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Abstract
The role that single nutrients may play for food choices in nonhuman primates is not 
fully understood. White-faced sakis (Pithecia pithecia) are unusual among frugivo-
rous primates as they do not serve as seed dispersers but rather exploit the seeds they 
consume, presumably for their high contents of lipids and proteins. Therefore, we 
assessed the occurrence of spontaneous food preferences in zoo-housed white-faced 
sakis and analyzed whether these preferences correlate with nutrient composition. 
Using a two-alternative choice test, we repeatedly presented three female and two 
male sakis with all possible binary combinations of 15 types of food that are part of 
their diet under human care, and found them to display the following rank order of 
preference: peanut > hazelnut > avocado > melon > egg > apple > mealworms > beet-
root > carrot > cucumber > cabbage > tomato > sweet potato > broccoli > eggplant. 
This preference ranking significantly and positively correlated with the total energy 
content of the food items. However, we found the strongest positive correlation 
among the three macronutrients providing metabolic energy between the sakis’ food 
preferences and lipid content. This is remarkable as all other primate species tested 
so far using this method displayed the strongest correlation with carbohydrates 
instead. Together with our finding that the sakis significantly preferred foods high 
in mono-unsaturated fatty acids, the building blocks of lipids, these results support 
the notion that white-faced sakis exploit the lipids contained in seeds to meet their 
requirements of metabolic energy.
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Introduction

Primates feed on a wide variety of plant and animal matter to meet their nutritional 
requirements (Hohmann, 2009). However, numerous studies demonstrate that animals do 
not choose their food randomly, but instead are highly selective feeders in order to maxi-
mize their intake of critical nutrients (e.g., Chivers, 1998; Ganzhorn et al., 2017; Illius & 
Gordon, 1990; Raubenheimer & Rothman, 2013). It is commonly agreed that the food 
choices of primates and other mammals are primarily determined by the nutritional and/
or toxic content of a specific plant or animal (Barton & Whiten, 1994; Windley et al., 
2022) as well as by its relative temporal and spatial availability (Leighton, 1993; Trapa-
nese et al., 2019). High concentrations of plant secondary compounds such as tannins, 
phenolics, or alkaloids which inhibit the digestion of proteins and polysaccharides or 
are even toxic, are sometimes avoided and, accordingly, correlate negatively with food 
choices in primates (Belovsky & Schmitz, 1994; Glander, 1982; Windley et al., 2022). 
High concentrations of nutritionally valuable compounds such as carbohydrates, pro-
teins, and lipids which provide metabolic energy, or of certain critical minerals or vita-
mins, in contrast, should be expected to correlate positively with food choice (Lambert 
& Rothman, 2015; Simpson et al., 2004). Interestingly, only few studies in nonhuman 
primates so far reported such positive correlations between specific nutrients and food 
choice (e.g., Conklin-Brittain et al., 1998; Felton et al., 2009; Milton, 1998; Raubenhe-
imer et al., 2015; Rothman et al., 2011). The reason for this may be that food items are 
usually composed of a mixture of both non-palatable or toxic compounds and attractive 
nutrients, and it is therefore difficult to disentangle whether a fruit, for example, is pre-
ferred due to its nutrient content or due to its low concentration of secondary compounds 
that plants may use as a defense against predation (Glander, 1982; Goyal et al., 2012).

Cultivated fruits and vegetables have been selectively bred to contain only negligible 
amounts of plant secondary compounds, making them safe and attractive for human 
consumption (Paliyath et al., 2008; Pott et al., 2019), and thus provide a useful option 
to clarify the roles of, e.g., sweet-tasting and thus attractive carbohydrates and bitter-
tasting and thus non-attractive plant secondary compounds such as phenolics, alkaloids, 
and tannins for food selection. They also usually contain higher amounts of carbohy-
drates compared to the fruits consumed by primates in the wild (McLennan & Gan-
horn, 2017; Bryson-Morrison et al., 2020). Furthermore, the nutrient composition of 
cultivated fruits and vegetables is well-established (Food Standards Agency, 2002) 
whereas that of plants consumed by primates in the wild is often unknown. Studies 
that adopted the approach to present cultivated fruits and vegetables to captive animals 
found that some primate species such as white-handed gibbons (Hylobates lar), ring-
tailed lemurs (Lemur catta), and pigtail macaques (Macaca nemestrina) display sig-
nificant positive correlations between their food preferences and carbohydrate content 
(Hansell et al., 2020; Jildmalm et al., 2008; Laska, 2001) and are thus selective feeders 
with regard to their preferred source of metabolic energy. Other primate species such as 
spider monkeys (Ateles geoffroyi) and squirrel monkeys (Saimiri sciureus), in contrast, 
displayed significant positive correlations with total energy content (Laska, 2001; Laska 
et al., 2000) and are thus opportunistic feeders with regard to their preferred source of 
metabolic energy. Nevertheless, among the three macronutrients that provide the bulk 
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of metabolic energy — carbohydrates, proteins, and lipids — all primate species which 
were tested under controlled conditions and were presented with cultivated fruits and 
vegetables displayed the strongest positive correlations with carbohydrates.

