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ABSTRACT
The Amazonian primate Chiropotes albinasus (red-nosed cuxiu) is a specialist on seeds of hard-husked unripe fruit. These are 
accessed with specialized processing behavior, involving highly modified canines and incisors. This is energetically demanding 
and carries a high dental damage risk. Hypothesizing that red-nosed cuxiu process foods in ways that minimize both energetic 
expenditure and maximize dental safety, we predicted that individuals would selectively bite fruit husks at locations that were 
easiest to penetrate. Sutures were the easiest area to penetrate for all the 11 analyzed red-nosed cuxiu diet species with func-
tioning (non-fused) sutures. Quantification of bite mark locations on these fruits showed significant clustering along the lower-
penetrability areas (sutures) in 8 of 11 species (72.7%). This pattern did not exist for another 10 species that lacked sutures; bites 
did not cluster on the thinnest (and most easily penetrated) parts of the husk for 9 of these 10 species (90%). For four species that 
were functionally indehiscent due to fused or thick sutures, penetrability was lowest at the face (2 species) and suture (2 species). 
Thus, despite robust crania, mandibles, and dentition that appear highly suited for resisting forces generated by powerful biting 
action, red-nosed cuxiu deploy a more refined technique and often select the weakest areas of fruits for their seed-accessing bite 
sites, especially when the fruits are dehiscent with unfused sutures.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.
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PORTUGUESE
O primata amazônico Chiropotes albinasus (cuxiu-de-nariz-vermelho) é especialista em sementes de frutos verdes de casca dura. 
Estas são acessadas com um comportamento de processamento especializado, envolvendo caninos e incisivos altamente modi-
ficados. Isto é energeticamente exigente e acarreta alto risco de danos dentários. Hipotetizando que o cuxiu-de-nariz-vermelho 
processa alimentos de maneiras que minimizam tanto o gasto energético quanto maximizam a segurança dentária, previmos que 
os indivíduos morderiam seletivamente as cascas dos frutos em locais que fossem mais fáceis de penetrar. As suturas foram a área 
mais fácil de penetrar para todas as 11 espécies de cuxiu-de-nariz-vermelho analisadas com suturas funcionais (não fundidas). A 
quantificação dos locais das marcas de mordidas nestes frutos mostrou agrupamento significativo ao longo das áreas de menor 
penetrabilidade (suturas) em 8 de 11 espécies (72.7%). Este padrão não existiu para outras 10 espécies que não tinham suturas; 
As mordidas não se agruparam nas partes mais finas (e mais facilmente penetradas) da casca em 9 dessas 10 espécies (90%). 
Para quatro espécies que eram funcionalmente indeiscentes devido a suturas fundidas ou espessas, a penetrabilidade foi menor 
na face (2 espécies) e na sutura (2 espécies). Assim, apesar dos crânios, mandíbulas e dentição robustos que parecem altamente 
adequados para resistir às forças geradas por uma poderosa ação de mordida, o cuxiu-de-nariz-vermelho emprega uma técnica 
mais refinada e frequentemente seleciona as áreas mais fracas dos frutos para seus locais de mordida de acesso às sementes, 
especialmente quando os frutos são deiscentes com suturas não fundidas.

1   |   Introduction

It is common for foraging studies to focus on optimizing time/
energy by maximizing energetic gain and minimizing time ex-
penditure (Aristizabal et al. 2017; da Dias Silva et al. 2020; Felton 
et al. 2009; Hohmann 2009). However, in mammals, the role of 
both minimizing deployed force and risk of breakage to teeth 
has been studied mainly in carnivores (Mann et al. 2017). Direct 
contact with bone can blunt or fracture the canine teeth of car-
nivorous mammals (Lawn et al. 2013; Van Valkenburgh 2009; 
Van Valkenburgh and White  2021), with strong negative im-
pacts on survivorship (Goodrich et  al.  2011; Patterson  2023). 
Accordingly, to reduce the danger of dental damage, as well as 
reducing the time spent subduing prey, carnivores organize bites 
so that the points of their canines slip into softer areas between 
the neck vertebrae of prey. This action is known to occur in ex-
tant felines (Mazzolli  2013; Pollock et  al.  2022; Seidensticker 
and McDougal 1993), and there is strong fossil evidence that it 
also occurred in extinct species (Anyonge 1996; Binder and Van 
Valkenburgh 2010; Brown 2014; Diedrich 2021).

Rarely have such tactics been investigated in plant-eating spe-
cies. However, such considerations are also pertinent for primate 
species that regularly practice durophagy (the eating of hard and 
resistant food items). An example of such durophagy occurs in 
the Pitheciidae, a family of South American primates composed 
of two sub-families, the Callicebinae (Callicebus, Cheracebus, 
and Plecturocebus) and the Pitheciinae (Cacajao, Chiropotes, and 
Pithecia). While Callicebinae largely eat insects and soft fruit 
(DeLuycker  2024), Pitheciinae specialize in the seeds of unripe 
fruits (Ayres 1986, 1989; Van Roosmalen et al. 1988; Kinzey and 
Norconk 1990, 1993; Barnett and Brandon-Jones 1997; Boubli 1999; 
Barnett et al. 2005; Barnett, Bezerra, et al. 2013; Barnett, Bowler, 
et al. 2013; Barnett et al. 2016; Shaffer 2013; Ledogar et al. 2018; 
Norconk  2021). This is especially the case for Cacajao and 
Chiropotes where the majority of fruits from families dominant 
in the diet (e.g., Euphorbiaceae, Fabaceae, Lecythidaceae, and 
Sapotaceae: Ayres  1989; Barnett, Bezerra, et  al.  2013; Barnett, 
Bowler, et al. 2013; Boyle et al. 2016; Pinto et al. 2018) are hard-
husked. This is either because the layers surrounding the seeds are 
fibrous and/or highly lignified or suberized (e.g., Euphorbiaceae, 

Fabaceae, Lecythidaceae), or have yet to soften as part of the 
maturation process (e.g., Sapotaceae). To allow for these diets, 
members of the genera Cacajao and Chiropotes show distinct cra-
nial, dental, and behavioral specializations for sclerocarpic for-
aging (Bouvier 1986; Kay 1990; Rosenberger 1992; Kinzey 1992; 
Kinzey and Norconk 1990, 1993; Anapol and Lee 1994; Norconk 
et al. 2009; Ledogar et al. 2013; Püschel et al. 2018). For this, in-
dividuals puncture the outer surface of a fruit (hereafter termed 
the “husk”: Jackson 2004) with their robust canines (Figure S4), 
before using the procumbent incisors (Figure S4) to remove seeds 
with either a tweezer-like or scraping action. Both Cacajao and 
Chiropotes species have well-developed mandibles and canines 
that provide a powerful biting force, while procumbent incisors 
are well-suited to seed extraction (Barnett et al. 2016; Kinzey and 
Norconk 1990, 1993; Shaffer 2013).

Enlarged, fiber-dense, cranial and mandibular adductor muscles 
are associated with durophagy and are well developed in both 
Pitheciidae (Anapol et al. 2008; Norconk 2021) and other mamma-
lian taxa (e.g., carnivorans, Harano and Asahara 2022). However, 
while bite force mechanics have been well studied (e.g., Ledogar 
et al. 2018; Püschel et al. 2018; Deutsch et al. 2020), the energetics 
behind them are much less well known (Anapol et al. 2008; Van 
Casteren et  al.  2022). In primates, the energetic costs of dental 
preparation of food are considered to be less than those of locomo-
tion (Granatosky and Ross 2020). However, the well-established 
links between increased muscle mass and energetic demands 
(Muchlinski et  al.  2012; Pontzer  2015), and the demonstration 
by Wall et al.  (2023) that adductor muscle use is responsible for 
the greatest part of energetic expenditure during feeding, make 
it likely that saving energy via behavioral optimization of biome-
chanical capacity enhances fitness. This is especially likely in pith-
eciines where several hundred hard-husked individual fruits may 
be eaten in a day (AA Barnett unpublished data, 2025).

