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Abstract 8 

 9 

 10 

 Multiple studies have revealed relationships between current spatial patterns of species richness 11 

and various environmental factors. However, little is known about the origin of these relationships in 12 

terms of processes of speciation, extinction, and immigration. The diversification rate hypothesis holds 13 

that correlations between spatial patterns of current richness and environmental factors result from 14 

spatial variation in diversification, the balance between speciation and extinction. Variants of this 15 

hypothesis propose mechanisms by which particular environmental factors may affect current richness 16 

through their effect on diversification. The species-energy hypothesis proposes that energy availability 17 

increases diversification through its effect on the number of individuals co-occurring in an area and 18 

concomitant decrease in extinction rate or increase speciation rate. The evolutionary speed hypothesis 19 

suggests that higher temperatures increase speciation rate by increasing mutation rates and decreasing 20 

generation times. The spatial heterogeneity hypothesis asserts that spatial variation in environmental 21 

conditions within an area increases diversification because it fosters speciation by increasing 22 

opportunities for isolation and ecological divergence, or because it decreases extinction rates by 23 

allowing species to track climatic oscillations more readily. Empirical studies assessing the relative 24 

importance of the diversification rate hypothesis and its variants are rare. Here, we used a database on 25 

the spatial richness pattern of suboscine birds across South America in conjunction with a time-26 

calibrated phylogeny to measure how much of the current spatial variance in richness can be explained 27 

by the diversification rate hypothesis and its variants. To do this, we partition the spatial variance in 28 

richness on two components: (1) the variation in diversification occurring after different moments in  29 

time and (2) the variation in clades older than these times. We found that most of the diversification 30 

events that contribute to the current pattern of richness happened after 45MY but before 20MY, as the 31 

variation in diversification rates after 20MY explains only around 15% of the spatial variance in 32 

species richness. This implies that earlier radiations in suboscines birds, rather than more recent ones, 33 



had a greater contribution to the current spatial structuring of species richness in this group. Our results 34 

supported predictions derived from the three variants of the diversification rate hypothesis, but 35 

environmental factors emphasized by the energy availability and the evolutionary speed hypotheses had 36 

the most important effects on our measure of the contribution of diversification to the current spatial 37 

pattern of species richness. 38 

 39 

 40 

Introduction 41 

 42 

 Relationships between patterns of variation in species richness over broad scales and various 43 

environmental factors are well documented (reviewed by Hawkins et al., 2003; Whittaker et al., 2001; 44 

Willig et al., 2003), but it is unclear how these relationships come about in terms of the three 45 

fundamental processes that determine broad-scale patterns of species richness: speciation, immigration, 46 

and extinction (Jablonski et al., 2006; Ricklefs, 2006a; Rosenzweig, 1995). One prominent idea, the 47 

diversification rate hypothesis, is that broad-scale richness patterns result from spatial variation in 48 

diversification rates, the net sum of speciation and extinction events. The relevance of this hypothesis 49 

likely depends on the size of the sampling units and the spatial extent used to describe patterns of 50 

species richness. Variation in species richness measured in small sampling units across small spatial 51 

extents is likely determined mainly by the sum of immigration and extinction events. As sampling unit 52 

size and spatial extent increase, the net sum of speciation and extinction events becomes more 53 

important (Evans et al., 2005; Rosenzweig, 1995) because speciation likely occurs most often within 54 

relatively large areas that allow for geographic isolation of populations (Losos and Schluter, 2000; 55 

Coyne and Orr, 2004). Accordingly, evidence supporting the diversification rate hypothesis comes 56 

from studies focusing on richness patterns measured in relatively large sampling units across global or 57 

continental extents (e.g. Allen et al., 2006; Cardillo et al., 2005; Jablonski et al., 2006; Ricklefs, 2006b; 58 

Ricklefs et al., 2006; Svenning et al., 2008). These studies tested key predictions of the diversification 59 

rate hypotheses related to spatial variation in diversification rates. However, it seems that an important 60 

question has not been addressed (but see Qian and Ricklefs, 2000; Qian et al., 2007): how much of the 61 

spatial variation in current species richness can be explained by the diversification rate hypothesis?  62 

