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Free-ranging animals make dietary choices that affect their nutritional status and,
ultimately, their health and fitness. We investigated food selection by a leaf-eating
foregut-fermenting primate, the guereza (Colobus guereza), using multiple criteria,
including chemical and mechanical properties, in vitro digestibility and leaf abundance,
on the basis of 30 consecutive months of behavioral observations (4308 h in total)
of a family group in the Kalinzu Forest, Uganda, as well as vegetation surveys. We
noted that leaf toughness may be a proximate cue for the chemical properties of plant
foods, especially for protein, which is an important selection factor used by primates.
We also found that the in vitro digestibility of plant foods was greatly influenced by the
concentrations of fiber and secondary compounds. At a broad level, none of the studied
factors, including leaf chemical and mechanical properties, digestibility and abundance,
affected whether guerezas consumed specific leaf items. At a more detailed level,
however, protein content, digestibility and toughness were related to the percentage
of foraging effort that guerezas devoted to specific items in our study site.

Keywords: feeding ecology, folivore, food mechanical properties, nutritional ecology, secondary compounds

INTRODUCTION

Tropical forests offer herbivores a variety of potential food sources. Therefore, to meet their
nutritional needs and maintain their health and fitness, herbivores must select foods on the basis of
criteria such as their chemical and mechanical properties, weighed against the availability of food
resources. Since the variety of plant species eaten by herbivores may vary substantially in terms
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of nutritional content, toughness, secondary compounds,
abundance, and digestibility (Janzen, 1973; Crawley, 1983;
Onoda et al., 2011), many studies have reported some degree
of herbivore food selectivity (Hughes, 1990; Cassini, 1994;
Tason and Villalba, 2006). Thus, over the past half century, a
considerable amount of knowledge has accumulated with respect
to the dietary choices of herbivores, though the same species have
often been found to use different dietary choice criteria under
different environmental conditions (Cassini, 1994; Ganzhorn
et al., 2017); this suggests that further empirical research that
evaluates this flexibility is worthwhile.

Foregut-fermenting primates, the colobines, are a group of
Afroeurasian monkeys that include over 70 species that are
widely distributed throughout Asia and Africa. Their foregut
fermentation system features a multi-chambered stomach where
a commensal microbiome digests plant cell walls and can detoxify
defensive plant chemicals (Chivers, 1994; Matsuda et al., 2022).
This fermentation system enables these primates to exploit a diet
of leaves in great quantities (Fashing, 2011; Kirkpatrick, 2011).
As in many herbivorous mammals (Gordon and Prins, 2019),
nutritional studies of colobines have revealed that they generally
prefer foods containing more protein and less fiber (Waterman
and Kool, 1994; Rothman et al., 2022). However, some colobines
do not exhibit a strong preference for protein; in fact, a clear
preference for protein is generally only seen in environments
with low average protein content (Oftedal, 1991; Ganzhorn et al.,
2017; Evans et al., 2021). Additionally, since leaves typically
contain many plant secondary metabolites, it is hypothesized
that colobines have strategies to detoxify, tolerate or avoid these
compounds. Several studies have reported food choices that avoid
tannins and/or alkaloids (Oates et al., 1977; Oates, 1988; Fashing
et al., 2007). Conversely, there are also reports of a lack of active
avoidance of secondary compounds (Davies et al., 1988; Mowry
et al., 1996; Huang et al,, 2010; Liu et al., 2013; Matsuda et al,,
2013). Thus, the combined effects of food chemical properties and
other possible factors such as digestibility, toughness and food
abundance must be considered to understand the dietary choices
of colobines. However, to our knowledge, little is known about
the dietary choices of colobines with respect to a larger variety of
factors, particularly when they are presented simultaneously.