Overall, some 95% of the diet of Chiropotes species consists 
of seeds attained via sclerocarpic foraging (Mittermeier 
and van Roosmalen et  al.  1981; Van Roosmalen et  al.  1988; 
Ayres 1989; Kinzey and Norconk 1990, 1993; Barnett, Bowler, 
et al. 2013; Shaffer 2013), although members of the genus can 
become generalists, using insects, leaves, gum, and flowers 

 17447429, 2025, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/btp.70113 by N

IC
E

, N
ational Institute for H

ealth and C
are E

xcellence, W
iley O

nline L
ibrary on [10/11/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



3 of 16Biotropica, 2025

when seed availability is limited (Shaffer 2013). This general 
dietary pattern for Chiropotes species is exhibited by the red-
nosed cuxiu (Chiropotes albinasus), a 3–3.5 kg member of the 
genus with a distribution restricted to the Madeira–Xingu in-
terfluve, including the forests along the Rio Tapajós, Brazil 
(Pinto et al. 2018). Given the large number of individual fruits 
that they process in a day, individual pitheciin primates run 
the risk of blunting, chipping, fracturing, or snapping their 
teeth due to the repeated stresses involved (Klukkert  2019; 
Ledogar et al. 2018). The golden-backed uacari (Cacajao oua-
kary), a close relative of the red-nosed cuxiu (Kay et al. 2013), 
selectively bites hard fruits at their weakest spots (Barnett 
et  al.  2016). As this parallels the way in which felines inset 
their canines into the weakest spots between vertebrae, this 
may be a tactic to reduce the likelihood of food-processing re-
lated canine damage (Barnett et al. 2016), since the frequency 
of canine damage in pitheciines is low (even if ablation is high: 
See Appendix S2, Table S3, Figure S5).

Given that the red-nosed cuxiu also risks canine damage when 
processing the hard fruits that dominate its diet, we therefore 
hypothesize that individuals of this species bite fruits in ways 
that minimize the risk of dental damage, similar to felines and 
the golden-backed uacari. Consequently, we predicted that, 
when biting hard-husked fruits, red-nosed cuxiu would bite at 
the weakest point on a husk, and that:

Prediction (1) on a dehiscent fruit this bite location would be 
sutures (the natural lines of weakness along which such a fruit 
breaks to release the seed[s] within); and Prediction (2) on an in-
dehiscent fruit (one with no sutures, or functionally indehiscent 
due to fused sutures), this bite location would be at the thinnest 
point of the husk.

2   |   Methods

2.1   |   Study Site

As part of a broader primatological (Barnett et al. 2017; Barnett, 
Bezerra, et  al.  2013, Barnett, Bowler, et  al.  2013; Barnett, 
dos Santos-Barnett, et  al.  2023; Barnett, Stone, et  al.  2023; 
dos Santos-Barnett et  al.  2022; Jucá et  al.  2020; Tomanek 
et al. 2020) and ecological (de Oliveira et al. 2020) initiative, the 
study was conducted along the mid-Tapajós River, centering 
on the mouth of Jamanxim River, Pará State, Brazil (Figure 1). 
Between October 2013 and December 2014, a survey team of 
two to three people searched for primates from boats (both 
sides of the river and covering 125 km on each bank) between 
0530 and 1830 h, and via a system of five terrestrial trails from 
0600 to 1000 h and 1400 to 1800 (Figure 1). The latter totalled 
36 km in length, with individual trail lengths varying from 4 
to 9 km. We covered each river and land transect three times 
a month. While primates in the region were not habituated to 
humans, hunting pressure was low at the time of the survey 
(de Oliveira et al. 2020), and red-nosed cuxiu showed little fear 
of the researchers. Despite this, a distance of 10 m was main-
tained from any observed feeding group to avoid provoking a 
flight reaction by the monkeys. Whenever feeding red-nosed 
cuxiu were encountered, the feeding tree species were noted, 
and GPS locations were recorded.

2.2   |   Fruit Collection

To test our hypothesis that red-nosed cuxiu bite fruits at the 
weakest part of the husk, the distribution of bite marks were 
analyzed on the husks of dehiscent and indehiscent fruits from 
27 tree species observed being eaten by red-nosed cuxiu at the 
Tapajós study site (Barnett, Bezerra, et  al.  2013). These spe-
cies analyzed here were selected from the 41 whose fruits were 
recorded by Barnett, Bezerra, et  al.  (2013) as being eaten by 
red-nosed cuxiu on the mid-Tapajós, as the fruits were (i) re-
trievable and (ii) present in sufficient numbers for statistical 
analysis.

Fruits that had been fed upon by red-nosed cuxiu were col-
lected from under trees in which groups of the species had 
been observed feeding (Figure S6). Fruits were removed from 
the ground as soon as the animals had left the feeding site. 
Whole fruits, at the same ripeness stage as those on which 
the animals had been feeding (determined by comparative 
color, size, shape, and hardness), were collected for penetra-
bility analysis, using a combination of those fruits knocked 
to the ground during feeding bouts and others retrieved 
from branches (using a pole-mounted horticultural pruner 
or cord-mounted commando saw, depending on the height of 
the target branch: see Barnett  1995). Fruits with fungal in-
festations were excluded. Plants were identified using general 
(e.g., Gentry 1993; Ribeiro et al. 1999) or group-specific (e.g., 
Mori and Prance  1990) floras, with Roosmalen  (1985) being 
used specifically for fruits. Taxonomy of identified taxa was 
checked against World Flora Online (https://​wfopl​antli​st.​
org/​) to ensure that nomenclature was current.

Fruits of 17 of the 27 species had sutures (N = 654 individual 
fruits), of which six species (N = 204 individual fruits) were func-
tionally indehiscent due to fused sutures (a situation where the 
suture, though clearly observable, is composed of tissue that no 
longer contains the central line that, through suberization and 
apoptosis, otherwise results in the lateral separation of tissues 
that ends in dehiscence: Ballester and Ferrándiz 2017; Roberts 
et al. 2002). Thus, though morphologically in possession of a su-
ture, such fruits are functionally indehiscent. The fruit of the 
remaining 10 tree species (N = 161 individual fruits) lacked any 
form of suture.

2.3   |   Measuring Penetrability

Suture penetrability and face penetrability were recorded on 
a total of 462 freshly collected fruits from 15 of the 17 sutured 
species studied (11 species with non-fused sutures and 4 species 
with fused sutures; Table 1). Penetrability data are missing for 
two species with fused sutures (Dalium sp. and Swartzia poly-
phylla), although bite preferences were recorded for these two 
species (Table 2).

Penetrability was quantified using a prosthetic Chiropotes ca-
nine mounted on a standard fruit penetrometer to maximize 
repeatability (Facchini FT 011 Fruit Firmness Tester, mar-
keted by International Ripening Company, Norfolk, VA 23502-
2095: Barnett et  al.  2015). Here, a lower number indicates a 
softer fruit and thus higher penetrability. The prosthetic 
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Chiropotes canine was used instead of the standard penetrom-
eter head due to the smaller width of the prosthetic (1.25 mm) 
and flared shape compared to the width and shape of the 
standard cylindrical penetrometer head (7.8 mm). In conse-
quence, the prosthetic canine provided more analogous results 
for the force required by the red-nosed cuxiu to penetrate the 
≤ 1 mm-wide sutures (see image in Barnett et al. 2015). Some 
studies of fruit penetrability have taken just one penetrome-
ter measurement per face, considering that more than one 
puncture in the husk of the same fruit might make it easier 
to penetrate (e.g., Mourthé et  al.  2008). However, Barnett 
et al. (2016) showed that this is not the case in fruits eaten by 
the golden-backed uacari (Cacajao ouakary), a close relative of 
the red-nosed cuxiu (Chiropotes albinasus). The fruits studied 
by Barnett et al.  (2016) included both the genera and species 
studied here. Nevertheless, it was considered prudent for the 
current study to take a single husk face measurement and a 
single suture measurement per fruit, regardless of whether the 
fruit had one suture (e.g., Fabaceae) or multiple sutures (e.g., 
Euphorbiaceae).

