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Abstract: Zoological institutions aim to continually improve the lives of the animals under their
stewardship. To this end, bull elephants are now increasingly maintained in all-male groups to
mimic social conditions observed in the wild. While cortisol is the most frequently used “stress”
biomarker, secretory immunoglobulin A (sIgA) as a measure of health and positive affect, and the
social hormone, oxytocin, are increasingly viewed as additional markers of welfare. The introduction
of a pair of bull elephants to an existing group of three bull elephants at Denver Zoo presented an
opportunity to assess sIgA, oxytocin and cortisol in response to the socialization process. In this
study, sIgA varied greatly between individuals and did not correlate with cortisol but did correlate
with salivary oxytocin. sIgA and oxytocin concentrations differed the most between social and solo
situations during the introduction period compared to before bulls were introduced, and after a
stable group had been formed. In contrast to findings in some species, sIgA and oxytocin were higher
when housed alone than socially. Nonetheless, these results suggest that sIgA and oxytocin may be
involved in social engagement and establishment of new social dynamics, and thus provide more
insight into overall welfare states.

Keywords: bull; cortisol; Elephas maximus; glucocorticoids; musth; oxytocin; secretory IgA; social;
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1. Introduction

As advocates for ex situ animals, we aim to continually improve their wellbeing,
which necessitates the continuous assessment of outcomes of the provided care. Everyone
agrees that positive wellbeing is a great concept; however, ways to accurately measure it
lack consensus. Historically, glucocorticoids (GC) from the adrenal cortex, and cortisol in
particular, have been considered “stress hormones,” with measurable increases equated
with poor welfare [1,2]. However, from a physiological standpoint, the primary role of
GCs is energy regulation and mobilization. The hypothalamic-pituitary-adrenal (HPA)
axis is activated in response to both physiological and psychological challenges [3] but
does not have an intrinsic valence of a negative or positive experience [4]. That is, elevated
GCs do not always equate to “stress” in the sense of poor wellbeing [1], but rather can
be associated with normal life events like seasonal and reproductive changes, including
rut/musth, pregnancy, lactation, parturition, migration, and spawning [5–12].
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The adaptive stress response is associated with a variety of physiologic processes
that affects cardiovascular, inflammatory, and immune function, and enables a shift in
energy balance to allow the body to respond appropriately to imminent danger, followed
by a return to homeostasis [13]. Thus, normal adrenal cortisol responses reflect transient
situations. By contrast, chronic elevations are maladaptive and can result in poor health
outcomes over an individual’s life, referred to as the allostatic load [14,15]. Because
changes in cortisol simply reflect responses to a stimulus, assessing additional systems
can provide a more integrative context within which to interpret results [1]. For example,
combining cortisol with behavior data showed that fecal GC metabolite concentrations were
paradoxically lower in elephants exhibiting stereotypy, leading to the new interpretation
that stereotypy may be a coping mechanism that aims to reduce physiological stress [16].

Social bonds are a cornerstone of life for elephants, without which wellbeing is com-
promised [17]. In the wild, these bonds are foundational, especially for young elephants
that must develop necessary social skills and learn how to interact with other members
of the herd. One study found that wild adolescent African elephant (Loxodonta africana)
males (10–20 years of age) were the most social age group compared to juveniles and adult
males [18]. It has been further shown that all-male groups are an important and natural
part of elephant social life [18–22].

In the U.S., the number of Association of Zoos and Aquariums-accredited facilities
holding elephants has decreased [23]. However, the number of male elephants in the
population has increased as a result of more breeding success and a 1:1 birth sex ratio [24].
This has led to a pressing need to house multiple mature bulls together. In 2016, Prado-
Oviedo et al. [25] found that 43% (29/68) of zoos housed bulls, with 38% (11/29) holding
more than one. In 2020, 57% (17/30) of institutions holding Asian elephants housed bulls,
with 65% (11/17) holding more than one. For institutions holding African elephant bulls,
72% (26/36) housed one, while 46% (12/26) housed more than one [26,27].