 Several variations of the diversification rate hypotheses propose ways in which environmental 63 

factors may affect diversification rates (Svenning et al., 2008). Among these, the species-energy 64 



hypothesis proposes that energy availability increases diversification rates through various 65 

mechanisms, including increasing the number of individuals co-occurring in an area and thus 66 

decreasing extinction rate (Wright, 1983) or increasing speciation rate (Hubbell, 2001). The 67 

evolutionary speed hypothesis suggests that higher temperatures increase speciation rate by increasing 68 

mutation rates and decreasing generation times (Allen et al., 2006; Rohde, 1992). Alternatively, the 69 

spatial heterogeneity hypothesis asserts that spatial variation in climate and habitat within an area 70 

(resulting from topographic heterogeneity or other factors) increases diversification rates because it 71 

fosters speciation by increasing opportunities for isolation and ecological divergence (Fjeldså et al., 72 

1999; Haffer and Prance, 2001; Jetz and Rahbek, 2002; Jetz et al., 2004; Qian and Ricklefs, 2000; 73 

Simpson, 1964), or because it decreases extinction rates by allowing species to track climatic 74 

oscillations more readily through distributional shifts along environmental gradients (Bush et al., 75 

2004). Previous studies support predictions derived from these hypotheses regarding the relationship 76 

between environmental factors and diversification rates (Cardillo, 1999; Cardillo et al., 2005; Diniz et 77 

al., 2004; Hawkins et al., 2003; Svenning et al., 2008). Nonetheless, the relative explanatory power of 78 

these hypotheses has been only rarely addressed (Evans and Gaston, 2005). 79 

 To assess how much of the spatial variation in current species richness can be explained by the 80 

diversification rate hypothesis or any of its variants, it is important to acknowledge that diversification 81 

rate may vary temporally, so that the contribution of spatial variation in diversification rate to spatial 82 

variation in current species richness likely depends on the time window over which net diversification 83 

is measured (Svenning et al., 2008). For instance, diversification of several groups of organisms was 84 

highest during the warmest periods of the Mesozoic and Cenozoic (Vieites et al., 2007 and references 85 

therein), and the excessive number of avian genera relative to the number of families existing in the 86 

Neotropics may be related to high diversification rates spurred by the Andean uplift around 25MY ago 87 

(Thomas et al. 2008).  88 

 89 

To measure the contribution of diversification to the current richness patterns using different time 90 

windows, each extending from the present to some past time T million years ago, we express species 91 

richness in a sampling unit i as: 92 

€ 

species richnessi = cladesiT × speciesi cladesiT      (1), 93 



where  is the number of clades with stem age ≥ T occurring in sampling unit i, and 94 

is the number of extant species in sampling unit i divided by the number of clades 95 

with stem age ≥ T in sampling unit i. The contribution of diversification after time T to current species 96 

richness in sampling unit i can be approximated by  (Fig 1). In fact, this quantity is 97 

likely an overestimation of the contribution of diversification to current species richness because, in 98 

addition to reflecting the balance between speciation and extinction within a sampling unit, it is also 99 

affected by immigration events resulting in coexistence within sampling units of species that diverged 100 

after T. Note that  is different than the average net diversification rate (NDR) of the 101 

clades present in a given sampling unit because, in contrast to the NDR, it only considers the species 102 

occurring in a given sampling unit as it is only through these species that diversification after time T 103 

can possibly contribute to current species richness within a sampling unit. In sum, the maximum 104 

contribution of variation in diversification after time T to current spatial patterns of species richness 105 

equals the proportion of the variance in species richness accounted for by the variance in 106 

among sampling units. We describe how this proportion of the variance in species 107 

richness can be estimated in the methods section.  108 

  109 

 Here, we use a database on the spatial richness pattern of suboscine birds across South America 110 

in conjunction with a time-calibrated phylogeny to quantify the amount of spatial variation in species 111 

richness that can be explained by the diversification rate hypothesis and three of its aforementioned 112 

variants. South America represents an interesting system to evaluate these hypotheses because of its 113 

high species richness across multiple taxonomic groups (Myers et al., 2000; Orme et al. 2005), and 114 

because its unusually high diversity has been hypothesized to result from high diversification rates 115 

