus, if the mechanism generating the LGSD for New World is general across 

latitudes and families, the predicted pattern for these “offset” taxa would be a monotonic, 

linear LGSD.   

 Here we examine a subset of the families of New World woody plants to ascertain 

the generality of the LGSD.  
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METHODS 

Data set 

We used data from 12,980 New World plant species taken from Weiser et al 

(Weiser et al. 2007).  In this data set, the latitudinal extent of a species is estimated by 

finding the southernmost and northernmost occurrence of a species from various sources 

(see Weiser et al. 2007 for additional details and the original data) and species are 

assumed to occur at all latitudes between these limits.  We assigned each species in the 

data set to a plant family, using the Missouri Botanical Garden’s data set W3Tropicos 

(http://mobot.mobot.org/W3T/Search/vast.html) as a source.    

We calculated log-transformed species diversity by 1° latitudinal bin for 1) The 

entire data set; 2) The 21 families with the highest species diversity (see Table 1) ; and 3) 

5 additional families found exclusively north of the equator.  

Model Fits 

 To determine the LGSD shape and peal for each family we compared the fits of 

five regression models of latitude and the log10-transformed number of species in each 

latitudinal bin.  In a sequential, step-wise fashion we stepped from linear to more 

complex (quadratic to quintic) models.  The fitted models were compared to each other 

(and to the no slope intercept model) using the change of Akaike’s Information Criterion 

("AIC," Hilborn & Mangel 1997; Burnham & Anderson 2002) sequentially from simpler 

to more complex models.  Thus, ∆AIC for a model with n terms is the AIC of that model 

minus the AIC of the n-1th degree model.  We also note the r2 for each fitted model, as r2 

is a more intuitive measure of goodness of fit, but note that the r2 is likely biased due to 
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spatial autocorrelation (Diniz et al. 2003), and therefore use our measure of ∆AIC to 

select models.  While the greatest ∆AIC was typically associated with the greatest 

increase in r2, in many cases involving steps amongst higher order models (e.g., quadratic 

to cubic), the greatest ∆AIC was not accompanied by the greatest increase in r2.  

Shape and Peak of the LGSD. 

 For each LGSD, we use the best-fit model to describe the “shape” of the diversity 

pattern.  We compared the fitted shape to the shape predicted solely by the latitudinal 

distribution of that family (predicted shapes are listed in Table 2) based on our graphical 

model of a general explanation for latitudinal diversity gradients.  Thus, families that 

occur entirely north of the equator  (e.g., Aceraceae) were expected to show linear 

LGSDs with observed and model peaks at the southern end of their latitudinal range.  

Families that symmetrically straddle the tropics (e.g., Bignoniaceae) should show 

concave-down quadratic shapes.  Families that asymmetrically straddle the tropics  (e.g., 

Araceae) should show “offset” concave down patterns with peaks closer to the equator. 

RESULTS 

The shape of the LGSD 

Log-transformed species diversity of the New World woody plant species 

examined here clearly shows a concave-down quadratic polynomial  (Figure 2).  When 

examined by families, woody plant species were remarkably consistent in showing 

concave-down patterns.  Of the 26 families examined here, 23 showed concave-down 

quadratic shapes. None were best fit by a linear model. Of the 3 that showed more 

complex shapes, all  (i.e., Araceae, Cornaceae and Juglandaceae) were best fit by cubic 
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polynomials.  These cubic models are virtually indistinguishable from the quadratic 

models (See Fig 3). 

Peaks of the LGSD 

When all 12,980 species were considered, the best-fit models gives a tropical peak 

that is offset north (11.5°N) of the empirical peak at the equator (0.5°S) (Table 2, Figure 

2, see also Weiser et al. 2007).   Among the 21 most diverse families in the data set, the 

empirical and model peaks are consistently near the equator (Table 2).   Eighteen of 21 of 

the most diverse families have their maximum empirical diversity peaks within 5° of the 

equator. The Asteraceae and the Rosaceae (with maximum empirical diversity at 19.5°N 

and 35.5°N respectively), both had secondary peaks at the equator.   The Fagaceae 

showed an extra-tropical diversity peaks (model peak=28.5°N, empirical peak=29.5°N).   

Of the 5 additional “northern” families, all showed maximum diversity peaks 

(both empirical and model) well north of the tropics (Table 2, Figure 3b).  

Combined predictions of shapes and peaks 

 As a whole, log-transformed species diversity of New World woody plants is 

“hump-shaped,” best fit by a concave-down, quadratic polynomial with a tropical peak.  