In addition to chemical properties, variation in the mechanical
properties of food plants is believed to influence primate feeding
behavior in relation to the morphology of their dentofacial
complex (e.g., Lucas and Teaford, 1994; Koyabu and Endo, 2009;
Wright and Willis, 2022) and hence their food selection (e.g.,
Dominy et al.,, 2001; Huang et al., 2010; Matsuda et al., 2017);
in other words, they typically select tender foods. Additionally,
in leaf-eating colobines, the selection of leaves with a low degree
of toughness may be an adaptive strategy as ingestion rates are
negatively correlated, and masticatory investment is positively
correlated, with leaf toughness (Dunham and Lambert, 2016).
Furthermore, toughness, as assessed by oral sensation, may serve
as a proximate cue of the food’s chemical properties, as it depends
on the concentration of fiber, such as cellulose, hemicellulose and
lignin (Lucas et al., 1997; Dominy et al., 2001). Protein content
also has a negative relationship with the toughness of food sources
consumed by Asian colobines (Matsuda et al., 2017), supporting

the fact that leaf toughness is used as an important cue to evaluate
nutritional quality.

Assessing  digestibility can be an optimal way to
comprehensively quantify food quality as represented by
multivariate chemical and physical factors and has been done
using in vitro assays. Although some previous studies have used
assays combining acid and enzymatic treatments (e.g., Oates
et al., 1980; Choo et al., 1981), live gut microbes contained in
fresh feces are often used as inoculum, with a specific food as
a substrate (e.g., Campbell et al., 2002; Schmidt et al., 2005;
Hanya et al, 2020). Recent molecular studies have shown
that bacterial communities diverge between the foregut and
hindgut in colobines (Clayton et al., 2019), with the higher
expression of microbial gene functions for fiber digestion in
the foregut than in the hindgut (Liu et al, 2022); thus, feces
that contain hindgut-derived microorganisms may not be a
representative inoculum source for measuring digestibility in
foregut-fermenting colobines. Although limited information is
available on the foregut microbial community in colobines (Zhou
et al., 2014; Amato et al., 2016; Hayakawa et al., 2018), it should
not deviate substantially from that of other foregut-fermenting
animals such as artiodactyls (Matsuda and Clauss, 2022),
indicating that the most common in vitro method for measuring
digestibility in herbivores, using a standardized inoculum and
domestic ruminant rumen fluid [e.g., the modified Hohenheim
gas test; (Menke et al., 1979)], should also be applicable for
foregut-fermenting colobines (Waterman et al., 1980; Chapman
and Chapman, 2002; Chapman et al., 2004; Matsuda et al., 2017).

Finally, optimal dietary choices should also depend
on energy values, as well as handling and search times
(Davies et al., 2012). Hence, it is important to consider the
availability of foods and their heterogeneous distribution
within forests (Boinski and Garber, 2000). Even in colobines,
whose primary food source is leaves, which appear to be
ubiquitous and abundant, leaf availability may explain
diet selection (e.g., Chapman and Chapman, 2002; Hanya
and Bernard, 2012; Matsuda et al, 2017), although some
species do not base their diet simply on abundance
(Zhou et al., 2006, 2013).

Black-and-white colobuses, or guerezas (Colobus guereza),
are widely distributed throughout Africa (Fashing, 2022) and
generally form small groups, typically averaging 7-11 individuals
including one or two adult males, several adult females and
immatures (Fashing, 2022). They have been reported to have
considerable intraspecific variability in their diets, both over
time and space, ranging from highly folivorous to including
large quantities of fruit (Fashing, 2022). As for their dietary
choices, protein content is one of the primary indicators
in their decision to eat a particular leaf (Chapman et al,
2004; Fashing et al., 2007). Conversely, protein content and/or
protein-to-fiber ratios are also positively correlated with the
leaf foraging efforts of guerezas in Kibale, Uganda (Chapman
et al, 2004), whereas in Kakamega, Kenya, they consume
leaves on the basis of fiber, but not protein content (Fashing
et al, 2007). Only one study (Chapman et al, 2004) has
reported leaf digestibility as a considerable factor in dietary
choice: depending on the forest environment (i.e., unlogged
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or fragmented forests), there is a marked difference between
leaf selectivity and digestibility. Conversely, no studies have
completed a comprehensive assessment of guereza leaf selectivity,
including leaf toughness.