(Rahbek and Graves, 2001; Fjeldså and Rahbek, 2006; Fjeldså and Irestedt, 2009; Rahbek et al., 2007; 116 

Mittelbach et al., 2007; Schemske, 2009). New World suboscines are an endemic radiation that 117 

comprises over one thousand bird species occurring in a wide variety of environments all over South 118 

America (Ricklefs, 2002; del Hoyo et al., 2003, 2004). Also, spatial patterns of diversity of this clade 119 

resemble those of the overall avifauna, with diversity peaking in topographically complex areas in the 120 

tropical Andes and in warm and humid zones in the Amazon (Fig. 2A), making suboscines a good 121 

model system to examine the contribution of diversification rates to spatial patterns of diversity. Our 122 

results showed that most of the contribution of diversification to the current spatial pattern of species 123 

richness can be attributed to speciation events that occurred in the first half of the Cenozoic, an 124 



unexpected result considering that New World suboscines are thought to have diversified mainly 125 

during the most recent half of the Cenozoic (Irestedt et al., 2009; Ohlson et al., 2008). In addition, our 126 

results supported predictions of the energy availability, the evolutionary speed and the topographic 127 

heterogeneity hypothesis. The approach we have developed can be applied to understanding the 128 

contribution of diversification to spatial patterns of diversity in other organisms and geographic 129 

regions. 130 

 131 

Methods 132 

 133 

Distributional Data 134 

 135 

Suboscine species richness across South America was quantified using maps of the 136 

geographical distribution of suboscine species at a resolution of 1 x 1 degrees. We included all 137 

suboscine species recognized by the South American Classification Committee of the American 138 

Ornithologists' union as of November 2009 (Remsen et al., 2010) except for Sapayoa aenigma (a 139 

species more closely related to the Old World suboscines) and four species with insufficient data to be 140 

assigned unambiguously to a family (this was required for our analysis owing to the incompleteness of 141 

the suboscine phylogeny; see below),. The maps we used are based on extensive review of museum 142 

collections and literature, comprehensive fieldwork in the Andes, and interpolation based on careful 143 

analyses of variation in habitat (Rahbek et al., 2007; Fjeldså and Irestedt, 2009). 144 

 145 

Phylogenetic data 146 

 147 

 We based our analyses on a chronogram of suboscine birds constructed based on sequences of 148 

five nuclear loci including introns and exons collected for 99 species belonging to different groups 149 

across the suboscine phylogeny (Ohlson et al., 2008, unpublished data). This chronogram was 150 

calibrated with a commonly used calibration point, which dates the divergence of Acanthisitta from the 151 

rest of Passeriformes when New Zealand became isolated, at around 77MY ago. These data allow 152 

reconstructing deep branches accurately (i.e. relationships involving groups dating to 20MY or older 153 

times) but not recent divergence events.  Therefore, we determined the 20MY old group to which each 154 



species not represented in the phylogeny likely belongs based on the phylogeny and phylogenetic 155 

taxonomy of Tello et al. (2009) and Moyle et al. (2009). 156 

 157 

Contribution of diversification to spatial variation in species richness 158 

 159 

 Our analyses were based on a total of 1489 sampling units of a 1º x 1º grid, representing cells in 160 