Socializing all-male elephant groups in zoos is challenging because they regularly ex-
perience musth, a period of time of heightened aggression that makes agonistic interactions
between elephants, as well as with staff, more likely [28–30]. Such behavior combined with
the large size of adult bulls are just two reasons why few zoos choose to maintain all-male
groups. Allowing social opportunities is associated with positive wellbeing, but introduc-
tions are not necessarily free from social conflict as evidenced by behavioral data [31–33].
Every time an elephant is transferred, individuals need to establish new social networks.
Resolving conflicts that arise from social interactions is often associated with increased
GCs [33,34], but there is a need for a suite of biomarkers to better understand the im-
plications of socializing bulls and to evaluate how socialization efforts affect individual
bull wellbeing.

Understanding individual physiological responses to these important management
events can help mitigate any long-term stress for these animals. One such measure is
secretory immunoglobulin A (sIgA), a primary immune protein on mucosal surfaces that
plays an important role in humoral immunity, neutralizing pathogens on mucosal surfaces
and providing the body with a first line of defense. More recently, an active role in
triggering inflammation has also been documented for sIgA in humans [35]. As a measure
of wellness, sIgA decreases during prolonged periods of stress, and is suggested to be a
measure of long-term positive affect [4]. A negative relationship between sIgA and cortisol
has been observed in dogs [36]. However, this relationship is not always clear. These
biomarkers were studied in female elephants used for tourist activities. The concentrations
of sIgA varied significantly with respect to camp size, activities, and seasonality, but not
always in the predicted direction, and there was no clear association between IgA values
from feces and saliva [37]. Additionally, while the physiologic effect of social change on
sIgA concentrations has been studied in female elephants [37,38], similar studies in males
are lacking.

Another potential measure of stress is oxytocin. Initially known for its role in parturi-
tion and lactation, today it is recognized for its involvement in complex behaviors, such as
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social recognition, pair bonding, anxiety, and maternal behaviors [39,40]. Thus, oxytocin
concentrations may increase in elephants as a means to manage social stressors within a
group [41,42]. Denver Zoo managed a group of three male elephants that were socially
integrated when two younger half-brothers arrived in the fall of 2018 [31,32]. The aim of
this study was to better understand how sIgA relates to cortisol and oxytocin within the
context of social introductions and establishment of new relationships within this group of
five male Asian elephants.

2. Materials and Methods
2.1. Study Animals

Denver Zoo managed a well-integrated group (integrated since 2016) of three unre-
lated Asian elephant bulls (Bulls 1–3), to which two younger bulls (half-brothers) were
introduced [31,32]. The half-brothers (Bulls 4 and 5) arrived together in September 2018.
Information on the study animals is given in Table 1 and additional details on the inte-
gration can be found in previous publications [31,32]. Bulls were managed in a 2.7-acre
(1.1 hectare) area divided into five main yards and indoor stalls. The study was divided
into three 5-month periods: (a) before introductions 6 August 2018–11 February 2019;
(b) during introductions 12 February 2019–15 July 2019; (c) after introductions 6 August
2019–21 December 2019. Bulls were housed socially in varying combinations (social) or
alone (solo) during the introduction period [31,32]. The quarantine and “howdy” (visual
but not physical contact) periods were not included because the animals did not have
physical contact, but could hear, smell and intermittently see each other.

Table 1. Demographic data and serum and saliva samples collected in bull Asian elephants during
socialization of two all-male groups.

Bull Age at the
Start (yr)

Time in Musth
During Study (%)

Before Introductions
6 August 2018 to
11 February 2019

During Introductions
12 February 2019 to

15 July 2019

After Introductions
6 August 2019 to

21 December 2019

Serum Saliva Serum Saliva Serum Saliva

1 49 21% 20 28 22 23 13 12
2 14 39% 27 28 21 19 19 14
3 11 20% 30 32 24 27 22 27
4 10 0% * 20 8 11 28 10 28
5 9 0% * 16 7 4 29 16 27

Total samples 113 103 126 126 108 108

* Did not experience musth before or during study.

2.2. Musth

Musth was defined by keepers based on presence of temporal gland secretions, urine
dribbling or an increase in aggressive behaviors [43] and noted daily in the animal log as
being in musth or not in musth.