Here using a comprehensive dataset, we examined the
relationship between a number of factors (i.e., leaf chemical
and mechanical properties, in vitro digestibility, toughness and
abundance) and food choice in a guereza population in Kalinzu
Forest, Uganda, to establish the factors that are the most
relevant proxies for guereza diet selection. First, we examined the
relationship between leaf toughness and the chemical properties
of the leaves in order to understand the functional traits of the
leaves collected in the study site, including those consumed by
the guerezas. As in earlier studies reviewed above (Lucas et al.,
1997; Dominy et al., 2001; Matsuda et al., 2017), we predicted
that leaf toughness would be positively correlated with fiber
content, but negatively correlated with protein content. Second,
to understand the general pattern of in vitro digestibility in
relation to chemical properties of leaves, we also examined the
respective relationships. We expected that fiber and secondary
compounds would have negative effects on in vitro digestibility
(Choo et al, 1981). Third, we compared the multivariate
chemical, physical factors and digestibility of leaves eaten and
not eaten by the guerezas. We predicted that guerezas would
preferentially feed on leaves with lower toughness and higher
digestibility than common plant species, rather than just those
with higher protein and lower fiber levels (or higher protein:
fiber ratio) often demonstrated in dietary choice models of
folivorous primates (e.g., Milton, 1979). Fourth, we examined the
selectivity within the plant species on which guerezas consumed.
Referring to a study in another colobine species which considered
multiple factors (Matsuda et al., 2017), we predicted that, apart
from nutritionally, mechanically and digestibility advantageous
diets, selectivity within the plant species consumed by guerezas
would most likely indicate that they choose leaf species that
were abundant at the study site. Therefore, in screening whether
to eat or not to eat, we expected that food selection by
guerezas would take into account nutritional, ingestion and
digestive efficiency, but that selectivity within the plant species
eaten would prioritize the optimal foraging strategy, i.e., saving
travel costs when searching for foods. In our analysis of this
comprehensive dataset, we sought to establish the measures that
might be the most relevant proxies of dietary choice by guerezas
at the study site.

MATERIALS AND METHODS

Study Site and Collection of Behavioral
Data

We conducted our study in a moist, medium-altitude evergreen
forest in the Kalinzu Forest, western Uganda, covering an area
of 137 km? [30°07” E, 0°17’ S; altitude 1000-1500 m above sea
level; (Hashimoto et al., 1999)]. Mean minimum and maximum
temperatures were approximately 14 and 27°C, respectively,
and the total annual precipitation at the site was 1370 mm
(Matsuda et al., 2020).

From November 2011 to October 2012, preliminary
observations were conducted on several guereza groups
before the most habituated group was chosen for the study.
During these preliminary observations, members of a focal
group were identified by describing their individual physical
characteristics. Thus, we successfully followed a well-habituated,
identifiable group that included 11 individual guerezas at the
end of the preliminary observation period: one alpha male, three
adult females, two subadult females, two juveniles and three
infants (Matsuda et al., 2020).

From November 2013 to April 2016, behavioral observations
were conducted for 10-22 days/month from approximately
7:30 to 16:00 (8.00 & SD 1.01 observation hours per day and
4,308 h in total) using scan sampling at 10 min intervals.
We recorded the activity (feeding, moving, and resting) of
all visible adults and subadults ranging from one to seven
individuals with a mean number of 4.8 = SD 1.2 individuals
per scan. We recorded the food category and collected samples
for later identification when they were feeding (Matsuda
et al., 2020). Continuous observations permitted the calculation
of time budgets for the adult and subadult monkeys, such
as the proportion of the day spent feeding and the time
spent feeding on individual food items. Overall, the studied
guerezas devoted 87.0% of their feeding time toward young
leaves, 9.8% to fruits, 1.1% to flowers, 0.9% to bark, 0.8%
to soil and 0.4% to unspecified foods and mature leaves.
The numbers of plant species that provided these young
leaves, fruits and flowers were 31, 12, and 6, respectively
(Matsuda et al., 2020).

Vegetation Survey

On the basis of the focal group’s range data collected during
preliminary observations, we selected 12 trails that were 180-
900 m long (total 4700 m) within the study site. We labeled trees
of > 10 cm in diameter at breast height and vines of >5 cm in
diameter located <1.5 m from the trail; hence, the labeled width
was 3 m. The survey area covered 1.41 ha, including 969 trees
and 27 vines from 68 species, 57 genera and 35 families (Matsuda
et al., 2020). Food abundance was determined as the number of
potential food plants for the guerezas.

