Chapter 2
Diets of Howler Monkeys

Pedro Américo D. Dias and Ariadna Rangel-Negrin

Abstract Based on a bibliographical review, we examined the diets of howler mon-
keys to compile a comprehensive overview of their food resources and document
dietary diversity. Additionally, we analyzed the effects of rainfall, group size, and
forest size on dietary variation. Howlers eat nearly all available plant parts in their
habitats. Time dedicated to the consumption of different food types varies among
species and populations, such that feeding behavior can range from high folivory to
high frugivory. Overall, howlers were found to use at least 1,165 plant species,
belonging to 479 genera and 111 families as food sources. Similarity in the use of
plant taxa as food sources (assessed with the Jaccard index) is higher within than
between howler species, although variation in similarity is higher within species.
Rainfall patterns, group size, and forest size affect several dimensions of the dietary
habits of howlers, such that, for instance, the degree of frugivory increases with
increased rainfall and habitat size, but decreases with increasing group size in groups
that live in more productive habitats. Moreover, the range of variation in dietary
habits correlates positively with variation in rainfall, suggesting that some howler
species are habitat generalists and have more variable diets, whereas others are habi-
tat specialists and tend to concentrate their diets on certain plant parts. Our results
highlight the high degree of dietary flexibility demonstrated by the genus Alouatta
and provide new insights for future research on howler foraging strategies.

Resumen Con base en una revisién bibliografica, examinamos las dietas de los
monos aulladores para describir exhaustivamente sus recursos alimenticios y la
diversidad de su dieta. Asimismo, analizamos los efectos de la pluviosidad, tamafio
grupal y tamafio del bosque en que viven los grupos sobre la variacién en su dieta.
Los monos aulladores consumen casi todas las partes vegetales presentes en sus habi-
tats. El tiempo dedicado al consumo de diferentes tipos de alimentos varia entre espe-
cies y poblaciones, de tal manera que la conducta alimenticia de los monos aulladores
puede ser altamente folivora o frugivora. Los monos aulladores usan como recurso
alimenticio al menos 1,165 especies de plantas, pertenecientes a 479 génerosya 111
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familias. La similitud (medida con el indice de Jaccard) en el uso de taxa de plantas
como alimento es mayor dentro que entre especies, aunque la variacién en los indices
de similitud es mayor dentro de una misma especie que entre diferentes especies. La
pluviosidad, el tamafio grupal y el tamafio del bosque afectan diversas dimensiones
de la conducta alimenticia de los monos aulladores, de tal modo que, por ejemplo, la
frugivoria incrementa de manera directamente proporcional con la pluviosidad y el
tamafio del bosque, pero disminuye en grupos grandes que viven en hdbitats mds
productivos. Por otra parte, el rango de variacion en los habitos alimenticios se cor-
relaciona positivamente con la variacién en la pluviosidad, sugiriendo que algunas
especies de monos aulladores son generalistas de hdbitat y tienen dietas mds variadas,
mientras que otras son especialistas de habitat y tienden a concentrar sus dietas en
ciertas partes vegetales. Nuestros resultados subrayan el notable grado de flexibilidad
alimenticia del género Alouatta y aportan nuevas perspectivas hacia futuras inves-
tigaciones sobre las estrategias de forrajeo de los monos aulladores.

Keywords Alouatta » Cross-species comparisons * Dietary diversity * Herbivory
patterns

2.1 Introduction

In the 80 years following the pioneering study by C.R. Carpenter on the behavior of
mantled howler monkeys (Alouatta palliata) of Barro Colorado Island in Panama,
our knowledge of the howler diet has increased substantially. Current data provide
evidence that members of the genus Alouatta are eclectic herbivores and present a
very selective foraging profile combined with a highly diverse diet. This dietary
pattern, a number of behavioral adaptations and digestive flexibility, allows howlers to
efficiently solve the basic problem of meeting their nutrient requirements each day
while staying below their maximum threshold for toxins. In this chapter we build on
previous reviews of the diets of howlers (Crockett and Eisenberg 1987; Neville et al.
1988; Bicca-Marques 2003; Di Fiore and Campbell 2007; Cristobal-Azkarate and
Arroyo-Rodriguez 2007; Chaves and Bicca-Marques 2013) to better understand
variation across species and populations for two main topics: (1) the food types and
food taxa selected by howlers and (2) the extent and overall diversity of the howler
diet. Additionally, we examine how the diet of howlers may vary throughout a gra-
dient of high folivory to high frugivory as a function of rainfall, group size, and the
size of the forests they inhabit. These three factors have been described as important
determinants of the food habits of howlers, as: (1) rainfall is associated with habitat
productivity and seasonality, and therefore, food availability (e.g., Dunn et al. 2010;
Palma et al. 2001); (2) group size may affect within-group scramble competition for
food, so that larger groups deplete food patches faster (e.g., Arroyo-Rodriguez et al.
2011); (3) forest size correlates positively with the number of food sources available
for howler monkeys (e.g., Arroyo-Rodriguez and Dias 2010). Finally, we analyze
the influence of rainfall, group size, and forest size on the dietary breadth (i.e., the
patterns of plant species and plant family use) of howlers.
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2.2 Literature Review

