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Abstract 
Group living is widespread across diverse taxa, and the mechanisms underlying collective decision-making in contexts of variable role division 
are critical for understanding the dynamics of group stability. While studies on collective behavior in small animals such as fish and insects are 
well-established, similar research on large wild animals remains challenging due to the limited availability of sufficient and systematic field data. 
Here, we aimed to explore the collective decision-making pattern and its sexual difference for the dimorphic Tibetan antelopes Pantholops 
hodgsonii (chiru) in Xizang Autonomous Region, China, by analyzing individual leadership distribution, as well as the joining process, considering 
factors such as calving stages and joining ranks. The distinct correlations of decision participants’ ratio with group size and decision duration 
underscore the trade-off between accuracy and speed in decision-making. Male antelopes display a more democratic decision-making pattern, 
while females exhibit more prompt responses after calving at an early stage. This study uncovers a partially shared decision-making strategy 
among Tibetan antelopes, suggesting flexible self-organization in group decision processes aligned with animal life cycle progression.
Key words: calving stage, decision-making, leadership, sexual differences, Tibetan antelopes.

Group living is a widespread phenomenon observed across 
diverse taxa. The benefits and costs of living in groups have 
been studied extensively (Krause and Ruxton 2002; Ward 
and Webster 2016; Ioannou and Laskowski 2023), and var-
iation in these benefits and costs helps explain why there 
is such diversity in social behavior in the animal kingdom. 
Avoidance of predation risk is a widespread explanation for 
group living, while food competition and pathogen transmis-
sion are common costs (Ioannou and Laskowski 2023; Yan 
et al. 2024). To attain the benefits mentioned above, individ-
uals within the group continually adapt their behavior and 
rhythm, responding to external social cues (Berdahl et al. 
2018) based on their accumulated knowledge and experience 
(Duboscq et al. 2016). Other group members also respond 
concurrently, thereby facilitating social transmission and 
collective decision-making (Ioannou and Laskowski 2023). 
Group members synchronize their activities with those of the 
collective, thereby maintaining the spatio-temporal dynamics 
of the group.

Collective decision-making emerges from social feedback 
networks within a group (Planas-Sitjà et al. 2015). It involves 
collaborative consultation and response selection among 
group members (Ward and Webster 2016). However, studying 

these feedback scenarios in the real world can be difficult 
because numerous factors interact to shape decision-making 
process (Watzek et al. 2021). In particular, the ability and 
the tendency to communicate across the group regulate the 
dynamics of the decision-making scenarios (Conradt and 
Roper 2005). Group decision mechanisms can range from 
completely shared (e.g., consensus), such as in bird flocks 
(Farine et al. 2014), fish shoals (Ward et al. 2011), and social 
insect swarms (Carlesso et al. 2023), where most individuals 
contribute to most decisions, to completely unshared (e.g., 
leadership), such as those formed by some species of mam-
mals, including primates (Anand and Radhakrishna 2022), 
cetaceans (Zwamborn et al. 2023), and some ungulates (Yan 
et al. 2024), where one or a few individuals consistently 
impose their preferences on other group members, leading to 
greater possibilities of negotiation or voting and shaping pat-
terns of following and leadership (Krueger et al. 2014; Briard 
et al. 2015).

The mechanisms by which group-living animals collec-
tively exploit resources, and the role of individuals in group 
decisions, are central issues for understanding social feed-
back networks in aggregation. Variation among individuals 
within social groups is being increasingly recognized as an 
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important determinant driving group behaviors and shaping 
collective decisions. Attention has notably been paid to the 
existence of particular individuals behaving as leaders, or as 
informed individuals, and to their greater effect on collective 
decision-making than other group members (Conradt et al. 
2009; Michelena et al. 2010). In ungulates, as in many other 
taxa, the “leaders” always have specific characteristics such 
as greater age (McComb et al. 2001, 2011), a specific sex 
(Bourjade and Sueur 2010; Ihl and Bowyer 2011). The leader-
ship can also be influenced by the reproductive status (Sueur 
2012), personality (Briard et al. 2015), dominance rank 
(Krueger et al. 2014), and social relationships between group 
members (Ramseyer et al. 2009). Thus, in the Plains zebra, 
Equus burchellii, lactating females trigger the harem move-
ment more frequently since their needs are greater than those 
of their congeners (Fischhoff et al. 2007). While Michelena et 
al. (2010) demonstrate that in the Scottish blackface sheep, a 
slight difference in the sensitivity to conspecifics between bold 
and shy individuals has a strong impact on collective decision- 
making. Although conflicts of interest tend to disperse indi-
viduals (Ramos et al. 2015), ungulates make trade-offs 
between the motivation to stay within a group of congeners 
that do not all have the same needs (Rands et al. 2003) and 
the motivation to move away toward preferred food patches 
(Yan et al. 2024), thus usually succeed in reaching consensus 
decisions and traveling together (Conradt and Roper 2005).

