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Abstract

Objectives: We compared an early life stress indicator, linear enamel hypoplasia

(LEH), in the canine teeth of two male orangutan (Pongo spp.) morphs. Flanged males

have large bi-discoid cheek pads and a laryngeal throat pouch, and they exhibit either

the same or higher levels of the stress hormone cortisol throughout development

compared with unflanged males, which lack secondary sexual characteristics. Such

“developmental arrest” is hypothesized to either reflect a response to experienced

high stress (Hypothesis 1), or an adaptation to avoid elevated stress levels and/or

having experienced lower stress levels (Hypothesis 2) during early life. As LEH defect

depth has been shown to reflect the severity (i.e., intensity and/or duration) of early

life stress events, we examined whether unflanged males have shallower LEH defects

than flanged males.

Materials and methods: Flanging status was assessed by measuring the faces of pre-

served skins. Canine height (N = 37) was measured in the same individuals to assess

commonality between morphs. LEH defect depths were analyzed using a standard-

ized confocal profilometry method (N = 34).

Results: Flanged males have significantly deeper LEH defects than unflanged adult

males. Canine projected crown heights are similar across males regardless of morph.

Conclusions: Evidence from great apes shows that, when comparing canines with

similar growth patterns, deeper defects reflect more severe stress events during

development. Thus, our results suggest that “developmental arrest” of unflanged

males is not a response to having experienced stress, but rather an adaptation to

avoid the physiological impacts associated with chronic stress and/or experiencing

lower stress levels.
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1 | INTRODUCTION

Orangutans are the most pronounced example of within-sex

bimorphism in primates, a rare phenomenon among extant and fossil

taxa (Maggioncalda et al., 1999; Utami et al., 2002). Adult males exist in

two morphs, flanged, and unflanged (Marty et al., 2015). Sexual maturity

occurs around 14 years of age in orangutan males, but the

developmental timing of the full appearance of secondary sexual charac-

teristics, that is, flanging, is highly variable (Knott & Kahlenberg, 2011;

Wich et al., 2004). Flanged males are socially dominant with their large

visible cheek pads and a throat pouch for mate calling (Atmoko

et al., 2009). In contrast, unflanged adult males lack secondary sexual

characteristics and remain immature or “subadult” in appearance

(Atmoko et al., 2009). The process of developing these secondary sexual
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characteristics or ‘flanging’ is irreversible (Marty et al., 2015). While

some males flange around the onset of puberty, others delay their sec-

ondary sexual characteristic development for varying amounts of time,

from a few years to 25 years (Atmoko & Van Hooff, 2004; Harrison &

Chivers, 2007; Knott & Kahlenberg, 2011). In the interim, these males

are known as unflanged adult males, and this phenomenon is known as

“developmental arrest” (Pradhan et al., 2012).

The proximate hormonal mechanism that mediates developmental

arrest and flanging remains poorly understood (Marty et al., 2015).

Stress has been suggested as one such mechanism. However, results

pertaining to the role of cortisol have been conflicting (Knott &

Thompson, 2012, August; Maggioncalda et al., 2002; Marty

et al., 2015; Prasetyo, 2019; Thompson et al., 2012). Captive and wild

studies can provide conflicting results because in captivity, zoo orangu-

tans rarely remain developmentally arrested into adulthood (Pradhan

et al., 2012). Thus, captive studies do not include adult unflanged males

in developmental arrest (Pradhan et al., 2012). Instead, they have ado-

lescents who exhibit flange development later than other males but

still within the adolescent phase, referred to as “arrested adolescents”
(Knott & Thompson, 2012, August; Maggioncalda et al., 2002; Thomp-

son et al., 2012). Only wild studies of orangutan populations contain

adult unflanged males in developmental arrest. The inability to study

adult unflanged males in captivity contributes to the paucity of infor-

mation on the proximate hormonal mechanism that mediates develop-

mental arrest versus flanging (Marty et al., 2015).

1.1 | Hypotheses related to bimaturism

Cortisol, a glucocorticoid hormone that plays a role in the body's

stress response, has been proposed as a mechanism mediating devel-

opmental arrest based on the assumption that smaller unflanged

males fear aggressive encounters with flanged males, causing chronic

elevated stress (Graham, 1988; Kingsley, 1982; Maple, 1980). This

elevated stress hypothesis, or Hypothesis 1 in this study, assumes the

same patterns are present in orangutans as has been described in

baboons. Baboon hormone research has shown that chronically high

cortisol levels are more often found in subordinate males than in dom-

inant ones (Sapolsky, 1993). Although this is a common pattern in pri-

mates, it is not always the case, such as in male rhesus monkeys and

chimpanzees which show the opposite pattern or no pattern with

dominant males having higher or equal cortisol (Abbott et al., 2003;

Bercovitch & Clarke, 1995; Kirchhoff, 2010). Hypothesis 1 also follows

from studies showing elevated androgens in flanged male orangutans

compared with unflanged males (Kingsley, 1982; Marty et al., 2015;

Thompson et al., 2012). It could therefore be expected that flanged

males would also have lower cortisol, since testosterone has been

shown to have a negative relationship with cortisol in human males

(Cumming et al., 1983; Hackney et al., 2017). However, the relation-

ship between testosterone and cortisol is neither consistent nor

straightforward. For example, in baboons, the highest ranking alpha

males exhibit concurrently high testosterone and high glucocorticoid

levels (Gesquiere et al., 2011).

