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Abstract

Musth in male African elephants, Loxodonta africana, is associated with increased aggressive behavior, continuous discharge of urine,
copious secretions from the swollen temporal glands, and elevated androgen levels. During musth, bulls actively seek out and are preferred
by estrous females although sexual activity is not restricted to the musth condition. The present study combines recently established methods
of fecal hormone analysis with long-term observations on male-female associations as well as the presence and intensity of physical signals to
provide a more detailed picture about the physical, physiological, and behavioral characteristics of different states of sexual activity in free-
ranging African elephants. Based on quantitative shifts in individual bull association patterns, the presence of different physical signals, and
significant differences in androgen levels, a total of three potential sub-categories for sexually active bulls could be established. The results
demonstrate that elevations in androgen levels are only observed in sexually active animals showing temporal gland secretion and/or urine
dribbling, but are not related to the age of the individual. Further, none of the sexually active states showed elevated glucocorticoid output
indicating that musth does not represent an HPA-mediated stress condition. On the basis of these results, we suggest that the term “musth”
should be exclusively used for the competitive state in sexually active male elephants and that the presence of urine dribbling should be the
physical signal used for defining this state.
© 2004 Elsevier Inc. All rights reserved.
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Introduction periods when they predominantly associate with females
(Poole, 1987, 1989b). During sexually active periods,

Male African elephants leave their natal families at the individuals sometimes enter into a state known as musth

onset of puberty around 12—15 years of age (Poole, 1989b,
1994). From this point in time, they live in a highly
dynamic world of changing sexual state, rank, associations,
and behavior. Most of the time they live alone or in small
groups with other males, except during sexually active
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(Hall-Martin, 1987; Poole, 1987, 1994; Poole and Moss,
1981), a condition initially recognized in adult Asian bulls
in captivity (e.g., Eggeling, 1901), but now also known to
occur in the African species (Poole and Moss, 1981).
Musth in African elephants was originally defined by
Poole, based on the presence of a combination of two main
physical signals; secretion from the temporal glands (TGS)
and urine dribbling (UD) (Poole, 1982, 1987). In addition
to TGS and UD, a sharp rise in aggressive behavior as well
as a number of more subtle changes in displays and posture
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(see Kahl and Armstrong, 2002) have also been assigned to
musth. Musth is also known to be associated with
restlessness and reduced feeding activities (Poole, 1982,
1989a) and physiologically, with elevated androgen levels
(Hall-Martin, 1987; Poole et al., 1984; Rasmussen et al.,
1996) and an additional definition of musth based on the
occurrence of a threshold level of testosterone in serum has
been proposed (Rasmussen et al., 1996).

The occurrence and duration of musth periods (defined
by TGS and UD) are positively correlated with age (Poole,
1987, 1989b). This, combined with the increase in
aggression towards competitors and elevated androgen
levels, suggests that musth is a special age-related form
of sexual activity in which the individual is in a highly
competitive mode. The existence of such age related
changes in reproductive strategy in elephants would, in
fact, make sense, since in a system in which post-mature
growth and size-dependent competition for mates exist, a
competitive strategy like musth would not be expected to
pay before late in life (Whitehead, 1994). The age-related-
ness of the signals used to define musth, however, raises the
possibility that other, behavioral and/or endocrine changes
commonly associated with these signals, may in part be
related to the age of the sexually active individual rather
than exclusively to the occurrence of musth itself. Indeed,
in a study by Poole et al. (1984), high levels of androgens,
comparable to those showed by animals in musth, were
found in some of the sampled individuals assumed to be
sexually active but not showing musth signals. Thus, within
the context of sexual activity, “full” musth and sexually
active non-musth could represent end points in a continuum
with a graduate onset of signal presence and intensity
linked to age, rather than being distinct states. A combined
analysis of the degree and occurrence of the various
physical signals in relation to age, physiology, and behavior
is needed in order to understand the link between these
various factors. Although it is widely accepted that musth
plays an important part within the reproductive context
(Kahl and Armstrong, 2002; Rasmussen and Schulte,
1998), its occurrence is not an explicit requirement for
male mating ability, since non-musth bulls are known to
mate successfully and have comparable sperm quality
(Hall-Martin, 1987; Poole, 1989b; Rasmussen and Schulte,
1998). Thus, at least two different reproductive strategies
appear to exist in African elephants, namely musth and
sexually active non-musth. To date however, the majority of
research on male African elephant reproduction has
concentrated (almost exclusively) on the state of musth
and limited information is available on the characteristics of
the sexually active non-musth state. An unquantified
increase in degree of association with females in the
absence of musth signs is the only manifestation for the
sexually active non-musth condition described so far
(Poole, 1987; Poole et al., 1984), making it difficult to
clearly distinguish between sexually active non-musth and
sexually inactive individuals.

