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a cognitive process that involves multiple sensory modalities [Dominy et al.,
2001]. Therefore, studies investigating the adaptive signi cance of specic
sensory systems should encompass as many relevant signals as possible. With
respect to food, correlation analyses between sensory and nutritional parameters
may be informative, particularly when combined with detailed feeding observa-
tions. With this aim, Dominy and Lucas [2001] appraised the evolutionary ecology
of routine trichromatic vision by examining leaves that catarrhine primates (Old
World monkeys, apes, and humans) consider edible. Here we extend those
ndings to include a wider range of measures on two food items: leaves and fruits.
Furthermore, we describe the temporal variation in ambient light levels under
which catarrhines feed. Finally, given the inferred effects of the Eocene-Oligocene
transition on catarrhine diet [Dominy et al., 2003], we evaluate and discuss the
importance of seasonality on primate biomass and leaf quality. First, however, it
is useful to brie y review the visual constitution of primates.

Color Vision in  Primates

Color perception requires the presence of photoreceptors with varying spectral
sensitivities, and opponent mechanisms to compare their outputs [Dacey, 2000].
Because four opsin proteins are present in birds, reptiles, and teleost sh, the
common ancestor of tetrapods and amniotes is assumed to have also possessed four
opsin proteins [Bowmaker, 1998]. Today, however, diurnal mammals are almost
exclusively dichromatic (possessing two opsins only) [Kelber et al., 2003]. Because
color vision functions poorly in dim conditions, it is reasoned that mammals lost
two opsins during the nocturnal phase of their evolution. Remarkably, the presence
of three photopigments in mouse-sized honey possums ( Tarsipes rostratus ) and fat-
tailed dunnerts ( Sminthopsis crassicaudata ) indicate that some marsupials may
have re-evolved (or retained) three opsins [Arrese et al., 2002]. Among eutherians,
only primates have evolved trichromatic vision, although the number and tuning of
opsins is strikingly variable within the order [Surridge et al., 2003].

Trichromacy in catarrhines is regarded as routine or uniform: both males
and females possess three opsins tuned to approximately 430, 530, and 560 nm
[Jacobs & Deegan, 1999]. Opsin (hereafter abbreviated as S, M, and L) is coded on
chromosome 7 and adjoining sites on the X-chromosome, respectively [Nathans
et al., 1986]. Dysfunction of the M/L opsin genes seldom occurs in nonhuman
catarrhines [Jacobs & Williams, 2001].

In platyrrhines (New World monkeys), color vision varies due to an M/L
cone opsin polymorphism; taxa possess S-pigments speci ed by an autosomal gene
but only one X-chromosome opsin gene locus. Accordingly, male platyrrhines
possess dichromatic vision because the S-pigments are coupled with only a single
type of M/L pigment. Heterozygous females, however, possess two dissimilar types
of M/L pigment [Mollon et al., 1984]. Trichromacy thus governs ~50-66% of
females [Jacobs, 1996; Jacobs & Deegan, 2001]. Finally, di- or triallelic variation on
the X-chromosome yields as many as three dichromatic and three trichromatic
phenotypes. Six forms of color vision may therefore characterize a foraging group
[Jacobs & Deegan, 2001, 2003a; Surridge et al., 2003]. Although the mechanisms
are unclear, allelic trichromacy appears to be maintained by an adaptive advantage
[Cropp et al., 2002; Surridge & Mundy, 2002].

There are two exceptions to these patterns: Owl monkeys ( Aotus) have lost
functional S-pigments and polymorphic variation in the M/L opsin gene.
Accordingly, these nocturnal anthropoids possess a single L-pigment and cannot
perceive color [Jacobs et al., 1993]. An opsin gene duplication in howling monkeys
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(Alouatta ), which are routinely trichromatic [Jacobs et al., 1996a], is similar to
that found in catarrhines; however, it occurred independently [Boissinot et al.,
1998; Hunt et al., 1998; Kainz et al., 1998; Dulai et al., 1999].

