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FIGURE INDEX 
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of speciation and extinction. (b) Net diversification rate. (c) Preservation rates 
over time are estimated using the time-varying Poisson model. Solid lines 
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line indicates the threshold for positive (log BF = 2) evidence of a rate shift.
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Figure 2.- Correlation between phorusrhacids diversification dynamics and its 
body size evolution. (a) Phorusrhacids body mass over time. Tarsometatarsus 
trochlea III width (TMTIIIW). Lines represent the estimated life span of each 
species obtained from BDS analyses. Colors denote the main phorusrhacid 
subfamilies. Posterior frequencies of the estimated correlation parameters 
between body mass and speciation (b) and extinction (c) rates. Silhouettes 
(Psilopterus lemoinei, Patagornis marshi, Paraphysornis brasiliensis and 
Phorusrhacos longissimus, by Thomas W. LaBarge: CC BY 4.0; Llallawavis 
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RESUMEN 

Los patrones de biodiversidad a lo largo del tiempo están determinados por 

una compleja interacción de factores bióticos y abióticos. Los Phorusrhacidae 

(aves del terror), depredadores ápice de Sudamérica durante gran parte del 

Cenozoico, se enfrentaron a la extinción a través de mecanismos que siguen 

siendo poco conocidos. En este trabajo, utilizando datos de ocurrencia de 

fósiles y modelos bayesianos de diversificación, comprobamos cómo los 

cambios ambientales y las interacciones bióticas influyeron en su dinámica 

evolutiva. Encontramos que las tasas de especiación se correlacionan 

positivamente con la autodiversidad, los niveles atmosféricos de CO₂ y la 

diversidad de Sparassodonta, mientras que las tasas de extinción aumentan 

con la diversidad del propio linaje, la apertura del hábitat y la diversidad de 

Carnivora y Didelphimorphia. Nuestros resultados apoyan un modelo mixto 

Reina Roja-Bufón de la Corte, en el que tanto la competencia biótica como los 

grandes cambios ambientales contribuyeron sinérgicamente a la extinción de 

Phorusrhacidae. Esto subraya la necesidad de tener en cuenta causas 

multifactoriales a la hora de reconstruir las trayectorias evolutivas de los 

clados dominantes. 

Palabras clave: Phorusrhacidae, biodiversidad del Cenozoico, Hipótesis de 

la Reina Roja, Hipótesis del Bufón de la Corte, dinámica de extinción, 

Sudamérica. 
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ABSTRACT 

Biodiversity patterns through time are shaped by a complex interplay of biotic 

and abiotic factors. The Phorusrhacidae (terror birds), apex predators of South 

America during much of the Cenozoic, faced extinction through mechanisms 

that remain poorly understood. Here, using fossil occurrence data and 

Bayesian diversification models, we test how environmental changes and 

biotic interactions influenced their diversification dynamics. We find that 

speciation rates positively correlate with self-diversity, atmospheric CO₂ levels, 

and Sparassodonta diversity, while extinction rates increase with self-diversity, 

evolution of open habitats and the diversity of Carnivora and Didelphimorphia. 

Our results support a mixed biotic-abiotic model, where both biotic competition 

and major environmental shifts contributed synergistically to the extinction of 

Phorusrhacidae. This emphasizes the need to consider multifactorial causes 

when reconstructing the evolutionary trajectories of dominant clades. 

Key Words: Phorusrhacidae, Cenozoic biodiversity, Red Queen Hypothesis, 

Court Jester Hypothesis, Extinction dynamics, South America. 
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INTRODUCTION 

Biodiversity arises from a complex interaction of biotic and abiotic factors, 

which evolve over time and across different environments [1]. Biotic factors 

encompass the ecology and physiology of organisms, their interactions, and 

community structure, whereas abiotic factors involve geochemical cycles, 

geological processes, and changes in climate and landscape. These factors 

are highly relevant as they influence evolutionary rates and ultimately shape 

the evolution of biodiversity [2]. Consequently, two macroevolutionary models 

have been proposed to explain the generation and maintenance of diversity 

[3]. The Red Queen model [4, 5] posits that these dynamics are primarily driven 

by biotic factors intrinsic to species [6-8], while the Court Jester model [9] 

asserts that they result from historical abiotic forces [10, 11]. Scenarios that 

incorporate both models can occur, known as mixed models [3, 12, 13]. 

The family Phorusrhacidae, commonly known as ‘terror birds,’ refers to a group 

of extinct land birds that were dominant predators during the Cenozoic in South 

America (Annex 1) [14-18]. They were characterized by generally large bodies 

(gigantism in the subfamilies Phorusrhacinae and Physornithinae), reinforced 

skulls, and in some cases, entirely akinetic, long and strong hind limbs [19, 

20], reduced forelimbs [15, 18, 21], curved and laterally compressed nail 

phalanges [18, 22], and a high, long, and laterally compressed hooked bill [21], 

which is absent in any other bird, either extinct or extant [19]. This unique 

feature supports its carnivorous diet [17]. Terror birds represent the most 

diverse clade within the Cariamiformes order, currently represented by only 
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two extant species [21]. Phorusrhacids comprise the subfamilies Psilopterinae, 

Mesembriornithinae, Patagornithinae, Phorusrhacinae, and Physornithinae 

[20]. Although primarily found in South America, with a fossil record dating from 

the Eocene to the Pleistocene (younger specimens in Uruguay, associated 

with the late Pleistocene [16]) [18, 19, 21], they were able to migrate to North 

America in the Pliocene during the Great American Biotic Interchange (GABI). 

Some remains found in Europe and Africa have been assigned to this clade. 

However, these assignments remain controversial [22-25]. 

To explain the evolutionary dynamics of Phorusrhacidae, factors related to 

both the Red Queen model and the Court Jester model (competition or 

environmental hypotheses [19]) have been suggested. However, despite 

recent advances, the drivers for their disappearance remain unclear [18, 21, 

24, 26]. The Red Queen model suggests that terror birds went extinct primarily 

due to competition with North American placental carnivores [19, 27, 28]. 

However, the existence of species such as Titanis walleri, which successfully 

dispersed to North America during the GABI, indicates they were not among 

the early lineages affected by competition or predation during the interchange, 

even though their time in North America appears to have been ephemeral [24]. 

Consequently, it remains unclear whether terror birds were disadvantaged in 

direct competition with placental carnivores or if their diversity declined before 

the GABI, leading to their extinction [14, 26]. In this context, during much of 

the Cenozoic, the carnivore niche of South America was occupied by non-

mammalian groups such as Phorusrhacidae, Sebecidae, and Madtsoiidae, 

along with the metatherian group, Sparassodonta, and from the late Miocene 
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to the mid-Pliocene also included didelphimorph marsupials [29]. Therefore, 

these groups could have been potential competitors [11]. Yet, the diversity of 

sebecid crocodiles and madtsoiid snakes was low during the Cenozoic, and 

their extinction preceded that of terror birds [29]. Phorusrhacidae and the large 

carnivorous Sparassodonta possibly competed for the same resources; 

among them, Borhyaena, one of the few cursorial sparassodonts, was 

probably their main competitor [19, 20]. Additionally, the evolution of body size 

in Phorusrhacidae is an intrinsic biological factor that may have influenced their 

diversity. This occurs because widespread selection for larger body sizes in 

carnivores often results in dietary specialization (hypercarnivory) and 

increased vulnerability to extinction, as evidenced by the extinction of 

Miocene-Pliocene North American canids [30]. Furthermore, the evolution and 

variation in body size drove niche partitioning among terror birds and 

competitive exclusion-driven phorusrhacids diversity [20]. 

