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Patterns of evolution are believed to vary latitudinally, but our understanding of this variation remains limited. Here we examine

how patterns of subspecific diversification vary within species of birds, specifically addressing three questions: (1) Are subspecies

more numerous at lower latitudes within species, consistent with greater phenotypic differentiation at lower latitudes? (2) If

there are more subspecies at lower latitudes within species, can area of breeding range explain this relationship? and (3) how

do latitudinal differences in subspecies within species vary geographically across the globe? Using all species with five or more

subspecies from 12 of the most diverse families of birds in the world, we found consistently more subspecies at lower latitudes

across all families, both hemispheres, and all continents examined. Despite the positive influence of area on the number of

subspecies within species, area did not explain the greater number of subspecies at lower latitudes within species. Global patterns

of subspecies support the idea that phenotypic differentiation of populations is greater at lower latitudes within species. If

subspecies density provides an index of rates of incipient speciation, then our results support evolutionary hypotheses for the

latitudinal diversity gradient that invoke higher tropical speciation rates.
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Evolutionary processes such as selection, drift, and gene flow

vary in their strength and importance over latitude (Darwin 1859;

Wallace 1878; Dobzhansky 1950; Fischer 1960; Schemske 2002;

Mittelbach et al. 2007), but the texture and the consequences of

this variation are poorly understood. One of the potential conse-

quences of latitudinal variation in evolutionary processes is varia-

tion in population differentiation. Population differentiation is of

biological importance because of its central relationship to adap-

tive differentiation and allopatric speciation (Mayr 1942, 1963;

Coyne and Orr 2004).

How does population differentiation vary latitudinally and

across the globe? This question has been difficult to address be-

cause there are few broad global datasets that contain information

on population differentiation across many species. Arguably the

largest and most complete set of data on this subject comes from

subspecific differentiation in birds, and a number of previous stud-

ies have used patterns of avian subspecific diversity to examine

correlates of differentiation (Rensch 1933; Møller and Cuervo

1998; Belliure et al. 2000; Mayr and Diamond 2001; Newton

2003; Sol et al. 2005). Most recently, Phillimore et al. (2007) ex-

amined global patterns of subspecies richness across all species

of birds in the world, and found several correlates of high subspe-

cific differentiation, including breeding range area, occurrence on

islands and in montane regions, habitat heterogeneity, and latitude

in the southern, but not in the northern, hemisphere (Phillimore

et al. 2007).

Previous studies of subspecies richness have focused on com-

parisons across species, in part because across-species compar-

isons do not require details of the distributions of subspecies that

are cumbersome to generate. Comparing the number of subspecies
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across species, however, can lead to results that are difficult to in-

terpret. Where speciation involves the “budding” off of peripheral,

isolate populations, sister species could often display opposite

patterns—the more ancestral species retaining a large number of

subspecies, the derived member having no subspecies at all. In

these cases, the mean number of subspecies per species may not

positively covary with rates of diversification. To avoid this poten-

tially confounding issue, here we focus on patterns of subspecific

distribution within species, and specifically within species that

have many (five or more) subspecies. We then use the distribution

of subspecies within these species to test hypotheses regarding

subspecific diversification relative to latitude, and the influence

of area on subspecific diversification.

EVOLUTIONARY HYPOTHESES FOR THE

LATITUDINAL DIVERSITY GRADIENT

Examining patterns of population differentiation can provide in-

sight into evolutionary hypotheses for the present-day latitudinal

diversity gradient if population differentiation provides an index

of incipient diversification and speciation (Mittelbach et al. 2007;

see Supporting Appendix S1 for support). In a recent review,

Mittelbach et al. (2007) classified evolutionary hypotheses for the

latitudinal gradient into two broad categories: in the first, diversi-

fication rates are similar between temperate and tropical regions,

but time for diversification has been greater in the tropics, and in

the second diversification rates are higher in the tropics, resulting

from either higher speciation rates or lower extinction rates at

lower latitudes. A higher density of subspecies at lower latitudes

within species would support the second group of hypotheses that

invoke higher tropical diversification rates through speciation.

Here we use subspecies distributions within focal species to

address three questions: (1) Are subspecies more numerous at

lower latitudes within species, consistent with greater phenotypic

differentiation at lower latitudes?, (2) If there are more subspecies

at lower latitudes within species, can area of breeding range ex-

plain this relationship?, and (3) how do latitudinal differences in

subspecies within species vary geographically across the globe?

We further gathered available molecular phylogenetic data on fo-

cal groups to provide a historical, evolutionary context to variation

in subspecies density over latitude.