Although Poole et al. (1984) have reported on androgen
levels in sexually active non-musth bulls, data are limited
(five individuals, single samples) and values obtained
showed the full range from those in sexually inactive bulls
to those in musth. Thus, in terms of androgen levels, it
remains unclear if and how sexually active non-musth bulls
can be differentiated from individuals in musth. Addition-
ally, it would be interesting to know if animals showing
TGS only differ in their androgen concentrations from those
showing UD. Another point of interest, which remains to be
addressed in free-ranging animals, is whether either of the
reproductively active states is associated with increased
adrenal activity. For female African elephants, it has been
shown that limited access to food and water, which leads to
a decline in body condition, is associated with an increase in
adrenal endocrine function resulting in elevated glucocorti-
coid levels (Foley et al., 2001). Since the competitive
condition of musth is known to be associated with increased
restlessness and reduced feeding activities, which often
leads to a significant weight reduction and progressive loss
of condition (Barnes, 1982; Poole, 1982, 1989a), it would
be reasonable to assume that musth may be associated with
an elevation in glucocorticoid output.

In this paper, we use a combination of quantified
association preferences, age, as well as the presence and
intensity of physical signals to establish reliable categories
to provide a more detailed picture about the physical and
behavioral characteristics of the different states occurring
within periods of sexual activity. Further, we examine if
the different existing reproductive conditions are associ-
ated with quantitative differences in androgen excretion
and finally, whether states of sexual activity represent a
form of physiological stress for free-ranging male African
elephants.

Materials and methods
Study area and population

The study area is situated in and around the Samburu and
Buffalo Springs National Reserves, Kenya, approximately
80 km north of the equator on longitude 37° East. It covers
approximately 10,000 km” of which less than 10% are
within national parks or reserves. The area consists of low-
lying semi-arid rangeland along the Ewaso Ngiro River, the
only semi-permanent river in the area. The region is dry and
hot throughout most of the year with the average 350 mm of
rain mainly falling during April/May and November/
December. The total elephant population within the Sam-
buru/Laikipia ecosystem is estimated to number around
5000 individuals and is the largest free ranging elephant
population in Kenya occurring mainly outside protected
areas (Omondi et al., 2002). Approximately 900 individuals,
including 150 adult bulls, occur within the core study area of
Samburu and Buffalo Springs National Reserves and have
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been individually identified by the Save the Elephants
ongoing monitoring program (Wittemyer, 2001).

Observations and sample collection

In addition to the general monitoring program, a selective
monitoring of bulls has been continuously performed within
the study area since 1999. During these observations, the
identity of all associating individuals (males and females)
was recorded. Furthermore, for each bull the presence and
degree of urine dribbling (UD), temporal gland swelling
(TG) and temporal gland secretion (TGS) (all common
visible signs assigned to musth) was rated on an increasing
scale as described by Poole (1987).

In addition, between January 2002 and May 2003, 660
fecal samples were collected for hormone analysis from 64
individual bulls (mean: 15 samples per individual, range: 3—
56), ranging in age from 18 to 49 years. The bulls were aged
by physical appearance (facial shape, tusk size, and general
appearance) (Moss, 1996; Poole, 1987) using 15 bulls
accurately aged by molar progression (Jachmann, 1985;
1988; Laws, 1966) during immobilization as reference
points, giving an accuracy of less than + 3 years
(Rasmussen et al., submitted publication). Samples were
collected from fresh droppings of identified individuals. The
fecal bolus was homogenized by hand (using rubber
gloves), and an approximately 10-15 g aliquot was stored
in a polyethylene tube, filled with 25 ml of 100% ethanol
(Wasser et al., 1988). The samples were refrigerated until
transport to the German Primate Centre for analysis.