Some studies suggest that the extinction of Phorusrhacidae may be linked to 

abiotic factors, which aligns with the Court Jester model. Thus, it has been 

proposed that geological and climatic changes could have constituted the 

primary drivers for the demise of terror birds, drawing parallels from the 

analogous patterns observed in other native South American groups [11, 31, 

32]. Multiple environmental transformations in South America throughout the 

Cenozoic are directly or indirectly associated with the timing and intensity of 

the Andean orogeny and the decline in global temperatures. These changes, 

in turn, resulted in a transition from the predominantly warm, forested habitats 

of the early Cenozoic to a climate regime characterized by cooler, drier 
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conditions accompanied by seasonal aridity [27, 29]. Consequently, the biota 

is expected to exhibit appearances, extinctions, extirpations, or component 

alterations [19]. Considering this context, the biota of South America 

experienced major climatic, tectonic, and geographic changes during the 

Cenozoic, which notably affected its evolution and extinction [11, 31, 33]. This 

may have also influenced the diversification dynamics of the family 

Phorusrhacidae. 

In this study, we analyzed the fossil record of the Phorusrhacidae family and 

others coexisting groups in South America to assess the potential impact of 

biotic and abiotic factors on their decline and eventual extinction using 

Bayesian diversification models. It involved inferring rates of origin and 

extinction over time for the Phorusrhacidae family and evaluating whether 

fluctuations in these rates can be linked to climatic and geological factors, 

biotic interactions with potential competing clades, and body mass evolution. 
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METHODS 

Fossil occurrence datasets 

We compiled fossil occurrence datasets at the species level for 

Phorusrhacidae and its putative competitors (Carnivora order and the 

carnivore species of the metatherian groups, Sparassodonta and 

Didelphimorphia). The Phorusrhacidae fossil occurrences were extracted from 

the Palaeobiology Database (PBDB; https://paleobiodb.org/; downloaded 

December 2024). The fossil datasets for the proposed competitor groups were 

obtained from a comprehensive dataset of all South American fossil mammals 

(Pino et al. unpublished data). This broader dataset was compiled from the 

PBDB, to which K. Pino contributed ~500 new entries, the New and Old Worlds 

database of fossil mammals (www.nowdatabase.org/), and published literature 

[11, 31]. The compiled datasets were cleaned using a pipeline to identify 

potential spatial, period, and taxonomy (synonyms, misspellings, and 

duplicates) errors with CoordinateCleaner and Fossilbrush R packages [34, 

35]. The flagged occurrences were then inspected manually. The occurrence 

ages associated with the SALMAs (South American Mammals Ages) and 

some collections were updated with more recent dates [36-39]. We used the 

‘look_up’ function implemented in the palaeoverse R package [40]. We 

supplied the interval key argument with our updated ages—occurrences with 

a temporal range larger than 15 million years were excluded (Annexes 2; 3) 

[7]. The taxonomy of the phorusrhacids was revised and standardized based 

on the latest specialized literature (Annex 4). We excluded Paleopsilopterus 

https://paleobiodb.org/
http://www.nowdatabase.org/
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itaboraiensis and Patagorhacos terrificus, as their classification within 

Phorusrhacidae is debated and relies on very fragmentary evidence [20]. 

Because the oldest uncontroversial record of Phorusrhacidae, which dates 

from the middle Eocene of Argentina [22], and the most recent record, which 

dates from the late Pleistocene of Uruguay [16], correspond to indeterminate 

species of the subfamily Psilopterinae, the fossil occurrences of phorusrhacids 

considered in our analysis range from the Late Oligocene to the Late Pliocene 

(29.4 - 3.04 Ma; Figure S1). The final datasets include 16 species of 

Phorusrhacidae (70 occurrences), 66 species of Carnivora (382 occurrences), 

68 species of Sparassodonta (161 occurrences), and 25 species of 

Didelphimorphia (80 occurrences). Finally, to account for dating uncertainties 

in the estimated rates, we resampled the age of each occurrence uniformly 

from its age range using the ‘extract.ages’ R function from the R utility script 

included in the PyRate package. We generated 100 random datasets for each 

group and imported them into PyRate for diversification rate analysis [41, 42]. 

Diversification rates estimation 

Phorusrhacids origination and extinction rates and their putative competitors 

were estimated using the rate-shifting birth-death model (BDS) implemented 

in PyRate [41]. This program implements a Bayesian framework to analyze 

fossil occurrence data to estimate preservation, origination, and extinction 

rates while incorporating several sources of uncertainty [41]. PyRate includes 

three preservation models: the Homogeneous Poisson Process (HPP), the 

Non-Homogeneous Poisson Process (NHPP), and the Time-Varying Poisson 

Process (TPP). Therefore, a maximum likelihood test was performed to select 
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the preservation model that best fits the data. We used a gamma model to 

allow for rate heterogeneity through time (stages of the stratigraphic geological 

time scale) and across lineages coupled with the best-fitted preservation 

model. In conjunction, a Reversible Jump Markov Chain Monte Carlo 

(RJMCMC) algorithm was used to estimate the origination and extinction rates 

and their temporal variation. This algorithm explicitly estimates statistically 

significant rate changes number and temporal location and avoids sub- and 

over-parametrization [41]. We conducted 50 million iterations, sampling every 

5000 for the Phorusrhacidae, Carnivora, and Didelphimorphia groups while 

performing 140 million iterations with sampling every 14000 for Sparassodonta 

to ensure convergence. After excluding the first 10% of the samples as burn-

in, we combined posterior samples from the 100 randomized datasets and 

summarized the parameters by calculating their mean and 95% credible 

intervals. Finally, we used the origination and extinction times estimated by the 

BDS model for all sampled species to generate diversity trajectories across 

time for all groups (Figure S2). 

Biotic and abiotic factors of diversification dynamics 

To assess how biotic and abiotic factors can explain temporal variation in 

origination and extinction rates, we used the multivariate birth-death model 

(MBD) implemented in PyRate [43]. Under this model, a single analysis can 

infer which and how many variables abiotic and biotic factors considered 

significantly explain the origination and extinction rate dynamics. At the same 

time, it calculates shrinkage weights (Wl for speciation and Wm for extinction) 

to quantify the statistical support for all predictors (factors), their signs, and 
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intensity. When these weights exceed 0.5, it indicates significant support for 

the corresponding correlation parameters (Gl for speciation and Gm for 

extinction) [43]. We employ the horseshoe prior algorithm to shrink the 

correlation parameters around zero, thus reducing the risk of over-

parameterization and the need for explicit model testing [43].  

A total of 11 variables were considered (4 biotic and 7 abiotic factors). In the 

case of biotic variables, diversity trajectories estimated with the BDS model for 

putative competitors (Carnivora order, Sparassodonta, and Didelphimorphia) 

were used under the assumption that biotic interactions can be measured as 

diversity-dependent rates of origin and extinction [7, 11]. The diversity of 

phorusrhacids was also considered, as their diversity may affect their 

diversification dynamics. For the abiotic variables, we considered the time-

continuous Andean paleo-elevation as a proxy for regional environmental and 

landscape change [44]. We used the smoothed mean curve estimated for the 

entire Andes obtained from the individual geomorphological domains 

reconstructed by Boschman [45] (see Boschman and Condamine [46] for 

detailed methods). Since the fossil record of phorusrhacids is predominantly 

found in southern South America (SSA; Figures S3 – S5), local geological and 

environmental changes likely influenced their diversification dynamics more 

significantly than broader regional factors. Therefore, we considered the paleo-

elevation data for the central-southern (CS) Andes (geomorphological 

domains 4 to 7, Fig. 1) [46], along with the leaf area index (LAI) [47] and 

proportion of open habitat as proxies of the expansion of the arid biomes (i.e., 

grasslands, savannas) in SSA over the Cenozoic [48]. Finally, we considered 



16 
 

the climatic global variables: mean temperature variation (sourced from [49]), 

mean sea-level reconstruction (obtained from the Tectono-Glacioeustatic 

curve developed by Van der Meer et al.  [50]), and mean carbon dioxide levels 

(derived from [51]; CenCO2PIP; downloaded January 2024). These proxies of 

global environmental changes are hypothesized to be associated with changes 

in biodiversity at local and regional scales [31, 52]. To conduct the MBD 

analyses, the trajectories of biotic and abiotic variables were rescaled to range 

between 0 and 1 (Annex 2) . We ran 150 million MCMC iterations, sampling 

every 3000 to estimate the model parameters. To summarize the results of the 

MBD analyses, we calculated the posterior mean and 95% HPD (Highest 

Posterior Density) of all correlation parameters and the mean of the respective 

shrinkage weights through 99 converged replicates. 

