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Abstract


Litter size plays an essential role in mammalian evolution and is one of the most important factors determining whether an organism is deemed to have a ‘slow’ or ‘fast’ life history strategy. Humans are distinct in being classified as having slow life history yet bearing singletons who have completed relatively less growth than other ape neonates. Previous work has proposed that the ancestral primate gave birth to singletons. However, primate litter size has not yet been contextualized within a broad phylogenetic assessment of mammalian life history. We performed a comprehensive investigation of primate litter size using life history data for 155 primate species, and litter size data for an additional 791 boreoeutherian mammals. Litter size and life history traits have strong phylogenetic signal in primates (Pagel’s lambda: 0.99, p < 0.001; Blomberg’s K: 0.6311. p < 0.001), and litter size is significantly negatively correlated with gestation length (p < 0.001). Our data support that the last common ancestors of both primates and Haplorhini gave birth to multiples (litter size 1.7 and 1.6, respectively). We also find that singleton-bearing pregnancies evolved convergently in multiple primate lineages, including tarsiers and other haplorhines. This study contributes significantly to our understanding of life history and litter size in mammals, and we emphasize the utility of a callitrichid model for investigating the evolution of human reproduction.
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1. Introduction


Almost all primates give birth to single offspring [1,2]. However, some genera, including marmosets, tamarins, lemurs, lorises, and galagos, regularly give birth to twins and even triplets [1,3,4,5].



While humans almost always give birth to singletons, twin pregnancies do occur spontaneously at a global rate of around 1.1–1.5% [6]. With advances in assisted reproductive technologies, twinning has increased in some regions to a rate of about 3.0% over the last 50 years [7]. It has become imperative to understand the effects of twinning on pregnancies, mothers, and newborns.



Litter size is an important characteristic of life history that influences many aspects of reproduction, growth, and development [8,9]. Offspring number impacts how much investment each individual can receive from parents and other community members, particularly when there are finite energies and resources available [10]. Classic life history theory, r/K selection theory [11], posits that unstable, unpredictable environments favor organisms with high litter sizes and rapid growth (r-selected organisms), while stable environments select for organisms with smaller litter sizes and higher resource investment (K-selected organisms).



A strict application of the r/K continuum is no longer common in part because it does not apply neatly in all cases [12]. It has since been replaced by a less binary framework describing life history trade-offs. The litter size trade-off involves trading the advantages of producing many offspring for the capacity to provide more prenatal and postnatal resources to each individual offspring [10,13]. These trade-offs function alongside selection to place organisms along a slow (similar but not identical to K-selected) to fast (r-selected) life history continuum [14]. Life history traits classically associated with slow life histories include small numbers of offspring (small litters), large neonatal and adult body mass, increased length of adolescence and maturation periods, among others [8,10].



Slow life histories and singleton litters have arisen multiple times in mammals, including within Homo sapiens [1]. This pattern of high investment in a single offspring has been associated with increased brain size [15] and prolonged maturation [16] in the primate lineage. In contrast, the production of single offspring in Chiroptera and Dermoptera has been associated with aerial locomotor requirements [17,18]. Broadly, increased litter size has been negatively correlated with body size dimorphism in a sample of non-primate mammals [19] and positively correlated with reduced body size in a sample of primates [20]. These findings suggest that larger litters are generally produced by smaller-bodied, less sexually dimorphic mammals.



Humans are a prime example of a species with a life history made up of both prototypically ‘slow’ and ‘fast’ traits. Humans generally produce singletons with large brain masses at birth [1,15] yet have a reduced interbirth interval compared to other extant apes [21]. This allows for humans to produce more offspring during their reproductive lifespans, despite investing heavily in each offspring. A critical understanding of how reproduction has evolved will help illuminate the population expansions and technological advances that humans have undergone over the last 200,000 years.



Because the vast majority of primates give birth to singletons, it has been theorized that the primate last common ancestor (LCA) also gave birth to singletons, and that platyrrhines and strepsirrhines have convergently evolved increased litter size [2,22]. However, many other mammals have litter sizes greater than one, and primate litter size has not been well contextualized within the broader mammalian phylogeny. To better understand the evolution of primate litter size, we collected data on litter size, gestation length (days), adult and neonatal brain and body mass (grams), and maximum longevity (years) for N = 946 boreoeutherians, including n = 155 primate species. To our knowledge, this is the most comprehensive phylogenetic analysis of primate litter size to date. Using a series of phylogenetic analyses and ancestral state reconstructions, we tested the following hypotheses:



H1. 