The fruit tester gave values in kg/mm2. This was converted to 
Megapascals (MPa), the international unit for measuring mate-
rial breakage (e.g., Lucas et al. 2000; Mourthé et al. 2008; with 
1 kg/mm2 = 9.80665 MPa). Both units appear in Table 1. Table 1 
also lists fruits as “hard”/“not hard”, based on the ease with 
which a human fingernail could invade the husk surface. For 
species classified by this qualitative assessment as “hard,” eight 
of 11 had a penetrometer value exceeding 3 kg/mm2 (29.42 MPa), 
while three of four species so classified as ‘soft’ had a value 
of < 2 kg/mm2 (19.61 MPa). The penetrometer values for the 

intermediate species (Abuta cf. panurensis, Chaunochiton loran-
thoides, Couratari cf. tenuicarpa, and Swartzia polyphylla) and 
the reasons for their allocation to this category are discussed in 
Appendix S1.

2.4   |   Quantifying Bite-Mark Location

For species with sutures, bite mark location was noted to see 
if they occurred more frequently along these areas of natural 
weakness than elsewhere on the fruit surface (Prediction 1). 
For sutured fruit (and following Barnett et al. 2016), bite mark 
scars were scored as positive if they lay either side of the suture 
at a distance within 10% of the fruit diameter, or if the bite had 
occurred directly on the suture, and negative if they appeared 
elsewhere on the husk surface (“face” in Table 1).

For the 10 species of tree whose husks lacked sutures, bite mark 
location was recorded as lying within or outside the areas which 
prior measurements with calipers of husk thickness from 10 trans-
versally sectioned fruits of each species (AA Barnett unpublished 
data, 2025) had identified as the thinnest part (Prediction 2). 
Fruits lacking sutures were divided into three similar-sized sec-
tions based on proximity to the peduncle (proximal, medial, dis-
tal), and the number of bite marks in each was counted. Lists of 
plant species, forms, and fruit types analyzed are given in Table 2 
(sutured species) and Table  3 (non-sutured species). Only fruits 
that red-nosed cuxiu had opened successfully (N = 803 individ-
ual fruits: 653 with sutures, 150 without) were analyzed. The very 
small proportion (N = 51, < 6%) of the 854 fruit originally collected 
that had been bitten into but not opened were excluded.

FIGURE 1    |    Location of the study site (mid-Rio Tapajós) showing the seven transects (two river transects); five terrestrial transects, and (inset) the 
site in relation to the geographical range of the red-nosed cuxiu, Chiropotes albinasus.

 17447429, 2025, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/btp.70113 by N

IC
E

, N
ational Institute for H

ealth and C
are E

xcellence, W
iley O

nline L
ibrary on [10/11/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



5 of 16Biotropica, 2025

T
A

B
L

E
 1

    
|    

D
iff

er
en

ce
s i

n 
pe

ne
tr

ab
ili

ty
 o

f f
ac

es
 a

nd
 su

tu
re

s o
f 1

5 
sp

ec
ie

sa  w
ith

 su
lc

at
e 

fr
ui

ts
 (1

1 
w

er
e 

de
hi

sc
en

t w
ith

 n
on

-fu
se

d 
su

tu
re

s a
nd

 4
 w

er
e 

fu
nc

tio
na

lly
 in

de
hi

sc
en

t w
ith

 fu
se

d 
su

tu
re

s)
 e

at
en

 b
y 

th
e 

re
d-

no
se

d 
cu

xi
u 

(C
hi

ro
po

te
s a

lb
in

as
us

) o
n 

th
e 

R
io

 T
ap

aj
ós

, P
ar

á 
St

at
e,

 B
ra

zi
l. 

Th
e 

lo
w

er
 th

e 
va

lu
e,

 th
e 

ea
si

er
 th

e 
pa

rt
 is

 to
 p

en
et

ra
te

. O
ne

 fa
ce

/s
ut

ur
e 

m
ea

su
re

 p
er

 fr
ui

t.

Fa
m

il
y 

Sp
ec

ie
s 

(N
H

 =
 n

ot
 h

ar
d;

 
H

 =
 h

ar
d;

 F
S =

 fu
se

d 
su

tu
re

s/
fu

nc
ti

on
al

ly
 

in
de

h
is

ce
nt

)

N
 p

en
et

ro
m

et
er

 
m

ea
su

re
s 

(f
ac

e,
 

su
tu

re
)

Pe
ne

tr
ab

il
it

y 
va

lu
e 

fo
r 

fa
ce

 m
ea

n 
±

 S
D

 (r
an

ge
) 

kg
/m

m
2  (

M
Pa

)

Pe
ne

tr
ab

il
it

y 
va

lu
e 

fo
r 

su
tu

re
 m

ea
n 

±
 S

D
 

(r
an

ge
) (

kg
/m

m
2 /

M
Pa

)

W
h

ic
h 

lo
ca

ti
on

 h
ad

 lo
w

es
t 

pe
ne

tr
ab

il
it

y?
 (

W
il

co
xo

n 
si

gn
ed

-r
an

k 
te

st
)

%
 d

if
fe

re
nc

e 
in

 
pe

ne
tr

ab
il

it
y 

of
 

su
tu

re
 v

er
su

s 
fa

ce

N
on

-fu
se

d 
su

tu
re

s

A
po

oc
yn

ac
ea

e

M
al

ou
et

ia
 fl

av
es

ce
ns

N
H

30
, 3

0
1.

73
 ±

 0.
17

 (1
.4

–2
.0

)
0.

84
 ±

 0.
05

 (0
.8

–0
.9

)
Su

tu
re

 (W
 =

 90
0,

 p
 <

 0.
00

1)
−

51
.4

5

16
.9

7 ±
 1.

67
 (1

3.
72

–1
9.

61
)

8.
23

 ±
 0.

49
 (7

.8
4–

8.
82

)

Ta
be

rn
ae

m
on

ta
na

 sp
.

N
H

28
, 2

8
1.

39
 ±

 0.
25

 (0
.9

–1
.8

)
0.

71
 ±

 0.
05

 (0
.6

–0
.8

)
Su

tu
re

 (W
 =

 78
4,

 p
 <

 0.
00

1)
−

48
.9

7

13
.6

3 ±
 2.

45
 (8

.8
2–

17
.7

)
6.

97
 ±

 0.
49

 (5
.8

9–
8.

82
)

Eu
ph

or
bi

ac
ea

e

H
ev

ea
 sp

ru
ce

an
a

H
40

, 4
0

3.
06

 ±
 0.

59
 (1

.8
–3

.8
)

1.
71

 ±
 0.

24
 (1

.3
–2

.1
)

Su
tu

re
 (W

 =
 15

58
, p

 <
 0.

00
1)

−
44

.2
4

29
.9

1 ±
 5.

79
 (1

6.
7–

37
.3

)
16

.8
 ±

 2.
25

 (1
2.

74
–2

0.
6)

M
ab

ea
 n

iti
da

H
60

, 6
0

2.
75

 ±
 0.

22
 (2

.1
–3

.3
)

1.
86

 ±
 0.

25
 (1

.4
–2

.5
)

Su
tu

re
 (W

 =
 35

65
, p

 <
 0.

00
1)

−3
2.

24

26
.9

7 ±
 2.

15
 (2

0.
59

–3
2.

36
)

18
.2

4 ±
 2.

45
 (1

3.
72

–2
4.

51
)

Le
cy

th
id

ac
ea

e

Co
ur

at
ar

i s
te

lla
ta

H
25

, 2
5

9.
64

 ±
 0.