Hypothesis 1 currently receives contradictory support from wild

and captive studies in orangutans. Firstly, cortisol studies do not sup-

port Hypothesis 1, as described below (Knott & Thompson, 2012,

August; Maggioncalda et al., 2002; Marty et al., 2015; Prasetyo, 2019;

Thompson et al., 2012). Secondly, there is no clear evidence of

aggression by flanged males toward unflanged adult males. Flanged

male orangutans are known to be physically aggressive in the wild

(Galdikas, 1985), but the presumed aggression from flanged males

toward smaller males is based on two types of accounts of zoo behav-

ior. The first is that the presence of a flanged male is thought to pre-

vent the flange development of cohabitating young males in zoos

(Graham & Nadler, 1990; Kingsley, 1982; Maple, 1980). The second is

that flanged males are said to exhibit aggression toward cohabitating

young males starting at around 4 years of age, which is a time of

increased peripheralization of young males in the wild (Maple, 1980).

Despite these anecdotes, there is not a strong record of aggressive

incidences by flanged males specifically aimed at unflanged or youn-

ger males. Further, instances of aggression have not been shown to

correlate to androgen levels in orangutan males (Marty et al., 2015).

Hypothesis 2 suggests that developmental arrest is an adaptation

to avoid the deleterious effects of stress, as opposed to being a result

of stress (Maggioncalda et al., 2002) and/or having experienced lower

stress levels. We define stress avoidance not as a response to having

experienced stress and then avoiding it, but rather as the lack of dele-

terious effects associated with severe chronic stress. Hypothesis 2 is

supported by both wild and captive data. In the wild, adult unflanged

males show either similar or lower cortisol levels compared with

flanged males (Marty et al., 2015; Prasetyo, 2019). In captivity,

arrested adolescents, or males who flanged later in adolescence, had

the same or lower cortisol levels as juveniles and adult flanged males

(Knott & Thompson, 2012, August; Maggioncalda et al., 2002; Thomp-

son et al., 2012). The males with the highest cortisol levels in captivity

are adolescents developing flanges (Maggioncalda et al., 2002),

although this is not the case in the wild (Marty et al., 2015). Flange

development typically lasts a year and has been shown to initiate

around age 6 in captivity (Maggioncalda et al., 2002) and age 13 in the

wild (Prasetyo, 2019). None of these studies indicate that unflanged

males experienced higher stress, as was formerly hypothesized.

Instead, unflanged males either have the same or lower cortisol levels

as both flanged males and males in the process of flanging.

Hypothesis 2 is supported by data from wild cooperative breeding

mating systems across rodents, birds, primates, and carnivores, with

dominant breeder males typically exhibiting higher levels of glucocor-

ticoids to subordinate helper males (Creel, 2001). However, the orang-

utan male reproductive strategies of flanging versus arrested

development are unique across male alternative reproductive strate-

gies in animals. Hypothesis 2 is further supported by orangutan species

differences in the occurrence of flanging. Adult unflanged males are

more common in Sumatra, and they remain in the developmentally

arrested state for longer in Sumatra compared with Borneo. This dif-

ference may be linked to habitat differences, as Borneo has lower

overall fruit productivity and decreased habitat quality, and higher

nutritional stress compared with Sumatra (Delgado Jr & Van
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Schaik, 2000; Pradhan et al., 2012). These observations suggest that

more stressful environments are inversely related to the length and

frequency of developmental arrest.

Longitudinal behavioral and endocrine data spanning the juvenile

period would allow for a connection between earlier chronic stress

and adult reproductive status, thus indicating if arrested development

is a response to experiencing chronic stress (Hypothesis 1) or instead

to avoid stress and/or experience lower stress levels (Hypothesis 2).

Unfortunately, existing data mostly represent a snapshot in time. Two

of the six adult unflanged males in the Marty et al. (2015) study were

estimated to have been encountered around the age of 12–14, and

many of the study individuals in Prasetyo (2019) either came from the

same study site or were rescued. Thus, additional sources of informa-

tion about early life experiences are needed to resolve these hypothe-

ses. Developmental defects of enamel provide information about

early life stress at near-weekly resolution, filling this knowledge gap.

1.2 | Stress and dental development

Linear enamel hypoplasia (LEH) defects are horizontal grooves visible

on the tooth surface, representing disruptions to dental development

in early life (Hillson & Bond, 1997). Generally, teeth grow in layers

with a periodicity of 5–12 days in hominoids, and 8–12 days in extant

Pongo (McGrath et al., 2019; Schwartz et al., 2001). All but the

earliest-forming of these layers outcrop on the enamel surface, and

LEH defects represent growth disruptions visible among the normal

growth layers (Risnes, 1998) (Figure 1). LEH defects are exceedingly

common in great apes, with prevalence estimates as high as 100% in

Pongo teeth (Guatelli-Steinberg et al., 2012; Hannibal & Guatelli-

Steinberg, 2005; Newell, 1999; Skinner, 1986). Histological analyses

of orangutan canine crowns suggest that they form for about 6–

11 years in females and males, respectively (McGrath et al., 2019;

Schwartz & Dean, 2001). Orangutans begin forming their permanent

canines around or shortly after birth (Winkler et al., 1996), and thus

preserve a detailed record of individual stress histories for a large pro-

portion of infancy and the juvenile period within their growth layers.