Primate litter size is significantly associated with other life history and body size traits.





H1—null. 

Litter size is not correlated with other life history and body size traits.





H2. 

The primate last common ancestor had a litter size greater than 1.





H2—null. 

The primate last common ancestor gave birth to singletons.






2. Materials and Methods


We collected data on litter size for N = 946 species of extant eutherian mammals across 106 families, including n = 155 primate species representing 16 families across all major lineages. For the primate species (n = 155), we collected additional data on other life history and body size traits. The breakdown of species and the references for the data are presented in the Supplementary Materials (primate dataset summarized in Table 1; see Table S1 for more information). We included representatives of all extant families within primates. More than 90% of all extant families are represented by an average litter size value for at least one species for every clade in Boreoeutheria; this includes all extant families in Scandentia and Dermoptera (collectively called Euarchonta alongside Primates).



We collected data on litter size as well as other life history and size traits, including gestation period in days, maximum longevity in years, age at female and male maturity in years, birth and adult weights measured in grams, litters per year, age at weaning in days, interbirth interval in days, and neonatal and adult brain mass in grams. See the full dataset in the Supplementary Materials (Table S1). All data were size-corrected (log10) prior to analyses. See the Supplementary Materials for our dataset, including a full species list and descriptive data for each primate family (Table S2).



We used previously published formulas to calculate prenatal growth rate (PGR, [31]), brain–body ratio (BBR, [27]), percentage of brain growth accomplished before birth (PGN, [32]), percentage of brain growth accomplished post-birth (PGV, [32]), and encephalization quotient (EQ, [33]):


  P G R = n e o n a t a l   m a s s   ( b i r t h   w e i g h t ) / g e s t a t i o n   l e n g t h   ( d a y s )  










  B B R = b r a i n   m a s s / a d u l t   m a s s  










  P G N = n e o n a t a l   b r a i n   m a s s / a d u l t   b r a i n   m a s s  










  P G V = ( a d u l t   b r a i n   m a s s − n e o n a t a l   b r a i n   m a s s ) / a d u l t   b r a i n   m a s s  










  E Q = b r a i n   m a s s / ( 0.12 × b o d y   m a s   s   ( 2 / 3 )   )  











2.1. Analytical Methods—Statistical Analyses


All analyses were performed using RStudio [34], on base R version 4.2.2 [35]. We first generated a series of summary statistics using the describeBy function in psych [36].



We then read in a phylogenetic tree of the sample using the read.tree function in ape [37]. We selected a tip-dated tree containing 5911 species, which was then trimmed to species represented in our sample [38]. The taxonomy used in this study follows the taxonomy of the phylogenetic tree [38] and does not necessarily reflect our personal views on mammalian taxonomy (e.g., family Hominidae; [39]).



We computed multivariate relationships between litter size, adult body mass, gestation length, brain mass, maximum longevity, brain–body ratio, and EQ with principal component analysis (PCA) using the prcomp function in the stats package built-in to R [35]. We visualized PC1–PC3 in bivariate space using qplot [40] and then vectorized the impact of each life history character on the PCs with the fviz_pca_var function in the factoextra package [41]. We visualized correlations between select life history variables using the cor function in stats [35] and the ggcorrplot function of the package ggcorrplot [42].



We used phylogenetic generalized least Squares (PGLS) analyses to assess the statistical relationship between litter size and every other life history and body size trait within a phylogenetic framework. Additionally, we performed PGLS analyses between all other traits used in the principal component analysis. All PGLS analyses were calculated using the pgls function in caper [43].



We calculated phylogenetic signal (Pagel’s Lambda, λ, and Blomberg’s K, [44]) for each life history and body/brain size trait using the function phylosig in phytools [45]. Phylogenetic signal tests are used to quantify the tendency of related biological species to resemble each other more than any other species. They produce a value which signifies how closely a given trait adheres to this tendency within a given phylogeny, comparing the character states for the trait present within the phylogeny and analyzing how closely the trait variation corresponds to phylogenetic relatedness.