Of the most diverse families, all but two mirrored this pattern.  The Araceae were best fit 

by a concave-down cubic polynomial with a tropical peak that, while statistically 

different from the quadratic, is virtually indistinguishable from a quadratic (see Figure 

3a).  The Fagaceae, while showing the expected shape had a peak well north of the 

tropics (Table 2, Figure 3b).   
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 Exceptions to the expected patterns were found for all of the additional 

“Northern” taxa.  Of the 5 families predicted to show linear models (as their ranges were 

all north of the equator) none did.    All five showed humped shaped LGSD patterns (3 

quadratic and 2 cubic polynomials) and extra tropical peaks.  

DISCUSSION 

The Neotropics houses a vast majority of the species New World woody plants.   With 

distance from the equator, the number of species decreases in a somewhat regular 

fashion—faster towards the south than the north (Figure 2).  The pattern for the LGSD 

presented in Figure 2 certainly does not, in itself, conflict with process-based explanation 

that is general across space and taxa.   However, our analysis of the peak and shape of 

LGSDs indicate that it is unlikely that the New World woody plant LGSD is due to 

mechanisms shared across both families and latitudes.   It important to note that we are 

not arguing against the reality of higher tropical diversity, we are arguing that the 

processes that lead to higher tropical diversity are not likely to be general across both 

taxa and latitudes.   

There is no single pattern of diversity peak  

 First, the hypothesis of a single pattern of diversity does not generalize to all the 

families examined here.   All but one of the “diverse” families showed a humped-shaped 

LGSD with peak diversity within the tropics (Table 2).  The exception within this group 

is the Fagaceae.  As the Fagaceae are found north of the equator to 50.5°N, the pattern 

expected from the overall LGSD (and the 20 other diverse families) is that species 

richness of Fagaceae should peak in the tropics and decline within increasing distance 
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from the equator.  In terms of Figure 1, if the processes (the arrows) generating the 

“hump-shaped” diversity patterns (black and blue lines), then the Fagaceae should show a 

linear decrease in richness (red line).  This linear expectation is shared with five other 

“northern” families  (i.e., Aceraceae, Betulaceae, Cornaceae, Juglandaceae and Pinaceae).   

None of the six families predicted to show a linear LGSD did so.  

The shape is more general than the peak 

 All six were predicted to have linear LGSDs but showed either quadratic or cubic 

polynomial shapes (Table 2, Figure 3b).   While these six families may be exceptions to 

the generality of diversity peaks, they underscore the generality of the shapes of LGSDs.  

All 21 of the diverse families showed the hump-shaped diversity pattern, 20 of them 

being best fit by a quadratic polynomial.  This should not be surprising because, being 

from the most diverse groups, they represent almost 60% of the species used to generate 

the expected shape.  The “northern” families, however, were chosen exactly because they 

were not expected to show hump-shaped diversity patterns.   

Can a “general” hypothesis reconcile these observations? 

 Our results here, in addition to the observations of similar patterns in New World 

mammal species (Weiser & Enquist this volume, Appendix C), argue that idiosyncratic 

explanations at some taxonomic and/or spatial scales are necessary.  Note that  

“idiosyncratic” does not mean random we are not suggesting that there are not general 

principles and useful variables that should help us understand the large-scale distribution 

of diversity.    
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TABLES 

TABLE 1:  Families and the number of woody plant species in the database included in 

this analysis  

 

 

 

The 21 “Most diverse” 
families included in data 

set 

Fabaceae (1037), Asteraceae (981), Rubiaceae 
(654), Melastomataceae (511), Euphorbiaceae (456), 
Arecaceae (418), Solanaceae (407), Araceae (398), 
Apocynaceae (297), Lauraceae (286), Malvaceae 

(239), Bignoniaceae (231), Piperaceae (229), 
Ericaceae (213), Sapindaceae (213), Annonaceae 

(197), Moraceae (189), Fagaceae (179), Clusiaceae 
(165), Rosaceae (164), Acanthaceae (162) 

  
Additional “Northern” 

families  
Pinaceae (89), Cornaceae (32), Betulaceae (25), 

Juglandaceae (23), Aceraceae (14),  
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TABLE 2.  Results of model fits for 29 families of New World woody plant species.  
Range represents the latitudinal extent  (in degrees latitude) of that family in the data set.  
The empirical peak was the highest diversity latitude, the model peak the maxima of the 
fitted model. Where more than one peak was observed, they are ordered.  The predicted 
“shape” is the degree of the polynomial of the model expected by our graphical 
prediction (Figure 1) and the observed range of the family.  The best model is the best-fit 
model determined by ∆AIC.  Groups in bold are predicted to show linear LGSDs but do 
not.  