2.3. Sample Collection

Using training and protected contact, keepers collected voluntary weekly blood sam-
ples from the bulls. The samples were centrifuged after clotting to collect serum that was
stored at −80 ◦C until analysis. Weekly saliva samples were also collected voluntarily, but
due to logistics and musth status saliva collection did not always occur on the same day as
serum collection. Saliva samples were collected with the SalivaBio® system (Salimetrics
LLC, Carslbad, CA, USA) by placing the swab between the cheek and the teeth with long
tongs. When insufficient saliva was collected, a second session on the same day was used
to collect additional saliva, which was combined with the earlier sample. Saliva and serum
samples were stored at −80 ◦C until analysis. Samples were collected between 9am and
3pm depending on staffing and other animal needs.
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2.4. Hormone Immunoassays

Salivary immunoglobulin A was quantified by an enzyme immunoassay (EIA) pre-
viously validated for elephants [44]. The substrate procedures were slightly modified as
follows to improve assay consistency. Briefly, one phosphate-citrate capsule (Sigma P-4922)
was broken, and contents were allowed to dissolve in 100 mL of distilled water for 10 min
in a dark cabinet. Two high kinetic 3,3′,5,5′-tetramethylbenzidine (TMB) peroxidase (Sigma
T-3405) tablets were dissolved in 20 mL of this phosphate-citrate buffer per plate in the
dark. 200 µL of the substrate solution was added to all the wells and covered and allowed
to incubate in the dark at room temperature for 10–12 min. A polyclonal rabbit anti-human
IgA antibody (A0262, Dako, Glostrup, Denmark) was diluted to a working concentration of
10 mg/L in phosphate-buffered saline (0.01 M phosphate buffer, 0.15 M NaCl, pH 7.2) and
100 µL added per well to a 96-well microtiter plate (Costar, Corning Life Sciences, Tewkes-
bury, MA, USA). After incubation overnight at 4 ◦C, plates were aspirated and washed
three times with PBS-T. Standards (0.39–100 µg/L), high and low concentration controls
made using sIgA from human colostrum (I2636, Sigma Aldrich, St. Louis, MO, USA), and
biological samples diluted as (add dilutions) were added in duplicate (50 µL). Following
incubation at room temperature (RT) for 2 h on a plate shaker set to 500 RPM, plates were
aspirated and washed three times with PBS-T. A polyclonal rabbit anti-human IgA antibody
conjugated to horseradish peroxidase (HRP; P0216, Dako, Glostrup, Denmark) was diluted
1:2000 in PBS-T and 100 µL added per well before incubation at RT for 1 h on a plate shaker
set to 500 RPM. After a final (3 times) wash step, 200 µL of the TMB substrate was added
per well and incubated in the dark for 10 min at RT. Finally, the reaction was stopped with
50 µL stop solution (1N HCl) and the absorbance measured at 450 nm with a reference of
570 nm using a microplate reader (Filtermax F5, Molecular Devices, Sunnyvale, CA, USA).
Samples were run in duplicated and diluted 1:200 to run on the assay. The assay sensitivity
was 3.12 µg/mL, and the inter-assay coefficients of variation were <10% (12 assays).

A double antibody cortisol EIA was validated for ether extracted serum for this
study. The assay utilizes anti-cortisol antisera (R4866 antisera, Coralie Munro, University
of California, Davis), secondary anti-rabbit IgG from Arbor Assays, cortisol horseradish
peroxidase label (C. Munro) and cortisol standards. The assay was validated demonstrating
that serial dilutions of ether extracted serum pools were parallel to the standard curve
(y = 1.06x + 1.67, R2 = 0.996, F1,5 = 1624.37, p < 0.001). This indicates that the antibody
recognizes cortisol from ether extracted serum proportionally to the synthetic standard
curve. Significant recovery (>85% and <115%) of standard hormone added to saliva pools
was also demonstrated (y = 1.0557x + 0.3383, R2 = 0.9994), showing there was no matrix
interference. Samples were ether extracted in a 1:5 ether dilution, vortexed for 60 s and
layers were allowed to separate for 10 min in a −80 ◦C freezer. The ether was decanted
from frozen serum and evaporated to dryness. Extracted steroids were reconstituted in
volume of assay buffer equal to volume of serum extracted (i.e., neat). Extracted samples
were run in duplicate at varying dilutions from neat to 1:160 in the assay buffer. Assay
sensitivity was 3.90 ng/mL, and the inter-assay variation was <10% (12 assays).