Pagel’s lambda produces values between zero and one. When an estimated lambda equals zero, the traits are presumed to have no phylogenetic signal, supporting that the trait evolved independently of phylogenetic relatedness or might be under strong natural selection. A lambda of one corresponds to a Brownian motion model of evolution, and any other value is intermediate [46].



K variance differs. Brownian motion still produces an expected value of one, but K values range from greater to less than one. A K value under one is interpreted as taxa resembling each other less than expected, while a K greater than one is interpreted as taxa being more similar than Brownian motion would predict [44,47].




2.2. Analytical Methods—Ancestral State Reconstruction


We calculated two predictions of litter size for ancestral primates using ancestral state reconstruction (ASR; [18,48]). One ASR was conducted with primate data (n = 155 species) and a euarchontan outgroup (n = 8 species). To better contextualize the evolution of primate litter size within the broader mammalian phylogeny, we also collected data for an additional n = 783 species of extant eutherian mammals, including the majority (over 90%) of extant families, representing every clade within Boreoeutheria (total including primates, N = 946).



We reconstructed ancestral states for litter size using contMap and quantified the estimated values at internal nodes using fastAnc in phytools [45]. Ancestral state reconstruction values with associated node labels are available in Table S3 in the Supplementary Materials.





3. Results


Litter size has significant phylogenetic signal and is significantly correlated with gestation length in primates. Primates vary broadly in life history and body size (Table 2). Within this sample of 155 primates, adult body mass ranges from 42.5 g (Brown mouse lemur, Microcebus rufus) to over 120 kg (Western gorilla, Gorilla gorilla), mean litter size is generally close to 1 but goes up to 2.5 (M. rufus), gestation lengths are as short as 61 days (Gray mouse lemur, Microcebus murinus) and as long as 280 days (Homo sapiens), and maximum lifespan ranges from 13 (Calabar potto, Arctocebus calabarensis) to over 120 years (H. sapiens).



3.1. Phylogenetic Signal


All life history and body size traits sampled here, including litter size, have highly significant phylogenetic signal (Table 3). The traits with the strongest phylogenetic signal in primates are litter size, prenatal growth rate, adult mass, and brain mass of both adults and neonates. The traits that show evidence of changing more rapidly within primates include encephalization quotient, brain–body ratio, and maximum longevity. Gestation length has an intermediate phylogenetic signal compared to most assessed traits. All traits are phylogenetically conserved.




3.2. Phylogenetic Generalized Least Squares (PGLS) Analyses


All trait pairs compared here are significantly correlated (Table 4, Figure 1a). We find significant positive relationships between adult body and brain mass, adult body mass and maximum longevity, adult body mass and prenatal growth rate, adult body mass and gestation length, gestation length and adult brain mass, adult brain mass and maximum longevity, adult brain mass and prenatal growth rate, encephalization quotient and brain mass, maximum longevity and prenatal growth rate, maximum longevity and encephalization quotient, encephalization quotient and prenatal growth rate, and between brain–body ratio and encephalization quotient.



Litter size and gestation length, adult body mass and brain–body ratio, adult body mass and encephalization quotient, and prenatal growth rate and brain–body ratio are all significantly negatively correlated in this sample.



The strongest statistical relationships in our sample are between adult brain and body mass, adult body mass and prenatal growth rate, adult brain mass and prenatal growth rate, adult body mass and brain–body ratio, and between brain–body ratio and encephalization quotient.




3.3. Principal Component Analyses (PCA) and Correlations


Body mass and life history traits clearly delineate primate families (Figure 1a,b). Hominids (all apes except the gibbons) sit in negative PC1 space, and the dwarf and mouse lemurs sit in positive PC1 space. Lemurs, lorises, and galagos sit in the same multivariate space. However, cebids sit outside the range of other platyrrhines.



PC2 reflects relative brain size and is highly impacted by brain–body ratio and encephalization (Figure 1c). Homo sapiens are on one end of the spectrum, with capuchins, squirrel monkeys, and spider monkeys closest to this extreme negative value of PC2. The four taxa closest to H. sapiens in PC2 space (Cebus albifrons, Ateles paniscus, Cebus capucinus, Saimiri sciureus) are all under 4.5 kg. On the other end is G. gorilla and other large-bodied primates with relatively smaller brains.