The canine growth period occurs in the years leading up to sexual

maturity in male orangutans, and can overlap with flange develop-

ment, the period associated with the highest cortisol levels, at least in

captive individuals (Maggioncalda et al., 2002). Thus, canine develop-

ment provides information about growth disruptions that occur just

prior to or even during the developmental window studied in several

of the cortisol analyses described above (Table 3). While LEH is con-

sidered to be a nonspecific stress indicator, enamel defects (i.e., LEH

and/or their internal manifestation, accentuated growth increments)

have been linked to seasonal cycles, malnutrition, seasonal lows in

precipitation, illness, and disease, and specific events of injury such as

being caught in snares, veterinary interventions, surgical procedures,

hospital visits, poaching incidents, and when an individual was

removed from their natal group (Guatelli-Steinberg et al., 2012;

McFarlin et al., 2014; McGrath, 2018; Schwartz et al., 2006; Skinner

et al., 2016; Skinner & Hopwood, 2004; Skinner & Pruetz, 2012;

Skinner & Skinner, 2017; Smith & Boesch, 2015). LEH defects have

been linked to specific life events such as resumption of the mother's

sexual cycle in semi-free ranging mandrills (Lemmers & Anna, 2017)

and weaning in baboons (Dirks et al., 2010), however little evidence

exists to suggest that changes in rank affect LEH defect prevalence

(Kirchhoff, 2010).

In orangutans, a major documented stressor is the high nutri-

tional stress due to chronic fluctuations of fruit availability in

masting-forests of Asia (Harrison et al., 2010; O'Connell

et al., 2021). It is not clear to what extent mothers buffer the

impact of extreme nutritional stress in their suckling offspring, but

given that Bornean orangutans catabolize fat stores and muscle tis-

sue during times of low fruit availability (O'Connell et al., 2021;

Vogel et al., 2012), it can be reasonably expected that developing

offspring with high caloric demands are also affected. Orangutan

infants incorporate solid foods into their diet quite early in their

development, that is, after the first year of life, and the proportion

of milk consumption varies in accordance with fruit availability until

weaning around 8 or 9 years of age (Smith et al., 2017). Indeed,

Smith et al. (2017) found that short-lived spikes in barium within

dental thin sections correspond with internal accentuated incre-

ments and may mark periods of stress where trace elements from

the infant's own skeletal stores were incorporated into the develop-

ing teeth. Parasitism has also been linked to LEH formation in

experimental models, and along with other forms of disease, might

F IGURE 1 High-resolution epoxy replica of flanged male
orangutan (USNM 267325) lower right mandibular canine with
pronounced linear enamel hypoplasia (LEH), including furrow, plane,
and pit-form defects. One major defect is marked with an asterisk in
both images. Digital elevation models were collected using confocal

profilometry and are overlain on the overview image (left), from which
LEH defect depths were measured. Near-weekly incremental growth
layers or perikymata are labeled with arrows on the close-up image
(right). Left scale measures 1 cm and right scale measures 250 mm or
0.25 cm
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help to explain the high LEH prevalence in orangutans (Suckling &

Thurley, 1984). Crucially, despite the common use of LEH as a

stress indicator, there is currently no direct evidence linking psycho-

logical stress or stress hormones like cortisol to LEH formation.

Some researchers have argued that defect depth, or how pro-

nounced defects appear on the outer tooth surface, is related to the

severity and/or duration of the growth disruption that caused

the defect to form (McGrath et al., 2018, 2021; Skinner, 2019; Skin-

ner & Pruetz, 2012; Suckling, 1989). This hypothesis is supported by

experimental research on sheep incisors showing that larger doses of

growth-disrupting fluoride result in increased defect dimensions

(Suckling & Thurley, 1984). While LEH is traditionally analyzed qualita-

tively, recent methodological advances have allowed for the quantifi-

cation of LEH defects using confocal profilometry (McGrath

et al., 2018, 2021; Skinner & Skinner, 2017). Evidence from confocal

analyses of great ape canines support the idea that deeper defects

reflect more severe stress events during development, such as the

capture of an infant gorilla from the wild (McGrath et al., 2018). At

the population level, mountain gorillas that developed their teeth dur-

ing a time of increased poaching and habitat encroachment exhibit

defects that are almost twice as deep as those that developed under

increased monitoring and protection (McGrath et al., 2018). Furrow-

form defects that span a higher number of normal growth increments,

thus reflecting growth disruptions of a longer duration, also exhibit

greater depth (Guatelli-Steinberg, 2004; Skinner, 2019). However, evi-

dence suggests that plane-form defects can reflect more substantial

growth disruptions in terms of cellular response, yet of a shorter dura-

tion (e.g., Witzel et al., 2008), complicating our understanding of the

influence of the duration of growth disruptions as reflected in defect

depth.

