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Paulo Donato Castellane, S/N, Jaboticabal SP 14884-900, Brazil
b Núcleo de Pesquisa e Conservação de Cervídeos (NUPECCE), Via de Acesso Prof. Paulo Donato Castellane, S/N, Vila Industrial, Jaboticabal SP 14884-900, Brazil
c Centro de Conservação do Cervo-do-Pantanal (CCCP-Tijoá), Via de Acesso Prof. Paulo Donato Castellane, S/N, Vila Industrial, Jaboticabal SP 14884-900, Brazil

A R T I C L E  I N F O

Keywords:
Neotropical deer
Captivity
Fecal hormones
Testosterone
Corticosterone
Antler cycle

A B S T R A C T

The influence of glucocorticoids on reproductive hormones and antler cycles in cervids remains poorly under
stood, particularly in tropical species. Most Neotropical deer, like the marsh deer (Blastocerus dichotomus), lack a 
defined breeding season or a clear link between antler stage and reproductive status. Furthermore, conflicting 
data regarding stress impacts on androgen levels and antler development underscore the need for further 
research. We evaluated the effects of stress on fecal glucocorticoid metabolites (FGMs), fecal androgen metab
olites (FAMs) and antler status in captive marsh deer. Nineteen males underwent a quarantine after being 
transferred to a new breeding site, with antler status monitored weekly. Daily fecal samples from 17 individuals 
were analyzed using EIA to measure FAM and FGM concentrations. Among 12 animals with fully developed 
antlers, nearly 60 % (n = 7) experienced antler casting, an unusual synchrony for this species. A positive cor
relation was found between FAM and FGM levels (p < 0.001; r = 0.40). We compared FAM and FGM levels 
between juveniles and adults, as well as among the antler categories. Adults exhibited 1.2-fold higher FGM levels 
than juveniles, with no differences in FAM levels. Males with hard antlers showed the highest FAM levels, while 
FGM levels were highest in males with velvet antlers. We hypothesize that intense stress negatively affected 
antler retention, leading to antler casting. Our findings suggest that stressful stimuli may trigger adrenal 
secretion of glucocorticoids and androgens, providing insights into the relationship between stress and antler 
dynamics in marsh deer.

1. Introduction

Vertebrates have developed different mechanisms of adaptation to 
the constant environmental changes and to stimuli that challenge ho
meostasis, commonly known as stressors (Möstl and Palme, 2002; Til
brook et al., 2000). An organism can deal with aversive and 
unpredictable situations through a set of physiological and behavioral 
adaptations (Touma and Palme, 2005). This response involves a cascade 
of events linked to the sympathoadrenal system and the hypothal
amic–pituitary–adrenal (HPA) axis, which alter the individual’s endo
crine and metabolic state (Möstl and Palme, 2002; Tilbrook et al., 2000).

Glucocorticoids are steroid hormones derived from cholesterol 
(Torres et al., 2012) that are involved in the stress response (Touma and 

Palme, 2005). Its release is associated with activities that cause 
emotional arousal and are not necessarily detrimental to the organism 
(e.g. courtship and copulation) (Romero, 2004; Sapolsky et al., 2000). 
However, prolonged high concentrations of glucocorticoids can poten
tially cause immunosuppression, tissue atrophy (Munck et al., 1984) and 
reduced reproductive performance (Dobson and Smith, 1995; Liptrap, 
1993). Concerning reproduction, stressors can have negative effects on 
human fertility, on the productive efficiency of domestic animals and on 
the propagation of wild animals whose survival is threatened (Ralph 
et al., 2016). In this context, a group that stands out is the family Cer
vidae, which consists mostly of species with reactive behavior and high 
susceptibility to stress (Duarte, 2010). According to the 2019 IUCN Red 
List of Threatened Species™, 59 % of the 17 Neotropical deer species 
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face some level of threat and 12 % are categorized as Data Deficient. 
Therefore, it is extremely relevant to investigate the impact of stress on 
the reproductive aspects of these animals.

Despite extensive research, the mechanisms by which stress affects 
reproductive hormones are not well understood. In sheep, an acute 
elevation of cortisol inhibits the pituitary’s responsiveness to physio
logically relevant pulses of GnRH (Breen and Karsch, 2004). Gaspar- 
López et al. (2010) observed low cortisol levels in Cervus elaphus hispa
nicus during the mating season, suggesting that the high concentration of 
testosterone during this period may affect the HPA axis and inhibit 
cortisol release by the adrenal gland (Ingram et al., 1999). In contrast, 
other authors reported that during the reproductive season, male deer 
face increased social and nutritional stress, leading to an elevation in 
circulating cortisol levels (Reyes et al., 1997). The differences observed 
in these studies may be attributed to species-specific variations (e.g., 
distinct antler cycles, social structures and reproductive systems) which 
could influence the relationship between stress and reproductive hor
mones. These factors highlight the need for further research to better 
understand the relationship between stress and male reproductive hor
mones across different species.

A distinguishing feature of male deer is their antlers, whose rapid 
growth is primarily influenced by insulin-like growth factor 1 (IGF-1) 
(Hu et al., 2022; Suttie et al., 1985). In parallel, the processes of antler 
mineralization and velvet shedding are particularly influenced by an
drogens, with testosterone being the primary one (Bubenik, 1990). 
Briefly, androgen levels start to decline several weeks before antler 
casting. Antler casting causes immediate bleeding, and within 1 to 2 
days, a scab forms, surrounded by a ring of velvet-like skin, indicating 
that a new antler has begun to grow (Li et al., 2014). Throughout the 
growth phase, the antlers remain covered by the velvet (a vascularized 
and sensitive integument), IGF-1 levels increase and testosterone levels 
remain relatively low (Hu et al., 2022; Pereira, 2010; Putman, 1988). In 
the final stage of antler growth, testosterone concentration increases and 
stimulates mineralization. Subsequently, testosterone reaches a peak 
that promotes velvet shedding, and its levels remain high throughout the 
hard antler phase (Bubenik, 1991; Ceacero et al., 2019).