Allelic variation has also been reported in tarsiers and prosimians [Tan & Li,
1999]. Although tarsiers possess dichromatic vision [Hendrickson et al., 2000],
M/L opsin tuning varies within the genus.  Tarsius bancanus possess M-opsins
tuned to 543 nm, and T. syrichta possess L-opsins tuned to 558 nm. Tan and Li
[1999] also suggested that Coquerel’s sifakas (Propithecus verreauxi coquereli)
and red ruffed lemurs ( Varecia variegata rubra ) might possess allelic trichromacy,
which was recently con rmed by Jacobs et al. [2002] and Jacobs and Deegan
[2003b] in P. v. coquereli and V. v. variegata. However, allelic trichromacy is not
common to all diurnal prosimians (e.g., Lemur catta) [Jacobs & Deegan, 2003c].
Finally, galagos are monochromatic (they lack S-pigments and possess a single
opsin tuned to 543 nm) [Jacobs et al., 1996b; Zhou et al., 1997]. It is notable,
however, that monochromacy is not con ned to all nocturnal strepsirrhines. For
example, gray mouse lemurs (Microcebus murinus ) possess S-cones and M-cones,
although the former are exceedingly sparse and irregularly distributed [Dkhissi-
Benyahya et al., 2001].

Evolutionary Ecology of Trichromatic Color Vision

Why, then, has trichromatic color vision evolved in primates? Historically,
investigators have stressed the advantage to an animal of discriminating food
against the dappled verdure of mature foliage [Allen, 1879; Mollon, 1989]. Most
studies have focused on fruits or leaves, or both [Osorio & Vorobyev, 1996; Lucas
etal., 1998, 2003; Regan et al., 1998, 2001; Sumner & Mollon, 2000a, b; Dominy &
Lucas, 2001]. However, the issue has been muddied by attempts to nd selective
advantages common to both platyrrhines and catarrhines. The selective effects of
food color, if any, might be expected to differ between taxa possessing allelic and
routine trichromacy. Dominy et al. [2003] suggested that a reliance on divergent
keystone resources might account for this differential status. They hypothesized
that historical and biogeographical factors during the Eocene-Oligocene transi-
tion resulted in catarrhines switching to leaves as a fallback food—a switch that
appears to have been unparalleled in areas inhabited by diurnal prosimians and
platyrrhines. The adaptive signi cance of the ability to discern edible leaves is
supported by their physicochemical properties [Lucas et al., 1998; Dominy &
Lucas, 2001]. However, similar data on fruits are lacking. Accordingly, we
examined the effects of seasonality on the foraging adaptations of primates, as
well as the roles played by light, color, and chemistry in catarrhine feeding.

MATERIALS AND METHODS
Study Site and Species

Kibale National Park (KNP) lies approximately 24 km east of the Ruwenzori
Mountains in western Uganda (0 °13'N to 0°41'N and 30°19'E to 30°32'E). KNP is
organized on a 56-km north-south axis and comprises nearly 766 km 2
[Struhsaker, 1997]. Rainfall is bimodal in distribution, occurring in two distinct
rainy seasons: March—-May and August—-November. The mean annual rainfall is
1,700 mm (1990-1996; C.A. Chapman and L.J. Chapman, unpublished data).
Nutrient-rich sandy loams and sandy clay loams support moist evergreen forest
(closely related to moist montane forest) to lowland tropical rainforest (with
af nities to both montane rainforest and mixed tropical deciduous forest)
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[Struhsaker, 1997]. We studied four of the 11 primate species reported in KNP:
Cercopithecus ascanius (red-tailed monkey), Colobus guereza (black-and-white
colobus), Pan troglodytes (chimpanzee), and Piliocolobus badius (red colobus).

Data Collection and Analyses

The animals were observed from January to October 1999. Focal-animal
techniques were employed by several observers to maximize the data. A different
species was followed each day, in rotational order. The focal animals were selected
opportunistically. Their behavior was recorded continuously for 10 min, and then
a new focal animal was selected. The light-intensity conditions under which the
animals fed were recorded with a photographic light meter (Flashmate L-308BII;
Sekonic, Tokyo, Japan; setting: EV, ASA 8000). Measurements were made in gap
conditions if the animal was feeding in overstory sunlight, or in shade conditions
if the animal was feeding in the understory. The EV readings were converted to
lux units according to the manufacturer’s speci cations.