Histological analyses of the same ape taxa suggest that sexes and

species with faster-growing teeth have comparatively shallower LEH

defects (McGrath et al., 2019, 2021). Therefore, in order to use defect

depth as a proxy for stress severity, individuals in the sample should

exhibit similar enamel growth patterns and geometry, and in particu-

lar, extension rates (i.e., the rate of tooth growth in height). Faster

extension rates correspond with an enamel geometry that makes LEH

defects shallower, namely shallower angles of the normal growth

increments as they meet the outer tooth surface (Guatelli-Steinberg

et al., 2012; McGrath et al., 2019). An issue is that enamel extension

rates can only be gleaned via destructive and/or expensive histologi-

cal methods. In general, enamel extension rates and the time it takes

to complete crown formation is higher in taller-crowned canines

within great apes, particularly when comparing the sexes of dimorphic

species (McGrath et al., 2019; Schwartz & Dean, 2001).

1.3 | Objectives

As a preliminary assessment of whether there are differences in

enamel growth patterns between flanged versus unflanged male

orangutans that might influence LEH comparisons, we measure their

canine crown height, which serves a rough estimate of the enamel

formation patterns in each group. Second, we test whether there are

differences in LEH defect depth between the male morphs as a mea-

sure of early life stress severity, that is, during the time of canine

crown formation, which records up to 11 years of development. In

order to test whether arrested development is associated with stress

level, and in the absence of longitudinal behavioral data, this study

provides the first retrospective, semi-longitudinal study into wild

orangutan male flanging and stress via detailed analyses of the canine

crown surface. It connects later adult flanging status with chronic

early life stress by nondestructively examining LEH defects on the

canines of primarily wild-shot adult male orangutans. Since adult

unflanged males have been shown to exhibit comparable or lower cor-

tisol levels during development, that is, overlapping with the window

of LEH formation, compared with flanged males, we hypothesize that

unflanged males will exhibit less severe LEH defects in their canines

than flanged males, corresponding to Hypothesis 2, but not show any

differences in canine crown height.

2 | MATERIALS AND METHODS

2.1 | Age, flanging status sample

Skins of orangutans (Pongo spp.) were visually examined for flanges

following Kralick (2018, 2019) (Figure 2). The skins were then

F IGURE 2 Unflanged (top image; USNM 145307) and flanged
(bottom image; USNM 145301) male orangutan skins. The eyes, nose,
and mouth are labeled in both images while the right flange is labeled
in the image of the flanged male
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measured to validate the flanging status assessments at three

museums (see Table 1 showing sample size per collection). Two

methods were used to measure the orangutan skins. The first method,

herein referred to as Eye-to-Edge, measures the eye to the edge of

the face, where the hairline begins. The method has been previously

applied to living orangutans by other researchers (Prasetyo, 2019).

The specimens at NMNH and ANSP were also measured using a sec-

ond novel technique, herein referred to as Eye-to-Ear, which, as it

states, measures the length between the edge of the eye and the ear.

One male without an associated skin was included in the analysis as a

likely unflanged male. His flange status was assessed from the conflu-

ence of skeletal and dental features described in previous work

(Kralick, 2018, 2019). Females are included as an outgroup as the

faces of adult unflanged males have been described as resembling

adult females (Kuze et al., 2005). Only two skins at AMNH were omit-

ted from the Eye-to-Ear comparison due to the museum closing to

visiting researchers during COVID-19 prior to these measurements

being taken.

Age was assessed using a combination of dental eruption and

long bone epiphyseal fusion. The appearance of permanent denti-

tion has been an established method for mammalian anatomists

to determine periods of infancy, juvenile, and adulthood (Smith

et al., 1994) since Schultz, who classified adults as those with

completed eruption of all teeth and slight to much attrition and

wear of the teeth (Schultz, 1935). All individuals were assessed

for visible M3 eruption as either erupting or complete eruption

and in occlusion. CT scans of mandibles were available for the

Smithsonian NMNH specimens, and M3s were assessed for root

development according to the Kuykendall (1996) standards

(Kralick, 2018). Long bones were categorized in a three-stage

system of fused (2), fusing (1), and unfused (0) (Stevenson, 1924)

(Kralick, 2018).

Three categories of individuals were included in this study: adult,

young adult, and juvenile (Table 1). Individuals were classified as adult

if they had complete eruption of the M3 to the point of occlusion

(and complete M3 root development for the NMNH specimens). Indi-

viduals were classified as young adult if they had complete eruption of

the M3 but incomplete root development and/or unfused long bones.

Individuals were classified as juvenile if their M3s were still erupting or

not erupted. Since the focus of this study was canine teeth, the only

juveniles that were included had completed canine crown formation

and the canine crown was fully visible.

2.2 | Canine height

Orangutan crania were analyzed at three museums (Table 1). Canine

projected crown height was measured with calipers from the lowest

extent of the cementum-enamel junction on the mesiobuccal side to

the apex, following Plavcan (1990). All teeth with moderate to severe

wear were excluded from the analysis.