In temperate climate cervids, the highest androgen levels coincide 
with the breeding season, which typically occurs in autumn and winter, 
characterized by short days. Conversely, antler casting occurs during 
spring and summer (long days), which are periods of reproductive 
quiescence (Asher, 2011; Pereira, 2010). This marked reproductive 
seasonality and well-delimited antler cycle occur due to the influence of 
photoperiod on melatonin secretion (Lincoln, 1992). In the absence of 
light, which lasts longer on short days, various pathways are activated to 
promote the synthesis of melatonin by the pineal gland, a hormone that 
influences the hypothalamic-pituitary–gonadal (HPG) axis and regulates 
the production of sex hormones and reproductive activity (Wayne et al., 
1988). For tropical cervids, the relationship between antler and 
androgen fluctuations is not as evident, and different reproductive 
strategies are adopted due to the minimal photoperiod variation in these 
regions (Pereira, 2010). For instance, in Mazama americana, the rela
tionship between androgens and antlers follows the general model 
proposed for temperate species. However, there is no annual pattern in 
hormone secretion or antler status changes, as fully developed antlers 
may persist for over a year (Versiani et al., 2009). Males of some 
Neotropical species can sustain spermatogenesis across all antler phases 
and reproduce when environmental conditions are favorable, showing 
little to no synchrony between this male trait and reproductive status 
(Barrozo et al., 2001; Loudon and Curlewis, 1988; Pereira et al., 2020).

According to Bubenik (1990), cortisol also plays a significant role in 
the antler development. In Cervus elaphus, cortisol levels increase during 
the mineralization stage, suggesting its importance in this process 
(Suttie et al., 1995). Similarly, higher levels of fecal glucocorticoid 
metabolites (FGMs) were observed in Ozotoceros bezoarticus when they 
had velvet-covered antlers (Pereira et al., 2006). However, the rela
tionship between cortisol, testosterone and antler growth remains 

complex. While testosterone is essential for antler development, 
elevated cortisol due to social or environmental stress may counteract its 
effects (Ball and Balthazart, 2020; Bartoš et al., 2023; Hirschenhauser 
and Oliveira, 2006). In Capreolus capreolus, antler elongation decreased 
after exogenous cortisol administration (Bubenik, 1990). Grabowski and 
Clauss (2006) identified smaller antlers in stressed captive deer, sug
gesting that environmental stress can impair antler formation. These 
findings suggest that glucocorticoids may influence antler growth in 
species-specific or context-dependent ways, highlighting the need for 
further research.

Overall, many endocrine-reproductive aspects and stress response 
mechanisms in cervids need clarification. The marsh deer (Blastocerus 
dichotomus) stands out as a Neotropical species with significant knowl
edge gaps. Similar to temperate deer, it shows a strong correlation be
tween serum testosterone fluctuations and antler phases (Garcia et al., 
2001). However, this species can exhibit velvet or hard antlers year- 
round, without a clear seasonal pattern. Ramos (2004) observed some 
individual seasonality in antler casting, although there was no syn
chrony among males. The antler growth phase (i.e., from the date of 
casting to velvet shedding) lasts approximately 4 months in free-ranging 
and 5 months in captive animals, whereas the retention period of hard 
antlers can range from 5 to 32 months (Pinder and Grosse, 1991; Ramos, 
2004). Lastly, unlike most temperate climate cervids, the marsh deer 
does not have a fixed breeding season: females are non-seasonal poly
estrous (Polegato, 2008) and males remain fertile throughout the year 
(Duarte and Garcia, 1995).

Over the past century, the population of marsh deer has significantly 
declined (IUCN, 2019). Currently, this species is listed as “Vulnerable” 
(VU) by the International Union for Conservation of Nature (IUCN, 
2016), underscoring the need for research to support its conservation 
efforts. This study aimed to assess the relation between fecal glucocor
ticoid and androgen metabolites in male marsh deer undergoing quar
antine and experiencing significant stress, and to investigate their 
impact on antler status. Thus, we hope to elucidate the influence of 
stress on FGM levels and their relationship with important male repro
ductive aspects in cervids, while also contributing valuable insights into 
the reproductive physiology of marsh deer. We hypothesize that there 
would be a negative correlation between the two hormones, with high 
levels of FGMs reducing the levels of fecal androgen metabolites (FAMs) 
and leading to the antlers casting. We also compared the FAM and FGM 
levels between two age groups, and we expected that both would in
crease with age, i.e., the youngest animals would have the lowest FAM 
and FGM levels, while the adults would have the highest concentrations.

2. Material and methods

2.1. Animals, transportation and housing

This study was carried out at Deer Research and Conservation Center 
(NUPECCE) facilities at São Paulo State University (UNESP/Jaboticabal 
Campus). All procedures were approved by the Animal Use Ethics 
Committee of this university (Protocol: 829623). Nineteen males of 
Blastocerus dichotomus species, born at the Marsh Deer Conservation 
Center (CCCP-Tijoá) – Promissão – SP − Brazil, aged between 1 and 9 
years old (mean of 5.58 ± 2.46 years old) and weighing 50 to 130 kg 
(mean of 112 ± 19.69 kg), were transferred to NUPECCE – Jaboticabal – 
SP − Brazil. The process of animal transfer was conducted gradually 
between October 29 and November 19, 2021. All animals were sedated 
with a combination of azaperone (1 mg/kg) and xylazine hydrochloride 
(0.5 mg/kg) and transported in individual crates. The 210 km route was 
performed always in the morning, taking approximately two hours and 
30 min.

