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Abstract
Optimal diet and functional response models are used to un-
derstand the evolution of primate foraging strategies. The 
predictions of these models can be tested by examining the 
geographic and seasonal variation in dietary diversity. Di-
etary diversity is a useful tool that allows dietary compari-
sons across differing sampling locations and time periods. 
Bonobos (Pan paniscus) are considered primarily frugivorous 
and consume fruits, leaves, insects, vertebrates, terrestrial 
herbaceous vegetation, and flowers. Frugivores, like bono-
bos, are valuable for examining dietary diversity and testing 
foraging models because they eat a variety of species and 
are subject to seasonal shifts in fruit availability. Frugivorous 
primate species thus allow for tests of how variation in di-
etary diversity is correlated with variation in ecological fac-
tors. We investigated measures of dietary diversity in bono-
bos at two research camps across field seasons within the 
same protected area (N’dele and Iyema) in Lomako Forest, 
Democratic Republic of the Congo. We compared the results 

of behavioral observation (1984/1985, 1991, 1995, 2014, and 
2017) and fecal washing analysis (2007 and 2009) between 
seasons and study period using three diversity indices (Shan-
non’s, Simpson’s, and SW evenness). The average yearly di-
etary diversity indices at N’dele were Shannon’s Hʹ = 2.04, 
Simpson’s D = 0.82, and SW evenness = 0.88 while at Iyema, 
the indices were Shannon’s Hʹ = 2.02, Simpson’s D = 0.82, 
and SW evenness = 0.88. Behavioral observation data sets 
yielded significantly higher dietary diversity indices than fe-
cal washing data sets. We found that food item (fruit, leaf, 
and flower) consumption was not associated with seasonal 
food availability for the 2017 behavioral observation data 
set. Shannon’s index was lower during periods when fewer 
bonobo dietary items were available to consume and higher 
when fruit was abundant. Finally, we found that optimal diet 
models best-explained patterns of seasonal food availability 
and dietary diversity. Dietary diversity is an essential factor 
to consider when understanding primate diets and can be a 
tool in understanding variation in primate diets, particularly 
among frugivores. Dietary diversity varies across popula-
tions of the same species and across time, and it is critical in 
establishing a complete understanding of how primate diets 
change over time. © 2021 S. Karger AG, Basel
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Introduction

The acquisition of food resources is necessary for sur-
vival and reproduction and has influenced primate behav-
ior [Clutton-Brock, 1974; Boubli and Dew, 2005; Bray et 
al., 2018]. Evolutionary models provide a framework for 
understanding the relative importance of ecological vari-
ables in the evolution of primate dietary diversity [Lam-
bert, 1998, 2004; Lambert and Rothman, 2015]. These 
models help us understand how different ecological vari-
ables influence foraging strategies and incorporate dietary 
breadth, energy return, nutritional quality, mechanical 
properties, digestibility, food species abundance and dis-
tribution, and seasonality [Richard, 1985; Strier, 2015]. 
Three major model types have been used to understand 
primate diets: (1) functional response models [Holling, 
1959]; (2) optimal foraging or optimal diet models  
[MacArthur and Pianka, 1966]; and (3) fallback food 
models [Lambert, 2007; Marshall and Wrangham, 2007]. 
Each of these model types places emphasis and signifi-
cance on different ecological factors (Fig. 1). For example, 
functional response models emphasize food species distri-
bution and abundance [Holling, 1965], whereas optimal 
diet models focus on aspects of dietary breadth, energy 
return, and abundance [MacArthur and Pianka, 1966; 
Charnov, 1976; Pyke et al., 1977], and fallback food mod-
els predict how animals will change their diets under con-
ditions when preferred foods are unavailable [Marshall et 
al., 2009]. These models differ in their usefulness for ad-
dressing different hypotheses. For example, functional re-
sponse and optimal diet models incorporate aspects of di-
etary breadth that are useful in testing model predictions 
in highly productive forests where periods of scarcity are 
rare [Lambert, 2007; Marshall and Wrangham, 2007; 
Raubenheimer et al., 2009], while fallback food models 
test predictions under conditions of food scarcity.

Functional response models are often the underlying 
assumption in most primate feeding ecology studies 
[Krebs, 1984; Lambert and Rothman, 2015]. The concept 
that food abundance predicts consumption of those same 
food items has been documented in Taihangshan ma-
caques (M. mulatta tcheliensis), black and white colobus 
(Colobus guereza), masked titi monkeys (Callicebus per-
sonatus melanochir), orangutans (Pongo pygmaeus), and 
western lowland gorillas (Gorilla gorilla gorilla) [Leigh-
ton, 1993; Heiduck, 1997; Doran et al., 2002; Cui et al., 
2019]. Optimal diet models focus on aspects of dietary 
breadth, energy return, and abundance but have only 
sporadically been directly tested in primatology [Alt-
mann and Wagner, 1978; Sayers et al., 2009]. Among 

yearly data collected on baboons (Papio cynocephalus), 
tests of optimal diet models found mean energy shortfall 
was a predictor of female baboon reproductive life span 
[Altmann, 1991]. In Himalayan langurs (Semnopithecus 
entellus), the energetic currency of food resources gener-
ally predicted their consumption [Sayers et al., 2009]. 
Fallback food models predict how a diet will respond un-
der conditions when preferred foods are unavailable 
[Lambert, 2007; Marshall and Wrangham, 2007]. Fall-
back foods are essential in primates, including Japanese 
macaques (Macaca fuscata), sportive lemurs (Lepilemur 
ruficaudatus), chimpanzees (Pan troglodytes), and others 
[Furuichi et al., 2001; Constantino and Wright, 2009; 
Hanya and Chapman, 2013; Grassi, 2006]. However, to 
our knowledge, no studies in primates use dietary diver-
sity indices as a tool to test the model predictions of func-
tional response and optimal diet models.