2.3 | LEH sample

Most specimens chosen for analysis were collected between 1905

and 1915, but ranged in date of collection from 1895 to 1959, the lat-

ter being the only zoo animal (Table S1). The sample consists of indi-

viduals from both species, namely six Sumatran and three Bornean

orangutans. Canines were chosen because they take the longest to

TABLE 1 Sample size for each analysis

Flanging status
method eye-to-ear

Flanging status method
eye-to-edge

Canine height
analysis

LEH analysis N
individuals (N defects)

Museum

National Museum of Natural History,

Washington, DC (NMNH)

25 25 24 7 (26)

Academy of Natural Sciences,

Philadelphia (ANSP)

3 3 6 2 (10)

American Museum of Natural

History, NYC (AMNH)

0 2 7 0

Sex and
type

Male Flanged (adult and young adult) 8 9 7 5 (21)

Unflanged (adult and young adult) 3 3 3 3 (9)

Unknown—likely flanged (adult

and young adult)

0 0 3 0

Unknown—likely unflanged (adult

and young adult)

0 0 4 1 (6)

Juvenile—complete canines 0 0 2 0

Female Adult and young adult 17 18 18 0

TOTAL 37 9 (36)
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form of any tooth type in great apes, thus preserving the longest

record of their incremental development. Canines are also less

affected by wear throughout the lifespan compared with posterior

teeth, and are the most commonly studied tooth type in analyses of

ape LEH (Skinner, 1986). The sample for this analysis includes perma-

nent mandibular canines from two museums (Table 1). The better-

preserved antimere was selected for analysis and multiple defects

were measured, ranging from 1 to 7 per tooth, representing separate

stress events throughout the early life of each individual (Skinner &

Skinner, 2017).

LEH defects were analyzed following the protocol outlined in

McGrath et al. (2018, 2021). Dental impressions were made from orig-

inal teeth using Coltène's President Jet regular body. High-resolution

positive replicas were made using Loctite Hysol E-60NC epoxy.

Defects were analyzed within the middle three-fifth of crown height,

where enamel thickness and growth patterns are most constant

(McGrath et al., 2019), resulting in defects that can be more reliably

compared. Defects were identified by surface visualization (Figure 3a)

and imaged with the Sensofar S Neox confocal profilometer

(Figure 3b). The resulting x, y, z point clouds were read into ImageJ

software to render digital elevation models (DEMs) (Figure 3c). Defect

depth was measured by drawing a transect across each DEM

(Figure 3d) and measuring maximum depth using the FindPeaks plug-

in (Figure 3e). Ten defect depths come from a previous study

(McGrath et al., 2018), while 26 depths were measured for this study.

Measurements were collected by KM without knowledge of the flang-

ing status of the individuals.

2.4 | Statistical analyses

Unpaired two-tailed t tests were used to assess differences in

flange size, thus establishing the flanged versus unflanged subsam-

ples. Separate analysis of variance (ANOVA) and Tukey HSD post

hoc tests were also used to compare canine projected crown

heights and face size. Linear mixed effects models were used to

assess defect depth among the subsamples (flanged vs. unflanged;

Bornean vs. Sumatran). Specimen ID was included as a random

effect as multiple defects were measured per specimen, thus con-

trolling for individual differences (i.e., if one individual has particu-

larly deep defects compared with others), and making individual

defects more reliably comparable. All LEH depths were logged due

to their being right-skewed. All statistics were computed in R (ver-

sion 4.0.3) (RCoreTeam, 2013).

3 | RESULTS

3.1 | Flanging status

Flanged males have distinctively large measures in the skin of the

face, which are wide medio-laterally, and show no overlap with

unflanged males and adult females (Figures 4 and 5). The results

of the two methods were compared and the SD was similar for

both measurement types (eye-to-edge: 2.45 cm and eye-to-ear:

3.163 cm).

3.1.1 | Eye-to-edge method

An ANOVA test revealed significant differences between flanged

males, unflanged males, and females (F[2,25] = 39.63, p < 0.001). A

post hoc Tukey test showed that flanged males had significantly larger

faces than females (p < 0.001) and unflanged males (p < 0.001)

(Figure 4). Unflanged adult males and females were not significantly

different in their face breadth (p = 0.622).

F IGURE 3 Linear enamel hypoplasia (LEH) defect depth data
collection protocol using confocal profilometry and ImageJ software
(following McGrath et al., 2018, 2021). (a) Specimen ANSP 22623
permanent mandibular canine, with the cusp oriented toward the

right of the image. (b) Quick scan view within Sensofar confocal
profilometer. (c) Digital elevation model rendered within ImageJ using
the DEM2XYZ plug-in. (d) Extraction of 2D transect across LEH
defect within ImageJ software. (e) Measurement of maximum defect
depth using FindPeaks plug-in within ImageJ software. Depth is
measured from the occlusal shoulder to the deepest extent of the
groove
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3.1.2 | Eye-to-ear method

An ANOVA test revealed significant differences between flanged

males, unflanged males, and females (F[2,25] = 50.72, p < 0.001). A

post hoc Tukey test showed that flanged males had significantly larger

faces compared with females (p < 0.001) and unflanged males

(p < 0.001) (Figure 5). Unflanged adult males and females were not

different in their face breadth (p = 0.953).

3.2 | Canine height results

The range in canine height for males and females did not overlap,

and males showed a higher standard deviation (Table 2). An

ANOVA revealed significant differences between flanged males,

unflanged males, and females (F[2,32] = 92.86, p < 0.001). A post

hoc Tukey test showed the canine projected crown heights were

similar across males regardless of morph (p = 0.754). Canine projec-

ted crown height showed no overlap between males and females

(Figure 6), with males having significantly taller canine crowns

(p < 0.001).