PC1 describes 61.8% of variance in the dataset, PC2 describes 21% of variance in the dataset, and PC3 describes 8.4% of variance in the dataset.



The vector biplot reinforces the statistical relationships between trait pairs. Litter size is negatively correlated with adult weight, gestation length, and maximum longevity. Brain body ratios and EQ are not as significantly correlated with other life history and body size traits (Figure 1c,d).




3.4. Ancestral State Reconstruction—Boreoeutherian Dataset


We reconstructed ancestral primate litter size using two different datasets. Using only euarchontan taxa, the ancestral primate is supported to have given birth to singletons (Figure 2). However, when we contextualize primate litter size with the full boreoeutherian dataset (n = 955), the ancestral primate is supported to have given birth to twins (litter size 1.7, Table 5, Figure 3). This litter size value is closest to the extant tamarin species Saguinus bicolor, the pied tamarin (Callitrichidae).



Using a comprehensive mammalian phylogeny, litter size data support that strepsirrhines evolved from a twinning ancestor, and twinning in that lineage is an ancestral trait. Tarsiers are also supported to have evolved from a twinning ancestor, a finding that is bolstered by the presence of supernumerary nipples in extant species. Our reconstruction supports that singleton births evolved after the divergence and diversification of haplorhines approximately 45–65 million years ago [49]. Twinning platyrrhines are supported to have re-evolved a multifetal reproductive strategy in the Miocene (Table 6, see more information in Table S3).





4. Discussion


A phylogenetically comprehensive investigation of litter size supports that the earliest primates likely gave birth to twins. Primates are characterized by relatively large brains, as well as relatively long lifespans and other developmental periods (maturation times, gestation). Our findings highlight the unique life history strategy of humans relative to other nonhuman primates. Despite the tight connection between prenatal growth rate, adult body mass, and small litter size, humans have small litter sizes alongside a relatively small percentage of brain growth accomplished prenatally (less than 25%, secondarily altricial). This contrasts with other primates like Western tarsiers (Tarsius bancanus) and Western gorillas (G. gorilla), which give birth to singletons that accomplish over 60% of brain growth before birth [1]. Humans also demonstrate a brain–body ratio and relative lifespan similar to much smaller-bodied species like capuchins.



Life history traits within primates covary along lines predicted by theories of a slow–fast life history continuum [14]. Life history and body size are highly integrated in primates and likely coevolved, leading to a continuum where organisms tend to have slower or faster life history ‘versions’ of many traits. These trends in life history trait covariation across Primates support those previously identified in other studies [20] and speak to the existence of extrinsic life history constraints which can be used to inform our understanding of evolutionary change. Primates are well known to have smaller litter sizes than other eutherian orders [12], so it is not surprising that the primate ancestor is supported to have gestated multifetal litters. The evolutionary reduction in primate litter size may be related to changes in environment or social structure that enabled greater investment in fewer offspring (slow life history; [14]).



4.1. Evolution of Primate Litter Size


The primate clade is estimated to have originated 60–70 mya [38,49,51] around the Cretaceous–Paleogene (K-Pg) mass extinction event. The earliest plesiadapiform fossils are from present-day North America [52], and the earliest primate fossil was discovered in present-day China [53]. Previous reconstructions of ancestral litter size have focused on primate and euarchontan lineages. Our broader taxonomic assessment of litter size supports that the ancestral primate gave birth to twins.



Because litter size has a strong phylogenetic signal, assessing this life history trait across the mammalian phylogeny gives a better picture of the ancestral state and can shed light on the evolutionary processes shaping human evolution. Novel to this work, an average litter size of approximately two is predicted for the last common ancestor of primates dated between approximately 77 and 60 million years ago [38,49,51]. The singletons most common in extant members of our order appear to have not been selectively advantageous until more recently in our evolutionary history. Early primate fossil anatomy (e.g., Archicebus achilles) aligns with our work and indicates that early primates were similar in body size to small, twinning primates like Microcebus [53]. The presence of three nipple pairs in both some strepsirrhine and some haplorhine taxa [48] also supports a larger ancestral litter size.