The Tibetan antelope Pantholops hodgsonii (chiru) is an 
ungulate species endemic to the Qinghai-Tibet Plateau (QTP) 
(Schaller 1998). It is listed under first-class protection in 
China, included in Appendix I of CITES (CITES, 2017), and 
categorized as Near Threatened on the IUCN Red List (IUCN 
2023). Despite the remoteness and vastness of their habitat, 
the species was at risk of extinction during the 1980s and 
1990s as a result of poaching (Hu et al. 2020; Wu et al. 2021). 
Although the population has steadily increased from 2000 
onwards (Schaller 2012), development of animal husbandry, 
infrastructure development (such as railways and highways), 
and fencing of pastureland are putting increasing pressure on 
this species (Xia et al. 2007; Fox et al. 2009). Currently, field 
studies on Tibetan antelopes are primarily focusing on spe-
cific behavioral traits or inter-species comparisons (Schaller 
et al. 2006; Yu et al. 2008; Luo et al. 2018, 2020; Yang et al. 
2018), behavioral rhythms (Lian et al. 2007; Luo et al. 2023), 
spatial distribution (Hu et al. 2020; Zhang et al. 2021), sea-
sonal migrations (Buho et al. 2011; Manayeva et al. 2011), 
and associated environmental influencing factors (Yin et al. 
2006; Wu 2007; Wei and Xu 2020; Wu et al. 2021). As yet 
little was known of the collective decision-making pattern or 
the associated role division (leading and following process) 
among group members for the Tibetan antelope.

In order to study collective decision-making pattern in ani-
mal populations, acquiring high-resolution individual move-
ment data is imperative. In recent years, the rapid advancement 
of bio-telemetry technologies (Krause et al. 2013; Kays et al. 
2015) and remote sensing techniques (Lukeman et al. 2010; 
Anderson and Gaston 2013; Ling et al. 2019) has made this 
objective attainable. Presently, animal tracking devices based 
on the Global Positioning System have exhibited improved 
performance, facilitating the real-time acquisition of high- 
frequency, high-precision behavioral data from multiple indi-
viduals within a group (Langrock et al. 2013; Farine et al. 
2016). However, the success rate of data recovery using such 
technology depends heavily on factors such as group size, 

group stability of the target groups, as well as variations in 
individual responses to the capture and device attachment 
procedures (Torney et al. 2018). Simultaneously, remote sens-
ing technologies, exemplified by unmanned aerial vehicles 
(UAVs, drones) (Koh and Wich 2012; Christie et al. 2016), 
have undergone astonishing development. Leveraging their 
versatile control platforms, operators can non-intrusively 
capture animal group behaviors from distances of several 
kilometers away. And these platforms can adjust camera posi-
tions synchronously with changes in the morphology of the 
subjects, thus enhancing the quality of data acquisition. In 
addition, the relatively low cost and the increasing maturity 
of automated computer vision processing (Liu et al. 2014; 
Torney et al. 2016; Suruliandi et al. 2020) have increasingly 
endeared UAVs technologies to researchers in the field of ani-
mal behavior studies (Hughey et al. 2018).