3.3 | LEH defect depths

Flanged male LEH defects exhibited a wider range and a higher

median depth compared with those of adult unflanged males (Table 2)

(Figure 7). Flanged males had significantly deeper LEH defects than

unflanged males (N = 36 defects; F[1,7] = 18.5, p = 0.003). There are

no significant species-level differences in LEH defect depth (F

[1,7] = 0.908, p = 0.373).

4 | DISCUSSION

4.1 | Flanging status

Our results indicate that skins can be used to establish flanging

status in orangutan adult males, expanding the types of questions that

can be retrospectively addressed using museum collections. The faces

of adult unflanged males can be reliably distinguished from those

of flanged males, mirroring previous studies which described the for-

mer as resembling adult females (Kuze et al., 2005). This is the first

study to report face size measurements from skins in museum collec-

tions, supporting data from living orangutans which show no overlap

in measurements between flanged males and other adult orangutans

(Prasetyo, 2019). While this result is limited by a small sample size,

only a handful of museums allow for such studies given the paucity of

skins with visible faces that are associated with their respective skulls

that contain well-preserved canines.

4.2 | Canine height

Here we establish that orangutan males have similar canine crown

heights regardless of morph. Interpreting stress and growth disruptions

requires consideration of variation in enamel growth patterns as inter-

nal growth rates affect the depth of LEH defects on the tooth surface

(Guatelli-Steinberg et al., 2012; McGrath et al., 2019). Although not

itself a direct assessment of enamel growth variation, our results imply

that flanged and unflanged male orangutans exhibit roughly similar

canine growth patterns, or at least do not differ in an obvious way. We

therefore directly compare flanged and unflanged male canine defect

depth due to their presumed similar growth patterns. Future work will

more thoroughly assess differences in the number of external growth

increments involved in defects belonging to each group, as well as vari-

ation in enamel growth patterns and microanatomy.

4.3 | Stress, hormones, and LEH defect depth

Two alternative hypotheses explain how stress mediates some orang-

utan males flanging at earlier ages than others. The first hypothesis,

Hypothesis 1, suggests that male orangutans in the state of arrested

development experience higher levels of stress (Graham, 1988;

F IGURE 4 Face size measurements using eye-to-edge method in
cm of flanged, unflanged, and female orangutans

F IGURE 5 Face size measurements using eye-to-ear method in
cm of flanged, unflanged, and female orangutans
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Kingsley, 1982; Maple, 1980). However, recent hormonal studies sug-

gest that unflanged males either have similar or lower levels of cortisol

compared with flanged males (Knott & Thompson, 2012, August;

Maggioncalda et al., 2002; Marty et al., 2015; Prasetyo, 2019; Thomp-

son et al., 2012). Males in the process of developing flanges in captiv-

ity have the highest documented cortisol levels (Maggioncalda

et al., 2002). It has therefore been argued that arrested development

is a stress and aggression avoidance response in orangutans

(Maggioncalda et al., 2002). These cortisol studies provide support for

Hypothesis 2, or the idea that arrested development is not associated

with elevated early life stress. Unfortunately, the existing studies lack

longitudinal data collected throughout the lifespan which would allow

for direct comparisons between cortisol level during development and

later flanging status. Therefore, the current study extends the window

of analysis by connecting adult flanging status to infant and juvenile

stress events as recorded in LEH defects.

Our results suggest that, in support of Hypothesis 2, flanged males

experienced more severe stress events during the window of canine

development than adult unflanged males. Flanged males have signifi-

cantly deeper LEH defects than unflanged males, with median depths

of 66.4 vwesus 32.5 μm, respectively. Deeper defects reflect more

severe disruptions to enamel development, including the abrupt ces-

sation of growth, which has been linked to more intense (Kierdorf &

Kierdorf, 1997; McGrath et al., 2018; Suckling & Thurley, 1984)

and/or longer-lasting stress events in the case of furrow-form defects

(Skinner & Skinner, 2017; M. F. Skinner, 2019). Flanged males have

far deeper median defect depth (66.4 μm) compared with data

published in a previous study, collected using the same method

(N = 23 Pongo males; 32.5 μm) (McGrath et al., 2018), while unflanged

males have the same median depth (32.5 μm). When considering sex

differences, females are expected to exhibit deeper defects than

males as a result of differences in growth patterns and geometry

(McGrath et al., 2019). Female apes exhibit slower canine growth

rates than males and thus have larger angles of intersection between

the internal growth increments and the outer enamel surface, creating

deeper LEH defects (McGrath et al., 2019). Additionally, female orang-

utans have significantly thicker enamel in the midcrown region of their

canines, so thick in fact that it falls outside the range of other species

as the thickest enamel among all great ape canines (McGrath

et al., 2019). Thicker midcrown enamel is also correlated with deeper

LEH defects, and this is the region where they were measured in this

TABLE 2 Summary statistics by analysis

Flanging status (cm) Canine height (mm) LEH defect depth (μm)

Eye-to-edge Eye-to-ear

Females Males
Flanged
males

Unflanged
males

Flanged
males

Unflanged
males Females

Flanged
males

Unflanged
males Females

Median

and

range

10.25

(6.45–
11.75)

5.75

(4.63–
6.75)