Taxon Range Empirical 
Peak(s) 

Model 
Peak 

Predicted 
“shape” 

Best 
Model 

 
All species 54.5°S- 73.5°N 0.5°S 11.5°N Quadratic Quadratic 

“Most Diverse” families 
Acanthaceae 27.5°S-42.5°N 1.5°S 6.5°N Quadratic Quadratic 
Annonceae 26.5°S-40.5°N 3.5°S 1.5°N Quadratic Quadratic 
Apocynaceae 37.5°S-42.5°N 0.5°S 3.5°N Quadratic Quadratic 
Araceae 46.5°S-28.5°N 0.5°S 3.5°N Quadratic Cubic 
Arecaceae 27.5°S- 38.5°N 0.5°S 2.5°N Quadratic Quadratic 
Asteraceae 43.5°S-73.5°N 19.5°N > 0.5°S  16°N Quadratic Quadratic 
Bignoniaceae 44.5°S-45.5°N 4.5°S 1.5°S Quadratic Quadratic 
Clusiaceae 26.5°S-25.5°N 0.5°S 0.5°N Quadratic Quadratic 
Ericaceae 19.5°S-73.5°N 0.5°N > 36.5°N 18.5°N Cubic Quadratic 
Euphorbiaceae 40.5°S-46.5°N 0.5°S > 29.5°N 8.5°N Quadratic Quadratic 
Fabaceae 39.5°S-45.5°N 1.0°S 3.5°N Quadratic Quadratic 
Fagaceae 3.5°N-50.5°N 29.5°N 28.5°N Linear Quadratic 
Lauraceae 43.5°S-44.5°N 1.5°S 0.5°S Quadratic Quadratic 
Malvaceae 27.5°S-45.5°N 0.5°S 5.5°N Cubic Quadratic 
Melastomataceae 26.5°S-24.5°N 0.5°S 0.5°S Quadratic Quadratic 
Moraceae 27.5°S-45.5°N 0.5°S 1.5°N Quadratic Quadratic 
Piperaceae 27.5°S-29.5°N 0.5°S 1.5°N Quadratic Quadratic 
Rosaceae 31.5°S-68.5°N 35.5°N > 1.5°S 20.5°N Cubic Quadratic 
Rubiaceae 40.5°S-45.5°N 0.5°S 1.5°N Quadratic Quadratic 
Sapindaceae 34.5°S-38.5°N 0.5°S 0.5°N Quadratic Quadratic 
Solanaceae 36.5°S-46.5°N 0.5°S 5.5°N Quadratic Quadratic 

 
“Northern” families 

Aceraceae 15.5°N-61.5°N 39.5°N 38.5°N Linear Quadratic 
Betulaceae 13.5°N- 69.5°N 42.5°N 46.5°N Linear Quadratic 
Cornaceae 8.5°N-67.5°N 36.5°N 40.5°  Linear Cubic 
Juglandaceae 8.5°N-46.5°N 34.5°N 34.5°N Linear Cubic 
Pinaceae 8.5°N-64.5°N 40.5°N 34.5°N Linear Quadratic 
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FIGURE LEGENDS 

Figure 1. Graphical representation of possible peak and shape diversity if the New World 

mammal LGSD is generated by processes that are general across taxa and latitudes.  The 

latitudes represent New World terrestrial latitudes.  Grey arrows indicate the expected 

effect on net diversification.  Net diversification is expected to increase in tropical areas 

and decrease with distance from the equator.  These effects may be due to differentials in 

speciation, extinction, or range-sizes across latitudes or some combination of the three. 

The black line represents the expected shape and peak of the LGSD for a group that is 

distributed symmetrically across the equator- a tropical peak and quadratic polynomial 

shape.  The red and blue lines represent the peaks and shapes of the LGSD for a groups 

that are not distributed symmetrically across the tropics- either a monotonic, increasing 

linear function (red line) or a concave-down, more complex (than quadratic) shape with a 

peak offset towards the tropics.  

 

Figure 2. The latitudinal gradient in species diversity for the 12,980 species examined 

here.  The empirical peak diversity is at 0.5°S and the peak of the model is offset north to 

11.5°N.  The model represents the best-fit model, a quadratic polynomial.   

 

Figure 3.  The latitudinal gradient in species diversity for some of the families listed in 

Table 2.  In each the grey line is the best-fit model for the entire dataset (the black line in 
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Figure 2 and should be read using the ordinate axis on the right side.  a) Colored lines are 

the best-fit models for an arbitrary subset of six of the families that have latitudinal 

extents distributed more or less symmetrically across the equator (and are scaled to the 

left ordinate axis).  b) Best-fit models for six plant families with latitudinal extents north 

of the equator (also scaled to the left ordinate).  Note that all of the 12 families plotted 

here show concave-down LGSDs, regardless of latitude. 
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