Nipple number and litter size are tightly correlated in primates [54]. Several primates, including some tarsiers and strepsirrhines (e.g., Philippine tarsiers, Tarsius syrichta, and Calabar pottos, A. calabarensis; [48]), have more than two pairs of nipples, a trait typically associated with larger litters. Our results support previous studies arguing that twinning strepsirrhines retain multifetal litters from a common ancestor. Our results also support that all primates share an ancestor that gave birth to multiples. The evolution of singletons in primates may have evolved separately in simians (monkeys and apes) and tarsiers. We reconstruct the LCA of haplorhines to have a litter size of 1.56 (node 1488). This convergent evolution of singletons could shed light on why tarsiers retain multiple pairs of nipples.



Placentation may also be linked to litter size and gestation length. Invasive placentation was the likely ancestral condition of both Primates and Euarchontoglires, and epitheliochorial placentation likely coevolved with twinning in extant strepsirrhines [21]. Future work investigating the phenotypic relationship between placental type, nipple number, litter sizes, and gestation length may shed additional light on the interactions between these reproductive traits.



During the evolution of Boreoeutheria, lineages experienced two mass extinction events, one at the Cretaceous–Paleogene boundary and the other at the Eocene–Oligocene boundary [55]. Twinning appears to have been the likely condition for the last common ancestor of primates which lived prior to at least the second extinction event and possibly even prior to the first extinction event which occurred around 66 million years ago [56]. Giving birth to multiples may have been an important factor defining the life history strategy which allowed our ancestors and those of other extant primate lineages to survive these extinction events. Additionally, these massive ecological shifts may have opened novel niches for primates with slower life histories, which allowed for singletons to evolve as an adaptive strategy during a period of climatic stability.




4.2. Callitrichids as a Model for the Evolution of Human Reproduction


Callitrichids are commonly used as a model for understanding human evolution, (e.g., as models for the evolution of phyletic nanism in Homo floresiensis [31]), as they are social primates that score very high on cognitive tests [57]. Additionally, callitrichids practice pair-bonding and alloparental care, with parents and other adults offering care for the young [3,5,57,58,59]. Callitrichids have been reported as the only group which practices cooperative breeding to an extent comparable with humans and, combined with twinning, have a higher theoretical maximum reproductive rate than other primates [60]. In addition to the prevalence of twinning in this family, some callitrichid populations regularly birth two litters per year [61], and triplets are the most prevalent litter size in some populations of common marmosets (Callithrix jacchus) [62].



Like humans, callitrichids are frequently classified as ‘secondarily altricial’, as their neonates have completed proportionally less of their brain and body growth than other closely related monkeys [59]. This results directly from their slow fetal growth rate [63], likely associated with regular twinning in many taxa in this family [5,58]. In humans, twinning is also associated with slow fetal growth rates, particularly in the third trimester [64]. As fetal growth rates impact craniofacial development, including tooth proportions and adult brain size [63,65], understanding the mechanisms surrounding multifetal pregnancies has significant implications for modern human health as well as human evolution.



Our work reinforces the utility of a callitrichid model for investigating the evolution of human reproduction and life history. Evolutionary increases in hominid brain size were likely tightly associated with pair-bonding and alloparental care [59,60,65,66]. Alloparental care, whether this is derived from pair-bonding or an alternative social system [67], may be key to supporting multiple fetuses and other costly pregnancies in primates. The success of the human species, which is often measured in brain/body size ratios and cognitive abilities, seems inextricable from changes in reproductive strategy and energy allocation throughout evolutionary history [65,68]. The earliest primates likely gave birth to twins, and twinning in modern humans may bear genetic and developmental links with those ancestors. We highlight the growing evidence for tight links between reproduction and brain/body size traits, and we argue for continued investigation of these correlations in callitrichids and other mammalian species.



Our reconstructions support that the primate and haplorhine last common ancestors may have been twinning species, and investing in singletons may have become the norm more recently. Our work supports recent reconstructions arguing that primate social organization began with flexible pair-bonding rather than solitary living [69]. Likewise, our reconstruction of twinning may suggest that alloparental (or at least allomaternal) care and relatively cohesive social groupings defined the earliest primates. The negative relationship between litter size and gestation length specifically speaks to the constraints imposed upon reproductive variation by the prenatal requirements of offspring, which are less dispersible than postnatal requirements. Our finding that litter size is not significantly correlated with other life history traits within primates may be related to the derived ability of primates to disperse postnatal care requirements through shared childcare burdens.