5.16

(3.1–
6.0)

14.5

(9.25–
18.0)

8.25 (8.0–
9.0)

8.25

(6.75–
9.0)

14.56

(12.75–
17.03)

23.05

(19.57–
27.44)

66.4

(25.7–
126.6)

32.5

(12.1–
63.5)

F IGURE 6 Canine height measurements in mm of female,
flanged, likely flanged, adult unflanged, and likely adult unflanged
orangutans

F IGURE 7 Linear enamel hypoplasia (LEH) defect depth results in
μm of flanged and unflanged male orangutans
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and previous studies. Thus, the expectation is that male defects will

be shallower than female defects, and here, unflanged males follow

this expectation. However, the flanged males in this study have

defects that are 18% deeper on average compared with what was pre-

viously reported for female orangutans (N = 33; median depth

55.3 μm) (McGrath et al., 2018). Flanged males deviate from the

expected pattern and exhibit remarkably deep defects with

the highest median depth of any great ape group studied so far

(McGrath et al., 2018; Skinner & Skinner, 2017).

While the wild flanged males in this study do not have any indi-

vidual defects as deep as wild-born captive apes, they are consistently

deep compared with the unflanged subsample and previous results,

with medians in the range of 66.4–105.35 μm for each wild flanged

individual. In this study, only one individual was captive, the

flanged male ANSP 21688 or “Rusty.” He was born in 1940 of par-

ents, father “Guas” and mother “Guarina” who came from the estate

of Mm. Rosalie Abrecc, Havana, Cuba in 1931. He was presumably

captive born and is known to have died at the Philadelphia Zoo in

1959. His defect depths were lower than the other flanged males,

with a median depth of 36.5 μm, compared with the wild flanged male

median of 75.15 μm (Table S2). Still, this individual had one very deep

defect of 82.5 μm. The anecdotal evidence from Rusty suggests that

the relationship between defect depth and captive status may be

complicated by whether individuals are wild- or captive-born, and fur-

ther studies should assess this variation. Interestingly, a recent study

of LEH prevalence in orangutans found that the only individual with-

out clear defects was also born in a zoo (Bacon et al., 2020).

Regardless of the setting, flanged males not only have deeper

defects than unflanged males, but notably and uniquely deep defects

among nonhuman apes. These results may reflect more severe stress

events and/or longer disruptions during the infant and juvenile phase

of development for orangutans that end up as adult flanged males

compared with those who remain in arrested development as adult

unflanged males. Unfortunately, normal growth increments were not

visible within every defect measured in this study, so it was not possi-

ble to tease apart the influence of intensity versus duration on defect

depth. This relationship is also complicated by the existence of two

linear defect types, furrow, and plane-form, the latter of which repre-

sents short periods of time, but stressors of greater severity, and

often greater depth (McGrath et al., 2018, 2021; Witzel et al., 2008).

Indeed, the deepest defects in previous studies, including two apes

captured from the wild as infants and raised in captivity, measuring

276 μm and 212 μm respectively, were plane-form. The formation of

the deepest defect of all likely coincided with the capture and subse-

quent transition to captivity of a female western lowland gorilla

(McGrath et al., 2018), but the disruption itself might only represent a

brief, yet catastrophic, moment in time in terms of cellular develop-

ment (Witzel et al., 2008). In this study, the severity of the defects of

flanged males is suggestive of high stress experience early in life as a

potential correlate with early flanging. Caution is taken in interpreting

results of flanged males as it is unknown whether older flanged males

underwent a prior period of arrested development, and the actual bio-

logical mechanism behind flanging remains speculative. However, it isT
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known that the adult unflanged males in this study had yet to flange.

Thus, these results may indicate a benefit to arresting development,

as the state is associated with a lower impact of stress, supporting the

idea that developmental arrest occurs not as a response to stress and

aggression (Maggioncalda et al., 2002). Males who go on to arrest

development did experience stress events while they were juveniles,

just at a seemingly lower intensity than those who go on to flange.

Our results suggest that arrested development does not correspond

with high stress levels as indicated by LEH defect depth, so we reject

Hypothesis 1, which suggested that arrested development is a

response to stress.

The data collected in this study supplement the noted lack of lon-

gitudinal hormonal data in male orangutans (Thompson et al., 2012)

by focusing on early life stress in males that went on to become either

flanged and unflanged adult males. This is the first longitudinal evi-

dence that flanged males experience exceptional stress events during

their infant and juvenile periods, and that juvenile orangutans who

grow up to become adult unflanged males presumably avoid serious

levels of early childhood stress. The opposite is also possible, that

orangutan males who flange early do so as a result of greater child-

hood stress. At present it is not possible to distinguish if stress is a

mechanism of flanging or lack of stress a mechanism to remain

unflanged. Further, it is understood that LEH defects reflect episodic

stressors rather than chronic low-grade stress over time (Skinner &

Hopwood, 2004), with some authors suggesting that LEH in orangu-

tans is more likely related to disease than nutrition (Skinner &

Skinner, 2017). Both concerns can potentially be resolved by future

research that longitudinally measures cortisol levels in orangutans

from birth into adulthood, and either collects dental impressions at

health checks or postmortem. We recognize that our study does not

directly address the etiology of flanging nor LEH defect formation, but

we present complementary datasets to move in that direction. Future

research should also more thoroughly compare species of Pongo.