19
 (9

.2
–9

.9
)

6.
31

 ±
 0.

42
 (5

.5
–6

.9
)

Su
tu

re
 (W

 =
 62

5,
 p

 <
 0.

00
1)

−3
4.

55

94
.5

4 ±
 1.

77
 (9

0.
22

–9
7.

09
)

61
.8

8 ±
 4.

02
 (5

6.
88

–6
5.

70
)

Co
ur

at
ar

i c
f. 

te
nu

ic
ar

pa
H

 (b
ri

tt
le

)

25
, 2

5
2.

30
 ±

 0.
19

 (1
.8

–2
.6

)
1.

73
 ±

 0.
08

 (1
.6

–1
.9

)
Su

tu
re

 (W
 =

 62
5,

 p
 <

 0.
00

1)
−2

4.
56

22
.3

6 ±
 1.

96
 (1

7.
65

–2
5.

50
)

16
.9

7 ±
 0.

78
 (1

5.
70

–1
8.

63
)

Es
ch

w
ei

le
ra

 a
lb

ifl
or

a
H

25
, 2

5
4.

76
 ±

 0.
65

 (3
.1

–6
.0

)
3.

07
 ±

 0.
32

 (2
.3

–3
.7

)
Su

tu
re

 (W
 =

 61
5,

 p
 <

 0.
00

1)
−3

5.
52

46
.6

8 ±
 6.

37
 (3

0.
40

–5
8.

84
)

30
.1

1 ±
 3.

14
 (2

2.
56

–3
6.

28
)

Es
ch

w
ei

le
ra

 o
bv

er
sa

H
25

, 2
5

5.
70

 ±
 0.

88
 (4

.0
–7

.4
)

3.
06

 ±
 0.

78
 (1

.8
–4

.2
)

Su
tu

re
 (W

 =
 61

9,
 p

 <
 0.

00
1)

−
46

.3
2

55
.9

0 ±
 8.

63
 (3

9.
23

–7
2.

57
)

30
.0

0 ±
 7.

65
 (1

7.
65

–4
1.

19
)

Le
cy

th
is

 lu
ri

da
H

25
, 2

5
5.

64
 ±

 0.
45

 (4
.8

–6
.5

)
4.

88
 ±

 0.
44

 (4
.1

–5
.8

)
Su

tu
re

 (W
 =

 54
9,

 p
 <

 0.
00

1)
−1

3.
40

54
.5

2 ±
 4.

22
 (4

7.
07

–6
3.

74
)

47
.8

6 ±
 4.

22
 (4

0.
20

–5
6.

88
)

M
en

is
pe

rm
ac

ea
e

(C
on

tin
ue

s)

 17447429, 2025, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/btp.70113 by N

IC
E

, N
ational Institute for H

ealth and C
are E

xcellence, W
iley O

nline L
ibrary on [10/11/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



6 of 16 Biotropica, 2025

Fa
m

il
y 

Sp
ec

ie
s 

(N
H

 =
 n

ot
 h

ar
d;

 
H

 =
 h

ar
d;

 F
S =

 fu
se

d 
su

tu
re

s/
fu

nc
ti

on
al

ly
 

in
de

h
is

ce
nt

)

N
 p

en
et

ro
m

et
er

 
m

ea
su

re
s 

(f
ac

e,
 

su
tu

re
)

Pe
ne

tr
ab

il
it

y 
va

lu
e 

fo
r 

fa
ce

 m
ea

n 
±

 S
D

 (r
an

ge
) 

kg
/m

m
2  (

M
Pa

)

Pe
ne

tr
ab

il
it

y 
va

lu
e 

fo
r 

su
tu

re
 m

ea
n 

±
 S

D
 

(r
an

ge
) (

kg
/m

m
2 /

M
Pa

)

W
h

ic
h 

lo
ca

ti
on

 h
ad

 lo
w

es
t 

pe
ne

tr
ab

il
it

y?
 (

W
il

co
xo

n 
si

gn
ed

-r
an

k 
te

st
)

%
 d

if
fe

re
nc

e 
in

 
pe

ne
tr

ab
il

it
y 

of
 

su
tu

re
 v

er
su

s 
fa

ce

A
bu

ta
 c

f. 
pa

nu
re

ns
is

N
H

34
, 3

4
2.

4 ±
 0.

19
 (2

.0
–2

.8
)

1.
67

 ±
 0.

18
 (1

.4
–1

.9
)

Su
tu

re
 (W

 =
 11

56
, p

 <
 0.

00
1)

−3
0.

56

23
.5

4 ±
 1.

86
 (1

9.
61

–2
7.

46
)

16
.6

7 ±
 1.

77
 (1

4.
70

–1
8.

63
)

M
yr

is
tic

ac
ea

e

Ir
ya

nt
he

ra
 sa

go
tia

na
N

H
23

, 2
3

1.
7 ±

 0.
22

 (1
.4

–2
.3

)
1.

20
 ±

 0.
12

 (0
.9

–1
.4

)
Su

tu
re

 (W
 =

 52
7,

 p
 <

 0.
00

1)
−3

0.
48

16
.6

7 ±
 2.

16
 (1

3.
73

–2
0.

59
)

11
.7

7 ±
 1.

18
 (8

.8
3–

13
.7

3)

Fu
se

d 
su

tu
re

s (
fu

nc
tio

na
lly

 in
de

hi
sc

en
t)

Fa
ba

ce
ae

In
ga

 a
lb

a
H

 (b
ri

tt
le

), 
FS

25
, 2

5
2.

47
 ±

 0.
16

 (2
.1

–2
.7

)
1.

54
 ±

 0.
19

 (1
.1

–1
.9

)
Su

tu
re

 (W
 =

 62
5,

 p
 <

 0.
00

1)
−3

7.
44

24
.2

2 ±
 1.

56
 (2

0.
59

–2
6.

47
)

16
.9

6 ±
 10

.9
8 

(1
0.

78
–1

8.
63

)

In
ga

 h
et

er
op

hy
lla

H
 (b

ri
tt

le
), 

FS
25

, 2
5

2.
29

 ±
 1.

13
 (2

.1
–2

.5
)

1.
30

 ±
 0.

22
 (0

.8
–1

.6
)

Su
tu

re
 (W

 =
 62

5,
 p

 <
 0.

00
1)

−
43

.4
6

22
.4

5 ±
 11

.0
8 

(2
0.

59
–2

4.
51

)
12

.4
5 ±

 2.
16

 (7
.8

5–
15

.6
9)

M
ac

ro
lo

bi
um

 
ac

ac
iif

ol
iu

m
H

, F
S

50
, 5

0
3.

05
 ±

 0.
17

 (2
.5

–3
.6

)
5.

39
 ±

 0.
45

 (4
.7

–6
.3

)
Fa

ce
 (W

 =
 0,

 p
 <

 0.
00

1)
76

.6
6

29
.9

1 ±
 1.

67
 (2

0.
59

–3
4.

32
)

52
.8

6 ±
 1.

41
 (4

6.
09

–6
1.

78
)

O
la

ca
ce

ae
b

C
ha

un
oc

hi
to

n 
lo

ra
nt

ho
id

es
H

, F
S

42
, 4

2
2.

08
 ±

 0.
06

 (2
.0

–2
.2

)
2.

80
 ±

 0.
15

 (2
.6

–3
.1

)
Fa

ce
 (W

 =
 0,

 p
 <

 0.
00

1)
34

.6
3

23
.5

4 ±
 1.

86
 (1

9.
61

–2
1.

77
)

27
.3

6 ±
 1.

47
 (2

6.
48

–3
0.

40
)

a P
en

et
ra

bi
lit

y 
da

ta
 fo

r D
al

iu
m

 sp
. a

nd
 S

w
ar

tz
ia

 p
ol

yp
hy

lla
 fr

ui
ts

 w
er

e 
no

t a
va

ila
bl

e.
b P

la
ce

d 
in

 A
pt

an
dr

ac
ea

e 
by

 so
m

e 
au

th
or

iti
es

.