White-faced sakis (Pithecia pithecia) are frugivorous platyrrhines whose diet 
comprises a variety of fruits, but also includes some leaves, insects, and flow-
ers (Norconk & Setz, 2013). Whereas most other frugivorous primate species act 
as seed dispersers, sakis prey heavily upon the seeds of the fruits they consume 
and are thought to exploit the nutrients they contain (Norconk et al., 2013). Their 
dental morphology includes tusklike lower canines and scoop-like wedge lower 
incisors which are adapted for the extraction and mastication of seeds protected by 
tough outer membranes (Kinzey, 1992; Ledogar et al., 2013). Further, sakis have 
more robust mandibles compared to non-sclerocarpic frugivorous primates, allow-
ing for the attachment of the massive muscles needed to provide the necessary 
pressure to crack open hard-shelled seeds (Anapol & Lee, 1994).

The average nutritional intake of lipids by white-faced sakis has been reported 
to be markedly higher than that of other frugivores, mostly due to the year-round 
consumption of young seeds from immature fruits that are especially high in 
lipid content (Norconk & Conklin-Brittain, 2004). Whereas seeds and arils con-
sumed by white-faced sakis averaged lipid contents of > 20% of dry mass, with 
the arils of certain plant species even providing lipid contents > 60%, the fruit 
pulp as well as young and mature leaves consumed by Pithecia pithecia were 
uniformly low in lipid content (< 5% of dry mass). However, it is still unknown 
how lipids and other nutrients may affect food choice in white-faced sakis.

We assessed food preferences in a group of zoo-housed white-faced sakis for 
a variety of cultivated fruits and vegetables as well as for some foods of animal 
origin, and analyzed whether these preferences correlate with the contents of 
certain macro- and/or micronutrients of the food items used. We predicted that 
zoo-housed white-faced sakis (1.) should display marked preferences for certain 
types of food and that these preferences are based on their nutrient composition, 
and (2.) should display a preference for food items that are high in lipid con-
tent. Our first prediction is based on previous studies which reported that other 
species of captive nonhuman primates also display correlations between food 
preferences and nutrient composition, even though several driving factors of 
food selection such as seasonal fluctuations in the abundance, composition, and 
quality of available foods are much less pronounced under captive conditions 
compared to conditions in the wild. Our second prediction is based on previous 
studies that reported white-faced sakis in the wild to exploit the seeds of fruits 
they consume, presumably due to their high lipid content.

Methods

Animals

Five white-faced sakis (Pithecia pithecia), maintained at Furuviksparken (Furuvik, 
Sweden), participated in the study. They comprised two adult males (Kariakou and 
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Engelbrekt, 16 and 10  years of age respectively) and three adult females (Lisha, 
Elin, and Anita, 14, 7, and 6 years of age respectively). All five animals were born 
in captivity. The sakis were housed in an indoor enclosure of 633 m3 , with access to 
a 127 m3 outdoor enclosure. Their diet consisted of fruits and vegetables, primate 
extrudate high fiber pellets (from Granovit Zoofeed, Kaiseraugst, Switzerland) and a 
tamarin cake (from Mazuri Zoo Foods, Witham, Essex, Great Britain). Additionally, 
the animals had access to edible fresh leaves and branches that were placed in the 
enclosure occasionally. Fruits and vegetables were fed twice each day around 11:00 
and 15:00, respectively, while water was always available ad libitum.

Procedures

We assessed food preferences using a two-alternative choice test. To this end, we 
presented the animals with pairs of food items and their choice behavior, i.e., which 
of the two food items was consumed, was recorded. We took care to present food 
items of approximately equal volume (~ 1  cm3) to minimize the risk that appar-
ent differences in the size of the food items affected the animals’ food choices. We 
tested the sakis singly in order to avoid competition or distraction affecting an ani-
mal’s choice behavior.

We separated the animals for five test sessions each day, between 07:00 and 
17:00. We took care that test sessions were not conducted immediately after the ani-
mals were presented with one of their two daily food rations to ensure that they had 
some appetite and motivation to participate. Accordingly, the minimum time period 
between the presentation of one of the two daily food rations and the start of a test 
session was 2 h. Each test session comprised a maximum of five pairwise presenta-
tions per animal and the position of the food items was pseudorandomized to coun-
terbalance possible side preferences. To this end, we took care not to present a given 
food item more than three times in a row on the same side.

We presented all 105 possible binary combinations of 15 types of food for a total 
of ten times per animal and took care to never present a food item that had been part 
of the previous pair to prevent any bias. We cut all foods to (or presented them at) an 
equal size, approximating cubes with a side length of 2 cm to avoid choice behavior 
being affected by size differences.