Human reproductive output far outpaces our great ape relatives due to our reduced interbirth intervals, made possible in part by alloparental care. Callitrichids not only offer a potential comparison to the earliest primates but similarly show relatively higher reproductive output and alloparental care compared to their closest relatives (Cebidae, the squirrel, and capuchin monkeys, [59,60]). Further investigation into the role of twinning in human reproduction may benefit from looking to callitrichid monkeys as model organisms. Of special interest is whether apes do indeed twin more often than other catarrhine primates, as has been suggested [70], especially considering the possible fitness impacts of twinning (both positive and negative) in humans [71,72]. Convergent evolution of alloparental care, cooperative behavior patterns, and possibly twinning in callitrichids and humans may shed light on critical events in human evolution, including the Miocene ape radiation and the origins of genus Homo.





5. Conclusions


Litter size plays an important role in the life history strategy of all mammalian taxa. In humans, giving birth to twins occurs at a low but stable frequency that is increasing with more wide-spread use of assisted reproductive technologies. Our work demonstrates that litter size has a strong and significant phylogenetic signal in primates and is significantly correlated with gestation length. Multifetal primate pregnancies are significantly associated with small brain and body size, short gestation, and rapid growth. Humans, in contrast, have long lifespans, slow growth, long gestation, large brain and body size, and almost always give birth to singletons.



Reconstructing primate litter size within the context of other mammals supports twinning as the ancestral condition at the origin of the primate lineage around 60–70 million years ago. A reproductive strategy of giving birth to singletons likely coevolved with longer gestations, and larger brain and body size, in many primate lineages, including humans. Evolution of singletons likely occurred early in the primate lineage, but after the divergence of strepsirrhines approximately 55 mya, and singletons may have coevolved in simians and tarsiers. Further work incorporating life history data across mammals more broadly may help elucidate the evolutionary pressures driving changes in litter size. We also highlight the tight correlations between life history and body size traits, and we emphasize the benefits of a callitrichid model for investigating the evolution of human reproduction.
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Figure 1. Multivariate relationships between life history and body size traits in humans. Panels (a∓c) are based on a PCA including n = 101 primate species. Traits included in the PCA are litter size, adult weight, gestation length, brain mass, maximum longevity, brain–body ratio, and encephalization quotient. Primate families are designated by shapes and colors (see legend in figure). (a) PC1 v. PC2. (b) PC2 v. PC3. (c) Impact vectors for each life history variable. Dim1 = PC1, Dim2 = PC2. (d) Correlation plot of life history. Dark red colors indicate a strong positive correlation. Dark blue colors indicate a strong negative correlation. 
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Figure 2. Ancestral state reconstruction (ASR) of litter size in Euarchonta. Litter size values are beneath the ASR. Warmer colors indicate smaller litter sizes, and cooler colors indicate larger litter sizes. Major clades are labeled. 
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Figure 3. Ancestral state reconstruction (ASR) of litter size in Boreoeutheria. Litter size values are beneath the ASR. Warmer colors indicate smaller litter sizes, and cooler colors indicate larger litter sizes. Major clades are labeled. 
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Table 1. Primate families and genera in the life history dataset.
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	Family
	Species (n=)
	Genera Represented





	Aotidae
	4
	Aotus



	Atelidae
	9
	Alouatta, Ateles, Brachyteles



	Callitrichidae
	18
	Callimico, Callithrix, Cebuella, Leontopithecus, Mico, Saguinus



	Cebidae
	6
	Cebus, Saimiri



	Cercopithecidae
	59
	Allenopithecus, Cercocebus, Cercopithecus, Chlorocebus, Colobus, Erythrocebus, Lophocebus, Macaca, Mandrillus, Miopithecus, Nasalis, Papio, Presbytis, Procolobus, Pygathrix, Rhinopithecus, Semnopithecus, Theropithecus, Trachypithecus