Dietary diversity indices help examine variation in pri-
mate diets because they facilitate comparisons across 
methods, including behavioral observations and fecal 
washing, and geography [McGrew et al., 1988, 2009; Tu-
tin et al., 1991; Basabose, 2002; Potts et al., 2011; Phillips 
and McGrew, 2014; Erhart et al., 2018]. The three most 
commonly used indices are the (1) Shannon-Weaver, also 
known as Shannon’s (Hʹ) index, (2) Simpson’s index (D), 
and (3) Shannon-Wiener evenness index (SW evenness), 
all of which incorporate two main factors: (1) species 
richness (N) and (2) species evenness [Magurran, 1988]. 
Dietary species richness describes the number of species 
eaten, whereas dietary species evenness is concerned with 
the relative predominance of different species in the diet 
[Mittelbach and McGill, 2019]. Shannon’s index aims to 
combine evenness and richness into a single metric of di-
versity and assumes that sampling is from an infinitely 
large population [Shannon and Weaver, 1949; Magurran, 
1988]. In contrast, Simpson’s index measures the proba-
bility that two randomly sampled items in the diet are the 
same and is a measure of concentration [Magurran, 1988; 
Simpson, 1949]. Finally, SW evenness takes the same ba-
sic approach as the other indices but detects patterns due 
to shifts in the overall species availability. When abun-
dant species dominate, the value of the index will be high-
er [Magurran, 1988; Pielou, 1974]. For example, in exam-
ining faunal loss from bushmeat hunting at Bioko Island, 
Equatorial Guinea, the SW evenness index was higher 
than Shannon’s index in examining temporal variation in 
the diversity of species taken as bushmeat [Albrechtsen et 
al., 2007]. Thus, these diversity indices can be used to ex-
amine model predictions that deal with changes in rich-
ness and evenness.
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In community ecology, where many of these indices 
were developed, the use of these diversity indices to com-
pare across data sets collected at different times and from 
different locations is the main strength of the diversity 
indices [Pielou, 1974; Mittelbach and McGill, 2019]. The 
strength of a diversity index is that it compresses data into 
a single comparable index [Magurran, 1988; Lehman and 
Tilman, 2000]. The weakness of these indices is that they 
do lose resolution when examining the specifics of what 
species are consumed and at which frequencies, which is 
why for this paper, we have also provided the frequency 
of consumption for the different food species across the 
different data sets (Table 1). In studying the dietary ecol-

ogy for Steller sea lions (Eumetopias jubatus) and Holarc-
tic martens (Martes spp.), dietary diversity indices were 
used to investigate changes in diet over space and time 
using spatially separated field sites over multiple years 
[Lozano et al., 2006; Zhou et al., 2011]. Thus, borrowing 
from community ecology, we seek to use dietary diversity 
indices and how they shift across a year and between data 
sets to inform our understanding of primate foraging 
strategies. Shannon’s index, Simpson’s index, and the SW 
evenness index have been used in primatology primarily 
to compress a year’s worth of feeding ecology data into a 
single index [Potts et al., 2011; Erhart et al., 2018; Cui et 
al., 2019]. Typically, only Shannon’s or Simpson’s index 

High availability, high consumptiomLow availability, low consumptiom

Functional response models

a

High energy return, high consumptiomLow energy return, low consumptiom

Optimal diet models

b

HighFood qualityLow

High qualityFallback foods

Staple fallback foods

Filler fallback foods

Low quality

HighPreferred foodsLow

WestGorillaEast Pan paniscus

WestPongoEast

WestP. troglodytesEast

Fallback food models

c

Fig. 1. Schematic of different dietary models, based on Holling [1959] (a), MacArthur and Pianka [1966] (b), and 
Marshall et al. [2009] and Lambert [2007] (c). Fallback food models are not the focus of this article. 
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Table 1. Percentage of foraging time by species and food type

Species Plant part 1984 
(N’dele)

1991 
(N’dele)

1995 
(N’dele)

2007 
(N’dele)

2009 
(N’dele)

2009 
(Iyema)

2014 
(Iyema)

2017 
(Iyema)

Annonidium mannii Fruit 0.74% 6.45%
Anothonota fragrans Seed 2.88%
Anthoclitandra robustior Fruit 33.33%
Antiaris toxicana Fruit/leaves/

Flowers
16.3% 4.32%

Autranella congolensis Fruit 0.74% 1.47%
Beilschmiedia corbisieri Fruit 0.74%
Blighia welwitschii Fruit 1.47%
Carpodinus gentilii Fruit 4.44% 7.35% 0.72%
Celtis mildbraedii Fruit 10.37% 0.98% 13.67%
Celtis tessmanii Fruit/leaves 0.72%
Cephalophus weynsii1 Meat 2.16%
Chrysophyllum lacourtianum Fruit 1.48%
Cissus dinalagei Fruit 0.98% 1.52% 2.99% 16.13% 0.72%
Crudia laurentii Fruit 2.27% 2.16%
Dialium corbisieri Fruit/leaves/