Diversification dynamics and their correlation with body mass evolution 

To test whether the diversification dynamics of phorusrhacids are correlated 

with body mass evolution (intrinsic biotic factor), we used the Covar birth-death 

model [42], implemented in PyRate. In the Covar model, the variation in 

speciation and extinction rates is correlated with a continuous trait, specifically 

(log-transformed) body mass [42], through the parameters αλ and αμ. Thus, a 

correlation (positive or negative) exists between the trait and rate changes if 

the posterior estimate of the correlation parameters differs significantly from 

zero [7]. Birth-death rates are, therefore, transformed on a lineage-specific 

basis rather than through time. Thus, α > 0 indicates a positive correlation 

between the trait value and the birth-death rates, α < 0 shows a negative 

correlation, and α ∼ 0 denotes no correlation. Data on body mass for 
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phorusrhacids species is limited; consequently, we used the width of 

tarsometatarsal trochlea III as a proxy for body mass, as it correlates linearly 

with femur length (FL) in phorusrhacids (Supplementary Material of LaBarge 

et al. [20]). Femur length is a reliable indicator of body mass in birds [20]. We 

ran 100 replicates, fixing the times of speciation and extinction to the ages 

estimated from 100 replicated data sets under the BDS model. We ran 50 

million MCMC iterations with a sampling frequency of 5000 and combined the 

posterior samples of the parameters from the 100 replicates after excluding 

the first 1000 samples as burn-in. 
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RESULTS 

Phorusrhacidae diversification dynamics 

Phorusrhacidae exhibits a diversification pattern characterized by a strong 

positive net diversification rate since the Late Oligocene, followed by a slight 

decrease around 24 Ma. This rate remained constant until the middle Miocene 

(~16 Ma), where a negative net diversification rate led the group to extinction 

(death age: 3.02 Ma; 95% HDP: 1.8913 - 3.7353) (Fig. 1b). This can be 

explained by two significant increases (logBF > 2) in extinction rate during the 

Miocene about 16 and 6 Ma ago until the disappearance of the clade (Figure 

1d). Interestingly, the high extinction rate during the Late Miocene coincides 

with the extinction of the subfamilies Patagornithinae and Phorusrhacinae (Fig. 

S2). Moreover, the speciation rate remains constant over the studied time, with 

no significant increases or decreases (Figure 1d). Therefore, this indicates that 

the disappearance of phorusrhacids was caused by increases in the extinction 

rate during the middle and late Miocene.  

The best-fitting preservation model for phorusrhacids was the time-variable 

Poisson process, indicating that preservation rates are heterogeneous across 

time bins (i.e., stages). The average preservation rate was 1.2378 (95% HDP: 

0.7432-1.7743), with the highest preservation rates occurring during the Early 

Miocene (Burdigalian; mean 1.8063; 95% HDP: 0.8557-2.9346) and Late 

Miocene (Messinian; mean 1.7103; 95% HDP: 0.3270-3.5112) to Early 

Pliocene (Zanclean; mean 1.8163; 95% HDP: 0.3464-3.7562) and the lowest 

during the Late Oligocene (Chattian; mean 0.6636; 95% HDP 0.0279-1.6459) 
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(Fig. 1c). Whereas the best-fitting preservation models for the putative 

competitors were non-homogeneous Poisson process, homogeneous Poisson 

process, and time-variable Poisson Process for Sparassodonta, 

Didelphimorphia and Carnivora, respectively. 

 

 

Figure 1. Diversification and preservation rates of Phorusrhacidae. (a) Rates of 

speciation and extinction. (b) Net diversification rate. The horizontal dashed line 

indicates net rate = 0. (c) Preservation rates over time are estimated using the time-

varying Poisson model. Solid lines indicate mean rates, while shaded areas represent 

95% credible intervals. (d) Frequencies of shifts in speciation and extinction rates, the 

horizontal dashed line indicates the threshold for positive (log BF = 2) evidence of a 

rate shift.  
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Phorusrhacidae diversification dynamics correlation with biotic and 

abiotic factors 

The MBD results show significant correlations between the diversification 

dynamics of phorusrhacids and biotic and abiotic factors. We find that 

speciation and extinction rates are diversity-dependent processes. The 

diversity changes of the potential competitors, Didelphimorphia and Carnivora, 

as well as the self-diversity of the group, show a significant positive correlation 

with the extinction rate of Phorusrhacidae (shrinkage weight w > 0.5 and 

correlation parameters Ge = 0.451; 0.061; and 1.630, respectively) (Table 1). 

Additionally, the self-diversity of phorusrhacids is negatively correlated with the 

group's speciation rate (w = 0.918, Gs = −3.372). In contrast, the diversity 

trajectory of Sparassodonta shows a significant positive correlation with the 

speciation rate of phorusrhacids (w = 0.506, Gs = 0.551). Among the abiotic 

factors considered in our analysis, we found a significant positive correlation 

between the global carbon dioxide levels and speciation rate (w = 0.578, Gs = 

0.207). Additionally, one of the proxies of the open habitats expansion in the 

SSA, the leaf area index, positively correlates with the extinction rate (w = 

0.690, Gs = 1.146). Finally, none of the other variables included in this analysis 

were significantly correlated with Phorusrhacidae diversification rates (Table 

1). 
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Table 1. Multiple birth-death model summary results of the phorusrhacids 

diversification dynamics correlation with biotic and abiotic factors. Shrinkage weights, 

w > 0.5, indicate significant support (in bold) for the corresponding correlation 

parameters (Gs for speciation and Ge for extinction). 

Factors 

Speciation Extinction 

Gs Ws Ge We 

B
io

ti
c
 

  

Self-diversity -3.372 0.918 1.630 0.806 

Sparassodonta diversity 0.551 0.506 0.003 0.356 

Carnivora diversity 0.008 0.485 0.061 0.501 

Didelphimorphia diversity 0.280 0.440 0.451 0.534 

A
b

io
ti
c
 

Regional 

Local 

Andean uplift (all domains) 0.041 0.459 -0.010 0.450 

Andean uplift (CS domains) 0.023 0.439 -0.020 0.475 

Leaf area index -0.030 0.268 1.146 0.690 

Open habitat proportion 0.091 0.302 -0.011 0.303 

Global 

CO₂ level 0.207 0.578 0.069 0.499 

Temperature 0.068 0.422 -0.004 0.419 

Sea level 0.125 0.361 -0.038 0.360 

 

 

Phorusrhacidae diversification dynamics correlation with body mass 

evolution 

The estimated correlation parameters (αλ and αμ) were not significantly 

different from zero (Fig. 2). Therefore, we find no evidence of a correlation 

between the evolution of body mass and the estimated dynamics in speciation 

and extinction rates. 
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Figure 2. Correlation between phorusrhacids diversification dynamics and its body 

size evolution. (a) Phorusrhacids body mass over time. Tarsometatarsus trochlea III 

width (TMTIIIW). Lines represent the estimated life span of each species obtained 

from BDS analyses. Colors denote the main phorusrhacid subfamilies. Posterior 

frequencies of the estimated correlation parameters between body mass and 

speciation (b) and extinction (c) rates. Silhouettes (Psilopterus lemoinei, Patagornis 

marshi, Paraphysornis brasiliensis and Phorusrhacos longissimus, by Thomas W. 

LaBarge: CC BY 4.0; Llallawavis scagliai by Zimices (Julián Bayona): CC BY-NC 3.0) 

sourced from PhyloPic. 
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DISCUSSION 

The diversification history of Phorusrhacidae is characterized by a constant 

net diversification rate throughout most of the Oligocene and early Miocene. 

However, increases in the extinction rate during the middle (~16 Ma) and late 

Miocene (~6 Ma) resulted in the demise and eventual extinction of the group. 