Fecal extraction and hormone assays

Fecal samples were homogenized in the original etha-
nolic solvent according to the procedure described by
Ziegler et al. (2000). The ethanolic fecal suspension of
each sample (including a 3 X 5 ml 80% methanolic rinse of
the original sample tube) was then transferred into two 50-
ml tubes, and steroids were extracted by shaking for 15 min
on a multi-tube vortex. Following centrifugation at 3000
rpm for 15 min, both supernatants were combined, the total
volume recorded, and the extracts finally stored at 4°C until
hormone analysis. The remaining fecal pellets were dried in
a vacuum oven at 50°C, and the dry weight of individual
samples was determined. Extraction efficiency, determined
in a subset of 20 randomly selected fecal samples by
monitoring the recovery of (*H)estradiol added to the
samples prior to homogenization, was 72.0% =+ 5.3%
(mean + SD).

Fecal extracts were measured for immunoreactive epian-
drosterone (EA), a major secretory steroid of the mature
boar testes (Raeside et al., 1992), which have been shown to
be potentially useful for monitoring male gonadal function
in different mammalian species (e.g., Mdhle et al., 2002;
Palme and Mostl, 1993) including African elephants
(Ganswindt et al., 2002). In addition, in all fecal samples

collected, glucocorticoid concentrations were measured
using a validated enzyme immunoassay (EIA) for
3a,11oxo-cortisol metabolites (3a,110x0-CM) which have
previously been shown to provide reliable information on
adrenal function in the male African elephant (Ganswindt et
al., 2003). The epiandrosterone EIA used an antibody raised
in a rabbit against Sa-androstane-3a-ol-17-one-HS and Sa-
androstane-3,17-dione-thioether conjugated with biotin as a
label (Palme and Mostl, 1993). The 3a,110x0-CM EIA used
an antibody raised in a rabbit against 5p-androstane-3a-ol-
11-one-17-CMO and 5pB-androstane-3a-o0l-11-one-17-CMO
conjugated with LC-biotin as a label (Méstl et al., 2002).
Cross-reactivities of the two antibodies are described in
Ganswindt et al. (2002) for EA and Mostl et al. (2002) and
Huber et al. (2003) for 3a,110x0-CM. Serial dilutions of
fecal extracts gave displacement curves which were parallel
to the respective standard curve in both assays. Sensitivity
of the assays at 90% binding was 3.0 pg/well for both EA
and 3a,lloxo-CM. Intra- and interassay coefficients of
variation, determined by repeated measurements of high and
low value quality controls ranged between 2.4% and 16.9%
for the EA, and 2.6% and 17.5% for the 3a,110x0-CM
measurements.

Sample classification in relation to sexual behavior

In order to avoid an a priori categorisation based on
signal levels, the initial categorisation of the samples as
belonging to either sexually active (SA) or sexually inactive
(SI) bulls was solely based on quantitative shifts in
individual bull association patterns. Each observation of
an individual bull (including observations without collection
of fecal samples) was categorized as belonging to one of
three group types and given values from 1 to 3. The group
types were: (1) in association with other bulls only; (2)
alone, no signs of association with other individuals; and (3)
in association with mature females, regardless of the
presence of other bulls. Individuals were regarded as being
associating if they were in close proximity and moving in a
coordinate way at the time of observation (individuals are
often clustered within a relative small area, thus making
associations easily recognized).

In order to exclude the probability that the type of
association seen on the day of sample collection was not
representative, an average association index was calculated
by averaging the group type of the previous, present, and
following observation. If an observation was separated from
other observations by more than 2 weeks, the association
index was equaled to the observation group type. The bulls
showed clear patterns of shifts in the association index over
time (see Fig. 1). Since bulls are known to leave their
retirement areas and search out and associate with females
only during definite periods of sexual activity (Moss and
Poole, 1983), periods with an index value of >2 (mainly in
association with females) were considered to represent
periods in which the bull was sexually active (SA), whereas
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Fig. 1. Profile based on the pattern of bull association with females for the adult male Apollo-B1033 (est. born 1965) throughout year 2002. Grey bars indicate

the periods in which the bull was assigned to be sexually active.

these with an index value of <2 (mainly with other bulls)
were considered to represent a sexually inactive (SI) state.
During transition phases between periods of SA and SI, the
observation of specific group types was investigated to
pinpoint the date of transition.