Materials and Methods
We followed familial taxonomy of Monroe and Sibley (1993)

and specific and subspecific taxonomy of Dickinson (2003). We

mapped breeding distributions of focal taxa using a diverse array

of literature (Supporting Appendix S2). Maps were created us-

ing ArcGIS 8.3 (ESRI, Redlands, California). We examined only

breeding distributions because speciation occurs when breeding

populations diverge from one another, regardless of wintering or

migratory distributions (Mayr 1942, 1963; Coyne and Orr 2004).

Area and latitudinal calculations were made using ArcView 3.2,

ArcGIS 8.3 and 9.1, and the Xtools extension.

We examined patterns of subspecific variation in the six most

diverse families of nonpasserine and six most diverse families

of passerine birds in the world (12 families total; Nonpasser-

ines: Phasianidae, Picidae, Trochilidae, Psittacidae, Columbidae,

Accipitridae; Passerines: Tyrannidae, Corvidae, Muscicapidae,

Sylviidae, Passeridae, Fringillidae). Within each family, we exam-

ined the latitudinal distribution of subspecies within all species

that have five or more subspecies per hemisphere. Examining

species with five or more subspecies per hemisphere restricted

our analysis to species that are actively differentiating and/or old,

and provided sufficient variation within a species to examine lati-

tudinal patterns in this differentiation. To address a potential bias

of restricting our analysis in this way, we extended our analysis

to include all species with subspecies in the two most diverse

nonpasserine and passerine families (Trochilidae—331 species,

and Fringillidae—1005 species, respectively).

For each species examined, we split the breeding distribution

into low and high latitudes by dividing the latitudinal breadth

within a hemisphere equally by two (Fig. 1). We then counted the

number of subspecies that bred within low versus high latitude

regions, and measured the area (km2) of the breeding range within

the same regions. Subspecies distributions were assessed using an

extensive literature provided in Supporting Appendix S2.

For species that overlapped the equator, we only examined

subspecific patterns within the hemisphere(s) that held five or

more subspecies. In each case, we cut the distribution at the equa-

tor, and examined the latitudinal distribution of the five or more

subspecies in the breeding distribution that fell within the focal

hemisphere, disregarding all subspecies and distributions in the

other hemisphere (Fig. 1). If a species showed five or more sub-

species within both hemispheres, we took the average number

of subspecies and area of breeding distributions in low versus

high latitudinal belts across both hemispheres for use in the over-

all analysis. Thus, each species is represented only once in our

analysis. When we examined patterns in northern and southern

hemispheres independently, we used data taken from the hemi-

sphere under consideration.

To address the potential influence of our choice of taxo-

nomic references, we examined the distribution of subspecies for

a subset of our original sample (all six nonpasserine families,

chosen a priori) following the alternative specific and subspecific

taxonomy of del Hoyo et al. (1992–2002) that considered some

subspecies in Dickinson (2003) to be full species. We also exam-

ined the distribution of subspecies for all six nonpasserine families

excluding islands from the analysis to address the potential criti-

cism that island taxa biased our results. We further repeated our

analysis without species that overlapped the equator to address
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Figure 1. Two examples of the methodology, using the Olive Warbler (Fringillidae: Peucedramus taeniatus) and Great-billed Hermit

(Trochilidae: Phaethornis malaris). We mapped breeding distributions of all focal species, and then divided distributions into regions

of equal latitudinal breadth within a hemisphere (dashed lines, latitudinal midpoint in each species). We then counted the number of

subspecies occurring at low versus high latitudes. In the case of the Olive Warbler and Great-billed Hermit, five and six subspecies occur

at low latitudes and two and three subspecies at high latitudes, respectively.

any potential bias of our method for analyzing equatorial species.

If subspecific density simply reflects biased taxonomy, we pre-

dicted that the highest density of subspecies should be found in

areas that have received the most attention from taxonomists—

the north temperate regions of Europe and North America. To

address this potential bias, we repeated our analysis after exclud-

ing all species that occurred in regions of highest taxonomic effort

(25–50◦N in the Americas, 35–60◦N in Europe).