T
A

B
L

E
 1

    
|    


(C

on
tin

ue
d)

 17447429, 2025, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/btp.70113 by N

IC
E

, N
ational Institute for H

ealth and C
are E

xcellence, W
iley O

nline L
ibrary on [10/11/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



7 of 16Biotropica, 2025

T
A

B
L

E
 2

    
|    

C
om

pa
ri

so
n 

of
 b

ite
 p

re
fe

re
nc

e 
by

 re
d-

no
se

d 
cu

xi
u 

(C
hi

ro
po

te
s a

lb
in

as
us

) a
ga

in
st

 th
e 

w
ea

ke
st

 p
ar

t o
f t

he
 h

us
k 

of
 su

tu
re

d 
fr

ui
t (

no
n-

fu
se

d 
an

d 
fu

se
d 

su
tu

re
s)

 fr
om

 1
7 

pl
an

t s
pe

ci
es

.

Fa
m

il
y 

Sp
ec

ie
s

Fr
ui

t t
yp

e
N

 B
it

es
 (%

)

(h
ar

dn
es

s;
 

su
tu

re
 ±

 fu
se

d)
N

 F
ru

it
s

Fa
ce

 o
n

ly
Su

tu
re

 o
n

ly
Fa

ce
 a

nd
 

su
tu

re
B

it
e 

po
in

t p
re

fe
re

nc
e 

(ꭓ
2  t

es
t)

W
ea

ke
st

 p
ar

t 
of

 fr
ui

t h
us

k
P

re
fe

re
nc

e 
fo

r 
w

ea
ke

st
 p

ar
t?

N
on

-fu
se

d 
su

tu
re

s

A
po

cy
na

ce
ae

M
al

ou
et

ia
 

fla
ve

sc
en

s
N

ot
 h

ar
d;

 u
nf

us
ed

62
15

 (2
4.

2%
)

27
 (4

3.
5%

)
20

 (3
2.

3%
)

N
on

e 
(ꭓ

2  =
 3.

60
; p

 =
 0.

17
)

Su
tu

re
N

o

Ta
be

rn
ae

m
on

ta
na

 
sp

.
N

ot
 h

ar
d;

 u
nf

us
ed

35
5 

(1
4.

3%
)

19
 (5

4.
3%

)
11

 (3
1.

4%
)

Su
tu

re
 (ꭓ

2  =
 8.

59
; 

p <
 0.

00
1)

Su
tu

re
Ye

s

Eu
ph

or
bi

ac
ea

e

H
ev

ea
 sp

ru
ce

an
a

H
ar

d;
 u

nf
us

ed
40

1 
(2

.5
%

)
35

 (8
7.

5%
)

4 
(1

0.
0%

)
Su

tu
re

 (ꭓ
2  =

 54
.0

6;
 

p =
 0.

01
4)

Su
tu

re
Ye

s

M
ab

ea
 n

iti
da

H
ar

d;
 u

nf
us

ed
24

1 
(4

.2
%

)
19

 (7
9.

2%
)

4 
(1

6.
7%

)
Su

tu
re

 (ꭓ
2  =

 23
.6

7;
 

p <
 0.

00
1)

Su
tu

re
Ye

s

Le
cy

th
id

ac
ea

e

Co
ur

at
ar

i s
te

lla
ta

H
ar

d;
 u

nf
us

ed
44

0 
(0

.0
%

)
43

 (9
7.7

%
)

1 
(2

.3
%

)
Su

tu
re

 (ꭓ
2  =

 83
.4

1;
 

p <
 0.

00
1)

Su
tu

re
Ye

s

Co
ur

at
ar

i c
f. 

te
nu

ic
ar

pa
H

ar
d 

(b
ut

 b
ri

tt
le

); 
un

fu
se

d
52

1 
(1

.9
%

)
50

 (9
6.

2%
)

1 
(1

.9
%

)
Su

tu
re

 (ꭓ
2  =

 93
.8

0;
 

p <
 0.

00
1)

Su
tu

re
Ye

s

Es
ch

w
ei

le
ra

 
al

bi
flo

ra
H

ar
d;

 u
nf

us
ed

49
3 

(6
.1

%
)

45
 (9

1.
8%

)
1 

(2
.0

%
)

Su
tu

re
 (ꭓ

2  =
 76

.8
5;

 
p <

 0.
00

1)
Su

tu
re

Ye
s

Es
ch

w
ei

le
ra

 o
bv

er
sa

H
ar

d;
 u

nf
us

ed
94

7 
(7

.4
%

)
84

 (8
9.

4%
)

3 
(3

.2
%

)
Su

tu
re

 (ꭓ
2  =

 13
5.

33
; 

p <
 0.

00
1)

Su
tu

re
Ye

s

Le
cy

th
is

 lu
ri

da
H

ar
d;

 u
nf

us
ed

37
1 

(2
.7

%
)

35
 (9

4.
6%

)
1 

(2
.7

%
)

Su
tu

re
 (ꭓ

2  =
 63

.4
9;

 
p <

 0.
00

1)
Su

tu
re

Ye
s

M
en

is
pe

rm
ac

ea
e

A
bu

ta
 c

f. 
pa

nu
re

ns
is

N
ot

 h
ar

d;
 u

nf
us

ed
41

22
 (5

3.
7%

)
14

 (3
4.

1%
)

5 
(1

2.
2%

)
Fa

ce
 (ꭓ

2  =
 11

.0
5;

 
p =

 0.
00

4)
Su

tu
re

N
o

M
yr

is
tic

ac
ea

e

Ir
ya

nt
he

ra
 

sa
go

tia
na

N
ot

 h
ar

d;
 u

nf
us

ed
29

12
 (4

1.
4%

)
8 

(2
7.

6%
)

9 
(3

1.
0%

)
N

on
e 

(ꭓ
2  =

 0.
95

; p
 =

 0.
62

)
Su

tu
re

N
o (C

on
tin

ue
s)

 17447429, 2025, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/btp.70113 by N

IC
E

, N
ational Institute for H

ealth and C
are E

xcellence, W
iley O

nline L
ibrary on [10/11/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



8 of 16 Biotropica, 2025

Fa
m

il
y 

Sp
ec

ie
s

Fr
ui

t t
yp

e
N

 B
it

es
 (%

)

(h
ar

dn
es

s;
 

su
tu

re
 ±

 fu
se

d)
N

 F
ru

it
s

Fa
ce

 o
n

ly
Su

tu
re

 o
n

ly
Fa

ce
 a

nd
 

su
tu

re
B

it
e 

po
in

t p
re

fe
re

nc
e 

(ꭓ
2  t

es
t)

W
ea

ke
st

 p
ar

t 
of

 fr
ui

t h
us

k
P

re
fe

re
nc

e 
fo

r 
w

ea
ke

st
 p

ar
t?

Fu
se

d 
su

tu
re

s (
fu

nc
tio

na
lly

 in
de

hi
sc

en
t)

O
la

ca
ce

ae

C
ha

un
oc

hi
to

n 
lo

ra
nt

ho
id

es
H

ar
d;

 fu
se

d
18

2 
(1

1.
1%

)
12

 (6
6.

7%
)

4 
(2

2.
2%

)
Su

tu
re

 (ꭓ
2  =

 9.
53

; 
p =

 0.
00

9)
Fa

ce
N

o

Fa
ba

ce
ae

In
ga

 a
lb

a
H

ar
d 

(b
ut

 
br

itt
le

); 
fu

se
d

47
34

 (7
2.

3%
)

9 
(1

9.
1%

)
4 

(8
.5

%
)

Fa
ce

 (ꭓ
2  =

 33
.7

6;
 

p <
 0.