Samples coming from SA bulls were further subdivided
depending on the degree and presence of TGS, TG, and UD,
initially scored according to the definitions described by
Poole (1987). However, this resulted in too many different
categories (>100), reducing the sample size in each to below
a reasonable level. All samples were therefore re-assigned
and the occurrence of TG was considered as an automatic
effect of changes in TGS and not considered for sample sub-
grouping. Samples were then assigned if TGS was absent
(—), present low (1), medium (2), or high (3) (as described
by Poole, 1987) in combination with the absence (—) or
presence (+) of UD, giving a total of 8 potential sub-
categories for sexually active bulls (SA) plus one category
for sexual inactivity (SI). Since urine dribbling at no point
was observed without any temporal gland secretion, the
final number of categories was 7 SA + SI (see Table 1).

Data analysis

When multiple samples from the same individual in the
same category existed, the median value was used for

Table 1

analysis. Differences in hormone concentrations between
conditions (see Tables 1 and 2) were examined by Kruskal—
Wallis one-way analysis of variance (ANOVA) on ranks
followed by all pairwise post hoc analysis using Mann—
Whitney Rank Sum Test. All tests were two-tailed, with the
a-level of significance set at 0.05. In cases of all pairwise
multiple comparison procedures, the a-level was adjusted
by applying the procedure described by Holm (1979). Non-
parametric Spearman Rank Order or Pearson Product
Moment correlation coefficients were calculated for the
relationships between median hormone levels within sepa-
rate conditions (see Table 1) and age of the animal. The
computer program Jandel Sigma Stat® version 2.0 was used
for all statistical analyses.

Results

During the 17-month study period, 73% (n = 47) of all
bulls were observed to be sexually active on at least one
occasion and of those, 83% (n = 39) were at least partially
observed in a sexually active condition without showing any
TGS or UD (SA™ 7). Moreover, 49% (n = 23) of all SA
bulls were observed with an additional occurrence of TGS
(SA™), and 40% (n = 19) showed both, TGS and UD
(SA™).

Categories of study animals according to the state of sexual activity, presence, and degree of temporal gland secretion (TGS) and urine dribbling (UD) and age

Category Presence of SA Presence of UD Amount of TGS Abbreviation No. of individuals Age (years)

Median Range
1 - - - SI 52 28 18-49
2 + - - SA™~ 39 24 18-44
3 + - 1 SA™! 9 37 18-44
4 + - 2 SA™2 4 38 18-41
5 + - 3 SA™? 6 39 2448
6 + + 1 SA™! 6 35 25-48
7 + + 2 SA™? 9 39 27-48
8 + + 3 SA™ 15 38 25-48
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Table 2

Finally established categories with respect to the state of sexual activity and the presence/absence of temporal gland secretion (TGS) and urine dribbling (UD)

Category Presence of SA Presence of UD Presence of TGS Abbreviation No. of individuals
1 — — — SI 52
2 + — - SA™ 39
3 + - + SA™" 13
4 + + + SA™ 19

Individual androgen and glucocorticoid excretion

Fig. 2 shows the duration and occurrence of sexual
activity, temporal gland secretion and urine dribbling in
combination with profiles of fecal EA and 3a,110x0o-CM
immunoreactivity over the whole study period in two adult
males, Mungu (B1001) and Esidai (B1027). The 48-year-
old bull Mungu was observed to be sexually active on two
occasions during the study, whereby the first period lasted
11 weeks and the second period started with the last sample-
point at the end of the study period. Each of the SA periods
of B1001 was associated with the occurrence of both TGS
and UD and a clear elevation in EA (up to 10-fold). The 38-
year-old bull Esidai showed three periods of sexual activity
(2 complete, 1 incomplete), all of different length (3, 5, and
14 weeks). SA periods where TGS and/or UD occurred were
associated with clearly elevated (5- to 10-fold) levels of EA,
but no clear increase was observed during SA periods
without signals. Apart from the SA-associated elevations in

EA, an additional 2-month period of moderately elevated
levels of EA was found in both animals during the end of the
long dry season 2002 (mid September to mid November). In
contrast to the course of EA, no elevation of 3a,110x0-CM
levels during the SA periods of either animal can be seen.
Interestingly, there was a small but clear elevation in
3a,110x0-CM levels in both bulls during the end of the
long dry season in 2002 (Sept.—Nov.) coinciding with the
period of non-sexual related elevation in EA.