Geographic variation in taxonomic effort could still cause

bias when using subspecies densities as a measure of phenotypic

evolution (Isaac et al. 2004; Agapow et al. 2004), particularly

if greater taxonomic research leads to an increased likelihood

of discovering cryptic species that were previously described as

subspecies. We attempted to limit the effects of geographic varia-

tion in taxonomic effort, and the likelihood of discovering cryptic

species, by examining the subspecies distributions within species,

as taxonomic reviews are usually conducted by the same authors

across all subspecies within a species. This methodology, how-

ever, does not address the potential influence of geographic vari-

ation in taxonomic effort within the distributions of species. We

might expect a latitudinal bias in taxonomic effort within species

to lead to a disproportionate number of cryptic species (previously

recognized as subspecies) in equatorial or polar regions of species

ranges. A review of the recently described bird species that were

previously described as subspecies from the Americas north of

the Panamanian border does not suggest such a latitudinal bias

(American Ornithologists’ Union 1998; Banks et al. 2000, 2002,

2003, 2004, 2005, 2006, 2007).

STATISTICAL TESTS

We tested three hypotheses: (1) More subspecies occur at lower

latitudes as compared with higher latitudes within species. (2)

More subspecies at lower latitudes can be explained by varia-

tion in area of the breeding range at low versus high latitudes.

(3) The latitudinal differences in subspecies within species vary

geographically across the globe. We tested the first and second

hypotheses simultaneously using the entire dataset (710 species,

6129 subspecies). We used a Linear Mixed-Effects Model fit by

maximum likelihood with the ln(number of subspecies in low

latitude/number of subspecies in high latitude) as the dependent

variable, ln(area in low latitude/area in high latitude) as a fixed

factor, and family as the grouping variable. Thus, the area term

assesses the importance of differing area of the breeding range at

high and low latitudes on the number of subspecies at high and

low latitudes, whereas the model intercept tests the hypothesis that

the number of subspecies differs between low and high latitudes

independent of area. This statistical approach provides a paired

framework within species, and thus controls for variation among

species and for phylogeny (assuming species are monophyletic—

we test this assumption below). We tested the third hypothesis, that

the latitudinal differences in subspecies within species varied geo-

graphically across the globe, using a Linear Mixed-Effects Model
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fit by maximum likelihood and using treatment contrasts, with

the ln(number of subspecies in low latitude/number of subspecies

in high latitude) as the dependent variable, ln(area in low lati-

tude/area in high latitude) and “continental region” as fixed factors

in a saturated model, and family as the grouping variable. The sat-

urated model was run, and then simplified in a step-wise fashion,

removing the most complicated factors that did not significantly

improve the model (Crawley 2002). An improved model was

identified by a lower AIC (Akaike Information Criterion) value,

whereas the significance of the improvement was assessed using

analysis of variance (ANOVA) (alpha = 0.01 cutoff) (Crawley

2002). “Continental region” represented 14, 20◦ latitude-wide re-

gions across the world (Americas: 0–20◦S, 20–40◦S; 0–20◦N,

20–40◦N, 40–60◦N); Africa: 0–20◦S, 20–40◦S, 0–20◦N; Aus-

tralasia: 0–20◦S, 20–40◦S, 40–60◦S; Eurasia: 0–20◦N, 20–40◦N,

40–60◦N). We grouped all species whose centroid latitude fell

within a given focal 20◦ latitude belt, and plotted geographical

variation in the latitudinal differences in subspecies within species

taken from the model intercepts for each region (controlling for

variation in the area of breeding ranges). Centroid latitude is the

area-weighted latitudinal midpoint of a species’ range and pro-

vides a better approximation of the latitudinal distribution of a

species’ range than does the latitudinal midpoint (Cardillo et al.

2005).

Additional Linear Mixed-Effects models were run with

ln(number of subspecies in low latitude/number of subspecies in

high latitude) as the dependent variable and family as the grouping

variable to address potentially confounding factors. These addi-

tional tests involved (1) using an alternative subspecific taxonomy,

(2) excluding island taxa, (3) excluding species that overlapped

the equator, (4) excluding regions of highest taxonomic effort, and

(5) examining all species with the Trochilidae and Fringillidae.

Overall, we performed three statistical tests of hypotheses,

and used a sequential Bonferonni correction to control for multiple

tests on nonindependent data (Rice 1989). Further corrections

for additional tests (i.e., the five performed to address potentially

confounding factors) were not warranted, because these additional

tests did not inflate Type I error.