In each session an animal voluntarily entered a testing cage 
(1  m × 2.4  m × 3  m) connected to the indoor enclosure through a sliding door. 
We tested all animals individually in order to prevent interference from, and dis-
traction by, the other animals. The sakis then placed themselves on a wooden 
platform attached to a metallic mesh that separated the testing cage from the 
enclosure’s service area. We presented pairs of food items on a 30 × 22 cm cut-
ting board which were covered by a box until its front edge came in contact 
with the mesh at the height of the wooden platform to ensure that the sakis were 
exposed to both food items simultaneously. This also stimulated the animals’ 
curiosity and maintained their motivation to participate in the tests. The mesh 
was wide enough to allow the sakis to fit their hand through and grab hold of a 
food item. As soon as an animal had decided for one of the two simultaneously 
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presented food items by taking it, we removed the cutting board to prevent the 
animal from taking the other food item and their choice was recorded on paper.

The 15 different types of food employed were broccoli (Brassica oleracea 
var. botrytis), cucumber (Cucumis sativus), tomato (Lycopersicum esculen-
tum), carrot (Daucus carota), eggplant (Solanum melongena), beetroot (Beta 
vulgaris), sweet potato (Ipomoea batatas), avocado (Persea americana), Napa 
cabbage (Brassica rapa, subsp. pekinensis), apple (Malus pumila), peanut (Ara-
chis hypogaea), honey melon (Cucumis melo), hazelnut (Corylus avellana), 
mealworms (i.e., larvae of the mealworm beetle Tenebrio molitor), and hard-
boiled egg (from chicken, Gallus gallus).

We presented both the peanuts and the hazelnuts as well as the hard-boiled 
eggs without their shells in order to minimize the risk that the expenditure of 
time needed for cracking and removing the shells might affect the animals’ food 
choices.

The rationale for choosing these types of food was that (a) all of them were part 
of the animals’ diet in captivity and thus familiar to the white-faced sakis and readily 
consumed when presented singly, (b) data for the contents of the macro- and micro-
nutrients in these types of food are available, allowing us to assess possible corre-
lations between food preferences and nutrient contents, expressed as proportion of 
edible matter (Food Standards Agency, 2002), and (c) they differ markedly in their 
content of macro- and/or micronutrients.

The contents of total energy, carbohydrates, lipids, protein, and water dif-
fered by up to a factor of 65, 210, 630, 64, and 21 respectively between the 
types of food used here. In an attempt to minimize the inevitable intraspecific 
variation in nutrient composition, we took care to always present food items 
of a given type with the same degree of ripeness and of the same variety or 
cultivar.

Data Analysis

We recorded a total of 5250 choices (105 binary combinations x ten presentations 
per animal x five animals), and we established food preference rankings using the 
following criteria (Hansell et al., 2020):

Criterion 1 (individual level). We built the sum total of choices for each of the 
15 types of food across all binary combinations for each individual animal. The 
theoretical maximum score for any type of food with this criterion was 140 (14 
combinations x ten presentations per animal x one animal). In cases when a saki 
failed to make a choice between two food items within 10  s, we assigned 0.5 
points to each of the two items.
Criterion 2 (group level). This criterion adopts the same procedure of building 
the sum total of choices as for criterion 1, although, here, we collapsed the data 
for all five animals. Thus, the theoretical maximum score for any type of food 
with this criterion was 700 (14 combinations x ten presentations per animal x five 
animals).
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We performed two-tailed binomial tests using the sum total of choices for each 
member of a given binary combination of food items to assess significant prefer-
ences both at the individual level and at the group level (p < 0.05). We evaluated 
correlations between the food preference rankings and the contents of nutrients 
by calculating Spearman rank-order correlation coefficients  rs which we tested for 
significance by computing z-scores. We used the same test to assess whether the 
food preference rankings of the five sakis correlated with each other, and whether 
the food preference rankings of the males and the females correlated with each 
other. We performed all statistical tests with Bonferroni corrections for multiple 
testing.

Ethical Note

The experiments reported here comply with the American Society of Primatologists’ 
Principles for the Ethical Treatment of Primates, with the European Union Directive 
on the Protection of Animals Used for Scientific Purposes (EU Directive 2010/63/
EU), and with current Swedish animal welfare laws.
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Data Availability

The datasets generated during the current study are available from the correspond-
ing author on reasonable request.

Results

Food Preferences

With 96 of the 105 binary combinations of food items that we presented to the ani-
mals, the white-faced sakis displayed a statistically significant preference for one of 
the options (two-tailed binomial test, p < 0.05) (Table I). Peanut was clearly the most 
attractive food and, accordingly, was significantly preferred over all 14 other food 
items (p < 0.05). The high attractiveness of peanut is further illustrated by the fact 
that 93.9% of all possible choices were in favour of this food item (Table II). Hazel-
nut and avocado were also significantly preferred over all other food items (with 
the obvious exception of peanut) and 89.9% and 88.4%, respectively, of all possible 
choices were in favour of these two food items. Eggplant and broccoli, in contrast, 
were the least attractive food items and were never significantly preferred over any 
of the other 13 food items. Accordingly, only 9.6% and 11.6%, respectively, of all 
possible choices were in favour of these two food items.