At CCCP-Tijoá, the animals were housed in groups within paddocks 
that ranged from 800 to 4000 m2, built in a natural floodplain envi
ronment. Upon arrival at NUPECCE, the deer were housed in individual 
stalls (4 x 4 m) to begin the quarantine. The new diet provided was in 
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accordance with Duarte (2010) and was closely similar to the previously 
supplied diet, consisting of highly palatable equine concentrate (Equi
tech Vitta, Presence®), chopped pumpkin, and forages. The forages 
primarily included common soybean (Glycine max), perennial soybean 
(Neonotonia wightii), ramie (Boehmeria nivea), hibiscus (Hibiscus spp.), 
and mulberry branches (Morus alba). The main difference between the 
diets was that, with the animals isolated in stalls, they lacked access to 
free-grazing pastures throughout the day, and the forages provided 
varied according to availability. Water was provided ad libitum, and all 
individuals were exposed to the same natural conditions of temperature, 
light, precipitation, and relative humidity.

2.2. Feces collection

For steroid assays, fecal samples were collected from 17 animals. It 
was not possible to collect fecal samples from two animals, as they had 
been transported to NUPECCE a few weeks prior to the experimental 
period. Before leaving CCCP-Tijoá, the males were sedated, and a fecal 
sample was collected directly from the rectum of each animal. During 
the quarantine period, we conducted daily feces collections in the early 
afternoon to avoid variations due to the natural circadian rhythm. Feces 
collection spanned from 25 to 40 consecutive days due to the animals 
being transported over a three-week period (from October 29 to 
November 19, 2021), resulting in some individuals having a greater 
number of fecal samples collected than others. The stalls were cleaned 
daily, 24 h prior to collection, to ensure the presence of fresh feces for 
hormonal metabolite analysis. All samples were stored in labeled plastic 
bags and kept in a freezer at − 20 ◦C immediately after collection for 
subsequent analysis.

2.3. Extraction of fecal samples

The samples were dried in an oven (Model 320-SE®Fanem® Ltd.; 
São Paulo, Brazil) at 56 ◦C for 72 h. Subsequently, they were pulverized 
and manually homogenized to avoid variation in fecal androgen and 
glucocorticoid metabolites levels among pellets within the same sample 
(Tanaka et al., 2019). The metabolites extraction was performed 
following the method described by Graham et al. (2001). In a glass tube, 
0.5 g of pulverized feces and 5 mL of 80 % methanol were added. The 
mixture was vortexed for 30 s and homogenized on a shaker for 12 h. 
After centrifugation at 400 × g for 20 min, the supernatant was sepa
rated and stored at − 20 ◦C.

2.4. Enzyme immunoassays

FAM and FGM concentrations were measured via enzyme immuno
assay (EIA) in the Endocrinology Laboratory at NUPECCE and all results 
are expressed in ng/g dry matter. All samples were analyzed in duplicate 
and the assays were performed according to the protocol described by 
Brown et al. (2004). We used a polyclonal testosterone antibody (R156/ 
7, C. Munro, University of California, CA, Davis, USA) to measure FAMs, 
which presents the following cross-reactivity: 100 % testosterone; 57.3 
% 5α-dihydrotestosterone; 0.27 % androstenedione; 0.4 % andros
terone; <0.04 % for the other metabolites. The analytical validation of 
the EIA was performed according to Brown et al. (2004), by observing 
the parallel arrangement between the standard curve (y = -0.2882x +
2.332, R² = 0.9573) and the curve formed by the pool of fecal extracts 
prepared by serial dilution (y = -0.2872x + 2.2958, R² = 0.9715), and 
confirmed by statistical approaches (Student’s t-test) comparing the 
slopes obtained from standard and sample curves (p > 0.05). Inter-assay 
coefficients of variation (CV) for low and high-value quality controls 
were 9.5 % and 5.3 %, respectively, and the intra-assay CV was < 10 %. 
The accuracy test indicated that there was no interference caused by any 
substance contained within the biological samples (y = 1.2573x −
2.6197, R² = 0.9597).

To measure FGMs, we used a polyclonal corticosterone antibody 

(CJM006, C. Munro, University of California, CA, Davis, USA), with the 
following cross-reactivity: 100 % corticosterone; 14.25 % deoxy
corticosterone; 0.90 % tetrahydrocorticosterone; 0.03 % 11-deoxycorti
sol; <0.01 % prednisone; 0.07 % prednisolone; 0.23 % cortisol; <0.01 % 
cortisone; 2.65 % progesterone; 0.64 % testosterone; and < 0.01 % 17β 
estradiol. We observed a parallel arrangement between the standard 
curve (y = -0.3445x + 2.417, R² = 0.9922) and the curve formed by the 
pool of fecal extracts prepared by serial dilution (y = -0.2402x + 2.2206, 
R² = 0.8693), also confirmed by Student’s t-test comparing the slopes of 
both curves (p > 0.05). Inter-assay CV for low and high-value quality 
controls were 9.7 % and 7.4 %, respectively, and the intra-assay CV was 
< 10 %. There was no interference caused by any substance contained 
within the biological samples (y = 1.0024x − 7.0024, R² = 0.9972).

2.5. Physiological validation of EIAs

It is well-established that the interval between the detection of ste
roids in blood plasma and their respective metabolites in feces is species- 
specific and depends on intestinal transit time (Palme et al., 2005). 
Schwarzenberger and collaborators (1996) demonstrated that this in
terval ranges from 12 to 24 h in ruminants. In cervid species, the ex
pected delay time typically ranges from 18 to 24 h (Christofoletti et al., 
2010; Huber et al., 2003; Konjević et al., 2011; Munerato et al., 2015). 
Moreover, there is significant variation in the steroid metabolites 
eliminated in feces depending on the species and sex of the animals 
(Palme et al., 2005). Therefore, validation is of utmost importance to 
demonstrate that the fluctuations of hormonal metabolites reflect the 
physiological events in the species of interest (Palme, 2019).