Endocrinological changes in relation to age

The age distributions of bulls within each of the 7
subcategories of SA were significantly different (One Way
Analysis of Variance; Fig = 6.562, P < 0.001); in particular,
the median age of bulls showing TGS and/or UD was higher
than that of SA individuals showing no additional signs
(Table 1). The non-parametric nature of the data prevented
an overall full factorial analysis for age and signal effects.

5 4 B1001

hormone concentration [pg/g DW]

Fig. 2. Profiles of fecal EA (®) and 3a,110x0-CM (O) immunoreactivity throughout a 17-month period in two adult male African elephants (B1001 and
B1027). Grey bars indicate the periods of sexual activity. Boxes indicate the periods during which signs of TGS (white) and UD (black) were recorded.
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Fig. 3. Vertical bar plots of grouped concentrations of EA (A) and
3a,110x0-CM (B) representing data derived from samples of 64 bulls. The
bars represent the overall mean hormone value + standard error of samples
collected from individual bulls in different conditions of sexual activity.
Group SI includes all sexually inactive individuals. The SA™~ subgroup
includes all bulls which showed sexual activity but no UD and TGS. The
both other subgroups includes all SA bulls which showed additionally some
physical signs and were divided in SA™" and SA™" based on the absence/
presence of UD (see Table 2). The asterisks indicate statistically significant
difference between categories.

Each of the seven subgroups were therefore analyzed
separately for age effects on EA and 3a,110x0-CM levels
(using Spearman Rank Order or Pearson Product Moment
correlation depending on normal distribution of the data).
Neither EA nor 3a,1loxo-CM levels were significantly
correlated with age in any of the 7 SA subgroups even
before a-level adjustment (R3 33 = —0.91 to 0.55; P =
0.878-0.078). Age was therefore excluded as a factor in
subsequent analyses.

Endocrinological changes in relation to the degree of TGS

The effect of increasing levels of TGS on androgen and
glucocorticoid levels was investigated in the subgroups with
(SA™', SA™?, SA™®) and without (SA™', SA™2, SA~) urine
dribbling. The variance of the overall median hormone
values (EA and 3a,110x0-CM, respectively) within each of
the three respective conditions was relatively low and no
significant differences could be found between the respec-
tive categories (Kruskal-Wallis one-way ANOVA on ranks,
H, =5.098-0.301, P = 0.860-0.078).

Since the intensity of TGS had no relationship with
hormone levels, the samples were assigned according to
whether TGS was absent (—) or present (+) in combination
with the absence (—) or presence (+) of UD, thus giving a total
of three potential sub-categories for sexually active bulls

(since UD does not occur without TGS), with one additional
category for sexually inactive animals (SI) (see Table 2).

Endocrinological changes in relation to different forms of
sexual activity

In Fig. 3, EA and 3oa,110x0-CM levels representing
samples from all 64 bulls categorized according to the four
established groups (1 inactive and 3 active) are shown.
Within the group of sexually inactive bulls (SI) and sexually
active animals showing no physical signs (SA™ "), the
variance in the individual androgen levels was relatively
low (SI: 0.60 £ 0.30 pg/g, SA™: 0.69 + 0.34 ng/g),
compared to both the SA™" (1.40 + 0.67 png/g) and SA™"
subgroups (2.35 £ 1.01 pg/g). Median EA levels of all
groups were different from each other except SI and SA™ ™
individuals (Kruskal-Wallis one-way ANOVA on ranks,
H; = 57363, P < 0.001, post hoc analysis using Mann—
Whitney Rank Sum Test, a-level adjusted to 0.008). In
contrast to the data for EA, no significant differences were
found in 3a,110x0-CM levels between the four categories
(Kruskal-Wallis one-way ANOVA on ranks; H; = 0.567,
P =0.904). To verify that the non-significant effect of age
on EA levels found in the initial eight subcategories was not
a result of low sample size, age effects were re-analyzed
within the final four groups. Again, no significant effects of
age were found in any of the groups (Spearman Rank Order/
Pearson Product Moment correlation, Rs5;_1» = —0.265
to 0.106, P = 0.102-0.878).