Leaf Sampling

To compare the chemical properties, toughness and digestibility
of young leaves that were both consumed and not consumed
by the guerezas, leaf samples were collected in July 2014. For
each plant species, young leaf samples were collected from
at least four individual trees/vines in the vegetation survey
area. We had planned to collect young leaves of all species
that accounted for >0.1% of the feeding time (99.4% of
the total feeding time) and the 20 most abundant species
(defined according to the total number of plant species in
the study area as assessed during the vegetation survey);
however, because of the logistical difficulties of sampling
leaves from treetops, samples from only 16 of the 20 most
consumed species could be collected (96.9% of the total
feeding time). Seven plant species also overlapped across
the two categories, i.e., young leaves of all species that
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accounted for >0.1% of the feeding time and the 20 most
abundant species in the vegetation survey. Thus, 29 plant
species were evaluated in this study (ie., 19 consumed and
10 non-consumed species).

Chemical Analysis

The plant samples collected were dried at <60°C immediately
after collection in the field station and stored with desiccant
in plastic bags for approximately 1 month. The samples were
then re-dried at 60°C and milled for chemical analysis at the
laboratory. Ground samples were sent to Tokachi Federation
of Agricultural Cooperatives (Hokkaido, Japan) for nutrient
analysis. The following nutritional components were analyzed
using standard procedures (AOAC., 2012): crude protein (CP:
AOAC no. 977.02), crude lipid (CL: AOAC no. 963.15), total
ash (TA: AOAC no. 942.05), NDF corrected for residual ash
(neutral detergent fiber expressed without residual ash: AOAC
no. 2002.04). For each tree and vine species, young leaf samples
were collected from at least four individual plants in or around
the vegetation survey area.

Leaf Toughness

Young leaves from the collected plant species were immediately
measured for toughness via a punch test (originally measured
as kilogram-force; 1 kgf = 1 kg x 1, G = 1 kg x 9.8,
0665 m/s> = 9.80665 N, to convert SI units to kPa). To determine
the mass needed to penetrate a leaf, a penetrometer (Kurokawa
and Nakashizuka, 2008) with a 3 mm diameter column (digital
force gauges: IMADA Co., Ltd., Aichi, Japan) was used. The
measurement was performed on 30 leaves collected from at least
four individual plants per plant species, and the results were
averaged for each species.

In vitro Fermentation

All experimental methods were conducted in accordance with
relevant guidelines and regulations. A modified Hohenheim gas
test (Menke et al., 1979) was used in an in vitro fermentation
system to quantify the degradability of the young leaf samples
(which had previously been submitted to chemical and toughness
analysis). The inoculum was obtained from the rumen fluid
of cattle fed a standardized, forage-dominated diet since the
inoculum typical for guerezas was not available. However, the use
of a standardized inoculum source made it possible to compare
the current results with the in vitro results from other studies. The
relative abundance of microbes and their taxonomic assignments
in the forestomach of colobines should be similar to those in cattle
(Zhou et al., 2014; Hayakawa et al., 2018). A total of 200 mg
of milled plant tissue was weighed in airtight glass syringes
together with the inoculum, as described previously (Hummel
et al., 2006), and incubated at 39°C for 24 h. Gas production
(Gp) was recorded after 4, 8, 12, and 24 h. Gas produced during
fermentation reflects the extent of food degradation; it consists
of nearly equal parts of the waste gases of fermentation and
the CO, from the buffer (bicarbonate) reaction with the volatile
fatty acids produced during fermentation (Bliimmel et al., 1999).
Leaves were analyzed with and without 200 mg of polyethylene
glycol (PEG), which was added to reduce the negative effects of

tannins on digestion (Makkar et al., 1995). Samples were used for
two tests on two different days (with two replicates each time).
Gp at 24 h was used as the digestibility value of young leaves for
guerezas. Additionally, we used the difference in digestibility with
and without PEG (i.e., GP [24 h] with PEG and Gp [24 h] without
PEG) as an indicator of secondary compounds such as tannin.