Flowers
2.88%

Dialium sp. Fruit/leaves 3.70% 4.76%
Entandrophragma sp. Leaves 0.72%
Ficus spp. Fruit/flowers 20.00% 3.43% 28.57% 22.39% 25.8% 22.22% 1.44%
Funtumia elastica Fruit 0.98%
Garcinia cola Fruit 2.27%
Garcinia species Fruit 0.74%
Gilbertiodendron dewevrei Leaves/seeds 1.96% 5.56%
Haumania liebrechstsiana Pith 11.85% 7.35% 12.88% 2.16%
Irvingia gabonensis Seed 13.64%
Irvingia wombulu Fruit 2.22%
Klainedoxa gabonensis Fruit/leaves 1.44%
Macarange sp. Leaves 0.72%
Musanga cercropioides Fruit 0.74% 0.49% 5.56%
Nauclea diderichii Leaves 3.70% 8.82%
Omphalocarpum mortehanii Leaves 1.44%
Palisita sp. Leaves/pith 0.72%
Pancovia laurentii Fruit/seeds 1.48%
Paramacrolobium coerulum Fruit/leaves 0.74%
Parinaria excelsa Fruit 0.74%
Polyalthia suaveolens Fruit 4.44% 18.14% 4.76% 47.76% 32.25% 15.83%
Pterygota beguaertii Fruit 2.22%
Scropholoes zenkeri Leaves 7.41% 13.24% 32.58% 11.11% 35.97%
Staudtia stipitata Fruit 0.49% 0.72%
Strombosia glaucescens Seeds 16.67% 3.6%
Strombosia grandifolia Leaves 0.72%
Strombosiopsis tetandra Fruit 6.37% 2.88%
Strombosiopsis zenkeri Seeds 4.41% 4.76%
Trachyphylum braunianum Pith 7.58%
Treculia africana Fruit/seeds 1.48% 9.80% 18.18% 0.72%
Uapaca guineensis Fruit/leaves 0.74% 11.76%
Unknown sp. Fruit/leaves/

Flowers
1.48% 0.49% 9.09% 23.81% 26.86% 12.90% 5.56% 0.72%

Unknown sp. Fruit/leaves/
flowers

0.74% 19.04% 3.22%

Unknown sp. Fruit/leaves/
flowers

0.74% 14.28% 3.22%

Light gray columns represent the fecal washing data sets. The dark gray cells represent the top three food items consumed for the 
behavioral washing data sets. 1Several meat-eating events were observed in 2017, see Wakefield et al. [2019].

D
ow

nl
oa

de
d 

by
: 

U
C

S
F

 L
ib

ra
ry

 &
 C

K
M

   
   

   
   

   
   

   
   

   
   

   
   

 
12

8.
21

8.
42

.2
38

 -
 1

1/
16

/2
02

1 
4:

27
:1

4 
A

M



Bonobo for Aging Models and Dietary 
Diversity

215Folia Primatol 2021;92:211–226
DOI: 10.1159/000519722

is reported in primatology and is only reported as a single 
metric in a feeding ecology paper [Potts et al., 2011; Er-
hart et al., 2018; Cui et al., 2019]. 

These dietary diversity indices generate different pre-
dictions about primate foraging models. Functional re-
sponse models predict that Shannon’s index will correlate 
positively with food density (Table 2). In contrast, Simp-
son’s index is predicted to be lower when more food items 
are available for consumption. For SW evenness, func-
tional response models predict that Hʹ will parallel chang-
es in N, but Hʹ/ln(N) will depend weakly, if at all, on N 
since individuals are not selective in their choice of di-
etary items. Optimal diet models predict that Shannon’s 
index will be lower during periods of the year when pre-
ferred or highly valued food items are available. In con-
trast, Simpson’s index will be higher during periods of the 
year when a few highly dominant species are being con-
sumed (Table 2). Meanwhile, Hʹ/ln(N) should be inverse-
ly related to overall food availability, specifically for high-
quality items, such as fruit. When high-quality items are 
abundant, SW evenness will be low. Under optimal diet 
models, H may increase with N, but the relationship is 
expected to be weaker than under functional response 
models and could be inversely related (Table 2).

Optimal diet models suggest that dietary items incor-
porated in a diet are based on decisions that maximize 
energy return and economic foraging effort [Altmann and 
Wagner, 1978; Harrison, 1984; Sayers et al., 2009]. Broad-
ly, there are three significant components to optimal diet 
models. First, these models predict that every food item 
has a value equal to the energy content of the food minus 
the energy it takes to obtain that item (net energy return) 
[Harrison, 1984; Lambert and Rothman, 2015]. Second, 
these models rank all food items based on the net energy 
return [MacArthur and Pianka, 1966; Koenig et al., 1998]. 

Finally, the optimal diet is determined by starting with the 
highest-ranked item and consuming items in decreasing 
order of rank; thus, when high-value resources are avail-
able, dietary breadth decreases [Charnov, 1976; Altmann 
and Wagner, 1978; Richard, 1985]. Optimal diet models 
are essential when considering what will happen when 
high-quality foods are abundant, whereas functional re-
sponse models better explain primate foraging decisions 
[e.g., Altmann and Wagner, 1978; Harrison, 1984]. Func-
tional response and optimal diet models have been tested 
in studies of primate diets [Altmann, 1991; Heiduck, 1997; 
Doran et al., 2002; Chapman et al., 2004a; Sayers et al., 
2009; Cui et al., 2019]; however, to our knowledge, none 
of these studies have used dietary diversity indices to test 
the predictions of these two models.

Bonobos (Pan paniscus) are considered primarily fru-
givorous and consume fruits, new leaves, insects, verte-
brates, terrestrial herbaceous vegetation, and flowers 
[Kano and Mulavwa, 1984; White, 1986, 1992, 1998; Fu-
ruichi, 1989; Hohmann and Fruth, 2003; Serckx et al., 
2015; Loudon et al., 2019; Wakefield et al., 2019]. Some 
populations may use fallback foods (e.g., bonobos living 
in forest-savannah mosaic habitats at Malebo [Serckx et 
al., 2015]). However, no direct test of optimal diet models 
has been undertaken using dietary diversity indices at Lo-
mako Forest, in the Democratic Republic of Congo 
[White, 1998].