The physiological validation of the assay utilized to measure FAMs 
involves comparing the FAM concentrations between males and females, 
with the expectation that the concentration in females should be 
significantly lower (Brown et al., 2004). We randomly selected six male 
and six female marsh deer from the herd and collected fecal samples 
within the same time interval under identical conditions. To meet the 
assumptions of the Student’s t-test, we performed the test on log- 
transformed data. The assay was successfully validated: the FAM con
centrations (mean ± SE) in females (902 ± 87 ng/g; median: 891 ng/g) 
were significantly lower (p < 0.05) than in males (2234 ± 539 ng/g; 
median: 1847 ng/g).

FGMs measurement can be validated through the administration of 
drugs that stimulate glucocorticoid production, as it has been demon
strated that there is a relationship between exogenous administration 
and subsequent hormonal excretion (Brown et al., 2004). For this pur
pose, a male and a female marsh deer were subjected to general anes
thesia. The animals were chemically restrained by intramuscular 
injection of xylazine (1 mg/kg) and ketamine hydrochloride (7 mg/kg). 
After the loss of consciousness, 0.3 mg/kg midazolam was administered, 
and both animals were intubated with an appropriately sized endotra
cheal tube. The cephalic vein was catheterized to maintain the anes
thetic plane via infusion of propofol (0.05 mg/kg/min) and lidocaine 
(50 mcg/kg/min). Immediately after loss of consciousness, a blood 
sample was collected from each animal, followed by the intravenous 
administration of 1 ml of adrenocorticotropic hormone (ACTH, Syn
acthen®, Novartis, Austria, 0.25 mg/ml). Subsequent blood samples 
were collected every 15 min from the moment of ACTH administration 
via the catheterized cephalic vein, over at least two hours. The collected 
samples were centrifuged, and the resulting sera were separated and 
stored at − 20 ◦C until analysis, with no need for hormone extraction. 
The animals’ stalls were inspected every three hours for feces collection 
from 24 h before until 120 h after ACTH administration. Collected feces 
were identified and stored at − 20 ◦C for later analysis. This approach 
allowed the evaluation of whether the serum hormone and FGM fluc
tuations physiologically reflect the expected changes after ACTH stim
ulation. Therefore, the assay was also validated, as shown in Fig. 1. We 
observed that in the female, a peak in serum cortisol occurred 30 min 
after ACTH administration, with values returning to baseline after 
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105–120 min, while the highest FGM peak occurred approximately 28 h 
after ACTH, returning to baseline after 72 h. In the male, the serum 
cortisol peak was observed 15 min after ACTH administration, returning 
close to baseline within 90 min, whereas the highest FGM peak occurred 
approximately 29 h after ACTH, returning to baseline around 60 h. 
Serum cortisol and FGM concentrations clearly reflected the expected 
changes after ACTH administration.

2.6. Monitoring the status of antlers

To assess the effect of transportation and quarantine on antler status, 
we considered the 19 animals that underwent transfer between facilities. 
We observed each animal once a week to monitor the condition of their 
antlers, classifying them into: a) cast (from the antlers casting until their 
initial growth), b) initial growth stage (up to 1/3 of antler’s final size), c) 

Fig. 1. Physiological validation of the assay used to measure FGMs. A and B: serum glucocorticoid profiles of the female and male, respectively, obtained on the day 
the animals were subjected to general anesthesia (minute 0 indicates the time of ACTH administration); C and D: FGM profiles of the female and male, respectively, 
along with the number of fecal samples collected per animal each day (0 indicates the last fecal sample collected 30 min before ACTH administration). The dashed 
lines represent the hormonal baseline (mean + 2 SD) calculated from values prior to ACTH administration.

Table 1 
Animals’ ages, antler status and age (i.e., ordinal classification starting from the first developed antler), date of last antler casting, and minimum (Min), maximum 
(Max) and median (Med) values of FAMs and FGMs during the experimental period. It was not possible to collect fecal samples from two individuals (R and S) that 
exhibited antler casting, as they had been transported to NUPECCE a few weeks prior to the experimental period. Therefore, they were not included in the hormonal 
analysis.

Antler characteristics FAM (ng/g) FGM (ng/g)

Animal Age (years old) Status Antler age Date of last casting Min Max Med Min Max Med

A 5 Cast 3◦ Aug/18 253 1756 613 34 140 75
B 6 Cast 3◦ Jun/19 294 5342 1121 120 479 207
C 5 Cast 2◦ Aug/18 497 6904 1193 51 322 123
D 8 Cast 3◦ Oct/15 421 6516 1061 97 538 261
E 5 Cast 3◦ Nov/18 683 8301 2037 110 423 226
F 5 Hard 3◦ Jan/21 494 4995 1642 86 622 173
G 6 Hard 3◦ Nov/18 938 5480 2109 80 298 152
H 9 Hard 6◦ Sep/20 385 3489 795 83 531 210
I 9 Hard 3◦ Mar/18 541 2169 996 132 377 233
J 9 Hard 5◦ Jun/20 526 6331 1626 273 958 504
K 2 Velvet 3◦ Sep/21 319 7872 1538 126 771 207
L 5 Velvet 4◦ Sep/21 636 7486 944 83 374 167
M 4 Velvet 3◦ Sep/21 116 3868 225 125 638 263
N 4 Velvet 3◦ Sep/21 224 7260 1408 57 676 213
O 2 Velvet 2◦ Aug/21 568 7658 1019 153 1105 411
P 9 Velvet 4◦ Oct/21 328 5896 547 102 783 226
Q 1 Initial growth 1◦ − 329 3473 985 99 299 146
R 7 Cast 2◦ Nov/15 − − − − − −

S 5 Cast 3◦ Jul/18 − − − − − −
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velvet (from 1/3 of growth until the velvet sheds off), and d) hard (fully 
grown, with no velvet). This classification can be seen in Table 1, along 
with other relevant information about the animals in the experiment.