2.2.1 Database and Analyses

We reviewed all published articles, book chapters, and unpublished dissertations
available on ProQuest Dissertations & Theses Database (ProQuest LLC, Ann Arbor,
MI, USA) as well as those in digital libraries of Latin-American universities up to
January 2012 that focused on the diet of Alouatta. When data from a thesis were
published, we only used information presented in the publication. In this chapter we
follow the howler taxonomy proposed by Cortés-Ortiz et al. (2003).

From each study, we extracted the following information for each sampled
howler group: (1) the proportion of daily activity time spent feeding; (2) the propor-
tion of feeding time dedicated to eat leaves (both mature and young leaves), fruits,
flowers, and other food items (OFI); (3) the number of plant species and families
used as food sources. Data on plant taxonomy were homogenized using relevant
taxonomic literature and online databases (Tropicos, IPNI, ILDIS) by checking for
synonyms and misspellings. The taxonomic treatment of plant families follows the
Angiosperm Phylogeny Group II classification (APG 2003); (4) percentage of total
feeding time dedicated to the top five plant species; (5) the number of plant species
comprising >50 % of total feeding time; (6) the number of plant species used as
sources of leaves and the number of plant species used as sources of fruits; (7) group
size, calculated as the mean number of individuals present in each group during the
sampling period; (8) average annual rainfall (in mm) at each study site. When this
information was not provided by the authors, we consulted it at WorldClim (Hijmans
et al. 2005); (9) forest size (in ha), calculated as the amount of continuous habitat
available to each group.

To reduce the influence of seasonality, variation in study duration and differences
in study design on our results, in analyses of the use of food items and similarity in
the use of plant taxa as food sources, we only used studies that: (1) included
>9 months and >140 h of observations; (2) included data collected in both wet and
dry seasons; (3) sampled feeding behavior using focal or scan sampling methods. To
analyze variation in dietary breadth (defined as the number of plant species and
families used as sources of food), we similarly used studies with a duration
>9 months and that sampled feeding behavior with focal or scan sampling, but
divided the number plant species and families by the number of observation hours
to obtain a measure of breadth that could be directly compared among studies with
different observation effort.

We used paired #-tests to compare the proportions of time dedicated to consume
different plant parts and one-way ANOVA to compare: (1) dietary variables among
howler species (followed by LSD post hoc tests); (2) the number of plant species
used as sources of leaves and the number of plant species used as sources of fruits.
We used Pearson correlations to analyze associations between: (1) the proportion of
time dedicated to the consumption of different plant parts; (2) the number of plant
species included in the diet and the percentage of total feeding time dedicated to the
top five plant species; (3) the number of plant species comprising >50 % of total
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feeding time and the time dedicated to the consumption of different plant parts. To
explore variation in the howler diet (higher folivory to higher frugivory) as a func-
tion of rainfall, group size, and forest size, we first used a PCA to combine data on
the proportion of feeding time dedicated to eat fruits with the proportion of feeding
time dedicated to eat leaves in a single variable that could be used to describe the
dietary habits of howlers. From this analysis we obtained a component that explained
88.4 % of the total variance in both variables (eigenvalue=1.8). This component
(dietary habits hereafter) correlated positively (r=0.94) with fruit consumption and
negatively with leaf consumption (r=-0.94). Values of this component >1 indicate
a mainly frugivorous diet (i.e., >50 % of feeding time dedicated to fruits). Second,
we used a backward stepwise regression analysis to predict variation in dietary hab-
its as a function of rainfall, group size, and forest size. Third, to further understand
the relationships between the predictive variables that were included in the stepwise
analysis and dietary habits, we performed piecewise regressions. These regressions
allowed identifying discontinuities in the relationships between each predictive
variable and dietary habit by determining breakpoints. A new stepwise regression
was then calculated for each slope defined by the breakpoints, in which we again
included all predictive variables. To normalize distributions and homogenize vari-
ances, in these analyses percentage data was converted to proportions and propor-
tions were transformed using the square root of the arcsine; and rainfall, group size,
and forest size were log transformed.