We aim to test the predictions of functional response 
and optimal diet models in bonobos, using dietary diver-
sity to capture species richness and species evenness when 
comparing models. We characterize variation in bonobo 
dietary diversity between seasons, study periods, and two 
research camps within the same protected contiguous for-
est. We also consider the efficacy of using fecal washing to 
capture dietary diversity. We predict that if bonobo forag-

Table 2. Conditions under which the functional response and optimal diet models will give different results for Shannon’s (Hʹ), Simpson’s 
(D) index, and SW evenness

Model Shannon’s index (Hʹ) Simpson’s index (D) SW evenness index (Hʹ/ln(N))

Index description Combines evenness and richness 
into a single metric; assumes that 
sampling is from an infinitely large 
population

Measures the probability that 
two randomly sampled items in 
the diet are the same, and is a 
measure of concentration

Detects patterns due to shifts in the overall 
species availability such that when 
abundant species dominate, the value of 
the index will be higher

Functional response High when fruit is available Low when fruit is available Hʹ will parallel changes in N, but will 
depend weakly, if at all, on N

Optimal diet Low when preferred fruits are 
available

Higher when a few food items 
dominate diets

Inversely related to overall food availability 
for high-quality items (fruit)
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ing behavior fits functional response models, then Shan-
non’s index will follow seasonal shifts in measures of food 
density and abundance. In contrast, Simpson’s index will 
be lower when there is an overall higher abundance of 
food items in the environment than when there is a lower 
abundance of food items. Under functional response 
models, SW evenness will be correlated with changes in 
species richness (N). If functional response models do not 
explain bonobo foraging patterns, this index will be weak-
ly linked to species richness. Suppose optimal diet models 
better explain bonobo foraging strategies. In that case, 
Shannon’s index will be lower during periods of the year 
when fewer items are available for consumption and high-
value items are abundant. Comparatively, we predict SW 
evenness to be inversely related to food availability. Simp-
son’s index will be higher during periods of the year when 
a few dominant species and less high-quality food items 
were consumed. High-value food items, in this case, fruit, 
are considered high-value food items under the model 
predictions for optimal diet models.

Materials and Methods

Study Camps
Noninvasive behavioral observations and fecal washings 

were collected over 7 field seasons (Table 3) between 1984 and 
2017 at Iyema and N’dele field camp in Lomako Forest Reserve, 

Tshuapa Province (formerly Equateur Province), Democratic 
Republic of the Congo (Fig. 2). Iyema field camp (00°55 N, 21°06 
E) consists of a trail system encompassing approximately 30 
km2. Behavioral observations and preliminary genetic analyses 
suggest 26–66 individual bonobos in the trail system surround-
ing the Iyema camp, likely in two or more communities [Berto-
lani, pers. commun.; Sakamaki, pers. commun.; Brand et al., 
2016]. The study area consists mostly of undisturbed primary 
forest with an understory plant community dominated by Ma-
rantacea species. Several small streams run through the study 
area, but swamp forest, seasonally inundated forest, and homog-
enous Gilbertiodendron stands are relatively rare [Cobden, 
2014]. N’dele is located about 15 km southeast of Iyema (Fig. 2) 
and consists of a 40-km2 trail system. N’dele contains the over-
lapping ranges of two bonobo communities: Bakumba and Ey-
engo. Between 1983 and 1985, a group formed around immi-
grating females and inhabited the region before transitioning 
into the Bakumba community [White and Wood, 2007]. The 
study area at N’dele includes a mosaic of forest types, including 
secondary forest and homogenous Gilbertiodendron forest, but 
is mostly undisturbed primary forest. Several other habitat types 
at N’dele include streams, swamp forest, swamp grassland, and 
river habitats [White, 1992].

Data Collection
We collected dietary diversity information using 2 years of 

fecal washing data and 7 years of behavioral observation using 
two methods (Table 3). We calculated yearly and monthly Shan-
non’s, Simpson’s, and SW evenness diversity indices for each 
study period (1984/1985, 1991, 1995, 2007, 2009, 2014, and 
2017) using the frequency of a particular plant species consumed 
using the “vegan” package in R version 3.4.3 [R Core Team, 

Fig. 2. Map of the Lomako Forest Reserve 
(dark green). Circles represent the two re-
search camps within the same protected 
area where data were collected. Iyema and 
N’dele are approximately 15 km away from 
each other. The inset map shows the loca-
tion in the Democratic Republic of the 
Congo. 
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2017; Oksanen et al., 2013]. We recorded feeding behavior dur-
ing focal follows and group scans, identifying which individuals 
were eating, what they were eating, and the plant part they were 
eating at each time point [Altmann, 1974]. We also recorded the 
plant food species and plant parts consumed during both the fo-
cal observations and group scans. We followed nesting parties 
from their night nests or as we contacted them while walking 
trails. We recorded party composition, social behavior, activity, 
and GPS location during 15-min scans. We recorded food items 
introduced to the mouth, plant parts eaten and identified food 
items down to species level for calculating the different diversity 
indices.

The fecal washing data sets used 80 noninvasively collected fe-
cal samples from underneath bonobo night nests [White, 1992]. 
We transported fecal samples to the camp at N’dele. We identified 
seeds to species level and counted them to obtain approximate 
amounts of each fruit eaten. We estimated the percentage fiber of 
each sample to approximate the amount of fiber recently con-
sumed.