PHYLOGENETIC DATA

Taxonomies used in this analysis are generally consistent with

phylogenetic evidence based on molecular data (i.e., species

are usually monophyletic; see Monroe and Sibley [1993] and

Dickinson [2003] for citations and detailed discussion); however,

there are very few cases in which molecular data are available for

all subspecies within a species and their potential sister species, al-

lowing a test for monophyly. If the species are not monophyletic,

then subspecific divergence only describes part of the histori-

cal divergence of the lineage. Paraphyly, however, may lead to

an underestimation or overestimation of the latitudinal bias in

phenotypic differentiation, depending on where the paraphyletic

species sits latitudinally. To address the issue of monophyly, we

found all published molecular phylogenies based on mtDNA for

our 710 focal species, where the majority of subspecies (>75%)

and potential sister species were represented. We used published

phylogenies to (1) test for the prevalence of paraphyly among

focal species, and (2) examine how the inclusion of paraphyletic

taxa changed the latitudinal patterns of phenotypic divergence

within the lineage.

Results
Of the 710 focal species examined, 65.6% had more subspecies

at lower latitudes, 14.4% showed equal number of subspecies

at low and high latitudes, and 20.0% had more subspecies at

higher latitudes. Overall, a significantly greater number of sub-

species occurred in low latitude (5.95 subspecies/species, 75.9%),

as compared with high latitude (4.14 subspecies/species, 56.1%),

portions of a species’ range (Table 1). This pattern was consistent

across all 12 families of birds (Fig. 2), across both hemispheres,

and across six continents (Fig. 3A), despite varying latitudinal

patterns in area of the breeding range across continents (Fig. 3B).

Area was a strong predictor of subspecies richness within species

(Tables 1 and 2), but because area of the breeding range was not

consistently greater at lower or higher latitudes within species

(Fig. 3B), the inclusion of breeding range area had no significant

effect on the pattern of greater subspecies at lower latitudes—this

pattern remained almost identical when area was included in the

model compared to the same model with area removed (Fig. 3C).

The latitudinal differences in subspecies within species var-

ied significantly across continental regions of the world (Table 2;

Fig. 4). All regions showed a significantly greater number of sub-

species at lower latitudes with the exception of tropical America

(0–20◦N), southern Africa (20–40◦S), and New Zealand (40–

60◦S) (Fig. 4). In general, differences were strongest in the extra-

tropical regions of the northern hemisphere. Among southern

Table 1. Results of a linear mixed-effects model testing the im-

portance of latitude (high or low) and differential area of breeding

range in determining the number of subspecies within species.

Value2 SE df t-value P-value

Latitude1 0.390 0.051 697 7.7 <0.0001
Area2 0.101 0.024 697 4.2 <0.0001

1Latitude tests the central hypothesis that the number of subspecies differs

between low and high latitudes within species (a test of the intercept

differences in this model). A value greater than zero indicates more

subspecies at lower latitudes.
2Both the number of subspecies (dependent variable) and area of the

breeding range (fixed factor) were calculated as ln(low latitude value/high

latitude value).
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Figure 2. Number of subspecies per species (mean+SE) in low versus high latitude portions of the breeding range in species with five

or more subspecies per hemisphere across 12 diverse nonpasserine and passerine avian families. Sample sizes are as follows (species

[subspecies]): Phasianidae (33 [300]), Picidae (41 [371]), Trochilidae (22 [156]), Psittacidae (25 [173]), Columbidae (38 [283]), Accipitridae

(21 [203]), Tyrannidae (65 [533]), Corvidae (117 [1087]), Muscicapidae (63 [583]), Sylviidae (94 [727]), Passeridae (49 [381]), Fringillidae (142

[1333]), all birds (710 [6129]).

hemisphere continents, South America showed the strongest lati-

tudinal patterns (Fig. 4).

The overall differences in subspecies within species between

low and high latitudes persisted when we used an alternative

taxonomy (del Hoyo et al. 1992–2002; nonpasserines, t = 4.79,

df = 164, P < 0.0001, N = 170 species), and when all islands

were excluded from analyses (nonpasserines, t = 4.62, df = 105,

P < 0.0001, N = 111 species). The pattern also persisted when

we excluded species with distributions that overlapped the equator

(t = 8.05, df = 344, P < 0.0001, N = 356 species) and species

that occur within areas of highest taxonomic effort (temperate

North America and Europe) (t = 3.97, df = 478, P < 0.0001,

N = 490 species). The pattern was not restricted to species with

five or more subspecies. Species of Trochilidae and Fringillidae

with any subspecific differentiation showed significantly more

subspecies at lower latitudes (t = 3.60, df = 673, P = 0.0003,

N = 675 species).