South America where land cover was higher than 90%. For each sampling unit i, we estimated the 161 

maximum contribution of diversification to species richness as the number of species occurring in i 162 

divided by the number of clades of stem age ≥ T that occur in i, (Fig. 1). We used 163 

various values of T, from 60MY to 20MY with intervals of 5MY, to examine the extent to which 164 

diversification after various points in time along the evolutionary history of suboscines could explain 165 

current patterns of species richness. Note that an increase in species richness in a sampling unit after a 166 

given time T can be caused either by a speciation event that is completely contained within the 167 

sampling unit, i.e. in situ speciation (Losos and Ricklefs 2009), or by a speciation event that partly 168 

overlaps the sampling unit but is not fully contained within it. An increase in species richness in a 169 

sampling unit can also be caused by immigration events resulting in coexistence of species that 170 

diverged after time T, despite the fact that the speciation event that gave rise to the species in question 171 

did not by itself increase the species count in a sampling unit. Thus, measures the 172 

maximum possible contribution of diversification after time T to species richness in sampling unit i. 173 

We say “maximum possible” because, beyond the balance between speciation and extinction after time 174 

T, includes some effects of immigration. But, importantly, 175 

excludes all variation in species richness due to immigration events resulting in 176 

coexistence of species that diverged before time T. Also, note that because less diversification events 177 

are included in the calculation of  as T is closer to the present, 178 

cannot increase with decreasing T and it must decline or remain constant as T 179 

decreases. 180 

 181 

 To measure the maximum proportion of spatial variation in species richness that can be 182 

explained by diversification after time T, we used the exact variance of products (equation 18 in 183 



Goodman, 1960). In particular, the variance in species richness across sampling units, which results 184 

from the product defined in our equation (1) above, can be partitioned into seven additive components: 185 

 186 

 187 

            (2) 188 

Here, ,  and  are variances across sampling units in 189 

species richness, and , respectively;  and  190 

are expected values across sampling units of and , respectively; and 191 

, , and  are variations of the term  defined as follows: 192 

  (3), 193 

where n is the total number of sampling units used to describe a spatial pattern of species richness. 194 

Therefore, according to equation 3,  is the covariance between and . 195 

The other three  terms also depend on variation in both and , but are 196 

distinct from the covariance. A key point is that a single term equation (2), namely 197 

, measures the maximum unique contribution of spatial variation in 198 

diversification to current spatial variation in species richness. Thus, estimating this term allows one to 199 

answer the question of how much of the spatial variation in current species richness can be explained 200 

by the diversification rate hypothesis. 201 

 202 

Relative importance of variants of the diversification rate hypothesis 203 

 204 

 We used a single regression model to test predictions derived from each of three variants of the 205 

diversification rate hypothesis, as well as to measure the relative explanatory power of each of these 206 

variants. The response variable in this model was , which is a measure of the 207 

contribution of diversification after time T to species richness in sampling unit i (see above). The 208 



species-energy hypothesis predicts a positive relationship between and variables 209 

measuring energy availability (see Evans et al. 2005). We included in the regression model two 210 

variables that reflect energy availability because of their effect on primary productivity: annual mean 211 

temperature and annual precipitation. In addition, because the species-energy hypothesis predicts a 212 

negative relationship between and seasonality in temperature and precipitation 213 

(Carrara and Vázquez 2010), we included both of these climatic variables in the regression model. The 214 

evolutionary speed hypothesis predicts a positive relationship between  and annual 215 

mean temperature (Allen et al. 2006). The topographic heterogeneity predicts a positive relationship 216 

between and elevation range. However, under the assumption that species' climatic 217 

tolerances are narrower in the tropics (Ghalambor et al., 2006; Janzen, 1967), the latter hypothesis also 218 

predicts a stronger positive relationship in lower latitudes, which would be evidenced by a negative 219 

interaction term between elevational range and latitude (see Rahbek and Graves 2000, 2001). 220 

Accordingly, we included elevation range and the interaction between elevation range and latitude as 221 

explanatory variables in the regression model. Data for all the explanatory variables were obtained 222 

from WorldClim (Hijmans et al., 2005). Although we used latitude as a variable in the interaction with 223 

elevational range, we did not include it in models on its own as an explanatory variable because the 224 

potential correlation between the first-order term for latitude and would be captured 225 

by other variables in the model, particularly annual mean temperature and seasonality in temperature., 226 