We used phenology transects to measure seasonal food abun-
dance using the transect methods in Chapman et al. [1992]. We 
marked known bonobo food species trees located within 3 m of 
each transect and scored them monthly for young leaves, fruit, and 
flowers on a 0–4 scale, where 0 is 0% of a particular resource (fruit, 
new leaves, or flowers), 1 is 1–24%, 2 is 25–49%, 3 is 50–74%, and 
4 is 75–100% of a particular food resource. When fruit was present 
on the tree, we recorded the percentage of ripe fruit by examining 
the total area of the tree crown and estimating the percentage (0–4) 
of that area covered by ripe fruit [Chapman et al., 1992, 1994]. We 
calculated food availability indices (FAI) following Mitani et al. 
[2002]. While our measure of fruit abundance is crude, it is the 
standard established by Chapman et al. [1992] and was used to 
make our fruit abundance data comparable to chimpanzee sites, 
like Ngogo [Mitani et al., 2002]. To quantify seasonal shifts in fruit 
abundance in 2017, we monitored four 1-km phenology transects 
with 513 marked trees of 27 different species once a month during 
the entire study period, and in 2007 we monitored two 1-km phe-
nology transects with 53 marked trees of 29 species once a month 
during the study period. To evaluate prevalent food items for each 
season, we determined the three most dominant species in the diet 
for that year for only the behavioral observation data sets (Table 
1). 

Data Analysis
To test if each dietary diversity index depended on the month 

or year it was collected, we created a dissimilarity matrix for each 
diversity index to see if diversity indices were comparable given the 
long-time spans between data sets. We ran Mantel tests on each 
diversity index’s dissimilarity matrix and the time dissimilarity 
matrix to determine whether they correlated. To test the condi-
tions under which the functional response and optimal diet models 
will give different results, we ran Kruskal-Wallis tests separately on 
each index (Shannon’s, Simpson’s, and SW evenness), comparing 
between methods and then within methods but across two re-
search camps within the same protected area. During the behav-
ioral observation data collection, food items were identified when 
bonobos entered a feeding patch. The tree or food type was identi-
fied, and then the plant part was identified as the feeding bout be-
gan. We calculated the Shannon index as Hʹ = ∑[pi log pi], where 
pi is the proportion of species i in the sample area [Pielou, 1974]. 
We calculated Simpson’s index as D = ∑(ni

 2), where ni represents 
the probability that two randomly selected individuals in the com-
munity belong to the same category [Simpson, 1949]. We report 
indices based on fecal washing and behavioral observations sepa-
rately. We used Kruskal-Wallis tests in R to test differences in di-
etary diversity indices using behavioral observations and fecal 
washing. Correlating the seeds to plant species was done by trained 
local guides for the fecal washing data sets. Percent fiber was esti-
mated by taking the weight before washing and after washing to 
estimate the approximate weight of the fiber in the fecal sample. 
We used a Kruskal-Wallis test to test for differences in dietary di-
versity across two research camps within the same protected area 
(Iyema vs. N’dele) and between study periods for each method. 
Sampling was unequal between study periods, but dietary indices 
weight the values according to richness and evenness, accounting 
for differences in sample size, and allow comparisons across dif-
ferent sample sizes and across time and space [Lehman and Til-
man, 2000; Mittelbach and McGill, 2019]. We compared the FAI 
calculated from our available monthly phenology data to two di-
versity indices calculated per month for 2017. We used linear re-
gression to test whether food availability was related to dietary di-
versity as measured using the three diversity indices under the pre-
dictions of functional response models, using FAI to measure food 
quantity. We used “ggplot2” to visualize our data [Wickham, 
2009]. 

Table 3. Study periods with sample size and methods used in a study of bonobo feeding ecology at N’dele and Iyema, Lomako Forest, 
Democratic Republic of the Congo

Months of data collection Site Method Hours of 
observation

Community 
size

Number of fecal 
samples collected

Oct. 1984 to July 1985 N’dele Behavioral observation 248.0 ~85 –
June to Sept. 1991 N’dele Behavioral observation 43.3 ~85 –
July to Aug. 1995 N’dele Behavioral observation 26.8 ~85 –
July 2007 N’dele Fecal washing – – 7
July 2009 N’dele Fecal washing – – 52
July 2009 Iyema Fecal washing – – 22
June to July 2014 Iyema Behavioral observation 9.75 ~26–66
June to Oct. 2017 Iyema Behavioral observation 176.5 ~26–66
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Results

Percentage of Foraging by Species and Food Type 
Highly consumed items varied by study period and in-

cluded Anthoclitandra robustior (20149, Antiaris toxi-
cana (1984), Celtis mildbraedii (1984, 2017), Ficus spp. 
(1984, 2014), Irvingia gabonensis (1995), Polyalthia sua-
veolens (1991, 2017), Scropholoes zenkeri (1991, 1995, 
2017), Strombosia glaucescens (2014), Treculia africana 
(1995), and Uapaca guineensis (1991) (Table 1). Species 
richness (N) of food items varied between study periods: 
bonobos at N’dele consumed 25 (1984–1985), 19 (1991), 
9 (1995), 7 (2007), and 4 (2009) species, while those at Iy-
ema consumed 7 (2009, 2014) and 24 (2017) species (Ta-
ble 1). Most of the top three food items across years are 
fruit, but Scropholoes zenkeri, a top food item consumed 
for 1991, 1995, and 2017, is notable because only the 
leaves of this tree are consumed (Table 1).