Trained eld assistants facilitated the identication and collection of
specimens. The plant taxonomy used in this study follows that of Hamilton
[1991]. Foods were classied as fruits, leaves, or a variety of other targets.
Subjective notes were made regarding unripe/ripe fruits and young/mature
leaves, but the only classi cation required for our analysis was an eaten/uneaten
dichotomy and a de nition of background foliage. Eaten specimens were de ned
as fragments <50% of the ingested food item, and uneaten foods were de ned as
the nearest untouched specimen of the same phenophase. All specimens were
obtained either in situ (ascending trees [Dominy & Duncan, 2001]) or from the
ground after a mishandled fragment fell to the earth. Some food specimens were
matched subjectively to ingested food items; however, the preponderance showed
evidence of incision. Concentrations (in millimoles) of sucrose, fructose, and
glucose, and 19 amino acids were measured, respectively, by HPLC at the
University of Hong Kong [Lee, 1990] and the Inspecting and Testing Center of Oil
Products Quality, Wuhan, China. For comparative purposes, we also collected
mature leaves representing the background against which the foods were
discriminated.

Spectral measurement

Re ectance spectra were measured shortly after collection, usually within 4
hr (or 24 hr if the specimens were refrigerated). We used an Ocean Optics S2000
spectrometer (Dunedin, FL) tted with diffraction grating no. 2, which admitted
light at 200—850 nm. Specimens were mounted in a custom-built chamber and
illuminated with a 12-volt, 3,100-Kelvin tungsten halogen lamp (LS-1, Ocean
Optics), which produced light at 350-700 nm [Lucas et al., 2001]. Light was
focused onto specimens via a 400qum-diameter patch ber-optic cable and lens
(Ocean Optics). A second lens collected light and conducted it through a 200- pm
ber cable to the diffraction grating of the S2000. Specimens were placed 45 °to
the incident illumination, and 20 ° axes separated the illuminating and recording
lenses. All spectra were referenced to barium sulfate.

Color modeling

To model the spectra, we rst reconstructed the color of a primate food item
by multiplying the re ectance spectrum of the object by an illuminant (Fig. 1).
Attenuation of short wavelengths by the lens and neural retina was not modeled
here, in contrast to previous studies [Regan et al., 2001]. We calculated the
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guantum catch ( Q) of the S, M, and L cone classes by multiplying the stimulus
radiance and cone absorption spectra, and integrating the resulting spectrum
over wavelength (Fig. 1). We graphed the chromaticity coordinates (analogous to
MacLeod-Boynton coordinates [MacLeod & Boynton, 1979]) by plotting a y value
of Q5/(QL+ Qm), which de nes yellow-blueness (yellow =low, blue = high), against
an x value of Q_/(Q_+ Qp), which de nes green-redness (green =low, red = high).
These coordinates correspond to the physiological “channels” of trichromatic
vision, the phylogenetically recent green-red channel (subserved by midget
ganglion cells), and the S-cone mediated yellow-blue channel (subserved by
bistrati ed ganglion cells), respectively.

It is important to note that a food with a higher green-red value than the
background foliage is not necessarily red. It could also be a variable shade of
yellow, brown, or orange, each of which has a distinct green-red signal compared
to background foliage. The great advantage of spectrometry is that the
subjectivity inherent to recording hues is replaced by continuously varying,
objectively measured variables that correspond to the primate perceptual system
under study.

Fracture toughness

We de ne fracture toughness as material resistance to crack propagation.
Toughness is normally measured with penetrometers, which force a circular,
attened rod through leaf lamina; however, these devices do not measure fracture
toughness or any mechanical property [Vincent, 1990; Choong et al., 1992].
Fracture toughness maintains material integrity, and it plays a critical role in a
leaf’s ability to resist herbivores and physical damage [Lucas et al., 2000]. We
fractured leaves with a pair of scissors (Dovo, Germany) mounted on a portable
universal testing machine [Darvell et al., 1996]. With an included angle of 55 °and
a radius of curvature (sharpness) of 1.6 um, the scissors were used to direct and
control crack growth [Lucas & Pereira, 1990]. The fracture toughness of the leaf
specimens was calculated from six transverse cuts spanning the petiole and leaf
blade (Fig. 2). The toughness (in J m ) of individual anatomical features, such as
the secondary veins and lamina, could be calculated from a single scissors pass.