In this study, we investigated the collective decision- 
making pattern and its associated leadership distribution 
for the Tibetan antelope, through the combination of field 
observations, and UAVs technologies. We aim to explore the 
mysteries of how these antelopes interact and coordinate 
their behaviors within groups, and the potential differences 
between male and female groups with regard to their calving 
stages. Studies have showed that the risk of making a mistake 
and settling on a bad option often decreases with the number 
of decision-makers (Sumpter and Pratt 2009; Conradt 2012). 
In principle, sharing of decisions is more profitable for groups 
than accepting the unshared decision (Conradt and Roper 
2007), which may allow information pooling and, potentially, 
better decisions (Ward and Webster 2016). In this context, 
several ungulate species such as the horses (Equus caballus, 
Euuus ferus przewalskii), the Tibetan wild ass (Equus kiang) 
collectively revealed a shared decision-making strategy (Yan 
et al. 2024), and in 7 of the 10 ungulate species Smith et al. 
(2015) have reviewed, the adult females were responsible for 
most decision initiation, which highlighted the mechanism of 
widespread differences in decision-making between sexes.

In dimorphic species such as the Tibetan antelope, the larger 
size of males compared to females (Luo et al. 2023) results in 
different energy requirements, food selection, predator avoid-
ance strategies, or activity budgets(Conradt 1998; Ruckstuhl 
and Neuhaus 2002). Because of these differences, males and 
females often live in segregated groups (Schaller et al. 2006), 
except during the breeding season when the energetic imbal-
ance between sexes is reduced due to mating (Wei and Xu 
2020). Segregation may also occur according to reproductive 
status, as pregnant and lactating females are more exposed 
to predators and have a higher energetic demand than non- 
pregnant and non-lactating females. Combined with poten-
tial kinship associations that exist within a group, these 
inter-individual differences make some antelopes more likely 
than others to initiate decision-making and to be followed 
by their conspecifics. Therefore, we hypothesize that: 1) the 
Tibetan antelope employs a shared decision-making strat-
egy; 2) leadership distribution is sexually associated, and the  
decision-making process is related to the calving process.

Materials and Methods
Subjects and study sites
Our study was carried out at Chang Tang Nature Reserve 
and Siling Co Nature Reserve, Xizang Autonomous Region, 
China. Both of them are located in the QTP, the highest 
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plateau in the world. The high altitude (above 4,500 m for 
Chang Tang Nature Reserve, and an average of 4,700 m 
for Siling Co Nature Reserve), intense solar radiation, low 
air temperature, and oxygen levels render these 2 reserves a 
unique environment that shapes animal behaviors.

The Tibetan antelope is exhibiting 2 residency types, migra-
tory and non-migratory. Currently, the population of Tibetan 
antelopes exceeds 150,000 individuals, with their core habi-
tat situated within the Chang Tang Nature Reserve. Tibetan 
antelopes residing in the surrounding areas of the Siling Co 
Nature Reserve in the southern Chang Tang region (Shenzha 
County and Bangor County) are considered non-migratory, 
whereas those inhabiting the northern Chang Tang region in 
Shuanghu County are migratory (Schaller 1998). The Tibetan 
antelope follows a harem polygyny mating system, wherein a 
male typically mates with most or all of the females within his 
harem, which consists of several females during the mating 
season, occurring from December to January. The calving sea-
son takes place from June to July (Luo et al. 2018), prior to 
which female Tibetan antelopes return to their calving ground 
and complete childbirth, predominantly from late June to 
early July, then return to breeding ground in July to August 
(Schaller et al. 2006; Wei and Xu 2020).

Data collection and extraction
We followed previously planned line transects among the 
three counties (Shenzha, Shuanghu, Nima) in Nagqu City 
from June to July 2022 (Supplementary Table S1). Each tran-
sect was traversed only once over the entire study. Groups 
encountered on the return trip would not be sampled. Since 
the time of data collection was largely restricted around the 
calving period of the Tibetan antelope, and currently no report 
has announced the migration pattern of males, we restrain 
the distance between sampling points on different dates to 
be more than 30 km to reduce the pseudopositive sampling 
caused by repeated collection of the same population.

At a certain distance (ranged from 1,000 to 2,500 m) 
away from the antelopes, drones were controlled by desig-
nated operators to fly to a specific altitude and conduct sta-
ble behavioral video recording. Before the former recording 
begins, the drone (Mavic 2 Pro, DJI, China) was initially 
ascended vertically to an altitude of 200 m above ground level 
and then maneuvered toward the target group. When ante-
lopes appeared on the monitor, the drone descended grad-
ually to a height of no less than 100 m, at which the study 
subjects exhibited no signs of distress (Yan et al. 2024). No 
predators or evident disturbances were observed during the 
recording. The video recording time was from 08:00 to 19:00 
(GMT + 8), and the shooting angle of the camera was 90 °C. 
Each group was filmed for 10–20 min depending on the bat-
tery capacity of the drone.