00
1)

N
on

e
N

o

In
ga

 h
et

er
op

hy
lla

H
ar

d 
(b

ut
 

br
itt

le
); 

fu
se

d
50

35
 (7

0.
0%

)
2 

(4
.0

%
)

13
 (2

6.
0%

)
Fa

ce
 (ꭓ

2  =
 34

.4
5;

 
p <

 0.
00

1)
Su

tu
re

N
o

D
al

iu
m

 sp
.

H
ar

d;
 fu

se
d

32
30

 (9
3.

8%
)

1 
(3

.1
%

)
1 

(3
.1

%
)

Fa
ce

 (ꭓ
2  =

 53
.4

1;
 

p <
 0.

00
1)

n/
aa

n/
aa

M
ac

ro
lo

bi
um

 
ac

ac
iif

ol
iu

m
H

ar
d;

 fu
se

d
46

44
 (9

5.
7%

)
0 

(0
.0

%
)

2 
(4

.3
%

)
Fa

ce
 (ꭓ

2  =
 81

.7
9;

 
p <

 0.
00

1)
Fa

ce
Ye

s

Sw
ar

tz
ia

 p
ol

yp
hy

lla
N

ot
 h

ar
d;

 fu
se

d
17

11
 (6

4.
7%

)
3 

(1
7.

6%
)

3 
(1

7.
6%

)
Fa

ce
 (ꭓ

2  =
 7.

73
; 

p =
 0.

02
1)

n/
aa

n/
aa

a P
en

et
ra

bi
lit

y 
da

ta
 fo

r D
al

iu
m

 sp
. a

nd
 S

w
ar

tz
ia

 p
ol

yp
hy

lla
 fr

ui
ts

 w
er

e 
no

t a
va

ila
bl

e.

T
A

B
L

E
 2

    
|    


(C

on
tin

ue
d)

 17447429, 2025, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/btp.70113 by N

IC
E

, N
ational Institute for H

ealth and C
are E

xcellence, W
iley O

nline L
ibrary on [10/11/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



9 of 16Biotropica, 2025

T
A

B
L

E
 3

    
|    

B
ite

 p
re

fe
re

nc
es

 a
m

on
g 

pr
ox

im
al

, m
ed

ia
l, 

an
d 

di
st

al
 se

ct
or

s o
f 1

0 
sp

ec
ie

s o
f i

nd
eh

is
ce

nt
 (n

on
-s

ut
ur

ed
) f

ru
its

: g
en

er
al

 lo
ca

tio
n 

pr
ef

er
en

ce
 v

er
su

s p
re

fe
re

nc
e 

at
 th

in
ne

st
 se

ct
or

 o
f t

he
 fr

ui
t.

Fa
m

il
y 

Sp
ec

ie
s

N
 F

ru
it

s
N

 B
it

es

Se
ct

or
 (%

)
G

en
er

al
 p

re
fe

re
nc

e 
fo

r 
a 

se
ct

or
? 

(ꭓ
2  t

es
t)

T
h

in
ne

st
 s

ec
to

r

P
re

fe
re

nc
e 

at
 

th
in

ne
st

 s
ec

to
r?

 
(ꭓ

2  t
es

t)
P

ro
xi

m
al

M
ed

ia
l

D
is

ta
l

C
hr

ys
ob

al
en

ac
ea

e

Li
ca

ni
a 

ca
ne

sc
en

s
8

12
3 

(2
5.

0%
)

5 
(4

1.
7%

)
4 

(3
3.

3%
)

N
o 

(ꭓ
2  =

 0.
51

; p
 =

 0.
78

)
Se

ct
or

s e
qu

al
N

/A
; s

ec
to

rs
 e

qu
al

H
um

er
ia

ce
ae

En
do

pl
eu

ra
 u

ch
i

17
23

6 
(2

6.
1%

)
9 

(3
9.

1%
)

8 
(3

4.
8%

)
N

o 
(ꭓ

2  =
 0.

60
; p

 =
 0.

74
)

Se
ct

or
s e

qu
al

 (t
ho

ug
h 

m
es

oc
ar

p 
ru

go
se

)
N

/A
; s

ec
to

rs
 e

qu
al

M
yr

ta
ce

ae

C
al

yp
tr

an
th

es
 sp

.
10

10
3 

(3
0.

0%
)

5 
(5

0.
0%

)
2 

(2
0.

0%
)

N
o 

(ꭓ
2  =

 1.
48

; p
 =

 0.
48

)
M

ed
ia

1
N

o 
(ꭓ

2 1 =
 1.

31
; 

p =
 0.

25
)

Eu
ge

ni
a 

sp
.

9
9

3 
(3

3.
3%

)
4 

(4
4.

45
)

2 
(2

2.
2)

N
o 

(ꭓ
2  =

 0.
72

; p
 =

 0.
70

)
M

ed
ia

1
N

o 
(ꭓ

2 1 =
 0.

53
; 

p =
 0.

47
)

Po
ly

ga
la

ce
ae

M
ou

nt
ab

ea
 g

ui
ne

ns
is

14
19

5 
(2

6.
3%

)
7 

(3
6.

8%
)

7 
(3

6.
8%

)
N

o 
(ꭓ

2  =
 0.

39
; p

 =
 0.

82
)

Se
ct

or
s e

qu
al

N
/A

; s
ec

to
rs

 e
qu

al

R
ub

ia
ce

ae

D
ur

oi
a 

sp
.

14
14

3 
(2

1.
4%

)
7 

(5
0.

5$
)

4 
(2

8.
6%

)
N

o 
(ꭓ

2  =
 1.

92
; p

 =
 0.

38
)

M
ed

ia
l

N
o 

(ꭓ
2 1 =

 1.
83

; 
p =

 0.
18

)

Sa
po

ta
ce

ae

C
hr

om
ol

eu
cu

m
a 

ru
bi

flo
ra

21
21

9 
(4

2.
9%

)
3 

(1
4.

3%
)

9 
(4

2.
95

)
N

o 
(ꭓ

2  =
 3.

33
; p

 =
 0.

19
)

Pr
ox

im
al

 a
nd

 D
is

ta
l

N
o 

(ꭓ
2 1 =

 3.
33

; 
p =

 0.
06

8)

M
an

ilk
ar

a 
bi

de
nt

at
a

22
28

10
 (3

5.
7%

)
5 

(1
7.

9%
)

13
 (4

6.
4%

)
N

o 
(ꭓ

2  =
 3.

28
; p

 =
 0.

19
)

Pr
ox

im
al

 a
nd

 D
is

ta
l

N
o 

(ꭓ
2 1 =

 2.
90

; 
p =

 0.
08

8)

Po
ut

er
a 

bi
lo

cu
la

ri
s

13
14

6 
(4

2.
9%

)
2 

(1
4.

3%
)

6 
(4

2.
9%

)
N

o 
(ꭓ

2  =
 2.

22
; p

 =
 0.

33
)

Pr
ox

im
al

 a
nd

 D
is

ta
l

N
o 

(ꭓ
2 1 =

 2.
22

; 
p =

 0.
14

)

Po
ut

er
a 

cu
sp

id
at

a
20

20
9 

(4
5.

0%
)

2 
(1

0.
0%

)
9 

(4
5.

0%
)

N
o 

(ꭓ
2  =

 4.
79

; p
 =

 0.
09

1)
Pr

ox
im

al
 a

nd
 D

is
ta

l
Ye

s (
ꭓ2

1 =
 4.

79
; 

p =
 0.

02
9)

 17447429, 2025, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/btp.70113 by N

IC
E

, N
ational Institute for H

ealth and C
are E

xcellence, W
iley O

nline L
ibrary on [10/11/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



10 of 16 Biotropica, 2025

Sutured fruits had a range of husk hardnesses and occurred in 
both dehiscent and functionally indehiscent forms (Figure  2). 
In indehiscent species, husk thickness varied both between and 
within the husk itself (Figure 3).