Interestingly, the highest preservation rates are during these same time-bins 

(see results, Fig. 1), providing strong empirical evidence for the biological 

signal of the estimated shifts in extinction rates. The fossil record is inherently 

incomplete and biased [31]. Nonetheless, we employed a cutting-edge 

Bayesian framework to estimate speciation and extinction rates while 

accounting for the preservation process (including fossilization, sampling, and 

taxonomic identification biases) and uncertainties related to the age of fossil 

occurrences. Simulated and empirical datasets with limited fossil occurrences 

have shown the accuracy and robustness of these models [32, 41, 42, 53]. 

Furthermore, we found evidence of diversity-dependent biotic interactions, the 

negative effects of the evolution of open areas, and subsequent landscape 

changes on the continent affecting phorusrhacids' speciation and extinction 

rates. Consequently, this suggests that the interplay of biotic and abiotic 

factors influenced the diversification dynamics of Phorusrhacidae and 

ultimately contributed to their extinction in the Late Pleistocene, according to 

the dating of most recent records assigned to indeterminate species of the 

subfamily Psilopterinae [16]. 
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Red Queen model 

Evolutionary rates in Phorusrhacidae are significantly correlated with diversity 

dependence (negatively with speciation rate and positively with extinction rate; 

Table 1). This may be a product of ecological constraints caused by 

competition for resources or by limited availability of ecological niches [66, 67]. 

Potentially, interactions with other groups (or different branches of the same 

lineage), limits on environmental productivity, the species’ abundance, and the 

extent of habitable space or suitable environmental conditions are potential 

mechanisms that can generate diversity dependence trajectories [32, 72]. 

Thus, the effects of diversity on diversification dynamics would act through 

speciation when the emergence of new taxa is hampered by a lack of 

ecological opportunities in crowded habitats or through extinction, resulting 

from competitive displacement by ecologically similar taxa [68]. In this context, 

what appears to be a unique case of intraguild competition between members 

of Patagornithinae and Mesembriornithinae (composed of pursuit 

mesopredators) has been proposed since both subfamilies seem to have 

occupied the same niche in the same habitat and. Consequently, the 

competition ultimately led to the extinction of Patagornithinae. During the 

Huayquerian, the emergence of Mesembriornis incertus, a niche competitor 

akin to Andalgalornis steulleti, closely precedes the extinction of 

Patagornithinae as the transition to the Montehermosan SALMA occurs [20]. 

Similarly, several studies carried out in other groups have also shown a 

negative relationship between species diversity and speciation rates (e.g., 31, 

32, 67, 69-74), as well as a negative or positive correlation between extinction 
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rate and species diversity (e.g., 68, 75, 76). Thus, global regulation of diversity 

through negative diversity dependence appears to be a common feature of 

nature.  

Our results provide evidence that competition contributed to the extinction of 

terror birds, as changes in the extinction rates of phorusrhacids are correlated 

with diversity changes of competitors Carnivora and Didelphimorphia. 

Procyonids of the ‘Cyonasua group’ were the first placental carnivores to arrive 

from North to South America during the late Miocene, before the complete 

emergence of the Isthmus of Panama [54]. The group comprising the extinct 

genera Cyonasua and Chapalmalania are the only placental carnivores in 

South America with a fossil record extending nearly 4.3 Ma [11, 55]. Members 

of the Cyonasua group exhibited greater specialization for carnivory than most 

extant procyonids [55, 56], with body masses ranging from 3 to 24 kg for 

Cyonasua and around 25 to 93 kg for Chapalmalania [57] (some estimates 

suggest a mass between 93 to 154 kg for Chapalmalania [57]). Thus, members 

of the Cyonasua group were likely to compete for similar prey with members 

of the subfamily Psilopterinae, which includes small species (e.g., Procariama 

simplex 9.48-12.66 kg [18]), as well as species from Mesembriornithinae (e.g., 

Mesembriornis milneedwardsi 53.84-66 kg [18], 70 kg [24]) composed by 

medium-sized species [20]. Furthermore, morphofunctional studies of 

Pliocene didelphimorphs indicate a significant increase in body size and 

carnivorous habits compared to pre-Pliocene lineages, notably more 

specialized than their present-day relatives [56]. Hence, several distinct 

carnivorous morphotypes evolved during the late Miocene to Pleistocene, 
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distributed in two main groups: Sparassocynidae and Didelphidae [29]. 

Specifically, members of Sparassocynidae, including Thylophorops, 

Thylatheridium, and Hyperdidelphys, evolved into highly carnivorous taxa [58]. 

Terror birds exhibit a temporal overlap with didelphimorphs and were 

contemporary during the evolution of their highly carnivorous forms. Thus, it is 

likely that these carnivorous didelphimorph taxa compete with certain species 

of Phorusrhacidae. 

In contrast, changes in Sparassodonta diversity positively affect the 

phorusrhacids’ speciation rate, rejecting the competition hypothesis between 

these groups. This result could be interpreted as potential positive interactions 

between these two carnivorous groups or similar responses to a common 

factor driving their diversification dynamics. Beneficial interactions between 

Sparassodonta and terror birds have been proposed in previous studies [59, 

60]. Most sparassodonts were hypercarnivorous, although some displayed 

omnivorous or insectivorous diets [61]. Among them, Thylacosmilus atrox, a 

highly specialized saber-toothed predator, evolved extreme adaptations such 

as hypertrophied upper canines and was the last large Sparassodonta (~120 

kg) during the late Miocene to Pliocene [29, 31, 62]. As a top carnivore, it 

probably left large prey partly uneaten because it could not process bones, 

which attracted scavengers like terror birds and small metatherians [59, 60]. It 

has also been suggested that some borhyaenids may have hunted prey while 

phorusrhacids scavenged the remains [59]. Therefore, some Sparassodonta 

taxa may have benefited certain phorusrhacids. Furthermore, it has been 

proposed that terror birds replaced the large carnivorous borhyaenids of the 
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subfamily Borhyaeninae in the late Tertiary, at least in the savannas of 

Argentina [63]. On the other hand, Phorusrhacidae exhibit spatial and temporal 

overlap with Sparassodonta, and their diversity trajectories appear to follow a 

similar trend, suggesting a common cause driving the decline of both clades 

[11, 31, Fig. S2, this study]. Yet, previous studies on the potential drivers of 

Sparassodonta diversification dynamics point to the drastic geological, 

environmental, and climatic changes triggered by the uplift of the Andes as the 

primary cause of its demise [11, 31, 64]. Thus, our results contribute to 

previous studies that dismiss the competition hypothesis between 

sparassodonts and terror birds [11, 31, 65]. However, the explanation for the 

positive relationship between sparassodonts diversity and phorusrhacids 

diversification remains unresolved. 

 

Court Jester model 

A significant and positive correlation can be observed between the speciation 

rate of Phorusrhacidae and the variation in CO₂ levels. This relationship may 

support the hypothesis that a CO₂-poor atmosphere is associated with 

grassland families' geographic expansion and diversification since the 

Oligocene. Other environmental and biological factors, such as decreasing 

temperatures and increasing aridity, may also play a role in this process [77]. 

Around 32 million years ago, a drop in atmospheric CO₂ levels to 550 ppm 

coincided with the emergence of plants with biological carbon-concentrating 

mechanisms (CCMs), which are prevalent in today's grasslands and deserts. 
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The two primary CCMs in land plants, crassulacean acid metabolism (CAM) 

and C4 photosynthetic pathways, provide competitive advantages over the 

ancestral C3 pathway, particularly under lower atmospheric CO₂ and low 

precipitation conditions [51]. Consequently, a negative correlation has been 

identified between the diversification rates of the grassland families Poaceae 

and Asteraceae and atmospheric CO₂ levels [77]. If the low levels of 

atmospheric CO₂ during the Oligocene led to the expansion of more open 

habitats, this may have favored cursorial species of the Phorusrhacidae family, 

particularly the subfamilies Psilopterinae and Patagornithinae. Additionally, 

this environment could have facilitated the emergence of new species with 

cursorial habits. Based on their body size, it appears that the Phorusrhacinae 

taxa evolved to occupy the macropredator niche previously held by the 

Physornithinae, which likely consisted entirely of graviportal taxa [20]. 