Occurrence of different forms of sexual activity

To get an indication if the three different states of sexual
activity (SA™~, SA™", and SA™") are clearly distinct, or
whether the SA™" condition represents a temporarily more
limited transition-state between SA~~ and SA™", each
observation of the complete observational data set on
sexually active individuals between 1999 and 2003 (n =
1662) was categorized as belonging to either SA™~, SA™"
or SA™" (see Fig. 4). The data clearly show that most
observations within the group of sexually active individuals
were done on bulls showing either no signs (SA™ ), or both
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Fig. 4. Horizontal bar plot of the complete observational data set
categorized to the number of observations within each of the three different
states (SA~, SA™", and SA™) of sexual activity.
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TGS and UD (SA™). Least recorded were SA bulls showing
additionally TGS only (SA™"). Although some of the
samples in the SA~" group came from bulls later entering
SA™ and could thus be viewed as transition, some bulls had
periods in SA™" without showing UD at any point within
that SA period.

Discussion

This study presents the first longitudinal data on
individual hormone excretion patterns in free-ranging adult
African elephant bulls, and examines endocrinological
differences between qualitatively defined categories of
sexual activity. The results indicate that measurements of
fecal epiandrosterone (EA) and 3a,110x0-cortisol metabo-
lites (3a,110x0-CM) generate useful information on andro-
gen and glucocorticoid status in elephant bulls under free-
ranging conditions, as recently described for animals in
captivity (Ganswindt et al., 2002, 2003). Androgen levels
were generally elevated during sexually active periods in
which TGS and/or UD occurred, whereas sexually active
periods, regardless of the presence or absence of these
signals, were not linked to elevations in glucocorticoid
levels.

A positive correlation between age and the occurrence of
TGS and UD has been shown to exist in sexually active
bulls (Poole, 1987, 1989b). The present study confirms this,
but also demonstrates that the elevation in androgen levels
seen in bulls showing either sign was unrelated to age,
indicating that the presence of the signal, rather than age, is
the main predictor of increased androgens. Thus, by
showing that younger musth bulls, at least with respect to
EA levels are not false signaling, our results support the
earlier predictions of Poole (1989a) that musth is an honest
signal.

Although EA concentrations were significantly higher in
bulls showing TGS compared to bulls without TGS, the
signal strength was not related to androgen level, irrespec-
tive of whether or not UD was present. On this basis, we
propose four “reproductive” categories of adult bull ele-
phant; three sexually active (SA only, SA plus TGS, and SA
plus TGS and UD) and one sexually inactive. Among the
SA bulls, the TGS only group occurs at a relatively low
frequency and had only a 2-fold increase in EA levels
compared to a 4-fold increase in the group with UD,
suggesting that the TGS only group may represent more a
transitional condition between the other two groups, rather
than a separate and distinct state. Thus, the two sexually
active states, musth and non-musth, seem to be “on/off”
states rather than a continuous change linked to age.
However, further analysis, preferably of longitudinal data,
would be needed to clarify if this is so and whether, in fact,
bulls do spend extended periods in this state without ever
progressing to the stage of showing both TGS and UD. On
the other hand, the possibility that additional stages of SA

also exist cannot be excluded from our data. Variation in
androgen levels among bulls showing physical signs was
considerably higher than in the other groups and this may be
an indication that other factors, such as sustained close
proximity to an estrus female (consortship) or having
experienced a fight, could influence androgen status in
these animals.

The only other study describing quantitative differences
in testosterone levels according to reproductive state (Poole
et al., 1984), also demonstrated an elevation of testosterone
levels in active non-musth bulls compared to the group of
sexually inactive individuals, but since sample size was low
and no clear definition of the state of sexually active non-
musth was given, direct comparison of results is difficult.
Nevertheless, the findings of both studies indicate that
within the reproductive context of male African elephants,
at least two distinct states of sexual activity exist and that
these clearly differ in the occurrence of the musth-typical
signs (TGS and UD). From the present study, we can now
show that these two states also differ in terms of androgen
levels. Sexually active bulls with TGS and UD had the
highest androgen levels, providing a likely physiological
explanation for the observation that this category of bulls
also exhibited the highest rates of aggression (Poole,
1989a), since androgenic steroid hormones are known to
mediate aggressive behavior in diverse mammalian species
(Brain, 1979; Leshner and Moyer, 1975; Ogawa et al., 1996;
Rose et al., 1974). The simultaneous occurrence of elevated
androgens, high levels of aggression and therefore increased
likelihood of engaging in physical fights in SA bulls
showing TGS and UD (Hall-Martin, 1987; Poole, 1989a)
indicates that this state should be viewed as a competitive
strategy.