We used backward stepwise regressions to predict variation in the proportion of
time dedicated to consume flowers and OFI, as well as in the dietary breadth of
howlers as a function of rainfall, group size, and forest size. In these analyses the
proportions of time dedicated to feeding and the rates of consumption of plant spe-
cies and families were transformed using the square root of the arcsine; and rainfall,
group size, and forest size were log transformed.

We analyzed intra- and interspecific similarity in the use of plant taxa with the
Jaccard’s coefficient: S;=number of taxa consumed in both sites i and j/total num-
ber of taxa consumed in either site i or j. Similarity was calculated at the family,
genus, and species level.

2.2.2 Sample Characteristics

The majority of studies (55.8 %) that have addressed topics related to the diet of
howler monkeys have been conducted with groups living in Brazil and México,
whereas in Ecuador, Peru, and Surinam, respectively, only a single study related to
the howler diet could be found (Fig. 2.1). For Bolivia, Guiana, Paraguay, and
Uruguay, countries where howler monkeys also occur, we could not find any dietary
studies. Alouatta palliata has been the most thoroughly studied species, followed
by A. pigra and A. guariba. Among the least studied species are A. belzebul and
A. macconnelli, and no studies could be found on the diet of A. nigerrima and
A. sara (Table 2.1).
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Fig. 2.1 Sites where the diets of howlers have been studied

More than half of all studies have been conducted with groups living in tropical
dry forests (58.3 %; i.e., rainfall <2,000 mm), followed by groups in wet forests
(27 %; i.e., rainfall >2,700 mm) and groups in moist forests (14.7 %; i.e., rainfall
2,000-2,700 mm). At the species level, all A. belzebul groups have been observed in
moist forest, whereas all A. caraya and A. guariba, as well as the majority of A.
pigra groups, live in dry forest. Conversely, the majority of A. macconnelli, A. pal-
liata, and A. seniculus groups have been studied in wet forests. A similar number of
groups have been studied in protected and unprotected forests (i.e., conservation
status assigned by country’s government), although most studies have been con-
ducted in small forests: 47.1 % of studies were carried out in forests <100 ha,
whereas only 18.5 % were carried out in forests >10,000 ha.

The diet of howler monkeys has been studied using a variety of different sam-
pling methods. Most studies (98.2 %) relied on direct observations of the behavior
of individuals within a discrete howler group or groups, and among these, the major-
ity (72.4 %) used focal or scan sampling (Altmann 1974). Variation in the duration
of studies is impressive, ranging from 1 week to 74 months and from 31 to 2,303
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observation hours. However, the majority of studies (57.8 %) have included >300 h
of observations, and 12.9 % had an observation effort >1,000 h. Finally, the majority
of groups (65.1 %) were studied for >9 months, which allows controlling for and
assessing the effects of seasonality on the diet.

2.3 Results

2.3.1 Howler Foods

Overall, howlers spend on average (+SD) approximately 19.7+6.9 % of their daily
activity time feeding, and time spent feeding does not vary significantly between
species (Fs49=0.891, p=0.494). As expected for an arboreal primate that occupies
primarily the upper and middle portions of the canopy, howlers spend the majority
of their feeding time (82+17.1 %) consuming food items from trees.

Howlers consume both ripe and unripe fruits. Sometimes, they select and eat
specific parts of fruits, such as seeds or arils (see Arroyo-Rodriguez et al. 2014).
A significant proportion of the range of variation in time spent consuming fruits is
shared by all howler species (Fig. 2.2a). This is particularly marked in species that
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Fig. 2.2 Range (gray columns) and average (black squares) proportion of feeding time dedicated
to the consumption of fruits (a), leaves of all ages (b) and young leaves (c). 1 =A. belzebul; 2=A.
caraya; 3=A. guariba; 4=A. macconnelli; 5=A. palliata; 6=A. pigra; T=A. seniculus
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Fig. 2.3 Relationship between variation (CV =coefficient of variation) in rainfall and the propor-
tion of time dedicated to the consumption of fruits (a) and leaves of all ages (b)

occupy a wider range of forest types (as assessed by variation in rainfall levels;
Fig. 2.3a), such as A. palliata, A. pigra, and A. seniculus. In contrast, howler species
that live in forests with low variation in rainfall levels (A. belzebul and A. maccon-
nelli), and forests that are also more seasonal (A. caraya and A. guariba), present
the highest and lowest values for fruit consumption, respectively.