Data Analysis

Factors Affecting Leaf Toughness and Digestibility

To examine the relationship between leaf toughness and the
chemical properties of the leaves, a linear model was used to
establish whether leaf toughness in the tested plants (29 plant
species) was affected by chemical factors such as NDE CP,
CL, and TA. The measured toughness value was the normally
distributed response variable, and the other factors were treated
as explanatory variables. To examine the relationship between
in vitro digestibility and leaf traits, a linear model was also
used to assess whether the leaf digestibility (Gp at 24 h) of all
collected plants (i.e., 29 plant species) was affected by chemical
properties, toughness and indicators of secondary compounds.
The digestibility (with and without PEG) of young leaves was
normally distributed, and the other factors were treated as
explanatory variables.

Dietary Choice Between Eaten and Not Eaten Leaves
To determine the factors that may explain guerezas leaf
preferences, we employed a generalized linear model using the
leaf chemical properties, toughness, abundance (number of plants
found in the vegetation transects), digestibility (with and without
PEG) and indicators of secondary compounds and applied
binomial regression family calculations to obtain the AICc. Leaf
preference (i.e., the consumed or non-consumed food types)
was treated as the categorical response variable, and the other
variables were treated as explanatory variables.

Dietary Choice Within Eaten Leaves

We also investigated the effects of leaf traits, abundance,
digestibility and indicators of secondary compound for the
consumed plant species in terms of the percentage of feeding time
[as determined by Matsuda et al. (2020)] using a linear model.
The proportion of time spent feeding was logit transformed [log
(p/1 — p)] and treated as a normally distributed response variable;
the other factors were treated as explanatory variables.

For all models, we verified that the variance inflation factors
were smaller than the cut-off value, i.e., less than 10 (Quinn
and Keough, 2002); therefore, collinearity among independent
factors (explanatory variables) did not affect the results. For
model selection, we examined a set of models with all possible
combinations of the explanatory variables and ranked them
using AIC corrected for small sample sizes, i.e., AICc (Burnham
and Anderson, 2002). Following the guidelines published for
wildlife research, we selected the best-supported models as
those with a AAIC(c) score <2, where AAIC(c) = AIC(c) —
minimum AIC(c) within the candidate model set (Burnham
and Anderson, 2002). All analyses were conducted using R
ver. 4.1.0 (R-Core-Development-Team., 2021), employing the
dredge function in the MuMIn package (Barton, 2012). As
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our data set is based on only 11 individuals belonging to one
group of guerezas, extrapolating our results to a population level
remains speculative.

RESULTS

Factors Affecting Leaf Toughness and
Digestibility

The best-fit model to explain leaf toughness, as evaluated using
the AICc, included CP and NDF (Table 1 and Figures la,b),
although the A AICc value of the following models including CP,
NDE TA and indicators of secondary compounds (Figures 1a-d)
was also <2.0; leaf toughness increased with increasing TA and
decreasing CP content, NDF content and secondary compounds.
Out of both model groups for digestibility with/without PEG,

with AAICc < 2, the best-fit model included NDF and
indicators of secondary compounds (Figures 1le-h), which had
negative effects (Table 2). The second-best model was the null

model in both cases.

Dietary Choice

Table 3 shows the properties of the consumed and non-
consumed leaves. Leaf digestibility (gas production) was generally
similar across the consumed and non-consumed leaves, although
the consumed leaves produced slightly more gas than the
non-consumed leaves, with consistent differences between the
in vitro assays with and without PEG. Model selection for the
investigation of whether guerezas choose young leaf species on
the basis of their chemical properties, abundance, digestibility,
indicators of secondary compounds and/or toughness, revealed
that the null model was the top model. The second-best models,

TABLE 1| Summary of model selection for linear models used to examine the effect of leaf chemical properties on leaf toughness (only models with <AAIC 2 are shown).