On the basis of this, we suggest that only this competitive
part of African bull sexual activity should be called “musth”
and not the whole complex of sexual activity, hence
supporting (Poole, 1987) original definitions. The bulls in
the TGS only group may then represent bulls “primed” for a
competitive mode with the local social environment
determining if they proceed to become fully competitive.
For example, our observations showed that bulls can switch
urine dribbling on (i.e., enter musth) within hours of finding
an estrous female and switch it off (i.e., go out of musth)
within minutes of arrival of a much higher ranking musth
bull, whereas TGS continued to be seen for several days
after UD had ceased.

In contrast to the differences in EA levels during different
states of sexual activity, this study indicates that sexual
activity in free-ranging African elephants is not associated
with marked elevations in glucocorticoid output. No differ-
ences in fecal 3a,110x0-CM levels were found between the
three states of sexual activity, nor between states of sexual
activity and inactivity. These results conform to those of a
recent study in captive elephants (Ganswindt et al., 2003),
which also revealed no elevation of cortisol metabolites
during the competitive state of musth.
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On an individual basis, any elevation in glucocorticoids
that may occur would be most likely to be seen towards the
end of the reproductively active periods when loss of
condition and energetic stress may be highest. However, as
indicated in the two profiles shown in Fig. 2, no change in
glucocorticoids could be detected during the entire course of
these sexually active periods, independent of whether or not
they were associated with musth (SA™).

Confirmation that the measurements obtained with our
3a,110x0-CM assay do, in fact, reflect adrenal glucocorti-
coid output is provided by the clear (5- to 10-fold) increase
in levels found in two bulls following severe physical injury
(broken leg and gunshot wounds) (data not shown). Thus,
based on fecal glucocorticoid profiles in both captive
(Ganswindt et al., 2003) and wild animals (present study),
available information provides no indication that musth in
the African elephant represents a physiological stress
associated with activation of the hypothalamic—pituitary—
adrenal axis (HPA axis). Since, however, it is known that
stress-related factors independent of enhanced adrenal
activity, such as increased secretion of endogenous opiod
peptides (e.g., Abbott et al., 1997) can be involved in stress
response in mammals, further studies are needed to explore
other metabolic pathways that could respond to the potential
stressful condition of musth. Further, the possibility of a
suppressive effect of elevated androgen levels on adreno-
cortical activity in mammals (Kenagy et al., 1999) through
mechanisms involving enhanced glucocorticoid feedback
regulation (Viau and Meaney, 2004) may have obscured any
stress-related adrenal response. Ecological factors such as
food availability and season-dependent rainfall, which have
been associated with increased adrenal endocrine function in
female elephants (Foley et al., 2001), should also be
considered. Finally, it would be useful to examine whether
potential stress-inducing parameters, such as increased
restlessness, reduced feeding activities, or increased inter-
male aggression (Hall-Martin, 1987; Poole, 1989a), are only
associated with musth or whether they also occur in other
sexually active states.

In conclusion, we have shown that elevated levels of
androgens during sexually active periods are only seen in
bulls showing TGS and UD and that these elevated levels
appear to be irrespective of the age of the individual, hence
supporting that musth is an honest signal. Based on this, we
suggest that the term “musth” should be exclusively linked
to the competitive state in sexually active male elephants
and that the presence of urine dribbling should be the
physical signal used for defining this state. Further, we
have for the first time obtained results on glucocorticoid
levels in free ranging elephant bulls. These results indicate
that reproductively active periods, both musth and non-
musth, do not seem to stimulate HPA axis activity. Further
studies are, however, necessary to understand the function-
ality of the different forms of sexual activity and their
potential impact on reproduction in free-ranging African
elephants.
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