The salivary oxytocin EIA was measured using a commercial kit (Oxytocin ELISA,
ADI-901-153, Enzo Life Sciences, Farmingdale, NY, USA), previously validated for elephant
serum and urine [41]. The assay was validated for saliva by demonstrating that serial
dilutions of saliva pools were parallel to the standard curve (y = 0.84x + 21.87, R2 = 0.99,
F1,2 = 184.74, p= 0.005). This indicates that the antibody recognizes salivary oxytocin
proportionally to the synthetic standard curve. Significant recovery (>85% and <115%)
of standard hormone added to saliva pools was also demonstrated (y = 0.6443x + 0.5847,
R2 = 0.9979), showing there was no matrix interference. Samples were run neat in duplicate
following kit instructions. The assay sensitivity was 15.6 pg/mL, and the inter-assay
coefficients of variation were <11% (16 assays).
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2.5. Statistical Methods

Analysis was performed with commercially available software (PRISM, GraphPad
Software, San Diego, CA 92108, USA). Data did not pass normality tests (D’Agostino-
Pearson), so non-parametric analyses were used, and summary statistics report median and
interquartile ranges. Comparisons of analyte concentrations across different periods were
performed with one-way ANOVA with Kruskal-Wallis multiple comparisons; comparisons
between two groups were performed with Mann-Whitney test. For some of the correlations
serum concentration of testosterone was used as a proxy for musth.

3. Results

Demographic data for the five bulls and the number of samples obtained at the end of
the 17-month study can be found in Table 1.

3.1. Descriptive Statistics

From the collected saliva and serum, data points for sIgA (n = 355), salivary oxytocin
(n = 356), cortisol (n = 283), and testosterone (n = 283) were available for comparison from
the five bulls (Table 1). Bulls 1–3 underwent musth during the study period and it was
not always possible to obtain samples during this period, while Bulls 4 and 5 were too
young to experience musth. Bulls 4 and 5 had limited saliva samples (see Table 1) from
the period before introductions as they were not trained for saliva collection until after
arrival in Denver. Summary statistics of the complete dataset are listed in Table 2. Using a
correlation matrix of all data points combined, a significant correlation between sIgA and
salivary oxytocin, but not sIgA and serum cortisol was observed. Both sIgA and serum
cortisol were negatively correlated with social situations compared to when they were
housed alone (solo) (Table 3).

Table 2. Summary of descriptive statistics for secretory IgA, salivary oxytocin, and serum cortisol in
bull Asian elephants during socialization of two all-male groups.

Secretory IgA
(µg/mL)

Salivary Oxytocin
(pg/mL) Cortisol (ng/mL)

n 355 356 282

Median 4.10 60.44 1.00
Range 0–27.11 2.71–279.90 0–26.36

Interquartile range 2.20–6.80 43.65–85.38 0.41–1.97

Table 3. Correlation matrix of secretory immunoglobulin A, salivary oxytocin, and serum cortisol in
bull Asian elephants during socialization of two all-male groups.

Secretory IgA
(µg/mL)

Salivary Oxytocin
(pg/mL)

Cortisol
(ng/mL) Social †

Secretory IgA (µg/mL) 1.00
Salivary oxytocin (pg/mL) 0.28 *** 1.00

Cortisol (ng/mL) 0.01 −015 * 1.00
Social † −0.22 *** −0.13 * −0.11 1.00

* p < 0.05; ** p < 0.01; *** p < 0.0001. † Bulls were housed either alone (solo) or with other elephants (social).

3.2. Secretory IgA Concentration

There were significant differences in overall sIgA concentrations among the bulls
(p < 0.0001; Figure 1), with the oldest bull having a significantly higher median concentra-
tion of sIgA over the study period compared to the other four bulls.