Molecular phylogenetic data representing >75% of sub-

species within a species, in addition to potential sister species,

were available for only 26 of the 710 species examined in our

study (Table 3). In 23 of these species, at least some of the sub-

species did not show reciprocal monophyly at the mtDNA locus

examined, and breaks in mtDNA did not necessarily correspond

with subspecific designations. In total, seven species (27%) were

paraphyletic, with sister species more recently diverged than some

subspecies (Table 3). Incorporating paraphyletic species within

the analysis did not change results for these seven species. Using

the original taxonomy (Dickinson 2003), three of seven species

showed a greater number of subspecies at lower latitudes, whereas

three of seven species showed a greater number of taxa (subspecies

and species) at lower latitudes when we examined monophyletic

lineages (i.e., incorporating paraphyletic taxa). Across the seven

species, paraphyletic taxa occurred only at lower latitudes in one

species, at both lower and higher latitudes in five species, and

only at higher latitudes in one species.

Evidence suggests that subspecies are precursors to species

and provide an index of divergence relevant to diversification

(Supporting Appendix S1). This evidence includes a positive re-

lationship between the observed maximum number of subspecies

per species within a genus and the number of species within

that genus (after controlling for the null expectation), suggesting

that genera that have differentiated significantly in the past are

continuing to show significant differentiation at the subspecies

level (Supporting Figure S1; F = 281, df = 1, P < 0.0001; N =
2150 genera, 9674 species, 21,479 subspecies, following the tax-

onomy of Dickinson 2003).

Discussion
LATITUDINAL DIFFERENCES IN SUBSPECIFIC

DIVERSIFICATION WITHIN SPECIES

Within focal species of birds, more subspecies occur at lower as

compared with higher latitudes across 12 families, six continen-

tal regions, and both hemispheres, regardless of variation in area

of the breeding range (Table 1; Figs. 2 and 3). This general re-

sult persisted when we used an alternative taxonomy, and when
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Figure 3. (A) Number of subspecies per species (mean+SE) in low

versus high latitude portions of the breeding range in species with

five or more subspecies per hemisphere across continental regions

in each hemisphere. (B) Area of the breeding range (mean+SE)

for these same species in low versus high latitude portions of

the breeding range across the same continental regions in each

hemisphere. Sample sizes for (A) and (B) are as follows (species

[subspecies]): Northern Hemisphere: all continents (503 [4107]),

Americas (223 [1825]), Africa (37 [220]), Eurasia (224 [1873]); South-

ern Hemisphere: all continents (276 [2023]), Americas (82 [518]),

Africa (71 [461]), Australasia (107 [907]). (C) Latitudinal difference

in the number of subspecies within species when area was in-

cluded in the model (effect of latitude, t=7.7, P<0.0001), and

when area was excluded from the model (t=7.1, P<0.0001). A

value greater than zero indicates more subspecies at lower lati-

tudes.

we excluded island taxa, equatorial species, and regions of high

taxonomic effort. The overall result suggests that subspecific di-

versification within species is greater at lower latitudes across

most regions of the earth (Figs. 3A and 4). These results corre-

spond well to studies of diversification rates in birds that found

higher rates of diversification in tropical as compared with tem-

perate clades (Cardillo 1999; Cardillo et al. 2005; Ricklefs 2005,

2006; see also Hawkins et al. 2006, 2007; Diniz-Filho et al. 2007;

Supporting Appendix S1).

A recent study of the global patterns of subspecific varia-

tion across species of birds found more subspecies per species at

lower latitudes within the southern, but not northern, hemispheres

(Phillimore et al. 2007), inconsistent with our results showing

more subspecies within species across both hemispheres. The dif-

ference in results is likely due to variation in across-species versus

within-species patterns of subspecies densities. Phillimore et al.

(2007) examined data on the number of subspecies per species,

but not the location of those subspecies within the range of the

species. Using this methodology, species with broad distributions

that include both the tropics and high latitudes (e.g., Dendroica pe-

techia; Browning 1994) dampen latitudinal trends in subspecies

richness. High speciation rates in the tropics (Jablonski 1993;

Jablonski et al. 2006; but see Weir and Schluter 2007) could also

obscure patterns at the species level by increasing variance in

the number of subspecies per species, if peripheral subspecies

commonly split off to form new monotypic species (Funk and

Omland 2003). This peripheral isolate pattern of speciation could

leave the basal sister species with many subspecies, and the de-

rived sister species monotypic. Phillimore et al. (2007) found no

relationship between the age of species and the number of sub-

species, and an overall low phylogenetic signal, both of which

are consistent with a peripheral isolate model of speciation creat-

ing high variance in the number of subspecies per species within

lineages.