2.7. Statistical analysis

We calculated the Pearson correlation coefficient to assess whether 
there is a relationship between fecal glucocorticoid and androgen me
tabolites concentrations. Additionally, we used analysis of variance 
(ANOVA, Tukey test) to compare FAM and FGM concentrations across 
the categories of antler status, and Student’s t-test to compare FAM and 
FGM concentrations between two age groups: juveniles = up to 5 years 
old (n = 10); adults = 6 to 9 years old (n = 7). A FAM and FGM baselines 
were established through an iterative process, calculated by excluding 
points greater than a certain threshold (mean ± 2 SD) until no points fell 
above threshold (Brown et al., 1994; Curry et al., 2012; Palme, 2019). 
The data were log-transformed to meet the assumptions of each test. All 
analyzes were performed using R software (ver. 4.0.4, R Development 
Core Team, 2021) with an alpha level of 0.05 for significance.

3. Results

Considering the 19 animals that were transported and underwent 
quarantine, 31.58 % (n = 6) retained their antlers in velvet, while 5.26 
% (n = 1) were in the initial phase of antler growth. Among the 
remaining 12 animals with fully developed antlers, 7 experienced antler 
casting, whereas the other 5 maintained their hard antlers throughout 

the experiment. Thus, of these 12 animals, 58.33 % (n = 7) exhibited 
antler casting within the short quarantine period, an unusual simulta
neity for marsh deer.

For hormone assays, fecal samples were collected from 17 animals, 
totaling 509 samples. Table 1 shows the minimum, maximum and me
dian values of FAMs and FGMs for each male. In general, FGM con
centrations ranged from 34 to 1105 ng/g (median: 212 ng/g), while 
FAM concentrations ranged from 116 to 8301 ng/g (median: 1062 ng/ 
g). It was not possible to collect fecal samples from two individuals (R 
and S) that exhibited antler casting, as they had been transported to 
NUPECCE a few weeks prior to the experimental period. Therefore, they 
were not included in the hormonal analysis.

Since the hormonal values did not follow a normal distribution, we 
calculated the median values of FGMs and FAMs over consecutive five- 
day periods to generate the hormonal profile graphs. Given that the 
animals did not arrive at NUPECCE all at once but rather gradually, 
some have more collected samples than others. Fig. 2 shows the hor
monal profiles of animals A to E, which experienced antler casting. 
Except for individual E, whose casting occurred at the beginning of the 
quarantine, all males experienced antlers casting in P4 (n = 3) or P5 (n 
= 1). Most animals (n = 3) exhibited a decline in FAM levels after 
transport, with only C and E showing a peak in P1. From P2 to P4, all 
individuals had FAM levels below or close to baseline. From P5 until the 
end of sampling, only individual C remained below baseline, while the 
others showed increasing levels (though the increase in A was quite 
modest). Regarding FGMs, three individuals (C, D, and E) exhibited a 
peak in P1. Individual A showed concentrations close to baseline 

Fig. 2. Concentrations of FAM (blue solid line) and FGM (orange solid line) from five animals (A – E) that exhibited antler casting during quarantine. To generate the 
profiles, we calculated the median values of FGMs and FAMs over consecutive five-day periods. Blue dashed line: hormonal baseline for FAM; Orange dashed line: 
hormonal baseline for FGM; T: day of transfer, when a single fecal sample was collected from each male prior to transport; P1 to P8: post-transport periods in five-day 
intervals. It was not possible to collect a fecal sample prior to transport from individual B. At the top of each graph, horizontal bars represent the antler status of each 
animal (black bar: hard antlers; gray bar: antlers in velvet). (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.)
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throughout the quarantine. B and D had a peak in P4, followed by 
decreasing levels until P6, then remaining close to baseline. Individuals 
C (more subtly) and E exhibited increasing FGM levels from P4 until the 
end of sampling.

Fig. 3 shows the hormonal profiles of animals F to J, which main
tained hard antlers. Regarding FAMs, animal J showed a notable in
crease from the beginning of the quarantine, surpassing its baseline from 
the third period onwards. Among the others, G and I exhibited a post- 
transport decline and fluctuations near baseline during quarantine, 
with G showing an expressive increase in P5. F and H experienced a post- 
transport peak followed by a drop to baseline levels. Concerning FGMs, 
males F and H showed decreasing levels after transport, while the others 
exhibited an increase, which was more pronounced in J. From P2 to P4, 
all individuals maintained levels below or close to baseline. In the final 
periods, only H remained with reduced FGMs, whereas the others 
showed an increase (less pronounced in F and I).

In Fig. 4, we observe animals K to P, whose antlers remained in 
velvet. In general, all animals showed increases in FGM levels, but at 
different times. Animals K and O were the only ones to exhibit two 
distinct FGM peaks during quarantine, one in the first period (less pro
nounced in K) and another from P5 to P6. All others showed fluctuations 
near baseline and a considerable increase in the final periods. Con
cerning FAM levels, all animals showed a post-transport peak (less 
evident in male P) and approximately 66.6 % (n = 4) of the males (K, L, 
O and P) showed new expressive peaks at the end of sampling. Finally, 

Fig. 5 presents the hormonal profiles of animal Q, the only one in the 
initial antler growth stage. FGM levels fluctuated near baseline, with an 
increase in the final quarantine period. FAM levels decreased to baseline 
immediately in P1, dropped below baseline in P4, and showed a slight 
increase in the final period, similar to the pattern observed for FGM 
levels.