2.5   |   Statistical Analysis

We tested if there were differences in penetrability of the suture and 
face locations for each of the sulcate fruit species using Wilcoxon 
signed-rank tests. We then tested if there was a difference in the 
number of bites on the suture versus the face for the sulcate species 
using Chi-Square tests, allowing us to determine if there was a bite 
preference for the weakest area of the sulcate fruits.

For the 10 indehiscent fruits, we tested if there was a difference in 
general bite location (proximal, medial, and distal sectors) using 
chi-square tests. Then, using prior information on the thinnest 
sectors of the fruits, we coded each bite based on whether it was at 
the thinnest sector (given that some fruits had both the proximal 

and distal sectors as the thinnest). We then used chi-square tests to 
test if bite location occurred more often at the thinnest section than 
what was predicted based on the number of thinnest sections (i.e., 
some species had one sector that was thinnest, while other species 
had two sectors that were equally thinnest). All tests were com-
pleted in R 4.4.1 (R Foundation for Statistical Computing 2024).

3   |   Results

3.1   |   Variation in Force Needed to Experimentally 
Penetrate Fruit Husk at Sutures/Face 
of Dehiscent Fruits

All 11 (100%) sulcate species with non-fused sutures, the force 
needed to penetrate the suture was lower than the face (range: 
12.33%–51.50% lower; mean: 36.24%; see Table  1 for details 
on each species). There was also a difference in penetrability 
in all four species with fused sutures, but the face had lower 
penetrability for two species (Chaunochiton loranthoides and 

FIGURE 2    |    Examples of sutured fruits sampled for this study, showing the range of suture types and husk hardnesses. Sutured but function-
ally indehiscent, (A) Chaunochiton loranthoides (Olacaceae)–fused sutures form thickened ridges, (B) Macrolobium acaciifolium (Fabaceae)–fused 
sutures form thickened grooves; Sutured and dehiscent, (C) Eschwielera tenuifolia (Lecythidaceae)–leathery fruit with single non-fused suture, (D) 
Hevea spruceana (Euphorbiaceae)–hard fruit with three non-fused sutures; (E) Malouetia flavescens and Tabernaemontana sp. (both Apocynaceae)-
both soft fruit, each with a single non-fused suture. Though possessing sutures, C. loranthoides and M. acaciifolium are functionally indehiscent, 
while those of E. tenuifolia, H. spruceana, M. flavescens, and T abernaemontana sp. do dehisce.
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Macrolobium acaciifolium), and the suture had lower penetra-
bility for two species (Inga alba and I. heterophylla; Table 1).

3.2   |   Preference for Bite Site on Dehiscent 
(Sutured) Fruits Compared to Weakest Part 
of the Fruit Husk

Of the 17 tree species with sutured fruits, red-nosed cuxiu clus-
tered their bites at the suture for 8 of the 11 (72.7%) dehiscent spe-
cies and for 1 of the 6 (16.7%) functionally indehiscent species. 
Bites were clustered at the fruit's face for 1 of 11 (9.1%) dehis-
cent species and 5 of 6 (83.3%) functionally indehiscent species 
(Table 2). These bite preferences were located at the weaker area 
of the fruit for 8 of 11 (72.7%) dehiscent species (these 8 species 
all had sutures as the weakest area) and 1 of 4 (25.0%) indehis-
cent species (as 2 species did not have penetrability data asso-
ciated with them). For the 3 dehiscent species where red-nosed 
cuxius did not display a bite preference for the suture (Abuta cf. 
panurensis, Malouetia flavescens, and Iryanthera sagotiana), the 
face was the weakest part of the fruit. None of these fruits were 
highly sclerotized, with each showing low penetrability values 
for both the face and suture (Table 1).

3.3   |   Preference for Bite Site on Non-Sutured 
(Indehiscent) Fruits

There was no general bite preference pattern among proximal, 
medial, and distal sectors for fruits from any of the 10 indehis-
cent species (Table  3). For 3 of the fruit species, there was no 
difference in thinness among the three sections of the fruits. For 
the remaining 7 species, 3 species were thinnest at the medial 
sector, and 4 species were thinnest at the proximal and distal 
sectors. For the 7 species where there were differences in fruit 

thinness, bite preference for the thinnest sectors was demon-
strated in only 1 species: Poutera cuspidata (Table 3, Figure 3).

4   |   Discussion

For all 11 dehiscent species with functioning (non-fused) sutures 
eaten by red-nosed cuxiu and analyzed here, sutures were the 
easiest area of the husk to penetrate. Quantification of bite mark 
locations on these fruits showed significant clustering along su-
tures in 8 of these species (72.7%). This provides support for our 
Prediction 1 that for dehiscent fruit, bite locations would be con-
centrated on the sutures. The 10 species lacking sutures did not 
show this pattern, as bites did not cluster on the thinnest (and 
most easily penetrated) parts of the husk. For a further 5 species 
which had sutures, but the fruits were functionally indehiscent, 
bites were clustered at the sutures for one species and clustered 
at the face for 5 species. When examining these bite preferences 
with the areas that were easier to penetrate, only 1 of 4 species 
had bites clustered on the weaker area of the fruit. Therefore, 
other elements of foraging optimality may, instead, be operating 
and driving bite-site choice. Among these is the ease of manip-
ulation, which is a key element in minimizing processing time. 
The ergonomics of pitheciine foraging have been explored by da 
Dias Silva et al. (2020) for a species of Cacajao, the genus most 
closely related to Chiropotes. Their study showed that when 
selecting Aldina latifolia (Fabaceae) across a range of sizes, 
golden-backed uacaris (Cacajao ouakary) experimented with 
large fruit, but processed those in the mid-range that allowed 
ease of manual manipulation and dental positioning. None of 
the fruits considered here are as large as those of A. latifolia 
(which may reach 13 cm in length). However, the per-unit cost–
benefit of diet item processing (sensu Ménard and Vallet 1997) 
may explain apparent anomalies observed here, especially if 
the ergonomics of foraging are optimized to both minimize 

FIGURE 3    |    Examples of unsutured (and so indehiscent) fruits sampled for this study, showing the range of husk thicknesses, both between spe-
cies and within a single fruit. (A) Eugenia sp. (Myrtaceae); (B) Pouteria cuspidata (Sapotaceae); (C) Manilkara bidentata (Sapotaceae); (D) Licania 
canescens (Chrysobalenaceae).
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processing time and the risk of dental damage. In the function-
ally indehiscent Macrolobium acaciifolium, the fused suture is 
heavily sclerotized, leaving the faces of the single-seeded pod 
as the weakest entry point, which is where red-nosed cuxiu bite 
sites occurred. However, for a further 5 species, the structurally 
weakest areas were not those used by red-nosed cuxiu to access 
the seeds within.

For the 4 fruit species (1 dehiscent and 3 functionally indehis-
cent) in which cuxiu preferred to bite the harder part of the fruit, 
it is possible that fruit shape or other physical characteristics may 
influence the selection of bite penetration sites. For example, in 
Chaunochiton loranthoides (Olaceaeae) the sutures are fused 
into prominent ridges on the surface of an otherwise smooth sur-
face. Bites were concentrated at the base of these, possibly as this 
provides a reliable place to wedge the canine tip prior to biting. 
Both Inga (Fabaceae) species have a fruit that is long, thin, and 
with a husk that is hard, but thin and therefore brittle and easily 
penetrated. Accordingly, there would be little to gain in dental 
security spending the extra time required to position canines on 
the more sclerified area surrounding the suture; indeed, it might 
be hard to manipulate such a long fruit to do so effectively. This 
may also apply to one of the two species where no preferential 
area was recorded, one (Malouetia flavescens, Apocynaceae), 
whose pencil-thick pods may reach 25 cm in length. Significantly, 
a preference for sutures was recorded in the shorter (to 14 cm), 
broader (to 1.5 cm) pods of Tabernamontana (Apocynaceae), 
even though these are not sclerotised. This could be due to the 
deep groove of the suture providing a convenient insertion point 
for the canines. The lack of bite-site preference in Iryanthera sa-
gotiana (Myristicaceae) may be due to the low penetrability of 
both the face and suture (means of 1.7 ± 0.22/16.67 ± 2.16 and 
1.2 ± 0.12/11.77 ± 1.17 kg/mm2/MPa, respectively). For Abuta 
cf. panurensis (Menispermaceae) the preferred bite site lay on 
the face, despite the suture having a lower penetrability value. 
This may occur because the suture is very narrow (a width of 
< 0.5 mm) and so it is difficult to access effectively with a canine 
tip. In addition, fruit of this species are small (6 mm diameter), 
so the handling and manipulation associated with accurate po-
sitioning of the canine may be too time-consuming an invest-
ment to compensate for the small energetic yield of the seed (a 
4 mm sphere). In contrast, why locational selectivity occurred in 
Poutera cuspidata is unclear since the fruit are neither the larg-
est nor smallest of the analyzed Sapotaceae (Pennington 1990), 
nor do the fruits vary in husk or pulp thickness.