We selected the segments with relatively stable shooting 
positions and those that have no repeated entries and exits of 
antelopes as the target clips for further analysis. Each individ-
ual was numbered at the beginning of the segments. We then 
labeled all individuals in the frame one by one with their types 
of behavior according to the time. The behavior types were 
classified into feeding, vigilant, resting, moving, and others as 
mentioned by Lian et al. (2007). Each member eventually had 
its identity and a timeline of behavior shifts (Fig. 1). The same 
process was adopted for 5 h:54 min:21 s of videos from 22 
groups. The average group size is 18.083 ± 1.824 for females 
and 7.700 ± 0.978 for males.

Data analysis
Leadership, followership and decisons
We classified the shooting period into stages before (prior 
to the 1st of July) and after (1st of July and afterwards) the 
calving according to our field observation experience. When 
an individual changes its behavior, we regard the shift as 
an attempt. An attempt is considered a decision only when 
it receives responses from at least one other group member 
(You et al. 2013). The individual who initiates the decision is 
defined as the leader, while the individuals who respond are 
referred to as followers (Yan et al. 2024), each with a differ-
ent order of precedence. The decision requires the follower to 
shift to the same behavior as the leader (the target behavior) 
before the leader makes the next shift (Figure 1).

The moment of the leader’s behavioral shift is the decision 
initiation moment. The time from the emergence of the leader 
to the emergence of the last responder constitutes the decision 
duration/time during which the initiating behavior leads to 
a group’s decision. Decision latency is the time between the 
behavior-shift of a follower and the previous follower. Thus, 
the interval between the behavior-shift moments of the lead-
er’s and the first follower is the decision latency of the first 
follower (Yan et al. 2024). Given the inherent challenge in 
discerning intentional recruitment in behavioral transitions, 
attempts without followers are not classified as failures and 
are excluded from subsequent analyses.

Random behavior shifting
Before proceeding with further analysis, a behavior random 
permutation model (BRP) was employed to evaluate whether 
the positioning of specific behavior type (i.e., feeding, vigilant, 
resting, moving, and others) within the behavioral sequence is 
random (Luo et al. 2023). The fundamental concept guiding 
the model implementation entails quantifying the frequency 
of various behaviors within a sequence and subsequently 
utilizing an algorithm to randomize these behaviors (i.e., the 
expected value/times of the co-occurrence of 2 types of behav-
iors, EV, and its highest probability of occurrence, NHP). The 
ensuing comparison between the randomized sequence (EV 
and NHP) and the original sequence (i.e., the observed value/
times of the co-occurrence of 2 types of behaviors, OV) was 
then undertaken to discern potential relationships between 
any 2 behavior types (Supplementary material for the pro-
gram code).

We ran 100,000 random permutations of the observed 
behavior data in each sample/individual. Wilcoxon signed-
rank tests were used to compare the differences in mean val-
ues of EV-OV (NHP-OV). Instances of behavioral transitions 
significantly deviating from the expected distribution were 
categorized as an individual’s habitual response (internal- 
driven action), rather than responses to the initiation of any 
leaders (external-driven action). Therefore, these highly cor-
related behavior types were excluded from the corresponding 
sequences before all subsequent leader–follower analyses.

Leadership distribution
The leadership score (LSi) of individual i was calculated as:

LSi =
Li

Dgroup
,

where Li is the leading times of individual i and Dgroup is the 
total decision times of the whole group.
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Leading probability (Lp) focused only on individual perfor-
mance and was represented by leading times (Li) divided by 
the sum of an individual’s leading times and following times 
(Fi):

Lp =
Li

Li + Fi
.

The mean value of Lp for each sex was then served as thresh-
olds to differentiate habitual leaders from others. Those mem-
bers who never lead nor follow were regarded as “non-joiner” 
(Li = Fi = 0). Individuals whose Lp surpass the mean value 
of the same sex (Lpi > Lpmale or Lpi > Lpfemale, where Lpi is 
the leading probability of individual i, Lpmale, and Lpfemale were 
mean values of Lp for each sex) were regarded as “habitual 
leaders,” while those below were classified into “habitual 
followers.”