The Pearson correlation test revealed that FAM and FGM levels were 
positively correlated (Fig. 6; r = 0.4; df = 507; p < 0.001). Additionally, 
we compared the FAM and FGM levels between two age groups: juve
niles = up to 5 years old (n = 10); adults = 6 to 9 years old (n = 7). We 
observed a significant difference only in FGMs (Fig. 7; t = 5.0; df =
489.4; p < 0.001), with adults exhibiting higher levels (mean ± SE: 274 
± 11 ng/g; median: 234 ng/g) than juveniles (mean ± SE: 228 ± 8 ng/g; 
median: 189 ng/g), while FAM levels did not differ between age groups 
(adults median: 1088 ng/g; juveniles median: 1030 ng/g; t = 0.89364; 
df = 498.1; p = 0.3719).

Furthermore, we compared the FAM and FGM concentrations (mean 
± SE) across antler status categories, excluding the initial growth stage, 
as it consisted of only one individual and was therefore unsuitable for 
statistical comparison. For FAMs, there was a significant difference 
(Fig. 8A; F2,481 = 11.5; p < 0.001) between velvet (1501 ± 115 ng/g; 
median: 871 ng/g) and hard antler (1779 ± 104 ng/g; median: 1458 ng/ 
g), as well as between velvet and cast (1578 ± 114 ng/g; median: 1084 
ng/g), but not between cast and hard antler. For FGMs, there was also a 
difference among antler status (Fig. 8B; F2,481 = 24.4; p < 0.001): cast 

Fig. 3. Concentrations of FAM (blue solid line) and FGM (orange solid line) from five animals (F – J) that maintained hard antlers. To generate the profiles, we 
calculated the median values of FGMs and FAMs over consecutive five-day periods. Blue dashed line: hormonal baseline for FAM; Orange dashed line: hormonal 
baseline for FGM; T: day of transfer, when a single fecal sample was collected from each male prior to transport; P1 to P6: post-transport periods in five-day intervals. 
Black horizontal bars represent the status of hard antlers. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.)
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(197 ± 9 ng/g; median: 182 ng/g) differed from both hard (269 ± 15 
ng/g; median: 213 ng/g) and velvet (282 ± 11 ng/g; median: 236 ng/g) 
antlers, with no significant difference between the latter two categories.

4. Discussion

Hormonal monitoring is a very useful method for accessing infor
mation about the reproductive physiology of wild species 
(Schwarzenberger and Brown, 2013). In this context, the use of fecal 

Fig. 4. Concentrations of FAM (blue solid line) and FGM (orange solid line) from six animals (K – P) that retained antlers in velvet. To generate the profiles, we 
calculated the median values of FGMs and FAMs over consecutive five-day periods. Blue dashed line: hormonal baseline for FAM; Orange dashed line: hormonal 
baseline for FGM; T: day of transfer, when a single fecal sample was collected from each male prior to transport; P1 to P7: post-transport periods in five-day intervals. 
It was not possible to collect a fecal sample prior to transport from individual M. Gray horizontal bars represent the status of antlers in velvet. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Concentrations of FAM (blue solid line) and FGM (orange solid line) in 
animal Q, the only one in the initial antler growth stage (represented by the 
lightgray horizontal bar at the top of the graph). We calculated the median 
values of FGMs and FAMs over consecutive five-day periods to generate the 
profiles. Blue dashed line: hormonal baseline for FAM; Orange dashed line: 
hormonal baseline for FGM; T: day of transfer, when a single fecal sample was 
collected from each male prior to transport; P1 to P5: post-transport periods in 
five-day intervals. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)

Fig. 6. Pearson correlation test showing that FGM and FAM levels are posi
tively correlated, with a correlation coefficient of 0.40 between these hormonal 
metabolites (r = 0.4; df = 507; p < 0.001).
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matrix for non-invasive hormonal measurement stands out as highly 
advantageous (Brown, 2006; Schwarzenberger et al., 1996). Thus, we 
used fecal samples to assess endocrine profiles in male marsh deer, 
placing significant emphasis on validating the assays employed to 
ensure that the results accurately reflect the physiological events under 
investigation.

All animals in this study had never been transported before and, 
except for the first six months of life, had never been kept in stalls. 
Therefore, since the need to cope with a new situation is considered a 
significant stressor (Grandin, 1997), we assumed that the deer would be 
under high stress and exhibit elevated glucocorticoid levels during the 
quarantine. Indeed, most animals showed relevant increases in FGM 
levels, especially in the first five days post-transport and in the last week 
of the experiment. Furthermore, according to Grandin (1997), it is 
difficult to predict responses to a stressful situation, as individual’s re
action is governed by a complex interaction between previous experi
ences and genetic factors. Christofoletti and collaborators (2010) used 
feces to measure cortisol metabolites in marsh deer and detected high 
individual variations in response to different husbandry systems. In the 
present study, FGM levels showed a wide range (34 to 1105 ng/g; me
dian: 212 ng/g), which may reflect not only individual differences in 
stress responses but also variations in baseline levels, likely influenced 

by individual differences in metabolism and excretion (Touma and 
Palme, 2005).

According to Ramos (2004), marsh deer exhibit some individual 
seasonality in antler casting, but without synchronization among ani
mals. Some authors have found that the retention time of antlers can 
vary from 5 to 32 months (Pinder and Grosse, 1991; Ramos, 2004). In 
the present study, we observed that several males that experienced 
antlers cast during quarantine had a retention time exceeding 32 
months. For instance, animals D and R (Table 1) retained the same 
antlers for approximately six years. Among 12 males with hard antlers, 
58.33 % (n = 7) exhibited antler casting within the short quarantine 
period, an unusual synchrony for this species. This suggests that the 
animals were under significant stress, which may have affected their 
antler maintenance. A hypothesis that corroborates the potential nega
tive effect of high-stress situations on antler condition relates to social 
hierarchy and territorial disputes. Dominant males typically have higher 
androgen concentrations and lower glucocorticoid levels compared to 
subordinates (Bartoš, 1990; Bartoš and Losos, 1997; Bartoš et al., 2000). 
Stress from territorial conflicts can elevate glucocorticoid levels in 
subordinates, suppressing androgens and potentially accelerating antler 
casting, as androgen levels are crucial for antler maintenance (Bartoš, 
1990; Bubenik, 1990).