Table 2. Factors contributing to a linear mixed-effects model to

explain latitudinal differences in the number of subspecies within

species. Statistics and P-values are from sequential model sim-

plification moving from most complex to least complex terms.

See Figure 4 for illustrations of the continental regions and their

intercepts.

�AIC1 L.Ratio P-value

area2 11.8 13.8 0.0002
Continental region 61.8 87.8 <0.0001
Area × continental region −3.4 22.6 0.047

1A positive change in AIC when the factor was dropped from the model

indicates a significant contribution of the factor to the model.
2Both the number of subspecies (dependent variable) and area of the range

(fixed factor) were calculated as ln(low latitude value/high latitude value).
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Figure 4. Difference in the number of subspecies between low and high latitude belts within species [ln(subspecies at low lati-

tude/subspecies at high latitude); mean±SE] across six continental regions. Asterisks signify statistically significant differences from

zero (n.s.=not significantly different; ∗∗P < 0.01; ∗∗∗P < 0.0001). Species were grouped within regions based on the centroid latitude

of their breeding range within a focal hemisphere. The relative difference in subspecies represents the intercepts for each region from

a linear mixed-effects model that statistically controlled for variation in the area of breeding range. Values to the right of zero are

consistent with the prediction that more subspecies occur at lower latitudes within species. Numbers associated with bars are sample

sizes.

EVOLUTION NOVEMBER 2008 2 7 8 1
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Given that subspecific differentiation is a likely precursor

to the majority of speciation events in birds (Mayr 1942, 1963;

Price 2008), a greater density of subspecies at lower latitudes sug-

gests a greater opportunity for future speciation at lower latitudes

within species, all else being equal. Other factors that influence

the likelihood of future speciation, however, may also vary lat-

itudinally, including the degree of phenotypic differentiation of

subspecies, gene flow among subspecies, transition times to spe-

ciation, strength and patterns of selection, the relative importance

of genetic drift, and the likelihood of subspecific extinction. Data

are not presently available to address latitudinal variation in all of

these factors. Nonetheless, the degree of phenotypic differentia-

tion varies significantly among subspecies (e.g., Coereba flave-

ola; Seutin et al. 1994), with some subspecies differentiated to the

verge of allopatric sister species, and others barely distinguish-

able from each other. The degree of differentiation also varies

latitudinally in some species (e.g., D. petechia; Browning 1994);

however, we presently know of no data that address a general

latitudinal pattern.

Data are available on latitudinal variation in genetic varia-

tion among populations within species (Martin and McKay 2004;

Eo et al. 2008). These data suggest greater evolutionary inde-

pendence of low latitude populations. In addition, the correspon-

dence between subspecific differentiation and differentiation in

genes believed to evolve by drift is also stronger in lower latitude

species (see Phillimore and Owens 2006; cf Zink 2004), support-

ing the idea that subspecies at lower latitude may exhibit greater

evolutionary independence. Given that gene flow impedes pop-

ulation differentiation, greater evolutionary independence of low

latitude populations could potentially explain a greater number

of subspecies occurring at lower latitudes, and may predispose

subspecies to future divergence and speciation.

Transition (or lag) time to speciation is the time between ini-

tial divergence of populations and the evolution of reproductive

isolation that defines a biological speciation event (Coyne and Orr

2004). Transition time to speciation appears to be longer for trop-

ical populations (Chek et al. 2003; Weir and Schluter 2007), and

thus could bias estimates of speciation rates over latitude based

solely on subspecies densities. In other words, the influence of

more subspecies at lower latitudes on speciation rates could po-

tentially be offset by the longer time required for reproductive

isolation to evolve among low latitude subspecies. Reconciling

these opposing influences on latitudinal variation in speciation

rates will require more detailed intraspecific phylogenetic infor-

mation than is presently available.

The strength and patterns of selection, the relative impor-

tance of genetic drift, and the likelihood of subspecific extinction

may also vary latitudinally, but at present we have little compara-

tive evidence to address these patterns. The strength and patterns

of selection have long been thought to vary latitudinally (e.g.,

Darwin 1859, pp. 69, 78; Wallace 1878; see Mittelbach et al.

2007), but we know of no data to explicitly test this hypothesis.