To test if multicollinearity constituted an error when these variables are used together in a regression, 227 

we calculated the tolerance of each variables which ranged between 0.50 and 0.99, and therefore 228 

multicollinearity is not an issue. Also, it is important to note that the hypotheses we test were originally 229 

proposed to explain the relationships between current environmental factors and species richness, and 230 

therefore, the predictions do not refer to past conditions, an examination of which is beyond the scope 231 

of this study. 232 

 233 

 We standardized values (mean 0 and variance 1) of the explanatory variables and the response 234 

variable in the regression model, so that regression coefficients measure the change in the response 235 

variable, in standard deviation units, associated with 1 standard deviation of the respective explanatory 236 

variable. We first ran all analyses using non-spatial regressions based on ordinary least squares and 237 

then examined spatial autocorrelation in the residuals using a Monte-Carlo-based test for the statistical 238 

significance of Moran's statistic (Cliff and Ord, 1981). Because all regression residuals showed 239 



significant spatial autocorrelation (see results), we incorporated spatial eigenvectors as explanatory 240 

variables in the regression models (Griffith and Peres-Neto, 2006), using the R package spdep 241 

(http://cran.r-project.org/web/packages/spdep/index.html). Because there is no consensus on whether 242 

spatial or non-spatial models provide the best estimates of coefficients (Dormann et al., 2007; Hawkins 243 

et al., 2007; Peres-Neto and Legendre, 2010), we present results from both kinds of analyses.  244 

 245 

Results 246 

 247 

Contribution of diversification to species richness  248 

 249 

 The spatial variation in current species richness that can be explained by the diversification rate 250 

hypothesis varied greatly with the time window considered (Fig. 3). In particular, differences across 251 

sampling units in diversification between 45MY and 40MY explained about 50% of the spatial 252 

variation in current richness, whereas differences in diversification after 20MY only explained 15%. 253 

Although, as expected, the contribution of  to the variation in current species 254 

richness declined as time T approached to the present, the decline was not monotonic: a large drop in 255 

the percentage of variation explained by  was obvious between 45MY and 40MY. 256 

Then, the contribution of variation in   to explain spatial variation in diversity 257 

declined rather uniformly from 45.9% at T = 40MY to only 15.1% at T= 20MY.  This does not mean 258 

that diversification after 20MY has contributed little to current overall diversity, but rather that 259 

differences across sampling units in diversification after 20MY can explain at most ca. 15% of the 260 

variation of current species richness among sampling units.  261 

 262 

In general, the decrease of the contribution of variation in   over time to the variation 263 

in species richness was linked to an increase of the contribution of , which represents how 264 

much of the spatial differences in species richness can be explained by the variation in the number of 265 

groups older than time T represented in a sampling unit. However, this was not true in all cases, as the 266 

contribution of  had a disproportionate increase between 25MY and 20MY, where the 267 

variation in  at 20MY explained 23% more of the variation on species richness than at 25MY.  268 



 269 

Apart from the unique contribution of  and  to spatial variation in current 270 

species richness, the single most important contribution to spatial variation in current species richness 271 

was that of the covariance between  and , which accounted for about 20–272 

40% of the spatial variance in current species richness for T≤ 40 MY (Fig. 3). All contributions to the 273 

spatial variance in current species richness described by the last four terms in equation (2) were very 274 

small. 275 

 276 

Relative importance of variants of the diversification rate hypothesis 277 

 278 

 With the exception of temperature seasonality, the signs of standardized coefficients for the 279 

correlation of all environmental variables with were as predicted by the species-280 

energy, evolutionary speed, and spatial heterogeneity hypotheses (Fig. 4).  However, the variables with 281 

the strongest effect on were those associated with the species-energy and 282 

evolutionary speed hypotheses (mean annual temperature followed by annual precipitation). Whereas 283 

most of the coefficients were fairly constant across different time windows (T), the effect of 284 

temperature seasonality varied in sign from -0.26 at T = 60MY to 0.33 at T = 20MY. This implies that 285 

all variables, except temperature seasonality, affected  similarly regardless of the 286 