The animals with hard antlers exhibited the highest concentrations 
of FAMs, consistent with data from the literature (Bubenik, 1991), while 
those in velvet showed the lowest levels. Regarding the comparison of 
FGMs among antler categories, males with velvet antlers showed the 
highest levels, although they only differed significantly from males in 
the antler cast stage, who had the lowest concentration. These results 
align with Pereira et al. (2006), who observed the same pattern in wild 
Ozotoceros bezoarticus bezoarticus. In Cervus elaphus, this hormone has 
been suggested to play an important role in antler development, with 
levels rising during the mineralization phase (Suttie et al., 1995). 
Similarly, Ingram et al. (1999) found higher plasma cortisol concen
trations during antler growth in this species.

It is also worth discussing other factors that may influence antler 
status, such as antler history, the presence of females and nutrition 
(Pereira, 2010). All animals in velvet category had cast their antlers 
between August and October 2021, i.e., one to three months before 
transportation and quarantine. Despite a significant increase in FAM 
levels, these individuals did not exhibit velvet shedding. According to 
Ramos (2004), antler development in marsh deer takes around 5 months 
in captivity. Given the recent casting, we hypothesize that the respon
siveness to increased testosterone may have been affected, as the ani
mals had not yet completed the growth and mineralization process. With 

Fig. 7. Comparison of FGM means between adult (6 to 9 years old; n = 7) and 
juvenile animals (up to 5 years old; n = 10), showing the data medians and a 
significant difference between age groups (t = 5.0; df = 489.4; p < 0.001), as 
determined by the Student’s t-test.

Fig. 8. Comparison of FAM (A) and FGM (B) levels across antler status categories (excluding the initial growth stage, as it comprised only one individual), showing 
the data medians. Different lowercase letters indicate the categories where there was a significant difference (p < 0.001) between the hormonal means.
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respect to the presence of females, Ungerfeld et al. (2009) suggest that 
contact with females delays antler casting in Ozotoceros bezoarticus. As 
the antler cycle is closely related to androgen levels (Bubenik, 1990), the 
presence of females might induce higher testosterone concentrations, 
benefiting the maintenance of hard antlers (Ungerfeld et al., 2009). The 
males in our study had been isolated from females for at least seven 
months, which may have negatively impacted their androgen levels and 
antlers maintenance. We propose that the relationship between socio- 
sexual stimuli and reproductive activity, as well as secondary sexual 
characteristics, should be further elucidated in male deer. Lastly, 
relating to nutrition, some authors suggest that a diet deficient in nu
trients can result in delayed antler development and premature casting 
(Brown, 1990; French et al., 1956). In our study, we measured the 
amount of feed consumed during quarantine and found that, although 
all animals were provided with the same diet, there were differences in 
individual feed intake. Among the six males with antlers in velvet, 66.6 
% (n = 4) had significant feed leftovers for 5 to 14 consecutive days. This 
was also observed in 57 % (n = 4) of the animals that cast their antlers. 
In contrast, all males that maintained hard antlers had consistent and 
adequate feeding throughout the quarantine period. Thus, appropriate 
nutrition may have favoured the maintenance of antler condition in 
these animals.

The Pearson correlation coefficient showed a positive correlation 
between FGMs and FAMs. Thus, our hypothesis that the relation be
tween these two hormones would be negative was not supported. It is 
noteworthy that there is a consensus on the inhibitory effect of HPA 
products on HPG activity (Bartoš et al., 2010; Rivier and Rivest, 1991). 
However, the relationship between these axes is not unidirectional 
(Viau, 2002) and our findings are in line with an alternative perspective. 
Several authors have suggested a positive interaction between HPA and 
HPG end products (i.e., glucocorticoids and androgens) in response to 
certain energy-intensive, stress-related activities across different species 
(Johnsen, 1998; Ketterson and Nolan, 1999; Marliani et al., 2023; 
McCoy and Ditchkoff, 2012). In a study with goral (Naemorhedus gri
seus), Khonmee and collaborators (2014) observed a positive relation
ship between FGM and FAM concentrations over a year. More recently, 
Grotta-Neto et al. (2024) demonstrated in Pampas Deer (O. bezoarticus) 
that stress levels fluctuate throughout the year in association with 
reproductive activities. These authors observed higher levels of FGMs 
during the mating season and suggested that this increase is due to 
reproductive behaviors and the higher frequency of agonistic in
teractions (Grotta-Neto et al., 2024).

This subject has been extensively discussed for many years, and one 
hypothesis that could explain our results is that during a stressful situ
ation, the adrenal gland is stimulated to produce not only glucocorti
coids but also androgens. In castrated cervids, the exposure to stress or 
administration of ACTH leads to the secretion of adrenal androgens in 
amounts sufficient to induce antler mineralization and velvet shedding 
(Bartoš et al., 2004). Bubenik et al. (1990) found that administering 
ACTH to a castrated white-tailed (Odocoileus virginianus) buck resulted 
in elevated plasma levels of androstenedione, a major adrenal androgen. 
Thus, we hypothesize that in the present study, transportation and 
quarantine possibly stimulated the production of adrenal androgens, 
whose concentrations increased concomitantly with glucocorticoids. It 
would be important for future studies to investigate whether this could 
be a compensatory mechanism in response to stress stimuli and whether 
this relationship might behave differently in the medium to long term. 
Moreover, considering that glucocorticoids can affect various levels of 
the HPG axis (Whirledge and Cidlowski, 2010) and that hormones other 
than androgens (e.g., melatonin, prolactin, growth hormone) are 
directly or indirectly involved in antler development (Bubenik, 1990), 
we suggest that further studies should aim to evaluate and clarify the 
influence of glucocorticoids on these factors and their role in gonadal 
function and secondary sexual characteristics in cervids.