Members of the subfamily Phorusrhacinae are gigantic terrestrial birds but 

smaller and more slender than Physornithinae. It is composed of P. 

longissimus, which was cursorial, and D. pozzi and K. guillermoi, which, while 

both graviportal in proportion, have been suggested to have a superior running 

ability than Physornithinae [20, 78]. Accordingly, the earliest known and well-

preserved Phorusrhacidae footprints indicate that medium-sized species from 

the Late Miocene (~8 Ma) evolved strong cursorial adaptations [18].  

Furthermore, the extinction rate of Phorusrhacidae is positively correlated with 

the leaf area index, which is a proxy for vegetation openness. Open habitat 

grasses in southern South America were minor components in predominantly 
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forested habitats until the early Miocene [72], then grassland radiation favored 

cursorial terror bird species. However, after the first aridification events of the 

Miocene since at least 15 Ma, which involved the expansion of grasslands, 

steppes, and scrublands in South America and a concomitant restriction of 

forests, rainforests, and wetlands [31], it negatively affected both the more 

robust and graviportal species, as well as the cursorial species of 

Phorusrhacidae. In this way, LAI values indicate the presence of dry forest, 

woodland, or scrubland during the late Oligocene to the early Miocene (~21.1 

to 18.8 Ma), when the values decrease, suggesting changes between palm 

scrub and open forest without a continuous herbaceous understory. 

Subsequently, in the middle Miocene (~15.7 to 14.6 Ma), a brief increase in 

the values of this proxy is observed at 14.6 Ma. However, after this, the values 

decrease again [47]. According to modeling approaches, new xeric biomes are 

developed by low atmospheric CO₂ levels, decreased temperatures, and 

increased aridity [77]. Therefore, their development and expansion were 

favored by events such as the opening of the Drake Passage during the 

Eocene-Oligocene transition (about 28 Ma), which isolated Antarctica from 

Patagonia, causing a trend towards colder conditions and the rise of the Andes 

Mountain range during the Miocene, which blocked the passage of humid 

easterly winds and induced desertification [14]. In line with the above, 

osteohistological evidence supports the view that phorusrhacids were very 

active birds that lacked insularity-related attributes and supports the idea that 

the extinction of these birds may be related to climatic and environmental 

changes [79]. Therefore, the presence of vegetation types as well as the 
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overall composition of vegetation (e.g., providing open or closed habitats) form 

an important component of the paleoenvironment for these species (e.g., as 

food or nest resources) and thus play a key role in driving the dynamics of 

Phorusrhacidae [80].  

 

CONCLUSION 

Our findings indicates that the evolutionary history and ultimate extinction of 

Phorusrhacidae were not the result of a single cause but arose from the 

intricate interaction between biotic pressures and abiotic processes. Biotic 

factors, such as increased competition with Carnivora and Didelphimorphia 

and self-diversity dependence, coupled with abiotic drivers like atmospheric 

CO₂ fluctuations and the progressive expansion of open landscapes, shaped 

the group’s diversification and decline. Rather than a sudden collapse, the 

extinction of terror birds reflects a prolonged and multifactorial process, 

highlighting the vulnerability of specialized apex predators to compounded 

ecological pressures over deep time. 

 

 

 



31 
 

REFERENCES 

1. Lehtonen S, Silvestro D, Karger DN, Scotese C, Tuomisto H, Kessler M, 

Pena C, Wahlberg N, Antonelli A. 2017 Environmentally driven extinction 

and opportunistic origination explain fern diversification patterns. Sci. Rep. 

7. (https://doi.org/10.1038/s41598-017-05263-7) 

 
2. Price SA, Schmitz L. 2016 A promising future for integrative biodiversity 

research: An increased role of scale-dependency and functional biology. 

Philos. Trans. R. Soc. B. 371. (https://doi.org/10.1098/rstb.2015.0228) 

 
3. Condamine FL, Rolland J, Höhna S, Sperling FAH, Sanmartín I. 2018 

Testing the Role of the Red Queen and Court Jester as Drivers of the 

Macroevolution of Apollo Butterflies. Syst. Biol. 67, 940-964. 

(https://doi.org/10.1093/sysbio/syy009) 

 
4. Van Valen L. 1973 A new evolutionary law. Evol. Theor. 1, 1-30. 

 
5. Van Valen L. 1977 The red queen. Am. Nat. 111, 809-810. 

(https://doi.org/10.1086/283213)  

 
6. Alroy J, Koch PL, Zachos JC. 2000 Global climate change and North 

American mammalian evolution. Paleobiology 26, 259-288. 

(https://doi.org/10.1017/S0094837300026968) 

 
7. Silvestro D, Antonelli A, Salamin N, Quental TB. 2015 The role of clade 

competition in the diversification of North American canids. Proc. Natl. 

https://doi.org/10.1038/s41598-017-05263-7
https://doi.org/10.1098/rstb.2015.0228
https://doi.org/10.1093/sysbio/syy009
https://doi.org/10.1017/S0094837300026968


32 
 

Acad. Sci. U.S.A. 112, 8684-8689. 

(https://doi.org/10.1073/pnas.1502803112) 

 
8. Liow LH, Reitan T, Harnik PG. 2015 Ecological interactions on 

macroevolutionary time scales: clams and brachiopods are more than 

ships that pass in the night. Ecol. Lett. 18, 1030-1039. 

(https://doi.org/10.1111/ele.12485) 

 
9. Barnosky AD. 2001 Distinguishing the effects of the Red Queen and Court 

Jester on Miocene mammal evolution in the northern Rocky Mountains. J. 

Vertebr. Paleontol. 21, 172-185. (https://doi.org/10.1671/0272-

4634(2001)021[0172:DTEOTR]2.0.CO;2) 

 
10. Renne PR, Zichao Z, Richards MA, Black MT, Basu AR. 1995 Synchrony 

and Causal Relations Between Permian-Triassic Boundary Crises and 

Siberian Flood Volcanism. Science 269, 1413-1416. 

(https://doi.org/10.1126/science.269.5229.1413) 

 
11. Pino K, Vallejos-Garrido P, Espinoza-Aravena N, Cooper RB, Silvestro D, 

Hernández CE, Rodríguez-Serrano E. 2022 Regional landscape change 

triggered by Andean uplift: The extinction of Sparassodonta (Mammalia, 

Metatheria) in South America. Glob. Planet. Change 210, 103758. 

(https://doi.org/10.1016/j.gloplacha.2022.103758) 

 

https://doi.org/10.1073/pnas.1502803112
https://doi.org/10.1111/ele.12485
https://doi.org/10.1671/0272-4634(2001)021%5b0172:DTEOTR%5d2.0.CO;2
https://doi.org/10.1671/0272-4634(2001)021%5b0172:DTEOTR%5d2.0.CO;2
https://doi.org/10.1126/science.269.5229.1413
https://doi.org/10.1016/j.gloplacha.2022.103758


33 
 

12. Benton MJ. 2009 The red queen and the Court Jester: species diversity 

and the role of biotic and abiotic factors through time. Science 323, 728-

732. (https://doi.org/10.1126/science.1157719) 

 
13. Ezard THG, Aze T, Pearson PN, Purvis A. 2011 Interplay Between 

Changing Climate and Species Ecology Drives Macroevolutionary 

Dynamics. Science 332, 349-351. 

(https://doi.org/10.1126/science.1203060) 

 
14. Tambussi CP. 2011 Palaeoenvironmental and faunal inferences based on 

the avian fossil record of Patagonia and Pampa: What works and what 

does not. Biol. J. Linn. Soc. 103, 458-474. (https://doi.org/10.1111/j.1095-

8312.2011.01658.x) 

 
15. Degrange FJ. 2017 Hind limb morphometry of terror birds (Aves, 

Cariamiformes, Phorusrhacidae): functional implications for substrate 

preferences and locomotor lifestyle. Earth Environ. Sci. Trans. R. Soc. 