Dietary Diversity Variation by Method, Camp, and 
Study Period 
The results of the Mantel tests for the time matrix 

compared to Shannon’s diversity index (Hʹ) (R = –0.048; 
p = 0.238), Simpson’s diversity index (D) (R = 0.041;  

p = 0.483), and SW evenness (R = 0.047; p = 0.416) were 
all not significantly different across time indicating that 
the variation in diversity index was not a consequence 
of the time between sampling periods. Overall, Shan-
non’s diversity index (Hʹ) ranged from 1.25 to 2.67, 
Simpson’s diversity index (D) ranged from 0.10 to 0.33, 
and SW evenness ranged from 0.73 to 1.01. The mean 
dietary diversity indices for all study periods for N’dele 
were Hʹ = 2.04 ± 0.58, D = 0.18 ± 0.09, and SW evenness =  
0.88 ± 0.03 while for Iyema they were Hʹ = 2.02 ± 0.28, 
D = 0.18 ± 0.02, and SW evenness = 0.88 ± 0.14 (Table 
4). 

Behavioral observation had a significantly higher 
Shannon’s (Hʹ) index than fecal washing data with a mean 
difference of 0.51 (Kruskal-Wallis: H = 5, df = 1, p = 0.03). 
Simpson’s (D) index for behavioral observation was sig-
nificantly lower than for fecal washing data with a mean 
difference of 0.10 (Kruskal-Wallis: H = 5, df = 1, p = 0.03). 
The SW evenness index did not differ significantly be-
tween different methods (Fig. 3). We found no significant 
differences between two research camps within the same 
protected area (Iyema and N’dele) for Shannon’s Hʹ, 
Simpson’s D, and the SW evenness index (Fig. 4) for be-
havioral observation data sets. There were no significant 

1.5

2.0

2.5

3.0

Beh. Obs. Fec. Wash.

Sh
an

no
n’

s H
’

*

1.70

0.85

0.90

0.75

0.80

Beh. Obs. Fec. Wash.

Si
m

ps
on

’s 
D

*

0.8

0.9

1.0

ns

Beh. Obs. Fec. Wash.

SW
 e

ve
nn

es
s

Method Method Method

Fig. 3. The method comparison (behavioral observation vs. fecal washing) for the three indices (Shannon’s, Simp-
son’s, and SW evenness). Asterisks indicate significant differences (p < 0.05). Shannon’s and Simpson’s indices 
showed significant differences.
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differences in all three diversity indices between study pe-
riods (Kruskal-Wallis: H = 7, df = 7, p = 0.43). 

Dietary Diversity and FAI
There is a large range of variation in monthly dietary 

diversity indices (Table 5). Comparing the fruit, new leaf, 

and flower availability data for Iyema in 2017, we found 
that August had the highest fruit availability (Fig. 5). We 
regressed Shannon’s (Hʹ) index against ripe fruit avail-
ability (F = 0.013, df = 1, 3, p = 0.91, R2adj = –0.32), flow-
er availability (F = 5.4, df = 1, 3, p = 0.65, R2adj = –0.23), 
and new leaf availability (F = 0.24, df = 1, 3, p = 0.10, R2adj 

Table 4. Yearly diversity indices for bonobos at two sites in Lomako Forest, Democratic Republic of the Congo

Year Months of data 
collection

Shannon’s Hʹ Simpson’s D SW evenness 

N’dele Iyema N’dele Iyema N’dele Iyema

1984/1985 10 2.67 – 0.10 – 0.83 –
1991 4 2.55 – 0.10 – 0.87 –
1995 2 1.93 – 0.18 – 0.88 –
2007 1 1.79 – 0.20 – 0.92 –
2009 1 1.25 – 0.67 – 0.90 –
2009 1 – 1.77 – 0.80 – 0.91
2014 2 – 1.96 – 0.17 – 1.01
2017 6 – 2.32 – 0.18 – 0.73

Mean 2.04 2.02 0.18 0.18 0.88 0.88

Shaded cells indicate data from fecal washing. Other cells indicate data from behavioral observation.
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Fig. 4. Two research camps within the same protected area (N’dele vs. Iyema) for the three indices (Shannon’s, 
Simpson’s, and SW evenness). Asterisks indicate significant differences (p < 0.05). No significant differences were 
found between the two research camps within the same protected area.
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= 0.52). Fruit availability for July 2017 and July 2007 was 
similar (online suppl. Tables 1 and 2; for all online suppl. 
material, see www.karger.com/doi/10.1159/000519722). 
However, Iyema appears to have more species of fruit 
available while N’dele has fewer fruit species but more 
fruit available on those trees in July (online suppl. Tables 
1 and 2).

Shannon’s diversity ranged from 0.86 to 1.77 for this 
period, whereas Simpson’s diversity index ranged from 
0.34 to 0.5. In 2017, the decrease in dietary diversity dur-
ing October occurred when food availability was highest. 
Comparatively, September had relatively low fruit avail-
ability (Fig.  5). Three species, Scropholoes zenkeri 
(35.97%), Polyalthia suaveolens (15.89%), and Celtis 
mildbraedii (13.67%), were highly dominant in the diet 
(Table 1). All three species had relatively high numbers of 
available fruit, new leaves, and flowers during September, 
the month with the highest Simpson’s index. The percent 
of trees with fruit, new leaves, and flowers during Septem-
ber were Scropholoes zenkeri (fruit: 0%, new leaves: 

54.55%, flowers: 0%), Polyalthia suaveolens (fruit: 10.20%, 
new leaves: 93.88%, flowers: 24.49%), and Celtis mild-
braedii (fruit: 0%, new leaves: 0%, flowers: 50.00%) (on-
line suppl. Table 1). 