All bulls varied in sIgA concentrations as evidenced by a wide range of sIgA con-
centrations. No differences in sIgA concentrations were detected across the three periods
(before, during and after introductions) for Bulls 1, 2 and 3 (p = 0.4673, p = 0.2531, p = 0.1228,
respectively). However, there were significant differences for Bulls 4 and 5 (p < 0.0005, and
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p = 0.0005, respectively) (Figure 2). Bull 4 had significantly higher sIgA concentrations after
introductions than before or during introductions (p = 0.0054 and 0.0045, respectively). Bull
5 had higher sIgA concentrations after introductions than during introductions (p = 0.0003).
Figure 3 illustrates a progressive increase in sIgA concentration over time for bulls 4 and 5.

Figure 1. Median (and interquartile ranges) of secretory IgA concentrations for five bulls over the
full study period. Superscript letters indicate significant differences Kruskal–Wallis test (p < 0.05).

Figure 2. Bull Asian elephant median secretory IgA concentrations for Bulls 4 and 5 over three periods
(before, during and after introductions). Different superscripts (a,b) indicate statistically significant
differences (p < 0.05). Note the difference in y-axis scale.

3.3. SIgA and Salivary Oxytocin

Although salivary oxytocin also strongly varied by individual, sIgA strongly (posi-
tively) correlated with salivary oxytocin (r = 0.3202; p < 0.0001; Figure 4). However, there
was no correlation between same day salivary and serum oxytocin concentrations (Spear-
man r = 0.036; p = 0.670). When data were pooled for all elephants, median salivary oxytocin
concentration were lower (p = 0.0183) in social situations (median= 57.01 pg/mL) compared
to solo situations (median = 65.52 pg/mL). When only non-musth samples were considered
there were no significant differences in salivary oxytocin (p = 0.0860; Mann–Whitney), and
there were no significant differences in salivary oxytocin between social and solo situations
when each bull was considered individually (Figure 5).

3.4. SIgA, Cortisol and Musth

Saliva and serum samples were not always collected on the same day, therefore
correlations for sIgA and serum cortisol concentrations were calculated in two ways:
between samples collected on the same day (from the same bull) and between averages
for the same week. The present study did not find a correlation between sIgA and serum
cortisol collected on the same day (n = 187 paired values; p = 0.394), or for samples
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collected in the same week (n = 218 paired values; p = 0.270). When all samples were
analyzed together, sIgA correlated strongly with salivary oxytocin, but not with cortisol or
testosterone (as a proxy for musth; Table 4). Testosterone strongly correlated with cortisol,
in agreement with previous studies [10,45,46].

Musth and non-musth sIgA concentrations were analyzed for the three older bulls
(Bulls 1–3) only, as the younger two had not yet experienced musth before or during the
study. Secretory IgA concentrations did not differ between periods of musth and non-musth
when the three bulls were considered together (Mann–Whitney p = 0.0821) or individually
(Mann–Whitney p > 0.9999, 0.5529, and 0.3622, for Bulls 1, 2, and 3, respectively).

Figure 3. Bull Asian elephants during social integration. Secretory IgA concentrations for Bull 4
(A) and 5 (B) over time. Note the difference in scale for the y-axis between the two bulls.

Figure 4. Correlation between secretory IgA and salivary oxytocin in bull Asian elephants during
integration of two all-male groups.
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3.5. SigA during Social and Solo Situations

There were no differences in sIgA concentration for Bulls 1, 2, 3, and 5 (Mann–Whitney
p = 0.3311, 0.5952, 0.8295, and 0.2221, respectively). In contrast, Bull 4 had a higher
concentration of sIgA when housed solo compared to socially (solo 3.6 vs. social 2.3 µg/mL;
p = 0.0136) (Figure 5). When all bulls were taken together but musth samples were excluded,
median sIgA concentration during solo situations (4.33 µ/mL) were higher than during
social situations (3.44 µg/mL; p = 0.0008).

Figure 5. Secretory IgA concentrations in (A) Asian elephant Bull 4 in solo and social situations, and
(B) in all five bulls in solo and social situations, excluding musth periods during socialization of
two all-male groups.

Table 4. Correlation matrix of analytes in bull Asian elephants during socialization of two all-
male groups.