Chemical extraction

Approximately 0.1 g of fresh plant tissue was weighed, cut into 1-mm pieces,
and extracted in 5 mL of 50% methanol (1:1 dH ,0:CH3;OH). The homogenate
(Tissue Tearor, BioSpec, Burtlesville, UK) was collected in a 10-mL syringe tted
with a Luer lock and berglass Iter (1.6 um pore size, type 1; Millipore Corp.,
Bedford, MA). The syringe plunger was depressed to force the homogenate
through the lter and into a 1.5-mL Eppendorf tube, and the samples were then
refrigerated for the eld analyses described below (for details see Lucas et al.
[2001]). Note that we used fresh rather than dried material, which enabled us to
express the results as concentrations (akin to how they may be sensed) rather
than on a dry-weight basis (which relates to nutritional gain).

Protein

The Coomassie brilliant blue (G-250; Sigma, St. Louis, MO) dye-binding
assay reacts to protein to produce a blue color. The absorbance of this color was
measured at 595 nm [Read & Northcote, 1981]. This reaction occurs reliably with
different proteins [Bonjoch & Tamayo, 2001], although not always perfectly
[Sappan et al., 1999]. The dye does not react with nonbound amino acids, and
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Cuts on leaves

Fig. 2. Schematic representation of a leaf and the areas of fracture. Toughness was calculated by
dividing work by the cross-sectional areas pictured on the left. The toughness of the midrib and
secondary veins can be estimated separately from the intervening lamina.

tannin-binding has been largely removed on the recommendations of Jones et al.
[1989]. The results are expressed as % equivalents to a six-point standard curve
based on bovine serum albumin (BSA Fraction V; Sigma).

Phenolics

Concentrations of phenolic compounds were measured by the Prussian blue
test [Price & Butler, 1977], as modi ed by Graham [1992], Hagerman [2002], and
Lucas et al. [2001]. Extracted phenols oxidize potassium ferricyanide to produce
ferrous ions. These in turn produce a Prussian blue complex when they react with
ferric chloride in HCI. The strength of the reaction was measured at 700 nm. The
results are expressed as % equivalents to a four-point standard curve of gallic acid
(Aldrich Chemical Co., Milwaukee, WI). It should be noted that Appel et al. [2001]
cautioned that this method measures the reducing capacity of phenols—not
necessarily overall concentration.
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TABLE |. Dietary Diversity Among Catarrhines Studied

Minutes feeding (% feeding time)

Primate species Leaves Fruits Other Total

Cercopithecus ascanius 2,001 (40%) 1,182 (23%) 1,861 (37%% 5,044
Colobus guereza 6,374 (90%) 463 (7%) 259 (4%F 7,096
Pan troglodytes 76 (8%) 780 (81%) 108 (11%§ 964
Piliocolobus badius 6,971 (71%) 546 (5%) 2,336 (24% 9,853

%park: 15 ( <1%); fauna: 397 (8%); oral parts: 347 (7%); petioles: 62 (1%); seeds: 916 (18%); exudates: 10 ( <1%);
indeterminate: 114 (2%).

Phark, oral parts, petioles, seeds, soil, indeterminate:  <1%, respectively.

“bark: (5%); exudates, seeds, soil: <3%, respectively.

dbark: 9 ( <1%); oral parts: 238 (2%); petioles: 1484 (15%); seeds: 561 (6%); exudates: 2 ( < 1%); indeterminate: 42
(<1%).

TABLE Il. Mean Physicochemical State +1 SD of Consumed and Unconsumed Leaf and Fruit
Specimens
Leaves Fruits
Physicochemical Consumed Unconsumed Consumed Unconsumed
parameters® (n=328) (n=173) T (n=82) (n=70) T
Color

Green-red channel 0.503 +0.02 0.489+0.01 7.85™ 0.541+0.05 0.533+0.03 1.29

Yellow-blue channel 0.200 +£0.09 0.203+0.08 0.39 0.163+0.10 0.140+0.09 1.45
Mechanics

Fracture toughness 568 1386 899+516  7.70™ 332+374 644+505  3.85™

Chemistry
Free amino acids 11.6+14.3 10.2+12.2 065 27.7+15.4 37.0+19.8 2.18"
Fructose - — — 58.8+58.4 45.6+50.8 1.43
Glucose - - — 60.0£52.7 57.0+39.7 0.37
pH 5.6 +0.7 5.4+0.9 2.12" 55+41.0 5.6+0.7 0.73
Phenolics 1.00+0.98 0.93+0.88 0.67 0.3240.26  0.54+0.38 4.23™
Protein 1.63+1.24 1.2840.95 247" 0.63+0.70 0.66+0.47 0.76
Sucrose - - - 12A#273 1.804+3.30 1.42
Tannin 1.57 +£3.85 1.50+3.60 0.15 0.21+1.12 0.24+0.54 0.17

2Units are described in the text.
"P<0.05; ""P<0.001 (two-tailed t-test).