period considered for its calculation. The residuals of all the regressions were spatially autocorrelated, 287 

but the results of analyses accounting for spatial autocorrelation (Fig. 5) were broadly congruent with 288 

those of non-spatial analyses. 289 

 290 

Discussion 291 

 292 

Contribution of diversification to species richness  293 

 294 

 In agreement with the diversification rate hypothesis, which links spatial patterns of diversity to 295 

diversification, our results show that the variance in diversification rate as indexed by 296 



can explain some of the broad-scale spatial variation in species richness of 297 

suboscine birds in South America. In the following, we describe how not only the amount of variation 298 

in species richness that can be explained by the spatial variation in diversification rates, but also the 299 

reduction over time in the contribution of  to the variation of the number of species, 300 

hold important information to understand the impact of the evolutionary history of suboscines on their 301 

species richness pattern. 302 

 303 

 The reduction of the contribution of to current spatial variation in species 304 

richness of suboscines in South America was not equal across all 5MY time intervals. This implies that 305 

spatial variation in diversification rates has contributed differently to spatial patterns of diversity in 306 

different time periods (see also Svenning et al., 2008), presumably as a consequence of changes in 307 

environmental conditions or other historical events. It is particularly surprising that the main 308 

contribution of diversification to the current spatial pattern of suboscine species richness can be 309 

attributed to speciation events that occurred before the most recent half of the Cenozoic (Fig. 3), 310 

despite the fact that New World suboscines seem to have diversified mainly during the most recent half 311 

of the Cenozoic (Irestedt et al., 2009; Ohlson et al., 2008). Specifically, whereas diversification after 312 

20MY contributed importantly to the overall number of species in suboscines (Irestedt et al., 2009; 313 

Ohlson et al., 2008), it can only account for around 15% of the spatial variation in species richness, 314 

implying that recent diversification in these groups was not strongly structured spatially, but rather had 315 

a geographically uniform effect on diversity. This apparent mismatch between the time when 316 

suboscines experienced their highest diversification and the time when diversification rate contributed 317 

most to current spatial patterns of richness can reflect that changes in diversification rates were driven 318 

by the evolution of traits or by reasons such as global climate change affecting diversification 319 

regardless of the geographic context. This would have increased overall richness with no important 320 

effect on spatial patterns of diversity.  321 

 322 

 Immigration into sampling units may also explain the apparent mismatch between the time 323 

when diversification rates were highest and the time when they contributed most to current spatial 324 

patterns of richness. We used  to estimate the contribution of diversification after 325 

time T to species richness in sampling unit i. However, as explained before, likely 326 



overestimates the contribution of diversification to current species richness in sampling unit i because it 327 

is also affected by immigration events resulting in coexistence within sampling unit i of species that 328 

diverged after time T. The likelihood of this happening increases with time because there are greater 329 

chances of range expansions or shifts, and therefore overlap between species (Losos and Glor, 2003; 330 

Phillimore et al. 2008; Phillimore and Price, 2009). Thus, time windows defined by larger values of T 331 

would suffer from a more severe upward bias introduced by immigration to  as an 332 

estimate of the contribution of diversification after time T to current spatial patterns of richness. If true, 333 

then time windows defined by the smallest value of T would provide the less severely inflated estimate 334 

of the contribution of diversification to the current spatial pattern of species richness. 335 

 336 

 The above notwithstanding, our analyses indicate that some of the spatial pattern of species 337 

richness in suboscines can indeed by explained by differences in diversification rates. The link between 338 

diversification rate and patterns of diversity can arise if net diversification rates increase with the 339 

colonization of new areas or with the evolution of traits allowing organisms to thrive in a new, 340 

localized environment (Moore and Donoghue, 2007), or with the occurrence of localized phenomena 341 

that influence diversification only in particular areas (e.g. origin of major barriers promoting speciation 342 

or catastrophic events promoting extinction). In this case, shifts in diversification would be structured 343 

spatially and would result in spatial variation in species richness. Indeed, the initial radiation of one of 344 

the main clades of New World suboscines, the Furnariides (ovenbirds and allies) in the Middle Eocene 345 