Howlers eat young and mature leaves, leaf petioles, pulvini, and leaf buds.
In contrast to fruit consumption, which for some species ranges from zero (e.g.,
A. palliata), howlers at all study sites always eat at least some leaves. As in the case
of fruits, some howler species show higher variation in leaf consumption (including
young leaves), which encompasses the range of other species (e.g., A. palliata;
Fig. 2.2b, c). Species that are found in forests with low variation in rainfall tend to
spend the highest (e.g., A. caraya) or lowest (e.g., A. belzebul) proportion of time
consuming leaves, whereas species that live in more diverse forests in terms of rain-
fall levels (e.g., A. palliata) show intermediate proportions (Fig. 2.3b).

Besides fruits, leaves, and flowers, howlers consume lesser amounts of a variety of
OFI. These include: other plant items, such as bark, gum, decayed and live wood, pine
cones, pods, pseudobulbs (from epiphytes), roots, stems (including twigs) and herbs;
chicken eggs; honey; insects (eggs, larvae, and adults); lichens; mushrooms; nectar;
soil; and termitaria. Concerning the ingestion of insects, howlers inadvertently eat
Hymenoptera (e.g., Blastophaga), Diptera, and Coleoptera (e.g., Curculionidae)
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(Hladik and Hladik 1969; Milton 1980; Gaulin and Gaulin 1982; Alves and Guix
1992; Serio-Silva 1995; Bravo and Zunino 1998) that infest fruits, and these insects
may be an important source of vitamins, minerals, and amino acids that can only be
obtained from animal source foods (Urquiza-Haas et al. 2008).

Howlers have been observed ingesting soil from the forest floor (from “barreiros”
or “salados”: Izawa 1993; Stevenson et al. 2000, 2002; Blake et al. 2010), bird
nests (Bicca-Marques and Calegaro-Marques 1994a, b, ¢), and termitaria (Julliot
and Sabatier 1993; de Souza et al. 2002). It has been suggested that the main func-
tion of geophagy is as a digestive aid (e.g., detoxification of secondary compounds).
This suggestion is supported by the observation that, in some howler populations,
geophagy is positively correlated with leaf consumption, usually during the dry season
(Julliot and Sabatier 1993; de Souza et al. 2002). Specifically, some soils consumed
by howlers are rich in organic matter and clay, which may help to absorb secondary
metabolites of plants, such as tannins, alkaloids, and terpenoids, and balance gastric
acidity (Hirabuki and Izawa 1990; de Souza et al. 2002). Alternative explanations
for geophagy by howlers include mineral supplementation (Izawa 1993) and to
combat to endoparasite infestations (Bicca-Marques and Calegaro-Marques 1994a),
although currently there is only very scarce data addressing both hypotheses.

The low proportion of time (<1 %) howlers dedicate to drinking water indicates
that they acquire most water from their foods. However, howlers have been observed
drinking rainwater accumulated in flowers, epiphytic bromeliads (Bonvicino 1989;
Steinmetz 2000, 2001; Miranda et al. 2005), pools and holes in trunks (Glander
1978a; Silver et al. 1998; Giudice and Mudry 2000; Fialho 2000; Miranda et al.
2005; Pozo-Montuy and Serio-Silva 2006, 2007; Snarr 2006), as well as from ponds
and rivers (Gilbert and Stouffer 1989; Almeida-Silva et al. 2005; Miranda et al.
2005). In several howler species (e.g., A. guariba, A. palliata, A. pigra), drinking is
negatively correlated with precipitation, temperature, and fruit consumption and/or
positively related to the consumption of mature leaves (Glander 1978a; Gilbert and
Stouffer 1989; Bonvicino 1989; Steinmetz 2001; Miranda et al. 2005; Dias et al.
2014). Therefore, drinking water by howlers seems to relate to hydration when the
climate is dryer or foods rich in water (i.e., new leaves, fruits) are unavailable.