Tannins

Tannins were quanti ed following methods described by Hagerman [1987]
and modi ed by Lucas et al. [2001]. Plant extracts were injected into premolded
wells of a BSA-laden agarose gel (type I: low EEO; Sigma, St. Louis, MO). Tannin
precipitation produces visible rings. The dimensions of these rings were measured
with dial calipers, and results were expressed as % equivalents to an eight-point
standard curve of crude quebracho tannin (provided by A.E. Hagerman, Miami
University, Oxford, OH).

Seasonality
Walsh [1996] previously described a “perhumidity index” (PI) that measures
the degree of rainfall continuity (or perhumidity). The Pl attempts to summarize
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dry- and wet-season characteristics into a single index value. Each month is given

a simple points score according on its mean rainfall, and the monthly scores are
then summed to obtain a PI value. A very wet month ( >200 mm) is given a score
of +2, a wet month (100-199 mm) +1, a dry month (50-99 mm) —1, and a drought
month ( <50 mm) —2. The rst dry or drought month following a wet month is
given a score of —0.5 and —1.5, respectively, on the basis that soil water
availability is still high. The Pl is a simple and effective means of classifying
climates. We surveyed the literature for information on monthly rainfall and
primate biomass.

RESULTS

Collectively, the primates consumed phenophases from 118 plant species,
from which we collected and analyzed 910 specimens. Diet heterogeneity was
consistent with previous accounts [Struhsaker, 1975; Oates, 1977; Wrangham
et al.,, 1996, 1998]. The chimpanzees showed a predilection for fruits, the
colobines relied on leaves, and C. ascanius had a euryphagous diet (Table I).

Despite the observed dietary diversity, a preferential selection of young over
mature leaves was common to each species studied [Dominy & Lucas, 2001].
However, the binary distinctions of young/mature and unripe/ripe are somewhat
arbitrary and do not address the issue of sensory preference. Therefore, we
examined the dichotomy between consumed and unconsumed (background)
foliage. Although this was a conservative approach, the selected leaves differed
signi cantly with respect to green-redness (Table Il), a visual signal that indicates
two key properties: increased protein and reduced toughness (Table Ill). The
yellow-blue channel also correlated with these parameters, but to a lesser extent
(Table III), and did not distinguish consumed leaves (Table II). Accordingly, the
green-red channel appears to be uniquely suited to detecting proteinaceous
leaves. In a forest where ~50% of the plant species delay greening [Dominy et al.,
2002], routine trichromacy could be advantageous.

Conversely, the green-red channel offered little bene t to the animals’ ability
to discern edible fruits (Table 1), or key nutritional rewards, such as sucrose,
fructose, or glucose (Table IV). On the whole, green-redness in fruits was
associated with smaller size and lower pH. Although sugars in some fruits
increased along with exterior redness (e.g., Aningeria altissima and Uvariopsis
congensis), other fruits evinced no such pattern (e.g., Cordia millenii and Ficus
sansibarica). Furthermore, temporal feeding patterns indicated that leaves were
most frequently consumed at dusk, when ambient light decreases precipitously
(Fig. 3). C. ascanius consumed leaves and fruits equally often at ca. 1700 hr, and
they consumed fruits (but not leaves) to a similar extent at 0830 and 1100 hr.
Table V summarizes the inverse relationships between rainfall, perhumidity, and
primate biomass. These results indicate that primate biomass tends to be greater
in more seasonal forests.