1 3

Go for Lipids! Food Preferences and Nutrient Composition in…

Ta
bl

e 
I 

 C
ho

ic
e 

be
ha

vi
or

 o
f fi

ve
 z

oo
-h

ou
se

d 
w

hi
te

-fa
ce

d 
sa

ki
s (

Pi
th

ec
ia

 p
ith

ec
ia

) i
n 

tw
o-

ch
oi

ce
 fo

od
 p

re
fe

re
nc

e 
te

sts
 p

er
fo

rm
ed

 a
t F

ur
uv

ik
sp

ar
ke

n,
 F

ur
uv

ik
 S

w
ed

en

Th
e 

ta
bl

e 
in

di
ca

te
s t

he
 n

um
be

r o
f c

ho
ic

es
 (f

ro
m

 n
 =

 5 
an

im
al

s)
 fo

r e
ac

h 
m

em
be

r o
f a

 g
iv

en
 p

ai
r o

f f
oo

d 
ite

m
s

Th
e 

fir
st 

va
lu

e 
ap

pl
ie

s t
o 

th
e 

fo
od

 it
em

 to
 th

e 
le

ft 
an

d 
th

e 
se

co
nd

 v
al

ue
 to

 th
e 

fo
od

 it
em

 o
n 

th
e 

to
p

 ←
 in

di
ca

te
s a

 si
gn

ifi
ca

nt
 p

re
fe

re
nc

e 
fo

r t
he

 fo
od

 it
em

 to
 th

e 
le

ft 
(tw

o-
ta

ile
d 

bi
no

m
ia

l t
es

t, 
p <

 0.
01

)
n.

s. 
in

di
ca

te
s t

he
 la

ck
 o

f a
 si

gn
ifi

ca
nt

 p
re

fe
re

nc
e 

fo
r e

ith
er

 m
em

be
r o

f a
 p

ai
r o

f f
oo

d 
ite

m
s (

tw
o-

ta
ile

d 
bi

no
m

ia
l t

es
t, 

p >
 0.

05
)

Pe
an

ut
H

az
el

nu
t

A
vo

ca
do

M
el

on
Eg

g
A

pp
le

M
ea

lw
or

m
B

ee
tro

ot
C

ar
ro

t
C

uc
um

be
r

C
ab

ba
ge

S.
 P

ot
at

o
To

m
at

o
B

ro
cc

ol
i

Eg
gp

la
nt

Pe
an

ut
X

 ←
 

 ←
 

 ←
 

 ←
 

 ←
 

 ←
 

 ←
 

 ←
 

 ←
 

 ←
 

 ←
 

 ←
 

 ←
 

 ←
 

H
az

el
nu

t
14

:3
6

X
n.

s
 ←

 
 ←

 
 ←

 
 ←

 
 ←

 
 ←

 
 ←

 
 ←

 
 ←

 
 ←

 
 ←

 
 ←

 
A

vo
ca

do
16

:3
4

24
:2

6
X

 ←
 

 ←
 

 ←
 

 ←
 

 ←
 

 ←
 

 ←
 

 ←
 

 ←
 

 ←
 

 ←
 

 ←
 

M
el

on
4:

46
3:

47
12

:3
8

X
n.

s
 ←

 
n.

s
 ←

 
 ←

 
 ←

 
 ←

 
 ←

 
 ←

 
 ←

 
 ←

 
Eg

g
5:

45
5:

45
2:

48
28

:2
2

X
 ←

 
n.

s
 ←

 
 ←

 
 ←

 
 ←

 
 ←

 
 ←

 
 ←

 
 ←

 
A

pp
le

0:
50

1:
49

2:
48

13
:3

7
11

:3
9

X
n.

s
 ←

 
 ←

 
 ←

 
 ←

 
 ←

 
 ←

 
 ←

 
 ←

 
M

ea
lw

or
m

3:
47

1:
49

4:
46

22
:2

8
19

:3
1

18
:3

2
X

 ←
 

 ←
 

 ←
 

 ←
 

 ←
 

 ←
 

 ←
 

 ←
 

B
ee

tro
ot

0:
50

0:
50

1:
49

3:
47

7:
43

2:
48

9:
41

X
 ←

 
 ←

 
 ←

 
 ←

 
 ←

 
 ←

 
 ←

 
C

ar
ro

t
1:

49
1:

49
0:

50
0:

50
3:

47
0:

50
8:

42
14

:3
6

X
 ←

 
 ←

 
 ←

 
 ←

 
 ←

 
 ←

 
C

uc
um

be
r

0:
50

0:
50

0:
50

0:
50

0:
50

0:
50

0:
50

5.
5:

44
.5

6:
44

X
n.

s
 ←

 
 ←

 
 ←

 
 ←

 
C

ab
ba

ge
0:

50
0:

50
0:

50
0:

50
0:

50
0:

50
0:

50
1.