Howlers consume significantly more leaves than fruits (¢;;=7.86, p<0.001), and
significantly more young leaves than mature leaves (#;;,=2.47, p=0.018; Table 2.1).
At the species level, A. caraya (t3=4.53, p=0.002), A. guariba (t,,=11.72,
p<0.001), A. palliata (t3y=4.15, p<0.001), and A. pigra (t,=2.58, p=0.003) con-
sume significantly more leaves than fruits, and only in A. caraya (t;=4.08, p=0.027)
and A. palliata (t;;=4.26, p<0.001) is the consumption of young leaves signifi-
cantly higher than that of mature leaves. There are differences between species in
the proportions of time dedicated to consume fruits (Fs¢=4.77, p<0.001), leaves
(Fs566=7.70, p<0.001), and young leaves (Fs3,=5.94, p<0.001), but not flowers
(F55=0.67, p=0.649) or OFI (F;s33=0.85, p=0.527). These differences are deter-
mined by (LSD tests p<0.05): (1) higher consumption of fruits by A. belzebul than
by A. caraya and A. guariba; (2) higher consumption of fruits by A. palliata and
A. pigra than by A. guariba; (3) lower consumption of leaves in A. belzebul than by
all other species; (4) higher consumption of leaves by A. guariba and A. caraya than
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in A. palliata and A. pigra; (5) lower consumption of young leaves in A. belzebul
and A. caraya than all other species, except for each other. Time spent eating fruits
correlates negatively with the consumption of leaves (r=-0.77, n=72, p<0.001)
and flowers (r=-0.27, n=59, p=0.034).

Dietary habits of howlers are significantly predicted (R>=0.22, F4=5.81,
p=0.001) by rainfall ($=0.50, t=3.09, p=0.003), group size (f=0.25, t=2.81,
p=0.007), and the interaction between rainfall and group size ($=0.22, t=2.78,
p=0.007). These results suggest that overall howlers tend to be more frugivorous
when living in larger groups that occupy habitats with more rainfall (Fig. 2.4a, b). A
piecewise regression of rainfall levels on the dietary habits of howlers resulted in a
highly explicative model (R*=0.81), which defined a breakpoint at 2,287.2 mm. For
groups living in habitats with rainfall <2,287.2 mm (R*>=0.40, F;45=9.84, p<0.001),
again rainfall was the most explicative variable, indicating that frugivory increases
with increasing rainfall (rainfall f=0.59, r=5.06, p<0.001; group size f=0.21,
t=1.79, p=0.081; forest size f=0.17, t=1.48, p=0.146; Fig. 2.4c). For rainfall
>2,287.2 mm (R*=0.27, F,14=5.99, p=0.026), dietary habits tend to frugivory as
group size decreases (group size f=-0.52, r=2.45, p=0.026; Fig. 2.4d). Concerning
group size, a piecewise regression identified a breakpoint at 11.9 individuals
(R*=0.64). For groups <11.9 individuals, dietary habits were significantly predicted
(R*=0.15, F,4=3.74, p=0.032) by rainfall (#=0.47, t=3.32, p=0.001) and forest
size (#=0.20, t=1.44, p=0.156), indicating that, at these group sizes, howler diets
are more frugivorous in larger forests that receive more rainfall (Fig. 2.4e, f). For
larger groups (i.e., >11.9 individuals) no model could be defined by the stepwise
regression. Time dedicated to flower consumption is significantly predicted by rain-
fall and forest size (R*=0.30, F,5,=10.78, p<0.001). Specifically, howlers spend
more time consuming flowers when they live in larger habitats (#=0.30, r=2.51,
p=0.015) that receive less rain (f=-0.43, t=3.68, p<0.001). The consumption of
OFI is significantly predicted by group size and forest size (R*=0.34, F,3,=38.09,
p=0.001). Howlers spend more time consuming OFI when living in larger groups
(#=0.41, t=2.83, p=0.008) and smaller forests (f=-0.35, r=2.43, p=0.021).