Finally, it should be noted that none of the fruits used had been 
fed on, since the actions associated with feeding would have 
damaged fruits in ways that would have made it hard to mea-
sure suture penetrability in a repeatable manner (especially as 
they were no longer whole and so lacked intrinsic mechani-
cal auto-support of an entire fruit). Because of this, we cannot 
unambiguously assert that the measured values were what 
foraging red-nosed cuxiu actually met, as they might possess 
means of choosing fruits with the lowest penetrability values. 
Accordingly, our data compares penetrability values of fruits 
these animals would have encountered on trees and records the 
penetrability of their faces and sutures.

Although the strength of the pitheciin bite (~145 N at the canine 
in Chiropotes; Ledogar et al. 2018) would be more than capable 

of penetrating the studied fruits at any point on their surfaces, 
for the majority of the fruits studied, bite sites were not ran-
domly dispersed over the fruit surface. For just over half of the 
fruit species, bite marks concentrated on or around the suture, 
notably when the suture is generally found to be the weakest 
sector of the fruit. For one of the species (Macrolobium acaciifo-
lium), where the suture was not the weakest point, the face of the 
fruit was the chosen bite site. Thus, the choice of bite site in these 
instances is likely to be mediated by strategies to (i) avoid dam-
age to the tips of the canines (which are key to effective penetra-
tion), (ii) save energy on each of the multitude of bites that occur 
throughout the day, or a combination of both. That this may be 
the latter is shown by the results of Barnett et al. (2015), whose 
simulations with a prosthetic canine found that those with bro-
ken tips required greater force to penetrate the surface of test 
fruits than those where the canine tips were intact. That this 
may be significant for species like Chiropotes (and related genera 
like Cacajao) can be seen in the fact that fruits with prominent 
sutures, such as the Euphorbiaceae and Lecythidaceae, form 
prominent parts of their diets (Barnett, Bezerra, et  al.  2013; 
Barnett, Bowler, et  al.  2013; Pinto et  al.  2018). Moreover, al-
though sutures will rupture in dehiscent fruits when ripe, 
their role as access points for pitheciines is accentuated by the 
predominance of unripe fruit and their seeds in the subfamily 
Pitheciinae (Norconk 2021).

However, that the overall situation is complex and influenced 
by multiple factors can be seen in Inga and Malouetia, where 
the shape of the fruit and the time constraints of handling long, 
thin, forms may override the impetus to bite at more easily pen-
etrated sutures. There is also the consideration that, for all three 
of these species, the husk is resistant but brittle (i.e., they are 
stress-limited; Lucas  2004), so that catastrophic failure of the 
seed husk material (Lucas et al. 2009) may occur more quickly 
when force is applied to areas other than the suture. For Abuta, 
it seems likely that small size and extremely narrow sutures 
mean that this form of selectivity could not be deployed. For 
non-sutured species, it seems likely that differences in thickness 
in sectors of the husk do play a role in bite site choice, with a 
preference being on the thinner sectors. However, more exten-
sive sampling is required before that can be fully confirmed. As 
the strategy is likely to be a combination of canine-tip mainte-
nance and optimization of time/energy constraints, such sam-
pling is highly desirable as the non-sutured family Sapotaceae 
is a prominent component of the diet of members of the genus 
Chiropotes and other members of the subfamily pitheciinae 
(Ayres 1989; Norconk 2021).

That focusing bites on sutures when opening dehiscent fruits is 
not restricted just to the red-nosed cuxiu can be seen from the fact 
that black-bearded cuxiu (Chiropotes sagulatus) at Brownsberg 
Nature Park, Suriname, have also been observed to open a va-
riety of fruits along sutures (J Ledogar unpublished data, 2025). 
These include Carapa guianensis (Meliaceae), Clusia grandi-
flora (Clusiaceae), and Qualea sp. (Vochysiaceae), in addition 
to a number of unidentified fruits. Furthermore, many of the 
plant genera included here were shown to be treated in a similar 
manner by the golden-backed uacari (Barnett et al. 2016). This 
processing mechanism matches well with the suggestions in the 
literature that, for durophageous species, there will be strong 
selection for the precise application of bite forces (Ross and 
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Iriarte-Diaz 2014; Granatosky and Ross 2020; Wall et al. 2023). 
While studies such as Ross and Iriarte-Diaz (2014), Granatosky 
and Ross  (2020) and Wall et  al. (2023) refer to the precision 
of dental occlusion, the current study has clearly shown that 
another form of precision is being applied by durophagous 
pitheciines.

Results of the current study indicate that this processing 
technique may be deployed widely in pitheciin primates. 
Consequently, studies should be performed to confirm such bite 
specificity in sakis (genus Pithecia), the third member of the sub-
family Pitheciinae to which Cacajao and Chiropotes belong. It 
would be interesting to see if this behavior is also present in the 
smaller and more basal titis (subfamily Callicibinae), where the 
canines are enlarged but not to the extent as in the Pitheciinae. 
For pitheciines, analysis of body size and bite mechanics has 
been conducted for Pithecia, Chiropotes, and Cacajao (Ledogar 
et  al.  2018), and for titi monkeys by Püschel et  al.  (2018), but 
neither considered the possibility of bite selectivity indicated 
by the current study. Consequently, a study based on pitheciin 
body and jaw size would allow an analysis of the potential in-
fluences of masseter muscle volume on bite penetration points 
selection and enhance our understanding of foraging in this 
highly specialized clade of primates (Norconk and Veres 2011; 
Norconk 2021).

However, such behavior patterns are unlikely to be found in 
other neotropical mammals feeding on hard-husked fruits, 
as they either use their powerful molars (capuchin monkeys: 
Wright  2005; peccaries: Hendges et  al.  2019) and tools (capu-
chins: Visalberghi et  al.  2008) to crush the husks prior to ex-
tracting the seeds. Squirrels are notable seed predators and, in 
the Amazon, Sciurus spaciceus feeds on the same seed species as 
pitheciines (Cintra and Horna 1997; Barnett 2010). Like pitheci-
ines, they deploy teeth at the front of the dental arcade (incisors) 
to access seeds, but a pitheciines-like bite specificity does not ap-
pear to have been recorded in this group (Casanovas-Vilar and 
van Dam 2013; Cox et al. 2012; Koyabu et al. 2009). This may 
be due to the relatively small size of sciurids in general, and the 
incisors' central position in the dental arc, both of which limit 
the size of a curved object that can be partially engulfed in the 
buccal cavity when biting takes place (da Dias Silva et al. 2020). 
Thus, the dental morphology so characteristic of the Pitheciinae 
(Norconk 2021) is not only finely adapted to sclerocarpic forag-
ing (Kinzey 1992) but, as reported here, to its finessed deploy-
ment, reflecting the fact that the sub-family is unique among 
primates in using canines in food processing and not social dis-
play (da Dias Silva et al. 2020).
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