Secretory IgA (µg/mL) Salivary Oxytocin
(pg/mL)

Cortisol
(ng/mL)

Testosterone
(ng/mL)

Secretory IgA (µg/mL) 1.00
Salivary oxytocin (pg/mL) 0.28 *** 1.00

Cortisol (ng/mL) 0.01 −0.15 * 1.00
Testosterone (ng/mL) 0.15 * −0.22 ** 0.59 *** 1.00

* p < 0.05; ** p < 0.01; *** p < 0.0001.

Evaluated over the three periods of socialization, median concentrations of sIgA and
oxytocin were similar for social and solo situations before and after introductions but
were higher in solo situations during introductions (p < 0.0001 for sIgA and p = 0.0011 for
oxytocin). Cortisol was significantly lower in solo situations compared to social ones before
and during introductions (p = 0.0008 and p = 0.0102, respectively), while the difference in
cortisol concentrations after introductions was not significant (p = 0.1807).

4. Discussion

The aim of the present study was to evaluate sIgA as a biomarker of wellbeing by
assessing correlations with other biomarkers of wellbeing such as cortisol and oxytocin.
The study was carried out taking advantage of the integration of two new Asian elephant
bulls into an established group of three bulls. Results showed no correlation of sIgA with
cortisol or musth periods, but there was a strong correlation with salivary oxytocin. The
median values of sIgA, cortisol and oxytocin varied across the three integration periods,
indicating that new social situations can affect these biomarkers. Although a correlation
between sIgA and cortisol has been documented in dogs, rats and humans [37,47], the
lack of correlation between sIgA and cortisol in this study is in line with previous studies
in elephants [37,38,44]. Concentrations of sIgA varied widely between elephants, some-
thing that has also been reported in other studies [37,48,49], and highlights individual
adaptive processes.

Secretory IgA strongly correlated with salivary oxytocin, a known measure of social
bond formation [50,51]. The biggest difference in sIgA and oxytocin concentrations between
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solo and social situations occurred during the introductions, a period where presumably
social skills are actively used to establish new relationships. Thus, positive correlations
between oxytocin and sIgA may be indicative of an affiliative social environment [51].
During the present study, bulls in musth were housed alone (solo) and so it was not
possible to assess the effects of socialization during musth. Additional variation may have
been introduced by the range in times of collection.

The large individual variation speaks to the concept of individual perceptions and
that an individual’s point of view can dictate whether a situation is perceived as stressful
or not [52,53]. Among air traffic controllers, work sessions presumed to be stressful were
associated with increases in sIgA [54], and although cortisol was also elevated, there
was no correlation between the two (as in this study); the authors of that study suggest
that emotional engagement is the driver of sIgA increases. Similarly, establishing new
social dynamics is arguably one of the most engaging social activities of any herd-living
species, as the newly introduced animals approach each other and through interactions
start establishing relationships and hierarchies. Zeir et al. [54] make the case for using sIgA
as a measure to differentiate between positive and negative effects of stress. They also
suggest it could be used as a way to assess the individual’s ability to cope with situational
demands. If true, it is possible our results were confounded by an overly simplistic analysis
of social vs. solo situations, as some social situations may be negative, while others may be
positive depending on the relationship of the individuals involved. Other factors that may
influence the perception of a stressor include early life experiences, with one individual
experiencing a stimulus as acute vs. chronic and vice versa, age, health status, and genetic
and temperament differences, among others [53]. Further investigation into the effect
of specific dyads on sIgA, oxytocin and cortisol is needed, and overlaying behavioral
observations to assign a valence to various social interactions will help classify the valence
of the interaction.

Additional support for sIgA reflecting a level of social engagement is provided by the
fact that the oldest male had the highest concentrations of sIgA. This male was engaged not
only in his own social interactions but was regularly observed intervening in aggressive
interactions between the younger bulls; that is, he was engaged in moderating social
interactions between other elephants.

5. Conclusions

Overall, our results suggest that sIgA could provide a measure of social engagement
and resilience rather than only reflecting stress, but additional research is needed. Use of
these biomarkers to assess the progress and consequences of socialization efforts could
advance bull management in zoo settings, resulting in more multiple-bull groups that
better reflect in situ social situations and lead to improved welfare ex situ.
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