2.3.2 Dietary Diversity

Combined data show that howlers consume a total of 1,165 plant species, belonging
to 479 genus and 111 families. If plant morphotypes are included in these calcula-
tions and we assume that no morphotypes are shared between studies, howlers con-
sume 1,665 or more plant species. [A complete list of the plants used by howlers as
food sources per study group and the plant parts used is available at http://goo.gl/
F3ysf.] Fabaceae (200 species), Moraceae (104), Sapotaceae (56), and Bignoneaceae
(53) are the families showing the highest number of plant species in the howler diet:
together, these four families represent 35.5 % of all species consumed. At the genus
level, Ficus and Inga are the taxa represented by more species in the howler diet,
with 65 and 31 species, respectively. However, the majority of genera (ca. 50 %)
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Fig. 2.4 Variation in the dietary habits of howlers as a function of: rainfall (a); group size (b);
rainfall in groups that live in habitats that receive less than 2,287.2 mm of rainfall per year (c);
group size in groups that live in habitats that receive more than 2,287.2 mm of rainfall per year (d);
rainfall in groups with less than 11.9 individuals (e); forest size in groups with less than 11.9 indi-
viduals (f). The dotted line represents threshold for a balanced diet (i.e., equal amounts of time
dedicated to consume fruits and leaves). Values higher than this threshold represent a mainly fru-
givorous diet, whereas lower values represent a mainly folivorous diet
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are represented in the diet of howlers by only 1-3 species, and 78 % are represented
by <10 species. Among known plant species used as food sources, 47 % are sources of
fruit (548 species, 80 families), 64.8 % (754 species, 98 families) are sources of
leaves, and 21.2 % (247 species, 59 families) are sources of flowers. The majority
(>50 % of species) of fruits consumed by howlers belong to the Moraceae (83 species),
Fabaceae (62), Sapotaceae (43), Myrtaceae (31), Urticaceae (24), Lauraceae (18) and
Anacardiaceae (16) families; and to the genera Ficus (53 species), Inga (19),
Pouteria (14), Eugenia (13), and Cecropia (11). The majority of leaves consumed
by howlers belong to the Fabaceae (160 species), Moraceae (66), Bignoneaceae
(36), Malvaceae (29), Sapotaceae (28), Myrtaceae (24), Lauraceae (19), and
Chrysobalanaceae (18) families; and to the genera Ficus (41), Inga (23), Protium
(13), Licania (11), Eugenia (10), Lonchocarpus (10), Machaerium (10), and
Pithecellobium (10). Flowers are mainly consumed from the families Fabaceae (81),
Bignoniaceae (29), and Malvaceae (14); 42 genera account for the majority of plant
species serving as sources of flowers, led by Inga, which contributes 14 species.

Thirty-two percent of the plant families used as food sources are exclusively
exploited by a single howler species, whereas 7 families (6.3 % of the total number
of families utilized), Anacardiaceae, Bignoneaceae, Fabaceae, Malvaceae,
Moraceae, Sapotaceae, and Urticaceae, are used by all howler species for which
feeding data are currently available. At the genus level, the number of plant taxa
used exclusively by a single howler species increases nearly twofold with respect to
the previous taxonomic level, to 57 %, and only 4 genera are shared by all howler
species (0.8 %; Cecropia, Ficus, Inga, and Tabebuia). At the species level, 81.5 %
of all taxa are used by a single howler species, and no plant species is used by all
howler species. Two plant species (0.2 %) are shared by five howler species, namely
Brosimum guianense (Aubl.) Huber (A. belzebul, A. guariba, A. macconnelli, A.
pigra and A. seniculus) and Ficus insipida Willd (A. caraya, A. guariba, A. palliata,
A. pigra and A. seniculus). Interestingly, these two species are very different in
terms of light requirements for their germination, as the first is shade-tolerant (i.e.,
typical of mature forests), whereas the second is a light-demanding species.

2.3.2.1 Similarity in the Use of Plant Taxa

Average similarity (as assessed by the Jaccard index) among howler species in the
use of plants is low (Table 2.2) at the family, genus, and species level. Overall,
Alouatta pigra shows the highest average similarity with other species, particularly
with A. palliata; A. caraya and A. guariba show the highest similarity between each

Table 2.2 Similarity (J index) in the consumption of plant taxa between and within howler species

Interspecific Intraspecific
Plants Mean SD Range Mean SD Range
Family 0.38 0.05 0.22-0.55 0.43 0.18 0.05-0.88
Genus 0.16 0.02 0.08-0.31 0.29 0.19 0.04-0.91

Species 0.04 0.007 0.007-0.16 0.22 0.19 0-0.93
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other than any other pair of species; and A. belzebul and A. macconnelli have the
lowest average similarity with other species (Fig. 2.5). As expected by the distribu-
tional ranges of howler species, three major groupings may be identified in terms of
similarity in the use of plant species, genus, and families as food sources: (1) trans-
Andean howlers; (2) howlers from Amazonia and northern South America; (3)
howlers from Chaco, Cerrado, and Atlantic forest. As an exception to this relation-
ship between distributional range and use of similar plant taxa, A. seniculus groups
with the first two groups at the plant family level. Average dietary similarity is
higher intraspecifically than interspecifically (Table 2.2). Nevertheless, variation in
similarity is higher within species than between species, particularly at the plant
species level. In general, higher (/>0.75) similarity levels are found between: (1)
different groups of the same species living in the same (e.g., Refs. 85,95 and 112 in
Table 2.1) or different forests (e.g., Refs. 82 and 100 in Table 2.1) observed in the
same study; (2) a single group observed at different moments (e.g., Ref. 78 vs. 79 in
Table 2.1; Ref. 57 vs. 58 in Table 2.1).
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2.3.2.2 Dietary Breadth