DISCUSSION

Multiple selective pressures in uence the spectra that fruits evince during
development [Willson & Whelan, 1990]. Accordingly, these results re ect
two patterns: 1) tropical fruits develop in concert with divergent chromatic cues,
and 2) catarrhines ingest fruits at all developmental stages. For example,
colobines are notable for their consumption of cryptically hued fruits [Dominy,
2004]. Thus, when the green-redness of edible fruits is analyzed collectively, there
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TABLE V. Biomass of Primate Communities in Sites Characterized as Seasonal (PI: -12.0 —
9.5) or wet-superwet (PI: 10.0 — 24.0)"
Rainfall Pl Primate biomass
(mm) (kg/km ?) References®
Seasonal sites
Polonnaruwa, Sri Lanka 1,670 2.0 2,480 1,2
Kibale, Uganda 1,570 3.0 2,759 2,3
Ta’, Cote d’lvoire 1,800 6.5 1,025 1,4
Tiwai, Sierra Leone 2,708 6.5 1,379 2,3
La Macarena, Colombia 1,895 7.5 498 1,2
Kakamega, Kenya 1,910 9.5 1,900 1,5
Wet and superwet sites
Barro Colorado, Panama 2,730 10.5 445 2,6
Cocha Cashu, Peru 2,080 10.5 636 2,6
Raleighvallen, Surinam 3,000 125 251 2,7
Kuala Lompat, Malaysia 2,120 13.5 933 2,6
Rio Urucu, Brazil ® 2,350 14.5 381 2,8
Duala Edea, Cameroon 4,000 14.5 409 2,3
Sepilok, Sabah, Malaysia 3,000 185 268 2,6
Saut Pararé, French Guiana - 20.0 398 9

*Madagascar is not considered

21. Wernstedt [1972]; 2. Janson & Chapman [1999]; 3. Oates [1994]; 4. Bourlie "re [1985]; 5. Fashing & Cords
LZOOO]; 6. Walsh [1996]; 7. van Roosmalen [1985]; 8. Owren [1997]; 9. Guillotin et al. [1994].

Rainfall data from Manaus, Brazil.

is no uniformly advantageous nutritional trend to parallel the uniform nature of
routine trichromacy.

Our results suggest that the principal advantage of routine trichromacy
is that it enables animals to discern proteinaceous leaves. We found that
increasing green-redness not only characterizes leaves that are consumed more
frequently, but also signals greater nutritional quality. These results parallel
those obtained in a study by Dominy [2004], in which only top-ranking foods were
examined. Notably, among top-ranking foods, green-redness correlated strongly
with free amino acids, the majority of which could be sweet [Haefeli et al., 1998].
Although leaves with a high green-red signal are also smaller, leaf size is a poor
foraging cue due to large inter- and intraspeci ¢ variation [Lucas et al., 1998]. We
also show that leaves are consumed in greater quantity at dusk, when reddish
targets may be more conspicuous to trichromats. Because atmospheric ozone
attenuates middle wavelengths from the obliquely angled sun, the shift in
ambient wavelengths may result in redder objects becoming brighter [Endler,
1990]. Accordingly, routine trichromacy could aid catarrhines that leaf-binge
prior to extended periods of recumbence [Wrangham, 1977; Chapman &
Chapman, 1991]. No such pattern was detected for fruits.

Although both fruits and leaves can be conspicuous to trichromats [Sumner
& Mollon, 2000a], our results suggest that routine trichromacy is governed by a
seasonal reliance on leaves. There is compelling evidence that seasonality may
attend changes in leaf quality. Leigh [1999] hypothesized that short-lived leaves
in light-saturated conditions cannot afford a low nitrogen-to- ber ratio. This is
because a lack of nitrogen limits photosynthesis and fails to compensate a leaf for
its own structural components. Alternatively, leaves in shaded environments are
more likely to invest in photosynthetic return. It is hypothesized that these leaves
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manufacture greater mechanical defenses in return for longer life, reduced
nitrogen levels, and limited rates of photosynthesis. Available evidence largely
supports the notion of such trade-offs (e.g., longer-lived leaves are usually
tougher) [Turner, 2001]. However, in tropical rain forests, most plant species are
shade-tolerant [Hubbell, 2001], which suggests that relatively few plants produce
short-lived, proteinaceous leaves.

What climatic conditions, then, might produce forests characterized by such
leaves? Reich [1995] noted that because some habitats alternate reliably between
rainy seasons and dry seasons of high irradiance, it bene ts overstory plants to
produce short-lived, deciduous leaves. This pattern in uences lea ng patterns in
the understory. Janzen [1972] reported that understory leaf and ower
production is greatest when overstory deciduousness results in maximal
irradiance. Indeed, in a study of light-limited species in eight tropical forests,
Wright and van Schaik [1994] showed that annual leaf and ower production
coincided with maximal solar irradiance. Accordingly, seasonal forests with a
greater turnover of overstory leaves (and production of understory leaves during
maximal irradiance) may yield a greater production of leaves characterized by low
toughness. It is in such seasonal forests that mammalian biomass is predicted to
be highest [Leigh, 1999].