	Cheirogaleidae
	6
	Cheirogaleus, Microcebus, Mirza, Phaner



	Daubentoniidae
	1
	Daubentonia



	Galagidae
	7
	Euoticus, Galago, Galagoides, Otolemur, Sciurocheirus



	Hominidae
	5
	Gorilla, Homo, Pan, Pongo



	Hylobatidae
	9
	Hoolock, Hylobates, Nomascus, Symphalangus



	Indriidae
	4
	Avahi, Indri, Propithecus



	Lemuridae
	11
	Eulemur, Hapalemur, Lemur, Prolemur, Varecia



	Lepilemuridae
	2
	Lepilemur



	Lorisidae
	5
	Arctocebus, Loris, Nycticebus, Perodicticus



	Pitheciidae
	7
	Cacajao, Callicebus, Chiropotes, Pithecia



	Tarsiidae
	2
	Tarsius



	Grand Total
	155
	67







Data sources: [1,15,23,24,25,26,27,28,29,30].













 





Table 2. Mean values for selected life history characters across primate families.
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	Family
	n
	LS
	G
	ML
	BW
	AW
	Brain
	NBrain
	EQ
	PGN
	BBR





	Aotidae
	4
	1
	139
	29
	93.3
	2957.8
	18.4
	NA
	1.6
	NA
	0.02



	Atelidae
	9
	1
	206
	37
	374.0
	6473.5
	84.1
	50.9
	2.1
	0.6
	0.01



	Callitrichidae
	18
	1.9
	145
	20
	39.2
	477.1
	11.3
	3.7
	1.5
	0.3
	0.02



	Cebidae
	6
	1
	160
	40
	190.0
	1390.5
	45.9
	26.0
	3.1
	0.5
	0.03



	Cercopithecidae
	59
	1
	170
	33
	450.9
	6869.8
	84.5
	53.9
	2.1
	0.5
	0.01



	Cheirogaleidae
	6
	2
	85
	21
	12.8
	250.3
	4.3
	NA
	1.0
	NA
	0.02



	Daubentoniidae
	1
	1
	165
	32
	109.0
	2800.0
	45.2
	NA
	1.9
	NA
	0.02



	Galagidae
	7
	1.3
	128
	19
	27.5
	485.0
	7.7
	3.4
	1.1
	0.4
	0.02



	Hominidae
	5
	1
	249
	71
	2052.5
	68096.0
	546.3
	213.2
	2.9
	0.5
	0.01



	Hylobatidae
	9
	1
	221
	46
	412.1
	6752.8
	98.3
	65.0
	2.3
	0.7
	0.02



	Indriidae
	4
	1
	153
	26
	108.6
	4286.3
	28.8
	NA
	0.9
	NA
	0.01



	Lemuridae
	11
	1.3
	124
	32
	76.6
	1882.9
	24.3
	10.0
	1.4
	0.4
	0.01



	Lepilemuridae
	2
	1
	136
	NA
	27.0
	790.8
	8.9
	NA
	0.9
	NA
	0.01



	Lorisidae
	5
	1.3
	169
	22
	29.3
	539.2
	9.1
	3.4
	1.2
	0.4
	0.02



	Pitheciidae
	7
	1
	167
	31
	NA
	1825.0
	37.8
	NA
	2.1
	NA
	0.02



	Tarsiidae
	2
	1
	143
	NA
	25.4
	101.6
	3.0
	2.1
	1.2
	0.8
	0.03







n is species sample size; LS is litter size; G is gestation length (days); ML is maximum longevity; BW is birth weight (grams); AW is adult weight (grams); Brain is brain mass (grams); NBrain is neonatal brain mass (grams); EQ is encephalization quotient; PGN is percentage of brain growth accomplished prenatally; BBR is brain–body ratio. See Table S2 in Supplementary Materials for more details.













 





Table 3. Results of the phylogenetic signal analyses.
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	Character
	Pagel’s Lambda
	p-Value
	Blomberg’s K
	p-Value
	Species (n=)





	LogLS
	0.9999
	<0.001
	0.6311
	0.001
	155



	LogG
	0.9852
	<0.001
	0.5981
	0.001
	120



	LogAW
	0.9779
	<0.001
	0.7897
	0.001
	151



	LogBrain
	0.9895
	<0.001
	1.4735
	0.001
	137



	LogML
	0.9490
	<0.001
	0.1980
	0.001
	124



	LogPGR
	0.9895
	<0.001
	1.3911
	0.001
	97



	LogBBR
	0.8946
	<0.001
	0.1580
	0.001
	137



	BBR
	0.8793
	<0.001
	0.1441
	0.001
	137



	EQ
	0.7798
	<0.001
	0.1637
	0.001
	137



	LogNBrain
	0.9999
	<0.001
	2.1933
	0.001
	34







n is species sample size; LS is litter size; G is gestation length (days); AW is adult weight/body mass (grams); Brain is adult brain mass (grams); ML is maximum longevity (years); PGR is prenatal growth rate; BBR is brain–body ratio; EQ is encephalization quotient; NBrain is neonatal brain mass (grams).