The average (£SD) rate of use of plant species and families as food resources by
howler groups is 0.12+0.1 and 0.06+0.08 families/h, respectively. Plant species
and families use is significantly predicted by rainfall and forest size (species:
R?=0.26, F35,=5.83, p<0.001; families: R*=0.32, F;3;3=5.85, p<0.002). In both
models rainfall (species: f=0.34, t=2.80, p=0.007; families: f=0.34, t=2.51,
p=0.017), forest size (species: =0.28, t=2.29, p=0.026; families: $=0.33,
t=2.39, p=0.022), and group size (species: f=-0.19, t=1.59, p=0.117; families:
p=-0.22,t=1.63, p=0.112) were included in the stepwise regression, but only the
first two variables had significant effects, indicating that howlers use more plant
species and families in extensive forests that receive more rainfall. The proportion
of feeding time dedicated to top food species (TFS) varies significantly between
howler species (Fs44=2.74, p=0.031), a result that is mainly due to Alouatta caraya
groups concentrating more feeding time to TES than A. belzebul, A. guariba, and A.
palliata (LSD tests p<0.05). Time dedicated to the consumption of TFS increases
when howlers use fewer plant species (r=-0.68, n=50, p<0.001). The number of
plant species contributing >50 % of feeding time is negatively correlated with the
percentage of time dedicated to consume fruits (r=—0.20, n=43, p=0.05), suggest-
ing that higher fruit consumption is associated with a decrease in the use of plant
species. Finally, howlers use significantly more plant species as sources of leaves
than fruits (¢4,;,=7.76, p<0.001) in a ratio of approximately 2:1 (Table 2.1).

2.4 Perspectives on the Diets of Howlers

The results from this review support previous classifications of howlers as folivore—
frugivore primates, whose diets vary both inter- and intraspecifically. Furthermore,
our analyses reveal several patterns in the diets of howlers that suggest that their
degree of dietary variation is affected by both environmental (i.e., rainfall, forest
size) and social (i.e., group size) factors.

Rainfall is a critical factor underlying variation in the diets of howlers. Water avail-
ability, through its limiting effects on plant physiology, determines the establishment
of plant communities and their phenologies. Tropical forests with annual rainfall
lower than 2,000-2,500 mm tend to be drier, more seasonal, and have lower fruit
availability than forests with higher rainfall (van Schaik et al. 1993; Kay et al. 1997,
Dirzo et al. 2011). Across the genus, howlers that live in wetter habitats have more
frugivorous diets, consume fewer flowers, and show more diverse diets than those in
drier habitats, although they concentrate a higher percentage of their total feeding
time on a lower number of species. In particular, frugivory increases steadily with
increasing rainfall up to the level of ~2,200 mm and up to group sizes of =12 indi-
viduals; 47 % of all studied howler groups live under these circumstances. Furthermore,
frugivory increases with increasing forest size (a proxy for availability of food
sources: Arroyo-Rodriguez and Dias 2010) in groups with less than= 12 individuals.
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In habitats with rainfall higher than ~2,200 mm, frugivory decreases with increasing
group size, suggesting that in more productive habitats fruit sources are depleted
faster. Therefore, overall and temporal fruit availability and perhaps indirect scramble
competition for food (Sterck et al. 1997) in larger howler groups (Knopff and Pavelka
2006; Arroyo-Rodriguez et al. 2011) explain how the dietary habits of howlers vary
throughout the folivore—frugivore gradient.

At the species level, howler species that are distributed exclusively in drier for-
ests (A. caraya and A. guariba) show the highest consumption of leaves and lowest
consumption of fruits across the genus. They also show a number of additional
dietary similarities, including the use of many of the same plant taxa as food sources.
Howlers that live in less seasonal moist forests (A. belzebul and A. macconnelli) are
in turn the most frugivorous and least folivorous species and also share other fea-
tures of their diets, such as the use of more plant species as sources of fruits than
leaves. Contrasting with these habitat specialists, the remaining howler species
occupy a large array of habitat types, and as a result, their dietary habits are more
variable. Still, even among these species, rainfall patterns consistently explain vari-
ation in the consumption of leaves and fruits. Therefore, our analyses suggest that,
although at the genus level howlers are primarily folivorous, their dietary habits
range from higher folivory to higher frugivory depending on the rainfall patterns,
group size, and forest size that a particular species or population faces. The fact that
despite these differences time dedicated to feeding is not significantly variable
across species supports previous suggestions that howlers’ time-budgets are either
phylogenetically or metabolically constrained (Bicca-Marques 2003; Pavelka and
Knopff 2004). It is interesting to observe that similarity in dietary habits seems to
parallel proximity in geographic distributions more than phylogenetic relationships
within the genus (e.g., Cortés-Ortiz et al. 2003; Gregorin 2006).