Discussion/Conclusion

Anthoclitandra robustior (2014), Antiaris toxicana 
(1984), Celtis mildbraedii (1984, 2017), Ficus spp. (1984, 
2014), Irvingia gabonensis (1995), Polyalthia suaveolens 
(1991, 2017), Scropholoes zenkeri (1991, 1995, 2017), 
Strombosia glaucescens (2014), Treculia africana (1995), 
and Uapaca guineensis (1991) were our top consumed 
food items. Scropholoes zenkeri is the only food item 
whose leaves are primarily consumed. As for Strombosia 
glaucescens and Irvingia gabonensis, bonobos primarily 
consume the seeds of the fruit. All of the other top food 
items per year are fruit, which for frugivorous bonobos is 
a preferred high-quality food item. Additionally, for those 

Table 5. Monthly dietary diversity indices for Shannon’s Hʹ, Simpson’s D, and Shannon-Weiner evenness

Year Jan. Feb. March April May June July Aug. Sept. Oct. Nov. Dec.

1984/1985 1.58;
0.26; 
0.88

2.10;
0.17; 
0.85

0.89;
0.46; 
0.81

0.84; 
0.58; 
0.60

1.31;
0.29; 
0.94

2.17;
0.14; 
0.90

0.95;
0.44; 
0.86

0.87; 
0.50; 
0.79

1.59;
0.24; 
0.89

1.50;
0.24; 0.93

1991 1.64;
0.22; 
0.92

2.10;
0.16; 
0.82

1.36;
0.26; 
0.98

1.45;
0.33; 
0.75

1995 1.34;
0.67; 
0.83

1.67;
0.20; 
0.93

2007 1.79;
0.80; 
0.92

2009 1.25;
0.67; 
0.90

2009 1.77;
0.80; 
0.91

2014 1.63;
0.08;
0.91

2017 1.60;
0.29; 
0.77

1.43;
0.39; 
0.69

1.61;
0.28; 
0.73

1.77;
0.23; 
0.81

0.87; 
0.50; 
0.79

Shaded rows represent data from Iyema, Lomako Forest, Democratic Republic of the Congo. Unshaded rows are data from N’dele, Lomako Forest, 
Democratic Republic of the Congo. Indices are presented in the following order: Shannon’s Hʹ; Simpson’s D; SW evenness.
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years with the highest Shannon’s and lowest Simpson’s 
index the most frequently consumed food item is the 
high-quality fruits like Antiaris toxicana, Celtis mildbrae-
dii, and Ficus spp. (Tables 1 and 2). For the monthly di-

etary diversity indices, again those months with high 
Shannon’s index and low Simpson’s tend to be the months 
where high-quality fruit items are available and con-
sumed at higher rates; e.g., in October of 2017, Ficus spp. 
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Fig. 5. Monthly comparison of FAI, Shannon’s Hʹ, Simpson’s D, and SW evenness for bonobos at Iyema, Lo-
mako, Democratic Republic of the Congo, from June to October 2017. 
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were the primary food items consumed (Fig.  5). These 
patterns are consistent with the predictions of optimal 
diet models. 

We found that Shannon’s indices, which assess dietary 
evenness and richness, were lower when fewer items were 
available for consumption. Simpson’s index was higher 
during periods of the year, where a few highly dominant 
species and less high-value food items were consumed. 
SW evenness indices had a weak inverse relationship with 
food availability, supporting the predictions of optimal 
diet models (Fig. 5). Based on the results of the linear re-
gressions, abundance was not significantly related to di-
etary diversity indices, possibly indicating that bonobos 
do not select food under the functional response model 
for the periods where we collected data. Shannon’s indi-
ces were lower when fewer items were available for con-
sumption and higher when high-value items were abun-
dant, fitting with the predictions of optimal diet models. 

These results demonstrate that measures of bonobo di-
etary diversity are dependent on the method. Fecal washing 
data yielded significantly lower Shannon’s diversity index 
and Simpson’s diversity index than behavioral observation. 
This result is not surprising due to the loss of information 
that occurs with fecal washing [Rothman et al., 2012; Ed-
wards and Ullrey, 1999]. Behavioral observation data col-
lection confirms what is consumed by the individual and 
can consider the amount of time spent feeding on a par-
ticular dietary item. Thus, it is logical to assume that this 
method would be more accurate in measuring the diversity 
of food items consumed in the bonobo diet. 

Bonobo diets are understood to be primarily frugivo-
rous with new leaves, insects, vertebrates, terrestrial her-
baceous vegetation, and flowers consumed at different 
rates at different field sites [Kano and Mulavwa, 1984; 
White, 1986, 1992, 1998; Furuichi, 1989; Hohmann and 
Fruth, 2003; Serckx et al., 2015; Loudon et al., 2019; Wake-
field et al., 2019]. The extent to which forest ecology has 
shaped bonobo feeding ecology and bonobo foraging be-
havior is still debated today [Kano and Mulavwa, 1984; 
White and Wrangham, 1988; Kano, 1989; White and 
Wood, 2007; Cobden, 2014; Fruth and Hohmann, 2018; 
Loudon et al., 2019]. What is needed is long-term data on 
bonobo field sites, and our study provides that, along with 
much-needed measures of food availability [White, 1996; 
Gruber and Clay, 2016]. Bonobo foraging behavior ex-
hibits variation depending on the environment [Kano 
and Mulavwa, 1984; Surbeck and Hohmann, 2008; Oelze 
et al., 2011; Fruth and Hohmann, 2018]. In a savannah-
mosaic environment, fallback foods are important in the 
diet of bonobos in more secondary mosaic environments 

[Serckx et al., 2015]. The tropical forests bonobos inhab-
it are characterized by a high abundance of dense food 
patches and ubiquitous terrestrial herbaceous vegetation, 
yet long-term measures of consumption paired with food 
availability are important for understanding what forag-
ing models structure feeding behavior [White and Wrang-
ham, 1988; White, 1996; Gruber and Clay, 2016]. Our 
study suggests that in productive, intact, primary forests, 
bonobo foraging strategies may fit with the predictions of 
optimal diet models rather than fallback food models as 
found at other more mosaic habitats [Serckx et al., 2015; 
Oelze et al., 2016; Loudon et al., 2017]. Our approach us-
ing dietary diversity indices to examine these models is 
just a piece of the puzzle in understanding the variation 
in bonobo foraging strategies across bonobo field sites. 