Another hypothesis that corroborates our results relates to the 
metabolic pathways of androgen biosynthesis. It is well-established that 

all steroids are produced from cholesterol through a cascade of enzymes 
(Miller and Auchus, 2011). Testosterone production can occur from 
dehydroepiandrosterone (DHEA), and subsequently, it can be converted 
into dihydrotestosterone (DHT) (Elzenaty et al., 2022). However, recent 
research has identified alternative biochemical pathways in androgen 
biosynthesis, such as the “backdoor pathway”. According to Auchus 
(2004), in the backdoor pathway, 17-hydroxyprogesterone is directly 
converted into DHT without first passing through testosterone. DHT is a 
metabolite with 5–10 times higher affinity for androgen receptors than 
testosterone (Auchus, 2004). Thus, it is possible that in the present 
study, androgen biosynthesis occurred via more than one pathway, 
leading to the positive relationship observed between FAM and FGM 
levels. We suggest conducting research using liquid chromatography- 
mass spectrometry (LC-MS) in deer species to evaluate the activity of 
enzymes involved in steroid synthesis and degradation and to better 
understand the different metabolic pathways (Marcos and Pozo, 2016).

Despite the hypotheses proposed, it is important to note that, 
although the positive correlation between FAM and FGM levels was 
significant, it can be considered weak to moderate (r = 0.4). The sta
tistical test used to assess this relationship assumes a linear correlation. 
Therefore, we emphasize that the use of alternative statistical ap
proaches may be useful for capturing potential non-linear patterns. 
Additionally, it is crucial to highlight that different EIAs detect various 
hormonal metabolites and exhibit distinct sensitivities. For instance, in 
the assay we employed to measure FAMs, we used a polyclonal testos
terone antibody, which primarily detects testosterone (100 %), 5α- 
dihydrotestosterone (57.3 %), androstenedione (0.27 %) and andros
terone (0.4 %). However, Pavitt et al. (2015) found that a 17-oxo-ando
gen EIA was more effective in distinguishing sex and age classes in red 
deer. Thus, it is essential to consider that the use of different EIAs may 
yield varying results and influence interpretations of androgen- 
glucocorticoid interactions.

Lastly, we also evaluated whether FAM concentrations differed 
among two age groups: juveniles (up to 5 years old) and adults (6 to 9 
years old). Knowing that androgen concentrations are not constant 
throughout life (Book et al., 2001), we expected that the adults would 
exhibit higher levels than the juvenile ones. However, we did not find 
any significant differences between the groups. This lack of difference 
could possibly be attributed to the small sample size or to androgen 
production by the adrenal gland, which may have masked age-related 
variation. In contrast, when comparing FGM concentrations, adults 
showed significantly higher levels. This finding confirms our hypothesis 
and aligns with Palme (2012), who affirms that age is one of the various 
factors that can influence FGM concentrations. In both male and female 
Cervus elaphus, an increase in fecal cortisol metabolites levels was 
associated with age (Pavitt et al., 2015; Pavitt et al., 2016). This increase 
may be due to a reduction in the responsiveness of the cortisol feedback 
loop caused by aging (Thompson et al., 2010). We suggest that future 
studies investigate the relationship between age and the profiles of fecal 
androgen and glucocorticoid metabolites using a larger sample size to 
determine if there is an age-dependent pattern for the species.

5. Conclusion

We observed that nearly 60 % of males with hard antlers experienced 
the casting of this key secondary sexual characteristic during quaran
tine. Given the absence of seasonal antler cycles in marsh deer, we hy
pothesize that intense stress negatively affected antler retention. Our 
findings revealed a significant positive relationship between fecal 
glucocorticoid and androgen metabolites, supporting the hypothesis 
that stressful stimuli may trigger adrenal secretion of both glucocorti
coids and androgens. We recommend further studies on the enzymes 
involved in steroid synthesis and degradation, as well as the metabolic 
pathways, to better understand this correlation. Moreover, the study 
provides valuable insights into the reproductive endocrinology of male 
marsh deer, a largely unexplored field. Our research highlights the 
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interaction between stress and male reproductive hormones in 
Neotropical deer, emphasizing the need for further research across other 
animal groups to broaden our understanding.
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Maurício Barbanti Duarte: Investigation, Project administration, Su
pervision, Resources, Formal analysis, Writing – original draft, Writing – 
review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgements

We are thankful to the NUPECCE staff for their help with feces 
collection; to João A. Boer for helping prepare enzyme immunoassay 
solutions; to Larissa Rossato and Daniella Armani for their assistance 
with anesthetic procedures; to Francisco Grotta-Neto for assisting with 
statistical analysis; and to Ana Paula from the Animal Nutrition Labo
ratory of UNESP/Jaboticabal for her help during unforeseen events in 
the hormonal measurement period.

Data availability

Data will be made available on request.

References

Auchus, R.J., 2004. The backdoor pathway to dihydrotestosterone. Trends Endocrinol. 
Metab. 15, 432–438.

Ball, G.F., Balthazart, J., 2020. The neuroendocrine integration of environmental 
information, the regulation and action of testosterone and the challenge hypothesis. 
Horm. Behav. 123, 104574. https://doi.org/10.1016/j.yhbeh.2019.104574.

Barrozo, L.A., Toniollo, G.H.I., Duarte, J.M.B., Pinho, M.P., Oliveira, A.J., 2001. Padrão 
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primavera. In: O CERVO-DO-PANTANAL de Porto Primavera: resultado de dois anos 
de pesquisas. Jaboticabal: FUNEP/CESP, 2001. Relatório técnico. 1CD-ROM.
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