Edinb. 106, 257-276. (doi:10.1017/S1755691016000256) 

 
16. Jones W, Rinderknecht A, Alvarenga H, Montenegro F, Ubilla M. 2018 The 

last terror birds (Aves, Phorusrhacidae): new evidence from the late 

Pleistocene of Uruguay. PalZ. 92, 365-372. 

(https://doi.org/10.1007/s12542-017-0388-y) 

 
17. Mayr G. 2022 Paleogene Fossil Birds. 2nd ed. Cham, Switzerland: 

Springer.  

https://doi.org/10.1126/science.1157719
https://doi.org/10.1126/science.1203060
https://doi.org/10.1111/j.1095-8312.2011.01658.x
https://doi.org/10.1111/j.1095-8312.2011.01658.x
https://doi.org/10.1007/s12542-017-0388-y


34 
 

18. Melchor RN, Feola SF, Cardonatto MC, Espinoza N, Rojas-Manriquez MA, 

Herazo L. 2023 First terror bird footprints reveal functionally didactyl 

posture.  Sci. Rep. 13. (https://doi.org/10.1038/s41598-023-43771-x) 

 
19. Tambussi CP, Degrange FJ. 2013 South American and Antarctic 

Continental Cenozoic Birds. Paleobiogeographic Affinities and Disparities. 

Dordrecht: Springer. (https://doi.org/10.1007/978-94-007-5467-6) 

 
20. LaBarge TW, Gardner JD, Organ CL. 2024 The evolution and ecology of 

gigantism in terror birds (Aves, Phorusrhacidae). Proc. R. Soc. B. 291. 

(https://doi.org/10.1098/rspb.2024.0235) 

 
21. Degrange FJ. 2021 A revision of skull morphology in Phorusrhacidae 

(Aves, Cariamiformes). J. Vertebr. Paleontol. 40, e1848855. 

(https://doi.org/10.1080/02724634.2020.1848855) 

 
22. Acosta Hospitaleche C, Jones W. 2024 Insights on the oldest terror bird 

(Aves, Phorusrhacidae) from the Eocene of Argentina. Hist. Biol. 

(https://doi.org/10.1080/08912963.2024.2304592) 

 
23. Alvarenga HMF, Höfling E. 2003 Systematic revision of the 

Phorusrhacidae (Aves: Ralliformes). Pap. Avulsos Zool. 43, 55-91. 

(https://doi.org/10.1590/S0031-10492003000400001) 

 
24. Angst D, Buffetaut E. 2017 Palaeobiology of giant flightless birds. London, 

UK: ISTE Press. 

https://doi.org/10.1038/s41598-023-43771-x
https://doi.org/10.1007/978-94-007-5467-6
https://doi.org/10.1098/rspb.2024.0235
https://doi.org/10.1080/02724634.2020.1848855
https://doi.org/10.1080/08912963.2024.2304592
https://doi.org/10.1590/S0031-10492003000400001


35 
 

25. Degrange FJ, Eddy D, Puerta P, Clarke J. 2019 New skull remains of 

Phorusrhacos longissimus (Aves, Cariamiformes) from the Miocene of 

Argentina: implications for the morphology of Phorusrhacidae. J. Paleontol. 

93, 1-13. (doi: 10.1017/jpa.2019.53) 

 
26. Agnolín FL. 2009 Sistemática y Filogenia de las aves Forracoideas 

(Gruiformes, Cariamae). Monografías Fundación Azara, 79. 

 
27. Marshall L, Ciffellli R. 1990 Analysis of changing diversity patterns in 

Cenozoic Land Mammal Age faunas of South America. Palaeovertebrata 

19, 169-210. 

 
28. MacFadden BJ, Labs-Hochstein J, Hulbert RC, Baskin JA. 2007 “Revised 

age of the late Neogene terror bird (Titanis) in North America during the 

Great American Interchange”. Geology 35, 123-126. 

(https://doi.org/10.1130/G23186A.1) 

 
29. Prevosti FJ, Forasiepi AM. 2018 Evolution of South American Mammalian 

Predators during the Cenozoic: Paleobiogeographic and 

Paleoenvironmental Contingencies. Cham, Switzerland: Springer.  

 
30. Van Valkenburgh B, Wang X, Damuth J. 2004 Cope’s rule, hypercarnivory, 

and extinction in North American canids. Science 306, 101-104. (doi: 

10.1126/science.1102417.) 

 
31. Tarquini SD, Ladevèze S, Prevosti FJ. 2022 The multicausal twilight of 

South American native mammalian predators (Metatheria, 

https://doi.org/10.1130/G23186A.1
https://www.nature.com/articles/s41598-022-05266-z#auth-Sandrine-Ladev_ze-Aff2


36 
 

Sparassodonta). Sci. Rep. 12. (https://doi.org/10.1038/s41598-022-

05266-z) 

 
32. Solórzano A, Núñez-Flores M, Rodríguez-Serrano E. 2024 The rise and 

fall of notoungulates: How Andean uplift, available land area, competition, 

and depredation driven its diversification dynamics. Gondwana Res. 

(doi:10.1016/j.gr.2024.08.002.) 

 
33. Salas-Gismondi R, Flynn JJ, Baby P, Tejada-Lara Jv, Wesselingh FP, 

Antoine PO. 2015 A Miocene hyperdiverse crocodilian community reveals 

peculiar trophic dynamics in proto-Amazonian mega-wetlands. Proc. R. 

Soc. B. 282, 20142490. (https://doi.org/10.1098/rspb.2014.2490) 

 
34. Zizka A, Silvestro D, Andermann T, Azevedo J, Duarte Ritter C, Edler D, 

Farooq H, Herdean A, Ariza M, Scharn R, et al. 2019 CoordinateCleaner: 

standardized cleaning of occurrence records from biological collection 

databases. Methods Ecol. Evol. 10, 744-751. 

(https://doi.org/10.1111/2041-210X.13152) 

 

35. Flannery‐Sutherland JT, Raja NB, Kocsis ÁT, Kiessling W. 2022 

fossilbrush: An R package for automated detection and resolution of 

anomalies in palaeontological occurrence data. Methods Ecol. Evol. 13, 

2404-2418. (https://doi.org/10.1111/2041-210X.13966) 

 
36. Dunn RE, Madden RH, Kohn MJ, Schmitz MD, Strömberg CAE, Carlini AA, 

Ré GH, Crowley J. 2013 A new chronology for middle Eocene–early 

https://doi.org/10.1038/s41598-022-05266-z
https://doi.org/10.1038/s41598-022-05266-z
https://doi.org/10.1098/rspb.2014.2490
https://doi.org/10.1111/2041-210X.13152
https://doi.org/10.1111/2041-210X.13966


37 
 

Miocene South American Land Mammal Ages. GSA Bull. 125, 539-555. 

(doi: 10.1130/B30660.1) 

 
37. Prevosti FJ, Romano CO, Forasiepi AM, Hemming S, Bonini R, Candela 

AM, Cerdeño E, Madozzo Jaén MC, Ortiz PE, Pujos F, et al. 2021 New 

radiometric 40Ar–39Ar dates and faunistic analyses refine evolutionary 

dynamics of Neogene vertebrate assemblages in southern South America. 

Sci. Rep. 11, 9830. (https://doi.org/10.1038/s41598-021-89135-1) 

 
38. Romano CO, Garrido AG, Barbeau Jr DL, Vera RB, Bonini R, Boscaini A, 

Cerdeño E, Cruz LE, Esteban GI, de la Fuente MS, et al. 2023 Redefining 

the Huayquerian Stage (Upper Miocene to Lower Pliocene) of the South 

American chronostratigraphic scale based on biostratigraphical analyses 

and geochronological dating. Papers Palaeontol. 9, e1539. 