(Ohlson et al., unpublished data) can be linked to the shifts in the variation explained by 346 

 between 45MY and 40MY. This suggests that this radiation had an effect on the 347 

spatial distribution of species richness.  348 

 349 

 350 

Relative importance of variants of the diversification rate hypothesis 351 

 352 

 Most standardized regression coefficients were significant and their signs were consistent with 353 

the predictions derived from the three variants of the diversification rate hypothesis (Fig. 4 and 5). 354 

Predictions derived from the species-energy and evolutionary speed hypothesis accounted for most 355 

spatial variance in . In particular, much variance in  can be 356 



accounted for by the effect of mean annual temperature and annual precipitation. Our analyses do not 357 

allow determining to what extent does the relationship between mean annual temperature and 358 

 support the species-energy and the evolutionary speed hypotheses because such 359 

relationship was predicted by both hypotheses, but the positive relationship between annual 360 

precipitation and  is predicted only by the species-energy hypothesis. Less variance 361 

in  was explained by the spatial heterogeneity hypothesis, but the sign of the 362 

regression coefficients for elevation range, combined with that for the interaction between elevation 363 

range and latitude, supported predictions of this latter hypothesis interpreted under the idea that 364 

organisms’ climatic tolerances are narrower in the tropics and, therefore, that climatic variation related 365 

to topography creates more effective isolating barriers to gene flow in the tropics than in temperate 366 

zones (Ghalambor et al., 2006; Janzen, 1967). Thus, our results are consistent with the idea that 367 

mountain passes are "higher" in the tropics (Janzen 1967). 368 

 369 

 An important unexpected result was that the effect of temperature seasonality varied with the 370 

time window considered. For earlier times (60MY to 40MY), lower levels of seasonality had 371 

higher , suggesting that temporally stable areas increase diversification by lowering 372 

extinction (Fjeldså and Lovette, 1997; Fjeldså et al., 1999; Graham et al., 2006). Fjeldså and Irestedt 373 

(2009) noted that older lineages of birds tend to occur in humid and warm locations, and this is 374 

particularly true for the groups that diverged earlier in the suboscines. These clades, usually with a few 375 

species, have their peak diversity in the tropical lowlands likely as a consequence of extinction after 376 

habitat contraction (Fjeldså and Irestedt, 2009). This pattern has also been described in frogs (Wiens et 377 

al., 2006) and butterflies (Hawkins, 2010; Hawkins and DeVries, 2009) and it has been hypothesized 378 

that it could be the outcome of the impossibility of species that originated in the tropics to adapt to 379 

temperate conditions (tropical niche conservatism hypothesis; Wiens and Donoghue, 2004). However, 380 

when more recent times (30MY to 20MY) were examined, more seasonal areas had 381 

higher . This is consistent with higher speciation rates at higher latitudes, which 382 

promote high turnover of species in temperate regions in comparison to the tropics (Schluter and Weir, 383 

2007).  384 

  385 

Other contributions to species richness  386 



 387 

 Although it was not a central aspect of our work, we comment on the contribution of , 388 

and that of the covariance between  and , to spatial variation in current 389 

species richness. Both these contributions were considerable for T≤ 40 MY (Fig. 3). The covariance 390 

accounted for about 20–40% of the spatial variance in current species richness. A positive covariance 391 

(or correlation) between  and  is noteworthy, because it would be 392 

reasonable to expect these two terms to be negatively correlated, considering that the latter term is the 393 

denominator of the former. Thus, the positive contribution of the covariance between 394 

 and  to spatial variation in current species richness suggests the existence 395 

of one or more variables that affect both  and  in the same direction, 396 

resulting in a positive correlation between spatial patterns of  and . Indeed, 397 

when the regression model we used with  as response variable is applied to  398 

as response variable, the sign of regression coefficients are similar for mean annual temperature, annual 399 

precipitation and elevation range (data not shown). These environmental variables seem to be causal 400 