Greater evolutionary independence of populations at lower lati-

tudes within species (Martin and McKay 2004; Eo et al. 2008) may

suggest smaller effective population sizes and a greater potential

for drift at lower latitudes (see also Fedorov 1966); however, pop-

ulation bottlenecks at higher latitudes during glacial expansions

and retractions make drift a likely influence at higher latitudes

as well (Bernatchez and Wilson 1998; Hewitt 2000; Hughes and

Hughes 2007). Similarly, subspecific extinction could be greater

at higher latitudes (e.g., species-level model, Weir and Schluter

2007; genus-level fossil data, Jablonski et al. 2006); however,

small population and range sizes of lower latitude subspecies

could increase rates of extinction at lower latitudes (Hansen 1980;

Jablonski et al. 1985 and references within; see also Soulé 1986),

consistent with other evidence (e.g., order-level fossil data, Martin

et al. 2007). Overall, a greater number of subspecies at lower lati-

tudes within species presents a greater potential for future specia-

tion; however, other factors such as transition times to speciation

or variation in selection could alter any relationship between the

number of subspecies and speciation rate.

SUBSPECIFIC AGE AND PARAPHYLY

The majority of subspecies did not show reciprocal monophyly

at the mtDNA locus (see also Zink 2004; Phillimore and Owens

2006). This is consistent with subspecific differences evolving

quickly in response to selection, and differences in mtDNA among

populations evolving slowly by genetic drift (Hudson and Coyne

2002). A total of 19 of 26 species examined in this study were

monophyletic at the mtDNA locus. If the mtDNA phylogenies

are congruent with species-level phylogenies (Nichols 2001),

then these subspecies shared a more recent common ancestor

with each other than with any other species. For these mono-

phyletic species, subspecies differentiation provides a good ap-

proximation of phenotypic differentiation within the lineage. For

the seven paraphyletic species, some subspecies were equally

or more closely related to another species compared to other

subspecies within the species. Paraphyly means that subspecific

diversification describes only part of the evolutionary diversifi-

cation of these lineages, and thus focusing on subspecies could

potentially bias latitudinal patterns of differentiation in either di-

rection. When we examined subspecific and specific differentia-

tion of the monophyletic lineages (i.e., incorporating paraphyletic

taxa into the analysis), we found no difference in the results—the

same number of species (3/7) had more subspecies at lower lat-

itudes regardless of whether we controlled for paraphyly or not.

Thus the limited data available provide no evidence that para-

phyly influences the general latitudinal patterns in subspecies

densities.
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AREA

Area has long been known to have a significant influence on pat-

terns of richness (Brown 1995; Rosenzweig 1995; Kalmar and

Currie 2006, 2007), and has been advocated as the major cause

of latitudinal variation in richness within the “area hypothesis”

(Terborgh 1973; Rosenzweig 1992, 1995, 2003). Although we

found evidence for a strong, positive relationship between area

of the breeding range and number of subspecies (see also Graves

1985), this relationship had no effect on latitudinal differences

in subspecies richness within species (Fig. 3C). More subspecies

are consistently found in the low latitude sections of the range

(Fig. 3A), and area of breeding range did not consistently vary

with latitude within species (Fig. 3B). Given that the mechanism

by which area is thought to influence both subspecific differ-

entiation and speciation is the same (i.e., through the increase

in geographic barriers with increasing area; Rosenzweig 1995),

these results suggest that increased area is not a cause of lati-

tudinal variation in avian richness, at least through a speciation

mechanism (see also Rohde 1997; Cardillo 1999; Ruggiero 1999;

Chown and Gaston 2000; Fine 2001; Hawkins and Porter 2001;

Macpherson 2002; Fine and Ree 2006; Willig and Bloch 2006;

Mittelbach et al. 2007).

LATITUDINAL DIFFERENCES IN SUBSPECIFIC

DIVERSIFICATION AROUND THE WORLD

The latitudinal differences in subspecies within species varied sig-

nificantly across the world. Although more subspecies were found

in low latitude regions within species in most regions, this relation-

ship was not significant in tropical America just north of the equa-

tor and southern Africa, and not present in New Zealand (Fig. 4).

Tropical America north of the equator (0–20◦N) includes many

regions of high diversification (e.g., the Lesser Antilles and Cen-

tral America) that approach the upper limits of this region (20◦N),

and thus we should expect little latitudinal variation in subspe-

cific diversification within this area. Similarly, the Cape region of

southern Africa is famous for its high rates of population differen-

tiation and speciation (e.g., Latimer et al. 2005), consistent with

the lack of a significant latitudinal pattern in subspecific diversifi-

cation there (Fig. 4). In the case of high latitude Australasia (40–

60◦S), only three species were represented, and all were island

taxa occurring in New Zealand and nearby islands (Psittacidae:

Cyanoramphus novaeseelandiae, Sylviidae: Megalurus puncta-

tus, Passeridae: Anthus novaeseelandiae). In these cases, the

lack of relationship between latitude and subspecies density re-

flects the overwhelming influence of island isolation on sub-

specific diversification, with high latitude island populations

(e.g., Macquarie, Antipodes Is.) equally likely to differentiate as

compared with lower latitude island populations (e.g., Norfolk,

Kermadec Is.).