(https://doi.org/10.1002/spp2.1539) 

 
39. Romano C, Bonini R, Hemming S, Cenizo M, Pardiñas UFJ, Prevosti FJ. 

2023 Advances in the understanding of Neogene mammalian fauna in the 

Pampean region (central Argentina) through revising “biozone” hypotheses 

based on new dates and biochronological analyses. Ameghiniana 60, 465-

491. (https://doi.org/10.5710/AMGH.07.07.2023.3551) 

 
40. Jones LA, Gearty W, Allen BJ, Eichenseer K, Dean CD, Galván S, Kouvari 

M, Godoy PL, Nicholl CSC, Buffan L, et al. 2023 palaeoverse: A 

community-driven R package to support palaeobiological analysis. 

https://doi.org/10.1038/s41598-021-89135-1
https://doi.org/10.1002/spp2.1539
https://doi.org/10.5710/AMGH.07.07.2023.3551


38 
 

Methods Ecol. Evol. 14, 2205-2215. (https://doi.org/10.1111/2041-

210X.14099) 

 
41. Silvestro D, Salamin N, Antonelli A, Meyer X. 2019 Improved estimation of 

macroevolutionary rates from fossil data using a Bayesian framework. 

Paleobiology 45, 546-570. (https://doi.org/10.1017/pab.2019.23.) 

 
42. Silvestro D, Salamin N, Schnitzler J. 2014 PyRate: a new program to 

estimate speciation and extinction rates from incomplete fossil data. 

Methods Ecol. Evol. 5, 1126-1131. (https://doi.org/10.1111/2041-

210X.12263) 

 
43. Silvestro D, Pires MM, Quental TB, Salamin N. 2017 Bayesian estimation 

of multiple clade competition from fossil data. Evol. Ecol. Res. 18, 41-59.  

 
44. Hoorn C, Wesselingh FP, ter Steege H, Bermudez MA, Mora A, Sevink J, 

Sanmartin I, Sanchez-Meseguer A, Anderson CL, Figueiredo JP, et al. 

2010 Amazonia through time: Andean Uplift, climate change, landscape 

evolution, and biodiversity. Science 330, 927-931. (https://doi.org/ 

10.1126/science.1194585.) 

 
45. Boschman LM. 2021 Andean Mountain building since the Late Cretaceous: 

A paleoelevation reconstruction. Earth-Sci. Rev. 220, 103640. 

(https://doi.org/10.1016/j.earscirev.2021.103640) 

 
46. Boschman LM, Condamine FL. 2022 Mountain radiations are not only 

rapid and recent: Ancient diversification of South American frog and lizard 

https://doi.org/10.1111/2041-210X.14099
https://doi.org/10.1111/2041-210X.14099
https://doi.org/10.1017/pab.2019.23
https://doi.org/10.1111/2041-210X.12263
https://doi.org/10.1111/2041-210X.12263
https://doi.org/10.1016/j.earscirev.2021.103640


39 
 

families related to Paleogene Andean orogeny and Cenozoic climate 

variations. Glob. Planet. Change 208. 

(https://doi.org/10.1016/j.gloplacha.2021.103704) 

 
47. Dunn RE, Strömberg CAE, Madden RH, Kohn MJ, Carlini AA. 2015 Linked 

canopy, climate, and faunal change in the Cenozoic of Patagonia. Science 

347, 258-261. (https://doi.org/10.1126/science.1260947.) 

 
48. Solórzano A, Núñez-Flores M. 2021 Evolutionary trends of body size and 

hypsodonty in notoungulates and their probable drivers. Palaeogeogr. 

Palaeoclimatol. Palaeoecol. 568, 110306. 

(https://doi.org/10.1016/j.palaeo.2021.110306) 

 
49. Scotese CR, Song H, Mills BJW, Van der Meer DG. 2021 Phanerozoic 

paleotemperature: The earth’s changing climate during the last 540 million 

years. Earth-Sci. Rev. 215. 

(https://doi.org/10.1016/j.earscirev.2021.103503.) 

 
50. Van der Meer DG, Scotese CR, Mills BJW, Sluijs A, Van den Berg Van 

Saparoeae AP, Van de Weg RMB. 2022 Long-term Phanerozoic global 

mean sea level: Insights from strontium isotope variations and estimates 

of continental glaciation. Gondwana Res. 111, 103-121. 

(https://doi.org/10.1016/j.gr.2022.07.014) 

 

https://doi.org/10.1016/j.gloplacha.2021.103704
https://doi.org/10.1126/science.1260947
https://doi.org/10.1016/j.palaeo.2021.110306
https://doi.org/10.1016/j.earscirev.2021.103503
https://doi.org/10.1016/j.gr.2022.07.014


40 
 

51. The CenCO2PIP Consortium. 2023 Toward a Cenozoic history of 

atmospheric CO2. Science 382, eadi5177. 

(https://doi.org/10.1126/science.adi5177) 

 
52. Ortiz-Jaureguizar E, Cladera GA. 2006 Paleoenvironmental evolution of 

southern South America during the Cenozoic. J. Arid Environ. 66, 498–

532. (doi:10.1016/j.jaridenv.2006.01.007) 

 
53. van Holstein LA, Foley RA. 2024 Diversity-dependent speciation and 

extinction in hominins. Nat. Ecol. Evol. 8, 1180-1190. 

(https://doi.org/10.1038/s41559-024-02390-z) 

 
54. Soibelzon LH, Rinderknecht A, Tarquini J, Ugalde R. 2019 First record of 

fossil procyonid (Mammalia, Carnivora) from Uruguay. J. South Am. Earth 

Sci. 92, 368-373. (https://doi.org/10.1016/j.jsames.2019.03.024) 

 
55. Engelman RK, Croft DA. 2019 Strangers in a strange land: Ecological 

dissimilarity to metatherian carnivores may partly explain early colonization 

of South America by Cyonasua- group procyonids. Paleobiology 45, 598-

611. (https://doi.org/10.1017/ pab.2019.29) 

 
56. Cenizo M, Soibelzon E, Magnussen Saffer M. 2015 Mammalian predator-

prey relationships and reoccupation of burrows in the Pliocene of the 

Pampean Region (Argentina): new ichnological and taphonomic evidence. 

Hist. Biol. 28, 1026-1040. 

(https://doi.org/10.1080/08912963.2015.1089868) 

https://doi.org/10.1126/science.adi5177
https://doi.org/10.1038/s41559-024-02390-z
https://doi.org/10.1016/j.jsames.2019.03.024
https://doi.org/10.1080/08912963.2015.1089868


41 
 

57. Tarquini J, Toledo N, Soibelzon LH, Morgan CC. 2018 Body mass 

estimation for †Cyonasua (Procyonidae, Carnivora) and related taxa 

based on postcranial skeleton. Hist. Biol. 30, 496-506. 

(https://doi.org/10.1080/08912963.2017.1295042) 

 
58. Prevosti FJ, Forasiepi A, Zimicz N. 2013 The evolution of the Cenozoic 

Terrestrial Mammalian Predator Guild in South America: Competition or 

Replacement?. J. Mammal. Evol. 20, 3-21. 

(https://doi.org/10.1007/s10914-011-9175-9.) 

 
59. Argot C. 2004 Evolution of South American mammalian predators 

(Borhyaenoidea): anatomical and palaeobiological implications. Zool. J. 

Linn. Soc. 140, 487-521. (https://doi.org/10.1111/j.1096-

3642.2004.00110.x.) 

 
60. Defler T. 2019 History of Terrestrial Mammals in South America: How 

South American Mammalian Fauna Changed from the Mesozoic to Recent 

Times. Cham, Switzerland: Springer.  

 
61. López-Aguirre C, Archer M, Hand SJ, Laffan SW. 2017 Extinction of South 

American sparassodontans (Metatheria): environmental fluctuations or 

complex ecological processes? Palaeontology 60, 91-115. 

(https://doi.org/10.1111/pala.12272) 

 
62. Prevosti FJ, Forasiepi AM, Ercoli MD, Turazzini GF. 2012 Paleoecology of 

the mammalian carnivores (Metatheria, Sparassodonta) of the Santa Cruz 

https://doi.org/10.1080/08912963.2017.1295042
https://doi.org/10.1007/s10914-011-9175-9
https://doi.org/10.1111/j.1096-3642.2004.00110.x
https://doi.org/10.1111/j.1096-3642.2004.00110.x
https://doi.org/10.1111/pala.12272


42 
 

Formation (late early Miocene). In Early Miocene Paleobiology in 

Patagonia: high-latitude paleocommunities of the Santa Cruz formation 

(eds SF Vizcaíno, RF Kay, MS Bargo), pp. 173-193. Cambridge, UK: 

Cambridge University Press. 