factors shared by  and  that increase spatial variation in current species 401 

richness far beyond what would be expected if  and  were either 402 

uncorrelated or negatively correlated across sampling units. 403 

 404 

Conclusion 405 

 406 

 We presented a novel method to examine the importance of the diversification rate hypothesis, 407 

and its variations, as an explanation of differences in species richness between areas as applied to 408 

different time intervals. However, work that aims to disentangle the effects of speciation, immigration 409 

and extinction is still needed.  In particular, we studied the spatial structure in the number of suboscines 410 

species, which can be explained by differences in diversification rates among sampling units at certain 411 

times. Specifically, the early radiation of the Furnariides had a greater contribution to spatial patterns of 412 

recent diversification, and recent events that could have been important for the overall diversity in the 413 

Neotropics cannot explain the spatial variation in species richness. For example, Weir (2006) stated 414 

that during the Pleistocene, birds in the Neotropical highlands experimented high diversification rates, 415 



while those in the lowlands did not. If this was true, our analyses suggest that it did not contribute 416 

significantly to the spatial patterns of species richness in suboscines. Nevertheless, these particular 417 

findings cannot be extended to other groups of organisms with different histories. In particular, it 418 

would be interesting to apply our approach to understand the contribution of diversification to spatial 419 

patterns of diversity of groups in which recent colonization of South America was followed by rapid 420 

diversification (e.g. tanagers; Fjeldså and Rahbek, 2006) 421 

422 
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Figure 1.  Diagram illustrating spatial sampling units with equal species richness in which the 612 

contribution of diversification after time T to species richness is different. Extant species occurring in 613 

sampling units 7 and 14 are shown as dots to the right of the phylogenetic tree. Each species occurring 614 

in sampling unit 7 is a member of a clade that already existed at time T; thus, diversification occurring 615 

after time T does not contribute to current species richness in this sampling unit and  616 

equals one while  equals five. In contrast, the five extant species occurring in sampling unit 14 617 

belong to three clades at time T (II, IV and VI); here, diversification after time T could have contributed 618 

to current species richness and  is higher than in sampling unit 7. The relatively high 619 

value of  in sampling unit 7 could reflect immigration events resulting in co-620 

occurrence of closely related species, and not only diversification (the balance between speciation and 621 

extinction). Note that  does not equal the average NDR of the clades present in a 622 

sampling unit: because species C does not occur in sampling unit 14,  is different 623 

than the average NDR of clades II, IV, and VI.  624 

 625 

Figure 2. (A) Species richness of suboscine birds in South America. (B–F) Number of species per 626 

clade for times (T) from 20MY to 45MY.  Note that  for times 45MY to 55MY are 627 

the same, while  for T = 60MY equals species richness. (G–L) Number of clades of 628 

age T (20MY to 40MY) represented in each sampling unit. Times 45MY and older are not shown as 629 

they are homogeneously represented across sampling units. 630 

 631 

Figure 3. Partition of the variance in species richness across sampling units into the variance due to the 632 

maximum contribution of diversification to species richness  (darker gray portion of 633 

the bars), the number of clades  (lighter gray portion of the bars), and other components 634 

including the covariance between  and  (white portion of the bars). Nine 635 

partitions are shown for different times (T) along the evolutionary history of Suboscines.  636 

 637 

Figure 4. (A–F) Standardized regression coefficients for the relationship between   638 

and environmental variables hypothesized to determine species richness through their effect on 639 



diversification. Each variable has nine coefficients, corresponding to different times (T) along the 640 

evolutionary history of Suboscines. (G) Moran’s statistic for assessing spatial autocorrelation in the 641 

residuals of each regression. (H) Proportion of unexplained variance in  for each 642 

regression. (ns) represent coefficients not significantly different than 0. 643 

 644 

Figure 5. Standardized regression coefficients for the relationship between  and 645 

environmental variables hypothesized to determine species richness through their effect on 646 

diversification using spatial eigenvectors as explanatory variables to correct for spatial autocorrelation. 647 

All coefficients are significantly different than 0 (p < 0.001).648 
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