Intercept Total ash Crude lipid NDF Crude protein Indicator of df Log-likelihood AlCc A AlCc AlCc weight
secondary
compounds
2.99 —0.02 —0.03 4 —18.2 46.1 0 0.22
2.74 0.05 —-0.02 —-0.04 5 —16.9 46.4 0.23 0.20
3.39 —0.01 —0.04 —0.04 5 —-17.4 47.5 1.39 0.11
a) NDF % b) Crude protein % ¢) Indicator of secondary compounds d) Total ash %
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FIGURE 1 | Relationships of leaf toughness (a-d) and in vitro digestibility (e=h) with chemical properties, respectively, based on the model selection Tables 1, 2.
Blue dotted lines and shaded areas represent the linear regressions estimated by the “Im” method in R for the observed samples and their 95% confidence interval

ranges, respectively.
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TABLE 2 | Summary of model selection for linear models used to examine the effects of several leaf traits (e.g., chemical properties, toughness and indicators of
secondary compounds) on leaf digestibility (Gp at 24 h) without PEG (A) and with PEG (B) (only models with <AAIC 2 are shown).

Intercept Total ash  Crude lipid NDF  Crude protein  Toughness Indicator of  df Log- AICc A AICc AICc weight
secondary likelihood
compounds
A 24.21 —0.36 —2.08 4 —59.8 130.5 0 0.46
B) 43.23 —0.36 —1.00 4 —59.845 130.5 0 0.29

TABLE 3 | Leaf traits and digestibility [mean + standard deviation] of the young leaves from abundant trees in the study site, with respect to guereza preferences.

Digestibility Digestibility Toughness Abundance NDF Crude protein Total ash Crude lipid
without PEG with PEG
(ml per 200 mg DM) (N) (Number of plants in survey area) (Proportion of dry weight)

Non-consumed 23.8+6.95 26.0+ 6.0 148 +£0.50  38.3+52.1 0.38 +£0.15 0.25 + 0.06 0.08 +0.03 0.02 £+ 0.02
leaves (N = 10)
(Range) (16.3-40.8) (19.0-39.7) (0.73-2.32) (10-184) (0.17-0.67) (0.17-0.33) (0.04-0.16) (<0.01-0.06)
Consumed 26.3+10.7 29.3+8.9 1.56 + 0.62 229+ 34.4 0.38 +£0.16 0.27 +£0.07 0.08 +0.02 0.07 £ 0.02
leaves (N = 22)
(Range) (7.563-45.4) (12.3-45.9) (0.85-3.18) (0-120) (0.15-0.61) (0.09-0.38) (0.05-0.13) (<0.01-0.07)

both with/without PEG, included only leaf abundance, though
their AAICc values (2.51) were higher than the cut-off of 2.0. This
result indicates that these traits were not strongly associated with
leaf selection in guerezas.

By contrast, linear models for the percentage of time spent
eating young leaves indicated a positive effect of digestibility
(both with and without PEG; Table 4 and Figures 2a,b).
Additionally, other models with AAICc values of <2.0 included
CP, TA, CL, toughness, and indicators of secondary compounds
(Figures 2c-g). The animals spent more time eating less tough
leaves with more CP, but the trend for the other nutrients
was unexpected as the animals spent more time eating leaves
containing less CL and TA and more secondary compounds.

DISCUSSION
Leaf Toughness and Digestibility

The toughness of young leaves was negatively correlated
with CP and fiber (NDF), which are important nutritional
factors that influence leaf selection in colobine monkeys (e.g.,
Fashing, 2001; Chapman and Chapman, 2002; Evans et al,
2021). Thus, the present study indicates that in leaf-eating
primates, leaf toughness, as assessed by the oral sensation
derived from mechanical properties (Dominy et al, 2001;
Huang et al., 2010; Lucasetal,2011), may be a proximate
cue for these key nutrients, especially CP. However, the
unexpected negative relationship with NDF indicates that
NDF content alone may not be used as an indicator of
toughness, as leaf toughness increases with increasing total bulk
density and cellulose fraction but decreases with increasing
hemicellulose and lignin content (Kitajima et al., 2016).
Similarly, a negative correlation between NDF content and
toughness has been detected in leaves from the island of
Borneo (Matsuda et al,, 2017). Thus, not only NDF but also

ADF and lignin content should be simultaneously evaluated
in relation to leaf toughness to further understand the
effects of fiber.