5:
48

.5
5:

45
18

:3
2

X
n.

s
 ←

 
 ←

 
 ←

 
Sw

ee
t p

ot
at

o
0:

50
0:

50
0:

50
0:

50
0:

50
0:

50
0:

50
0:

50
5:

45
12

.5
:3

7.
5

21
:2

9
X

n.
s

n.
s

 ←
 

To
m

at
o

0:
50

0:
50

0:
50

0:
50

0:
50

0:
50

0:
50

0:
50

2.
5:

47
.5

10
:4

0
17

.5
:3

2.
5

26
.5

:2
3.

5
X

 ←
 

 ←
 

B
ro

cc
ol

i
0:

50
0:

50
0:

50
0:

50
0:

50
0:

50
0:

50
2.

5:
47

.5
0:

50
5:

45
10

:4
0

19
:3

1
10

.5
:3

9.
5

X
 ←

 
Eg

gp
la

nt
0:

50
0:

50
0:

50
0:

50
0:

50
0:

50
0:

50
0:

50
0:

50
8:

42
12

:3
8

16
.5

:3
3.

5
15

:3
5

16
:3

4
X



 V. A. Martins et al.

1 3

Rankings Derived from the Food Preferences

As a group, the white-faced sakis displayed the following rank order of preference: 
peanut > hazelnut > avocado > honey melon > egg > apple > mealworms > beet-
root > carrot > cucumber > cabbage > tomato > sweet potato > broccoli > eggplant 
(Table II).

All five individual sakis displayed similar rankings of preference for the 15 
food items. Accordingly, their food preference rankings all significantly correlated 
with each other (Spearman, N = 15,  rs ≥ 0.91, p < 0.05, with all ten comparisons). 
The food preference rankings were also similar between the two males and the 
three females and, accordingly, correlated significantly with each other (Spearman, 
N = 15,  rs = 0.98, p ˂ 0.05, with all four comparisons).

Food Preference Rankings and Nutritional Content

The food preference rankings displayed by the white-faced sakis correlated highly 
significantly with energy content of the food items (Table III). This was true both 
when the five sakis were considered separately and when they were considered as 
a group. We found highly significant negative correlations between the food pref-
erence ranking and the nutritional content of the food items with carotene and 
ascorbic acid (Table  III). Additionally, we found significant positive correlations 

Table II  Total number of choices for each of the 15 food items presented to five zoo-housed white-faced 
sakis (Pithecia pithecia) in two-choice food preference tests performed at Furuviksparken, Furuvik Swe-
den

The food items are listed from most to least attractive according to the group level data (Criterion 2). 
Numbers in parentheses indicate the percentage of choices in favour of a given type of food (relative to 
the theoretical maximum of 700 choices/type of food)

Criterion 1 Lisha Karia Anita Elin Engel Criterion 2 ∑L+K+A+E+E %

Peanut 131 129 133 131 133 Peanut 657 (93.9)
Hazelnut 131 123 128 122 125 Hazelnut 629 (89.9)
Avocado 120 132 126 121 120 Avocado 619 (88.4)
Honey melon 92 98 102 93 118 Honey melon 502 (71.7)
Egg 97 109 106 101 87 Egg 500 (71.4)
Apple 86 90 90 99 92 Apple 457 (65.3)
Mealworm 104 88 81 97 79 Mealworm 450 (64.3)
Beetroot 65.5 63 68 72 80 Beetroot 348.5 (49.8)
Carrot 67 66 55 59 62.5 Carrot 309.5 (44.2)
Cucumber 38.5 46.5 44 31.5 47.5 Cucumber 208 (29.7)
Napa cabbage 48 29 28.5 29 29.5 Napa cabbage 164 (23.4)
Tomato 23.5 18 31 32 26.5 Tomato 131 (18.7)
Sweet potato 18.5 23.5 27.5 39.5 17.5 Sweet potato 126.5 (18.1)
Broccoli 19 17 14.5 11.5 19 Broccoli 81 (11.6)
Eggplant 9 18 15.5 11.5 13.5 Eggplant 67.5 (9.6)
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Table III  Correlations between 
food preference ranking 
and nutrient content in five 
zoo-housed white-faced sakis 
(Pithecia pithecia) which 
participated in two-choice food 
preference tests performed 
at Furuviksparken, Furuvik 
Sweden

Values for the statistical measure  rs may range from + 1 (perfect 
positive correlation) to − 1 (perfect negative correlation). Statistically 
significant correlations are shown in bold typeface.