While Sumatra provides a better habitat than Borneo, contrary to pre-

diction, Sumatran orangutans were found to exhibit deeper defect

depths than Bornean ones in the first study to quantitatively examine

orangutan LEH (Skinner & Skinner, 2017). In this study, Bornean and

Sumatran orangutans do not differ in defect depth, but larger sample

sizes, and including individuals from more recent time periods and

thus reflecting modern differences in habitat quality, might better

address the question of species differences.

The question of whether LEH defects reflect physiological stress

in the Selyean sense (Selye, 1956) has not been assessed in any taxon

(Hillson, 2008). This study establishes that flanged male orangutans,

which have been shown to exhibit higher testosterone and cortisol

levels, have more severe LEH defects compared with unflanged males,

thus providing an indirect test of the relationship between “true”
physiological stress and LEH defect formation. The types of stressors

that cause more severe defects in flanged versus unflanged males are

not yet known, and only longitudinal behavioral analyses coupled with

dental studies can provide such details. The question remains whether

juvenile males who go on to flanged early have intrinsically higher cor-

tisol yet face similar external stressors as unflanged males, and form

deeper defects as a result of their physiology, or if the juvenile males

who go on to flange early face more severe stressors and experience

a physiological response, both hormonally and in terms of dental dis-

ruption. However, strong evidence suggests that arrested adolescent

and adult unflanged males exhibit the same or lower levels of cortisol

compared with flanged males (Knott & Thompson, 2012, August;

Maggioncalda et al., 2002; Marty et al., 2015; Prasetyo, 2019; Thomp-

son et al., 2012). Further support for the relationship between lower

physiological stress and developmental arrest comes from the

lower prevalence of males experiencing arrested development on the

more environmentally stressful island of Borneo (Delgado Jr & Van

Schaik, 2000; Pradhan et al., 2012). Given our understanding of differ-

ences in adult flanged and unflanged male orangutan behaviors, such

as mate competition, mating strategy, dietary and nutritional differ-

ences (Atmoko et al., 2009; Vogel et al., 2017), we can expect that

avoidance of these more adult stressors might influence young orang-

utan behavior.

A limitation of the study is the lack of age range information asso-

ciated with the timing of the stress events in flanged males. Known

age is not available for these museum specimens. However, it can be

said that these data come from the juvenile period of development.

This is because male orangutan permanent canine crowns begin for-

ming around or shortly after birth (Winkler et al., 1996) and complete

formation in 7–11 years (McGrath et al., 2019; Schwartz &

Dean, 2001), and should thus be crown complete by 12 years of age

(Table 3). In the hominoid comparative context, canine formation

spans the majority of infancy and the juvenile period (Jones

et al., 1999; Pontzer & Wrangham, 2006). While orangutans are typi-

cally considered adult after age 14 (Prasetyo, 2019), flange develop-

ment can begin as early as age 6 in captivity (Maggioncalda

et al., 2002) and age 13 in the wild (Prasetyo, 2019), leaving the possi-

bility that male canine crown development overlaps with flange devel-

opment. Table 3 visualizes the potential overlap in timing between

flange development and canine development. Since males undergoing

flange development have the highest cortisol levels in captivity

(Maggioncalda et al., 2002), it remains possible that the severe

markers of stress in flanged males reported in this study are a reflec-

tion of the stressful period of flange development. Regardless, these

data fill an essential gap in the literature of longitudinal data by

describing juvenile stress in individuals that later grow up to either be

adult unflanged or adult flanged males.

5 | CONCLUSION

Orangutans have a unique reproductive strategy whereby adult males

exist in one of two types, flanged or unflanged. The mediating mecha-

nism to remain an adult unflanged male also referred to as arrested

development, is unknown. We tested if and how arrested develop-

ment is linked to early life stress level. Hormonal evidence used to

support the hypothesis that arrested development is a response

to stress is contradictory and fails to include longitudinal data from

the same individual from the juvenile period to adulthood. This study

10 KRALICK AND MCGRATH



is the first to provide longitudinal data in the form of incremental den-

tal analysis from adult flanged and unflanged male orangutans in

museum collections. Stress levels for male orangutans during the juve-

nile phase were assessed using LEH defect depth in adult canine

teeth. These depths were then associated with later-in-life flanging

status. The defects indicate that adult unflanged males experienced

substantially less severe growth-disrupting stress events (i.e., less

intense and/or of a shorter duration) as juveniles than did flanged

males. Moreover, the defects in flanged males are atypically deep for

an ape canine tooth. In other words, flanged male adult orangutans

exhibit evidence of having experienced substantially greater stress

events as juveniles than juvenile males who went on to arrest their

development. These results suggest that arrested development is not

a response to the stress experienced during childhood, but instead a

stress avoidance mechanism and/or associated with lower stress

levels, carrying implications for wild orangutan conservation. Orangu-

tans are already the most nutritionally stressed of all the great apes

(Pradhan et al., 2012). With the threat of extinction and increased

habitat fragmentation, life for wild orangutan juveniles becomes ever

more stressful. Thus, it is important to understand impact of stress on

orangutan male development and the reproductive strategy of flang-

ing early versus developmental arrest.
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