In addition to CP and NDF contents, we also found
that leaf toughness was negatively correlated with indicators
of secondary compounds, although both toughness and
chemical toxicity are expected to increase with leaf age
(McKey, 1974; Rhoades and Cates, 1976; Lowman and Box,
1983). Nonetheless, a meta-analysis of 50 studies examined
plant growth, plant defense and herbivory in relation to
resource availability across latitude and ontogeny, showing
that secondary compounds such as phenols and tannins do
not exhibit generalizable associations with several leaf traits,
including toughness (Endara and Coley, 2011); this may
be because the properties and functions of these secondary
compounds vary greatly across individual plant species
(Kitajima et al., 2012).

The positive relationship between leaf toughness and TA
content has, to our knowledge, not been previously reported;
whether this is a general trend or specific to our study area would
need to be clarified in future studies. Finally, as indicated in
some primates (Lucas et al,, 1998; Dominy and Lucas, 2001),
visual selection of chemical and/or mechanical properties may
be an important factor for leaf selectivity in colobines; the color
of leaves often changes from red/yellow-green to dark green
depending on their age. Future research should consider the
associations between the above factors in addition to leaf color
and their toughness.

As predicted based on previous studies using both enzymatic
and rumen fluid in vitro digestibility assays (Choo et al., 1981),
there was a negative relationship of digestibility with some
chemical properties in leaves, particularly fiber and condensed
tannins. As dietary choice in folivorous primates is generally
thought to be influenced by nutritional requirements, dietary
constraints on fiber intake and the avoidance of undesirable
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secondary compounds (Freeland and Janzen, 1974), our findings
support the adaptive significance of such dietary choice.

Selection Between Eaten and Not Eaten

Leaves

At a broad level, we found that none of the evaluated factors,
including the chemical and mechanical properties, digestibility,
toughness and abundance of leaves, affected whether guerezas
consumed leaves or not. As discussed for Kibale (Evans et al.,
2021), which is geographically close to our study site, the overall
high level of protein and low level of fiber in the young leaves
at our site (Table 3) may have contributed to this result. Indeed,
the non-consumed young leaves in our study site had higher
CP and lower NDF contents than the young leaves eaten by
other foregut-fermenting colobines (e.g., Presbytis rubicunda and
Nasalis larvatus) living on the island of Borneo (Matsuda et al.,
2013). Thus, the present results support the hypothesis that leaves
containing proteins are actively selected only when protein is
limited in the environment (Oftedal, 1991; Ganzhorn et al., 2017;
Evans et al., 2021). It is important to note, however, that the
study group relied on young C. durandii leaves, upon which
they fed heavily throughout the study period (58%) (Matsuda
et al., 2020). In line with observations of the quality of these
leaves in Kibale, Uganda (Chapman et al., 2003; Harris and
Chapman, 2007), we found that the leaves were nutrient dense
(the second-highest CP content) with a high digestibility, possibly
reflecting low contents of difficult-to-digest fiber and secondary
compounds, and were relatively abundant (i.e., easy to find and
access; Matsuda et al., 2020). Altogether, this indicates that these
factors played a role in the high occurrence of these leaves in the
diet of the guerezas observed in the present study. Thus, these
factors would potentially have an effect on dietary selection.

Selection Within the Eaten Leaves

We found that CP content, digestibility and toughness played
an important role in influencing the dietary choices of guerezas,
based on a fine grade analysis that considered dietary choice in
relation to the percentage of foraging effort devoted to specific
items amongst those selected. As mentioned above, the amount of
protein in the leaves from this study site was generally high; thus,
in terms of selectivity among the eaten leaves, we expected that
the guerezas would select leaves on the basis of fiber rather than
protein content (e.g., McKey et al., 1981; Chapman et al., 2004;
Fashing et al., 2007). As such, the selection of leaves with more
protein is difficult to explain. Instead of CP, the available protein
(i.e., CP minus the fiber-bound protein), which is suggested to be
a more relevant measure (Evans et al., 2021), could theoretically
explain our results; however, since available protein and CP are
generally positively correlated (Rothman et al., 2008), the use of
CP appears nevertheless justified. It is possible that factors other
than protein level itself drove dietary selection.