However, differentiating between seasons is to some extent an arbitrary
process. Historically, tropical seasons are based on total rainfall. Although rainfall
may correlate with primate diversity and biomass to some degree [Kay et al.,
1997; Janson & Chapman, 1999], the patterns are inconsistent [Ganzhorn, 1992;
Gupta & Chivers, 1999]. In 25 sites across Southeast Asia, Gupta and Chivers
[1999] found a negative relationship between primate biomass and the annual
number of dry months ( <100 mm rain). They interpreted their results to indicate
that seasonal climate (fewer dry months) favored increased biomass. However,
seasonality is not a measure of rainfall per se; rather, it refers to cycling between
rainfall and sunfall [Bronikowski & Webb, 1996; Wright, 1996]. Recently, Pastor-
Nieto and Williamson [1998] reported a positive correlation between their
seasonal metric and platyrrhine body mass. In this study we found that primate
community biomass also tends to be higher in seasonal forests.

Although the relationship between seasonality and leaf quality remains to be
tested, it is clear that seasonal folivory is associated with a variety of traits,
including larger body mass, tolerance to food shortage, and greater demographic
success [Lindstedt & Boyce, 1985; Oates et al., 1990; Jablonski et al., 2000].
Compellingly, the origin of catarrhine leaf consumption, as inferred from molar
crests in the lower (35.9-34.0 Ma) and upper (34.0-33.1 Ma) sequences of the
Fayum depression [Kirk & Simons, 2001], coincides with increasing seasonality in
Africa and Asia—a trend that resulted in the widespread extinction or reduction of
gs and arborescent palms [Morley, 2000]. Recently, Dominy et al. [2003] proposed
that the progressive loss of such keystone fruits forced stem catarrhines to rely on
leaves seasonally. Accordingly, the frequency of reddish young leaves in the
paleotropics [Dominy et al., 2002], and the nutritional advantages of being able to
discern them, may have been propitious factors favoring the retention and spread
of a duplicated M/L opsin gene. Presently, the mechanism of this process is unclear
because the issue of whether stem anthropoids possessed allelic trichromacy or
routine dichromacy is unresolved [Heesy & Ross, 2001; Surridge et al., 2003].

Thus, seasonal variation in food abundance and quality may have been
signi cant factors in the evolution of primate life history traits. In this regard,
there is a distinct platyrrhine-catarrhine paradigm with respect to fallback foods.
Whereas platyrrhines rely on keystone fruits/exudates or vary their consumption
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of arthropods [Terborgh, 1986; Terborgh & van Schaik, 1987], catarrhines resort
to proteinaceous young leaves [Tutin et al., 1997; McConkey et al., 2003]. The
paucity of leaf-dependent platyrrhines may be due in part to a neotropical
phenology in which seasonal fruiting is largely synchronized with leaf- ushing
[van Schaik & Pfannes, in press]. Accordingly, routine trichromacy may be
uncommon in platyrrhines because few of them consume young leaves as a
fallback food. Indeed, although the evidence is meager, allelic trichromacy may be
maintained by frequency-dependent advantages. For example, whereas hetero-
zygous females may better detect patchily distributed bird-fruits [Caine &
Mundy, 2000; Dominy, 2004], dichromats may better detect cryptic, keystone
fruits [Morgan et al., 1992; Dominy et al., 2003].

Determining the selective pressures that maintain allelic trichromacy is
therefore an important issue for future research. The visual ecology of howling
monkeys is enigmatic. Although it is tempting to link their routine trichromacy to
their predilection for young leaves, further research is needed before we can draw
any such conclusions. However, it seems clear that the key to the success of the
howlers is their exible diet. Howlers have the largest distribution among
platyrrhines, and they recover quickly from severe resource bottlenecks [Foster,
1982; Crockett & Eisenberg, 1987]. Accordingly, studies of sensory ecology have
the potential to yield insights into primate evolution [Dominy et al., 2001]. The
current ndings suggest that the routine nature of catarrhine color vision evolved
in response to a common reliance on young leaves. Further, we suggest that the
seasonal need to exploit young leaves arose during the Eocene-Oligocene
transition, after the platyrrhine—catarrhine bifurcation occurred. Finally, we
suspect that different selective pressures maintain allelic and routine trichromacy
in primates.
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