 
63. Marshall LG. 1981 The Great American Interchange – An invasion induced 

crisis for South American mammals. In Biotic crisis in ecological and 

evolutionary time (ed MH Nitecki), pp. 133-229. Academic Press. 

 
64. Prevosti FJ, Suarez C, Forasiepi AM, Tarquini SD, Chemisquy A. 2024 

Another twist decoding the patterns of evolution of the South American 

extinct mammalian predators (Sparassodonta, Metatheria.). Ameghiniana 

61, 257-278. (https://doi.org/10.5710/AMGH.12.12.2024.3618) 

 
65. Ercoli MD, Prevosti FJ, Forasiepi AM. 2014 The Structure of the 

Mammalian Predator Guild in the Santa Cruz Formation (Late Early 

Miocene). J. Mammal. Evol. 21, 369-381. (https://doi.org/10.1007/s10914-

013-9243-4.) 

 
66. Condamine FL, Rolland J, Morlon H. 2019 Assessing the causes of 

diversification slowdowns: temperature-dependent and diversity-

dependent models receive equivalent support. Ecol. Lett. 22, 1900-1912. 

(https://doi.org/10.1111/ele.13382) 

 
67. Weppe R, Condamine FL, Guinot G, Maugoust J, Orliac MJ. 2023 Drivers 

of the artiodactyl turnover in insular western Europe at the Eocene-

https://doi.org/10.5710/AMGH.12.12.2024.3618
https://doi.org/10.1007/s10914-013-9243-4
https://doi.org/10.1007/s10914-013-9243-4
https://doi.org/10.1111/ele.13382


43 
 

Oligocene Transition. Proc. Natl. Acad. Sci. U.S.A. 120, e2309945120. 

(https://doi.org/10.1073/pnas.2309945120) 

 
68. Pires MM, Silvestro D, Quental TB. 2017 Interactions within and between 

clades shaped the diversification of terrestrial carnivores. Evolution 71, 

1855-1864. ( https://doi.org/10.1111/evo.13269) 

 
69. Phillimore AB, Price TD. 2008 Density-Dependent Cladogenesis in Birds. 

PLoS Biol. 6, e71. (https://doi.org/10.1371/journal.pbio.0060071) 

 
70. Peña C, Witthauer H, Klečková I, Fric Z, Wahlberg N. 2015 daptive 

radiations in butterflies: evolutionary history of the 

genus Erebia (Nymphalidae: Satyrinae). Biol. J. Linn. Soc. 116, 449-467. 

(https://doi.org/10.1111/bij.12597) 

 
71. Condamine FL, Romieu J, Guinot G. 2019 Climate cooling and clade 

competition likely drove the decline of lamniform sharks. Proc. Natl. Acad. 

Sci. U.S.A. 116, 20584-20590. (https://doi.org/10.1073/pnas.1902693116) 

 
72. Solórzano A, Núñez-Flores M, Inostroza-Michael O, Hernández CE. 2019 

Biotic and abiotic factors driving the diversification dynamics of Crocodylia. 

Paleontology 63, 415-429. (https://doi.org/10.1111/pala.12459) 

 
73. Peris D, Condamine FL. 2024 The angiosperm radiation played a dual role 

in the diversification of insects and insect pollinators. Nat. Commun. 15. 

(https://doi.org/10.1038/s41467-024-44784-4) 

https://doi.org/10.1073/pnas.2309945120
https://doi.org/10.1111/evo.13269
https://doi.org/10.1371/journal.pbio.0060071
https://doi.org/10.1111/bij.12597
https://doi.org/10.1073/pnas.1902693116
https://doi.org/10.1111/pala.12459
https://doi.org/10.1038/s41467-024-44784-4


44 
 

74. Flannery-Sutherland JT, Crossan CD, Myers CE, Hendy AJW, Landman 

NH, Witts JD. 2024 Late Cretaceous ammonoids show that drivers of 

diversification are regionally heterogeneous. Nat. Commun. 15. 

(https://doi.org/10.1038/s41467-024-49462-z) 

 
75. Neubauer TA, Harzhauser M. 2022 Onset of Late Cretaceous 

diversification in Europe’s freshwater gastropod fauna links to global 

climatic and biotic events. Sci. Rep. 12. (https://doi.org/10.1038/s41598-

022-06557-1) 

 
76. Jouault C, Nel A, Perrichot V, Legendre F, Condamine FL. 2022 Multiple 

drivers and lineage-specific insect extinctions during the Permo–

Triassic. Nat. Commun. 13. (https://doi.org/10.1038/s41467-022-35284-4) 

 
77. Palezzesi L, Hidalgo O, Barreda VD, Forest F, Höhna S. 2022 The rise of 

grasslands is linked to atmospheric CO2 decline in the late Paleogene. 

Nat. Commun. 13. (https://doi.org/10.1038/s41467-021-27897-y) 

 
78. Degrange FJ, Cooke SB, Ortiz-Pabon LG, Pelegrin JS, Perdomo CA, 

Salas-Gismondi R, Link A. 2024 A gigantic new terror bird (Cariamiformes, 

Phorusrhacidae) from Middle Miocene tropical environments of La Venta 

in northern South America. Pap. Palaeontol. 10, 

e1601. (https://doi.org/10.1002/spp2.1601) 

 
79. Marsà JAG, Agnolín FL, Angst D, Buffetaut E. 2025 Paleohistological 

Analysis of “Terror Birds” (Phorusrhacidae, Brontornithidae): 

https://doi.org/10.1038/s41467-024-49462-z
https://doi.org/10.1038/s41598-022-06557-1
https://doi.org/10.1038/s41598-022-06557-1
https://doi.org/10.1038/s41467-022-35284-4
https://www.nature.com/articles/s41467-021-27897-y#auth-Sebastian-H_hna-Aff4-Aff5
https://doi.org/10.1038/s41467-021-27897-y
https://doi.org/10.1002/spp2.1601


45 
 

Paleobiological Inferences. Diversity, 17(3), 153. 

(https://doi.org/10.3390/d17030153) 

 
80. Huang S, Meijers MJM, Eyres A, Mulch A, Fritz SA. 2019 Unravelling the 

history of biodiversity in mountain ranges through integrating geology and 

biogeography. J. Biogeogr. 46, 1777-1791. 

(https://doi.org/10.1111/jbi.13622.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://doi.org/10.3390/d17030153


46 
 

ANNEXES 

1. Phorusrhacos longissimus (Ameghino,1887) from Santa Cruz Formation 

(late early Miocene), Santa Cruz Province, Argentina. Scientific artwork by 

Francisca Zamora-Cornejo (https://www.instagram.com @pangeaexplora). 
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2. Databases of fossil occurrences of Phorusrhacidae and competitors 

(Sparassondota, Carnivora and Didelphimorphia), and abiotic factors 

(smoothed mean curve estimated for the entire Andes, paleo-elevation data 

for the central-southern Andes, leaf area index, proportion of open habitat, 

mean temperature variation, mean sea-level reconstruction, and mean carbon 

dioxide levels). 

Databases: https://doi.org/10.5281/zenodo.15313569 

  

https://doi.org/10.5281/zenodo.15313569
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3. Supplementary figures. 

 

Figure S1. Estimated lifespan of each species of Phorusrhacidae, obtained from BDS 

analyses. 

 

 

 

Figure S2. Diversity trajectories of Phorusrhacidae and competitors. 
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Figure S3. Presence of Phorusrhacidae occurrences plotted according to epochs, 

based on the current geographic coordinates of the sampling localities and their age 

estimates. 

 

Figure S4. Presence of Phorusrhacidae occurrences and competitors, based on the 

current geographical coordinates of the sampling localities. 
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Figure S5. Geographical overlap of Phorusrhacidae and competitors, based on the 

current geographical coordinates of the sampling localities. 
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