Conversely, our results outlining the selection of more
digestible and less tough leaves is in agreement, albeit indirectly,
with those of previous studies, which revealed a preference for
leaves with lower fiber contents. Leaf NDF content was found
to be negatively related with digestibility (Table 2); therefore,

TABLE 4 | Summary of model selection for linear models used to examine the effect of consumed young leaf chemical properties, abundance, digestibility with PEG (A) and without PEG (B) and toughness on the

percentage of feeding time (only models with <AAIC 2 are shown).

AlCc weight

A AlIC

AlCc

Log-
likelihood

df

Digestibility Toughness Indicator of

with PEG

NDF

Crude protein Total ash Crude lipid

Abundance

Intercept

(A)

secondary
compounds

0.10
0.09
0.09
0.09
0.05

9.6
79.8
7

7
8

—34.4
—34.5
—36.1
-32.7
—33.0
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0.11
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-7.10
—8.06
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FIGURE 2 | Relationships of the proportion of time spent feeding (logit transformed) with in vitro digestibility (a,b), chemical properties (c,d,f,g) and toughness (e) of
consumed leaves by study guerezas, based on the model selection Table 4. Blue dotted lines and shaded areas represent the linear regressions estimated by the
“Im” method in R for the observed samples and their 95% confidence interval ranges, respectively.

digestibility, which can quantify leaf quality as represented not
only by fiber but also secondary compounds, may be the main
factor that explains the guerezas’ dietary choices in this study. The
unexpected negative relationship between NDF and toughness
may have led to the selection of tender, but NDF-rich, leaves in
our study. Leaf toughness has a decisive influence on colobine
feeding behavior in terms of nutrients such as fiber as well as
foraging/ingestion efficiency. In fact, ingestion rate (g/min) in
Angolan black-and-white colobus monkeys (Colobus angolensis
palliatus) is negatively correlated with leaf toughness, whereas
masticatory investment (chews/g) is positively correlated with
leaf toughness (Dunham and Lambert, 2016). Thus, choosing
tender leaves is a reasonable strategy to increase the consumption
of better quality foods that are high in protein (but NDF-rich) and
can be ingested efficiently.

Outlook

Broadly speaking, we showed that leaf CP content and
digestibility in relation to NDF content, secondary compounds
and toughness were associated with the dietary choices of
guerezas in our study site. Generally, this result is consistent
with the food selectivity trends of guerezas documented at
other study sites where multiple groups have been surveyed
(Chapman et al., 2004; Fashing et al., 2007). However, because
we only assessed a single family group, we cannot claim that the
whole guereza population at Kalinzu shows the same behavior.
Additionally, the potential bias of our study results may be
created by the mismatch in time between behavioral data and

leaf analyses as leaf traits may vary depending on the seasons
(Chapman et al., 2003). Nonetheless, since temporal fluctuations
of nutrients in tropical plant material, are smaller than inter-
individual variations within the plant species in Kibale National
Park, Uganda, it is recommended to sample from several trees
at a point in time, as we performed in this study, rather
than sampling over time (Chapman et al, 2003). However,
the most accurate assessment of nutritional intake can be
obtained by analyzing plant materials collected from specific
trees selected for consumption, and this should be a future
challenge in exploring the more detailed dietary choices of
the study animals.

The results of this study reveal some similarity to the food
selection practices of N. larvatus, an Asian colobine that is
fairly comparable (Matsuda et al., 2017); however, leaf selectivity
within the preferred plant species differed, since N. larvatus
are more dependent on the abundance of the plant species
rather than on its chemical and mechanical properties as well
as digestibility. As in this study and that conducted by Matsuda
et al. (2017), examining the dietary choice mechanisms of
colobines from a variety of indices contributes to establishing
relevant proxies and also allows for an understanding of the
various functional properties of plants that are specific to each
region. Further investigation of these plant properties in different
geographical regions may aid in understanding the diverse
interspecific and intraspecific foraging strategies of colobines,
which may have arisen as an adaptation to the various functional
properties of plants.
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