 





Table 4. Results of the PGLS analyses.
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	Call
	Lambda
	Intercept
	Slope
	Adjusted R2
	p-Value
	Species (n=)





	LogLS~LogG
	1.000
	0.847
	−0.368
	0.111
	<0.001
	120



	LogAW~LogBrain
	0.845
	1.531
	1.189
	0.753
	<0.001
	137



	LogBrain~LogAW
	0.914
	−0.591
	0.607
	0.711
	<0.001
	137



	LogAW~LogML
	0.955
	2.250
	0.703
	0.055
	<0.005
	124



	LogAW~LogG
	0.953
	−0.965
	1.806
	0.089
	<0.001
	120



	LogAW~LogPGR
	0.660
	3.405
	1.272
	0.632
	<0.001
	97



	LogAW~LogBBR
	0.988
	0.976
	−1.137
	0.521
	<0.001
	137



	LogAW~EQ
	0.991
	3.128
	−0.097
	0.061
	<0.005
	137



	LogG~LogBrain
	0.966
	2.038
	0.122
	0.193
	<0.001
	109



	LogBrain~LogML
	0.974
	0.513
	0.642
	0.121
	<0.001
	112



	LogBrain~LogPGR
	0.841
	1.518
	0.882
	0.622
	<0.001
	90



	EQ~LogBrain
	0.662
	0.206
	1.086
	0.191
	<0.001
	137



	LogML~LogPGR
	0.715
	1.510
	0.260
	0.286
	<0.001
	92



	LogML~EQ
	0.902
	1.360
	0.059
	0.142
	<0.001
	112



	LogPGR~LogBBR
	0.985
	−0.694
	−0.214
	0.034
	<0.05
	90



	EQ~LogPGR
	0.038
	1.857
	0.898
	0.249
	<0.001
	90



	LogBBR~EQ
	0.991
	−2.061
	0.196
	0.663
	<0.001
	137







n is species sample size; LS is litter size; G is gestation length (days); AW is adult weight/body mass (grams); Brain is adult brain mass (grams); ML is maximum longevity (years); PGR is prenatal growth rate; BBR is brain–body ratio; EQ is encephalization quotient. Slope values indicate whether the associations were negative or positive, and adjusted R-squared values estimate the proportion of the dependent variable’s variance that can be explained by the independent variable. Table 4 reports all results significant at a p-value of 0.5 or lower.













 





Table 5. Various ancestral state reconstructions of litter size.
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	Sample Used for ASR
	Predicted Value
	Similar Extant Species





	163 Euarchontans *
	1.2 (“singleton-bearing”)
	Nasalis larvatus, Callicebus moloch, Eulemur coronatus



	946 Boreoeutherians
	1.7 (“twinning”)
	Microcebus murinus, Saguinus oedipus, Nycticebus pygmaeus







* Primates, Scandentia, Dermoptera.













 





Table 6. Litter size values for major primate lineage last common ancestors (LCAs).
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	Lineage
	Geological Age
	Predicted Litter Size Value





	LCA of Strepsirrhini
	~66.3 Ma [49]
	1.4



	LCA of Haplorhini
	~70.0 Ma [49]
	1.6



	LCA of Simiiformes
	~46.72 Ma [49]
	1.2



	LCA of Catarrhini
	~32.1 Ma [49]
	1.1



	LCA of Platyrrhini
	~20.9 Ma [49]
	1.1



	LCA of Hominoidea
	~22.32 Ma [49]
	1.0



	LCA of Ceboidea
	~16.55 Ma [49]
	1.2



	LCA of Callitrichidae
	~14 Ma [50]
	1.5







LCA is last common ancestor; Ma is millions of years. Numbers in brackets refer to references for geological ages. For additional LCA reconstructions, please consult the Supplementary Materials.
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