rs p

Macronutrients

  Energy 0.69 0.006
  Water  − 0.63 0.014
  Protein 0.34 0.220

  Lipids 0.39 0.151

  Carbohydrates 0.17 0.553

  Dietary fiber (NSP) 0.14 0.613

  Total nitrogen 0.32 0.251

Carbohydrates

  Sucrose 0.19 0.494

  Fructose  − 0.39 0.152

  Glucose  − 0.38 0.161

  Starch  − 0.11 0.690

Fatty acids

  saturated 0.39 0.154

  mono-unsaturated 0.58 0.024
  poly-unsaturated 0.43 0.114

  cholesterol 0.19 0.503

Vitamins

  Retinol (Vitamin A) 0.19 0.502

  Carotene (Vitamin A)  − 0.79 0.001
  Thiamine (Vitamin  B1) 0.34 0.220

  Riboflavin (Vitamin B2) 0.59 0.020
  Vitamin  B6 0.22 0.434

  Vitamin  B12  − 0.06 0.821

  Ascorbic acid (Vitamin C)  − 0.69 0.006
  Vitamin D 0.19 0.502

  Vitamin E 0.54 0.037
  Folate (Vitamin  B9) 0.20 0.480

  Pantothenate (Vitamin  B5) 0.15 0.602

  Biotin (Vitamin H) 0.65 0.026
  Niacin (Vitamin  B3) 0.32 0.243

Minerals

  Sodium (Na)  − 0.04 0.881

  Potassium (K) 0.28 0.321

  Calcium (Ca) 0.22 0.434

  Magnesium (Mg) 0.42 0.124

  Phosphorous (P) 0.33 0.222

  Iron (Fe) 0.28 0.301

Copper (Cu) 0.53 0.041
  Zinc (Zn) 0.35 0.211

  Chlorine (Cl)  − 0.30 0.283

  Manganese (Mn) 0.23 0.403

  Selenium (Se) 0.24 0.382

  Iodine (I) 0.59 0.045
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with mono-unsaturated fatty acids, riboflavin, vitamin E, biotin, copper, and iodine 
(Table III), and a significant negative correlation with water content (Table III).

Discussion

The results of the present study demonstrate that zoo-housed white-faced sakis dis-
play marked food preferences in a two-alternative choice test using cultivated fruits 
and vegetables as well as foods of animal origin. Further, the results show that these 
preferences significantly correlated positively with total energy content of the food 
items used.

Our finding that the sakis clearly preferred certain types of food over others, and 
that these preferences correlated with their content of certain nutrients, is in line 
with our first hypothesis. The optimal foraging theory predicts that natural selection 
should favor individuals that succeed in maximizing their intake of critical nutri-
ents and this should be reflected in their food selection patterns and food preferences 
(Stephens & Krebs, 1986; Stephens et al., 2008). Therefore, it may not be surpris-
ing that the sakis in the present study were highly selective in their food choices, 
similar to other nonhuman primate species tested in previous studies adopting the 
same approach as the one employed here (Hansell et al., 2020; Jildmalm et al., 2008; 
Laska, 2001; Laska et  al., 2000). Nevertheless, it is not self-evident that nutrient-
based food preferences are not only found under natural, but also under captive con-
ditions, considering that several driving factors of food selection such as seasonal 
fluctuations in the abundance, composition, and quality of available foods (Heming-
way & Bynum, 2005) are much less pronounced, if present at all, in animals under 
human care. Rather, this finding emphasizes the usefulness of this approach for elu-
cidating which nutrients may affect food choices in what way. Our approach may 
also form the basis for studies in which the food preferences displayed by captive 
animals may be compared to the food preferences displayed by their conspecifics in 
the wild. This would allow us to draw conclusions on whether, or to what degree, 
food preferences may mirror evolutionary adaptations to a species’ dietary speciali-
zation or are individually acquired.

Our finding that the food preferences displayed by the sakis significantly cor-
related positively with total energy content of the food items used appears to be 
in contrast with our second hypothesis. However, the food items with the highest 
amount of lipids per mass unit — hazelnut, peanut, avocado, mealworm, and egg 
— were all highly placed in the food preference ranking displayed by the sakis (1., 
2., 3., 5., and 7., Table II). Accordingly, the strongest positive correlation among the 
three macronutrients providing metabolic energy, carbohydrates, proteins, and lipids 
respectively was between the sakis’ food preferences and lipid content (Table  III). 
This is remarkable, as all captive primate species tested so far using the same 
approach as the one employed in the present study (squirrel monkeys and pigtail 
macaques: Laska, 2001; spider monkeys: Laska et al., 2000; white-handed gibbons: 
Jildmalm et  al., 2008; ring-tailed lemurs: Hansell et  al., 2020) as well as captive 
frugivorous rodents (pacas, Agouti paca: Laska et al., 2003) displayed the strongest 
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positive correlation between their food preferences and carbohydrate content — as 
far as the three energy-bearing macronutrients are concerned. Thus, the present find-
ings support the notion that sakis in the wild exploit the seeds they consume for their 
high lipid content (Norconk & Conklin-Brittain, 2004; Norconk et al., 2013). The 
presumed pivotal role of lipids for food choice in captive and, possibly, also in free-
ranging sakis is further supported by our finding of a significant positive correlation 
between the sakis’ food preferences and the content of mono-unsaturated fatty acids 
(Table III) which are the building blocks of lipids.