One of the strengths of our approach is that diversity 
indices make data from different field data collection pe-
riods easily comparable and allow for a direct comparison 
across different field sites. Additionally, they shift in pre-
dictable ways that make them a good tool for testing for-
aging models, especially when using multiple diversity 
indices, as we did in this study. The weakness of using a 
diversity index is that it does compress data losing resolu-
tions. Thus, we recommend including the frequencies of 
food item consumption along with the different dietary 
diversity indices (e.g., Tables 1, 4 and 5). Additionally, we 
must be careful because our comparisons between differ-
ent periods/sites have unequal sampling. Another weak-
ness is our sample sizes are small for some study periods. 
However, it might be expected that the length of the study 
period used to calculate the diversity index matters. We 
tested for similarity in adjacent months to the same 
month in different years, and date of collection did not 
drive the pattern in the three diversity indices. 

We recommend using all of Shannon’s, Simpson’s, 
and SW evenness indexes on behavioral observations in 
the future, as each index has its strengths and weaknesses. 
Most primatology papers only report one of the indices, 
and using all three gives a more complete picture. Fecal 
washing data sets are helpful in certain circumstances and 
may be used to gain a rough picture of the diet when oth-
er data are challenging to obtain. Our results need to be 
taken as a first attempt to understand the foraging behav-
ior of the Lomako Forest bonobos and need to be evalu-
ated in light of the limitations of using previously col-
lected data sets. These sample sizes are small, and ideally, 
there would be even sampling across study periods, but as 
the logistics of studying primates are complicated, espe-
cially in light of the COVID-19 pandemic, utilizing diver-
sity indices to answer questions about primate foraging 
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behavior is necessary. Additionally, the strength of these 
dietary indices lies in that they weigh the values according 
to richness and evenness, accounting for differences in 
sample size from previously collected data sets [Lehman 
and Tilman, 2000; Mittelbach and McGill, 2019].

Our results appear to support the predictions of the 
optimal diet model and not the functional response mod-
el. Abundance did not relate to consumption using di-
etary diversity indices, indicating that bonobos are not 
selecting food under the functional response model. This 
interpretation is, however, preliminary given the limited 
sample size. Thus, when understanding dietary diversity 
and its relationship to bonobo diets, optimal diet models 
and optimizing energy return may be the main factor in 
structuring bonobo foraging strategies. Bonobos as opti-
mal foragers seem to suggest that we need to incorporate 
aspects of optimality into future models of great ape for-
aging research.

Dietary Diversity Comparisons across Apes
Among apes, the dietary diversity in the Lomako For-

est bonobos is relatively high, particularly compared to 
chimpanzees from multiple sites (Table 6). However, our 
results need to be considered with the caveat of our small 
sample size. Our data are limited in the hours of observa-
tion and months of observation when compared to other 
species. Interestingly, gibbons and bonobos exhibit simi-
larly high levels of dietary diversity, which may be due to 
behavioral or ecological similarities [Newton-Fisher, 
1999; McConkey et al., 2003; Kim et al., 2012; Tutin and 
Fernandez, 1993]. Investigations into the plastic and flex-
ible nature of dietary diversity of several species have doc-
umented intraspecific variation including, e.g.: gorillas, 
Gorilla gorilla beringei [Watts, 1984]; red colobus, Pro-
colobus tephrosceles [Chapman and Chapman, 1999]; 
black and white colobus, Colobus guereza [Harris and 

Chapman, 2007]; Cercopithecus spp. [Chapman et al., 
2004b]; chimpanzees, Pan troglodytes [Potts et al., 2011]; 
Strepsirrhines [Kappeler et al., 2017].

We see the potential for future investigations to eluci-
date some of the remaining challenges to understanding 
bonobo diets. Examining the extent of diversity captured 
by fecal washing by focusing on seed dispersal and fiber 
breakdown through comparisons between behavioral ob-
servation, fecal washing, and genetic barcoding methods 
would be interesting as an avenue of future research. Fu-
ture research projects will determine if a correction factor 
could be applied to fecal washing data to estimate dietary 
diversity indices. Additionally, bonobos appear to be op-
timal foragers and understanding how fruit quality and 
fruit size affect foraging decisions would be an ideal ave-
nue for future research.
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Table 6. Comparisons of dietary diversity indices across hominoids

Bonobo, Pan paniscus Eastern chimpanzee, Pan troglo-
dytes schweinfurthii

Mountain gorilla, 
Gorilla gorilla 
beringei

Müller and agile 
gibbon, Hylobates 
muelleri × agilis

N’dele1 Iyema1 Ngogo2 Kanyawara2 Budongo3 Karisoke4 Barito Ulu5

Months of data collection 18 9 19 19 16 17 12
Mean Shannon’s index 2.04 2.02 1.55 1.78 1.78 1.55 2.67
Range of Shannon’s index 1.25–2.67 1.77–2.32 – – 1.37–2.29 0.12–2.17 1.80–3.60

1 This study. 2 Potts et al. [2011]. 3 Newton-Fisher [1999]. 4 Watts [1985]. 5 McConkey et al. [2003].
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