CAUSES OF THE LATITUDINAL DIVERSITY GRADIENT

The general correspondence between the strength of latitudinal

differences in subspecies density within species (Fig. 4) and pub-

lished data on variation in the latitudinal gradient in species rich-

ness [on a regional (e.g., > 40,000 km2) scale; Hawkins et al.

2003b; Orme et al. 2005] suggests either causal relationships be-

tween the two factors, or covariation due to common influences.

We suggest that subspecific differentiation provides an index of

evolutionary diversification relevant to speciation (see Supporting

Appendix S1), and that covariation between the latitudinal gra-

dient in species richness and subspecific differentiation reflects

the importance of population differentiation and speciation in

creating high regional diversity. This regional diversity provides

the pool of species that may subsequently expand into sympatry

(Ricklefs 1987, 2007), thus allowing local richness to increase in

response to other factors. A number of studies suggest that these

other factors are dominated by available energy that may limit

the number of species that can coexist locally across the globe

(Wright et al. 1993; Hawkins et al. 2003a,b; Currie et al. 2004;

Kalmar and Currie 2007).

If subspecies density does provide an index of rates of spe-

ciation, then our results support evolutionary hypotheses for the

latitudinal diversity gradient that invoke higher tropical specia-

tion rates. These hypotheses include differential effects of Mi-

lankovitch (glacial) cycles over latitude (Dynesius and Jansson

2000), reduced tropical seasonality of temperature (Janzen 1967;

Ghalambor et al. 2006), warmer temperatures causing faster rates

of tropical evolution (Rohde 1992; Allen et al. 2002), and a

greater importance of biotic versus abiotic selective pressures

in the tropics (Dobzhansky 1950; Fischer 1960; Schemske 2002;

see Mittelbach et al. 2007 for broader discussion). Testing among

these hypotheses will require a spatially explicit dataset that in-

corporates causal factors instead of using latitude as a surrogate

variable (Rahbek and Graves 2001; Hawkins and Diniz-Filho

2004).

An alternative explanation for more subspecies at lower lati-

tudes within species of birds is that greater densities of subspecies

may reflect lower rates of speciation, consistent with recent work

on birds and mammals. Weir and Schluter (2007) found younger

sister species at higher latitudes, after controlling for latitudi-

nal differences in transition times to speciation—a result consis-

tent with greater speciation rates and greater extinction rates of

species at higher latitudes. This conclusion was based on several

assumptions, including the assumption that latitudinal variation

in maximal population divergence within species approximates

transition times to speciation, and the assumption that latitudinal

variation in species-level taxonomies does not overly bias ages

of sister species (Weir and Schluter 2007). If these assumptions

hold and speciation rates are greater at higher latitudes in birds

and mammals, then densities of subspecies may be negatively
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related to rates of speciation. Such a situation could arise if sub-

species are transient at higher latitudes, becoming sister species

more rapidly and frequently than at lower latitudes, whereas trop-

ical subspecies accumulate over time, taking longer to evolve

reproductive isolation and thus become full species. Faster tran-

sition times to speciation are indeed evident at higher latitudes

(Chek et al. 2003; Weir and Schluter 2007); however, it is unclear

whether this difference could explain the latitudinal variation in

subspecies within species observed here. Looking across the seven

paraphyletic taxa in our analysis that involved 11 sister species,

sister species were not more common at higher or lower latitudes

(seven spanned both high and low latitudes, two were restricted

to high latitudes, two were restricted to low latitudes)—a pattern

that does not lend support for a positive or negative correlation

between latitude and speciation rates.

Further considering the results of Weir and Schluter (2007),

we may expect that greater extinction rates of bird and mammal

species at higher latitudes would also be reflected in subspecies,

given that factors leading to more frequent extinctions of species

should similarly cause more frequent extinctions of populations

and subspecies. Higher rates of subspecies extinctions at higher

latitudes, however, would eliminate potential incipient species

before they evolve reproductive isolation, thus reducing specia-

tion rates at higher latitudes inconsistent with some of their con-

clusions (Weir and Schluter 2007). More detailed phylogenetic

information for populations within species and closely related

species may be required before we can decipher true relation-

ships between subspecies densities and speciation rates across

latitudes.
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