Macronutrients

The exploitation of lipids is reasonable from an energetic point of view, as they pro-
vide 9 kcal/gram whereas both carbohydrates and proteins provide only 4 kcal/gram 
(Food Standards Agency, 2002). However, most primate diets contain very little 
fat, as leaves usually do not contain any measurable amounts of lipids and the pulp 
of most fruits consumed by primates contain only very low amounts (< 2% of dry 
mass) of lipids (Rothman et al., 2014).

The fact that most frugivorous primate species studied so far mainly rely on 
carbohydrates as their primary source of metabolic energy suggests that the effec-
tive exploitation of lipids may require anatomical and/or physiological evolution-
ary adaptations of the digestive system that are only favored under certain selective 
pressures and which may have acted upon the white-faced sakis (Lambert, 1998; 
Norconk et  al., 2002). This notion is supported by the fact that white-faced sakis 
show both dental (Kinzey, 1992; Ledogar et  al., 2013) and intestinal tract (Lam-
bert, 1998; Norconk et al., 2002) adaptations which clearly distinguish this species 
from other, non-sclerocarpic frugivorous primates and which are consistent with the 
effective mastication and nutritional exploitation of hard-shelled seeds.

The lipid content of foods has also been reported to play a role in the food selec-
tion of some other primate species: folivorous black howler monkeys (Alouatta 
pigra), for example, were found to, at least seasonally, prefer foods high in lipid con-
tent (Righini et al., 2017), and frugivorous red-tailed monkeys (Cercopithecus asca-
nius) have been reported to prefer flowers of Symphonia globulifera which contain a 
markedly higher lipid content (14.8% of dry mass) compared to other flowers (1.4%) 
and other foods exploited in their habitat (Ross et al., 2022).

Although white-faced sakis include a high proportion of fruits into their diet 
(Norconk & Setz, 2013) and are therefore considered as frugivores, they are unu-
sual among frugivorous primates not only by exploiting the seeds of the fruits they 
consume, but also by specializing on fruits that are unripe or at least not fully ripe 
(Norconk & Conklin-Brittain, 2004). Such fruits generally contain markedly lower 
amounts of soluble carbohydrates compared to fully ripe ones (Food Standards 
Agency, 2002), and it is thought that primates specializing on unripe fruit do so to 
avoid competition with sympatric frugivores (Garber, 1987; Stevenson et al., 2000). 
Our finding that the sakis of the present study did not show a significant correlation 
between their food preferences and the content of carbohydrates (Table III), which 
furthermore, was markedly weaker compared to the correlation with lipids and 
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mono-unsaturated fatty acids, suggests that they may rely more on the lipids con-
tained in the seeds of the fruits they consume than on the carbohydrates contained in 
the pulp of these fruits to meet their requirements of metabolic energy.

The diet of frugivorous primates is usually considered to be low in protein con-
tent, at least compared to the diet of insectivores and folivores (Ganzhorn et  al., 
2017; Hohmann, 2009). However, the seeds that white-faced sakis consume con-
tain clearly higher amounts of protein than the pulp of the seed-bearing fruits that 
non-sclerocarpic frugivores feed on (Norconk & Conklin-Brittain, 2004). This is 
in line with our finding that the sakis displayed a stronger, though statistically not 
significant, positive correlation between their food preferences and protein content 
(Table III) compared to all other primate species tested so far which do not exploit 
seeds (squirrel monkeys and pigtail macaques: Laska, 2001; spider monkeys: Laska 
et al., 2000; white-handed gibbons: Jildmalm et al., 2008; ring-tailed lemurs: Han-
sell et al., 2020). Frugivorous primates that do not exploit the nutrients contained in 
seeds are thought to meet their protein requirements by consuming animal matter 
such as arthropods, either by actively foraging for them (Risch Ferreira et al., 2021) 
or by selecting fruits that are infested with insect larvae (dos Santos-Barret et al., 
2022).