As discussed above, in addition to rainfall, group size and habitat size explain
variation in several traits of howler diets. Across the genus, larger groups spend
more time eating fruits and OFI. Furthermore, frugivory increases steadily with
increased group size up to the level of ~12 individuals per group. This suggests that
larger groups deplete patches of preferred foods faster and increase the consumption
of alternative food sources. At the species level, however, the relationship between
fruit consumption and group size stands only for A. palliata, probably because this
is the species with the highest mean group size, and in which some groups eat fruits
more intensively (only second to A. pigra). This result coincides with previous evi-
dence that some A. palliata populations experience reduced access to food sources
when living in large groups (Arroyo-Rodriguez et al. 2011). In other species, the
effects of group size on the consumption of seasonal plant items are more variable,
probably because the interaction among dietary preferences, availability of seasonal
foods, and food-patch depletion varies within and between species as a function of
habitat characteristics. Among these, habitat size is particularly important as it is
positively related to food availability throughout the forests occupied by howlers;
small forests have less food sources that are additionally smaller (Arroyo-Rodriguez
and Dias 2010). As a consequence, howlers eat less fruits, more flowers, and OFI,
and their diets are less diverse. As discussed elsewhere, these relationships have
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important consequences for the conservation of howlers in disturbed habitats
(Bicca-Marques 2003; Cristobal-Azkarate and Arroyo-Rodriguez 2007; Arroyo-
Rodriguez and Dias 2010).

Howlers have a number of anatomical and physiological adaptations that enable
the use of leaves as a primary food resource. In addition to dental morphology and
other craniomandibular features (e.g., Anapol and Lee 1994), the caecum and proxi-
mal colon of howlers are enlarged (Fooden 1964; Milton 1998) and harbor exten-
sive communities of symbiotic microorganisms that degrade the structural
components of plant cell walls through fermentation (Milton and McBee 1983).
Due to the slow transit and long retention times of digesta associated with the kinet-
ics of caeco-colic fermentation (Crissey et al. 1990; Milton 1998; Edwards and
Ullrey 1999), and an important dependence on fermentation end products to meet
daily energy requirements (Milton and McBee 1983), the ability of howlers to
exploit non-leaf foods is probably limited. However, all species of howlers consume
some non-leaf foods which, in some cases, may represent their main food resource
(e.g., A. belzebul). In fact, it has been demonstrated that howlers prefer eating fruits
when these are available (e.g., Silver et al. 1998; Stevenson et al. 2000; Palma et al.
2001), and our own data indicates that during peak fruiting A. pigra may spend up
to 95 % of their feeding time consuming fruits for at least two week periods and
may consume no leaves at all up to 3 consecutive days. Data from a reduced number
of captive A. caraya, A. palliata, and A. seniculus individuals suggests that, inde-
pendent of fiber concentrations in the diet, digestive capabilities vary among howler
species (Edwards and Ullrey 1999). Therefore, it is possible that interspecific varia-
tion in feeding behavior results from differences in the interplay between food
availability and digestive capabilities. In the future it will be interesting to compare
the digestive flexibility of howlers that tend to be more highly frugivorous with
those showing stronger folivorous tendencies.

In summary, howlers exploit some proportion of nearly all types of plant parts
that are available in their habitat and their diets tend to be highly diverse. In the pres-
ent study we concentrated on the description of the dietary habits of howlers and on
analyzing the influences of rainfall, group size, and forest size on its variation.
However, in a broader context, the feeding behavior of howlers is part of a foraging
strategy that essentially relies on an intricate interplay between food availability and
nutrient requirements that vary individually (e.g., Dias et al. 2011), a relatively
non-specialized digestive tract and a number of mechanisms that allow behavioral
modulation of their active metabolism (e.g., Milton 1998). This set of interaction
has seldom been modeled, and its understanding continues to be among the major
challenges we face in future howler research.
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