White-faced sakis have been reported to regularly drink from open water sources 
such as tree cisterns (Cunningham & Janson, 2013). Without having to rely on 
water-rich food items to meet their water requirements, they can therefore prioritize 
food items with higher energy values which are typically low in water content (Food 
Standards Agency, 2002). This, in turn, fits to our finding of a significant negative 
correlation between the sakis’ food preferences and water content of the food items 
tested (Table III). Nevertheless, we cannot exclude the possibility that this finding 
may be due to the ad-libitum access to water in our zoo-housed sakis. Previous stud-
ies showed that spider monkeys (Laska et al., 2000) and squirrel monkeys (Laska, 
2001), too, displayed such a significant negative correlation with water content, 
whereas pigtail macaques, white-handed gibbons, and ring-tailed lemurs (Hansell 
et al., 2020; Jildmalm et al., 2008; Laska, 2001) did not. Future studies should there-
fore further assess whether food preferences in primates reflect a possible trade-off 
between the needs to meet their water and their energy requirements.

Micronutrients

It is well-established that animals are capable of selectively preferring foods that 
supply certain micronutrients such as minerals or vitamins to counterbalance the 
lack of a given micronutrient in their diet (Simpson et al., 2004). Minerals such as 
sodium, copper, and iron are usually not abundant in the leaves and fruits consumed 
by primates, and may thus be limiting factors in primate diets (Rothman et  al., 
2014). In order to prevent possible deficiencies in certain minerals, primates in the 
wild have repeatedly been reported to engage in geophagy and in using mineral licks 
(Ferrari et al., 2008; Krishnamani & Mahaney, 2000). Both behaviors have also been 
reported in free-ranging sakis (Setz et  al., 1999). We found that the white-faced 
sakis of the present study displayed significant positive correlations between their 
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food preferences and the contents of copper and iodine, respectively (Table III). At 
this point, it is difficult to decide whether this finding may be indicative of a lack of 
these minerals in the diet provided to our zoo-housed animals, or whether the con-
tents of these two minerals simply correlated with the contents of another nutrient 
and that the corresponding preference for the mineral may thus be a by-product of 
a preference for this other nutrient. Nevertheless, two other platyrrhine primate spe-
cies, spider monkeys (Laska et al., 2000) and squirrel monkeys (Laska, 2001), also 
displayed significant positive correlations between their food preferences and copper 
content of the food items tested, whereas three catarrhine primate species, pigtail 
macaques (Laska, 2001), white-handed gibbons (Jildmalm et  al., 2008) and ring-
tailed lemurs (Hansell et al., 2020) did not. Considering that copper deficiency in 
nonhuman primates has been associated with osteoporosis, cardiovascular disease, 
and poor immune response (Lopez de Romana et al., 2011) future studies on the diet 
of platyrrhine primates under human care should therefore consider a sufficient sup-
ply of this trace mineral.

We also found that the sakis displayed significant positive correlations between 
their food preferences and the contents of the vitamins A and C, and significant 
negative correlations with the vitamins  B2, E, and H (Table III). Here, too, it is dif-
ficult to decide whether these findings may indicate a lack (or oversupply) of these 
vitamins in the diet of our zoo-housed animals or whether they are just a by-product 
of a preference for another nutrient. Interestingly, none of the other primate species 
tested previously with the same approach as used in the present study showed any 
significant correlations between their food preferences and the contents of a vita-
min (spider monkeys: Laska et  al., 2000; squirrel monkeys and pigtail macaques: 
Laska, 2001; white-handed gibbons: Jildmalm et al., 2008; ring-tailed lemurs: Han-
sell et al., 2020). As captive nonhuman primates, including white-faced sakis, have 
been reported to be susceptible to both vitamin deficiencies and toxicities (Crissey 
& Pribyl, 2000; Minich et al., 2022) future studies should therefore carefully moni-
tor the amounts of vitamins in the diet of captive primates.

Limitations of Our Study

Our sample size of five animals was rather small. Accordingly, our findings do 
not allow for generalizations to the species level. This is particularly true as we 
employed zoo-housed animals and not animals in the wild. Similarly, our study 
included repeated presentation of the same pairs of food items to our small study 
population. This entails the problem of pseudo-replication. However, the scientific 
question we addressed — whether zoo-housed white-faced sakis display food pref-
erences and whether these correlate with the contents of certain nutrients — inevi-
tably requires repeated testing in order to assess whether the preference for a given 
food item displayed by a an animal is stable across trials. Accordingly, even if we 
had access to a larger study population we would have needed to perform repeated 
presentation of the same pairs of food items to control for external factors which 
may affect the animals’ food choices.
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In summary, we found that zoo-housed white-faced sakis displayed marked food 
preferences in a two-alternative choice test using cultivated fruits and vegetables as 
well as foods of animal origin. These preferences significantly correlated positively 
with total energy content of the food items used. However, the strongest positive cor-
relation among the three macronutrients providing metabolic energy was between 
the sakis’ food preferences and lipid content. This is remarkable as all other primate 
species tested so far displayed the strongest correlation with carbohydrates instead. 
Together with our finding that the sakis significantly preferred foods high in mono-
unsaturated fatty acids, the building blocks of lipids, these results support the notion 
that white-faced sakis exploit the energy provided by the lipids contained in seeds.
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