We used the Gini coefficient (G), which is commonly used 
to evaluate income inequality in economics, to quantify 
the degree of inequality of leadership distribution among 
the Tibetan antelopes. G was originally applied to evaluate 
wealth distribution, but in biology and sociology, it has been 
increasingly used to measure the degree of inequality in ani-
mal behavior. For example, the flight activity among the for-
aging honeybee Apis mellifera (Tenczar et al. 2014; Klein et 
al. 2019), the leadership distribution among the Tibetan wild 
ass Equus kiang (Yan et al. 2024), and the contributions of 
helpers in wild Kalahari meerkats Suricata suricatta (Rotics 
and Clutton-Brock 2021).

Following Yan et al. (2024), we evaluated the degree of 
inequality of leadership distribution among the Tibetan 
antelopes by examining the skew of leadership scores for all 
antelopes by computing an adjusted Gini index (Ga), which 

Figure 1. A schematic illustration of behavioral transitions and the decision-making process for Tibetan antelopes.
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corrects small group size bias (Banerjee et al. 2021) with 
values comprised between 0 (if all individuals contributed 
equally) and 1 (if only one individual performed, that is, com-
pletely unequal):

Ga =

∑n
i
∑n

j

∣∣LSi − LSj
∣∣

2 (n− 1)
,

where LSi and LSj are leadership scores of individual i and j 
which belong to the group with n individuals.

We evaluated the effects of group size, sex, calving stage, and 
their interactions (fixed factors) on both decision times and 
Gini coefficient (response variables) by utilizing GLMM anal-
ysis with the lmerTest R package (Kuznetsova et al. 2017). We 
included group identity as a random factor to account for the 
interdependencies among data derived from the same group. 
By employing correlation analysis, we explored the potential 
impact of both group size and the proportion of participants 
on the duration of decision-making processes.

Joining process of the decision-making
Moreover, we studied individual latencies for joining group 
behavior-shift decisions (i.e., the latency of a follower j is the 
time between the behavior-shift of follower j and the previous 
follower j− 1) by performing survival analysis and curve esti-
mation. A linear distribution of the survival curve reveals that 
the probability of an antelope joining the decision is depend-
ent on time, while a power or exponential distribution means 
that this probability is not dependent on time but rather on 
the number of individuals that have already joined the move-
ment (Sueur et al. 2009; Ramos et al. 2015; Yan et al. 2024). 
In addition, we used curve estimation to assess the relation 
between the distribution of average latencies and the joining 
rank of followers. If this distribution follows a non-linear 
function, the joining process can be inferred to be a mimetic 
phenomenon (Ramos et al. 2015).

A comparative analysis of the decision latency as well as for 
the decision duration on male and female groups before and 
after the calving were conducted for the first 3 joining steps (the 
joining latency for the 1st, 2nd, and 3rd followers) given that 
only 8.48% of all decision events had more than three followers. 
We applied nonparametric Kruskal–Wallis analyses of variance 
to decision latency and decision duration given their abnormal 
distributions. Subsequently, Dunn’s test was conducted to assess 
the post hoc pairwise differences among the testing groups.

In order to explore the potential trade-offs Tibetan antelopes 
exhibited between decision-making efficiency and accuracy, 
the proportion of participants was ascertained by dividing the 
total number of leaders and followers actively involved in each 
decision-making event by the group size. Thereafter, any cor-
relations among the proportion of participants, the decision 
duration, and the group size were examined with the psych 
R package (William 2024). The “holm” correction was per-
formed to adjust the probabilities for multiple tests.

The BRP analysis was conducted with MATLAB (R2023b). 
All other statistical analyses were performed in the R statis-
tical computing environment v4.0.5. The level of statistical 
significance was set as P = 0.05. All data were reported as 
mean ± SE.

Results
Among the 1,383 times of potential leading-following 
events (Supplementary Table S3), we identified 330 times 

of decisions (Supplementary Table S4) for 22 groups (131 
and 199 times for female and male groups, respectively) 
after RBP analysis (Supplementary Table S2). Most of the 
highly correlated transition sequences are linked to move-
ment behavior, such as the mutual transition between move-
ment and foraging, as well as vigilance. The Ga of leadership 
disrtibution ranges from 0.197 to 0.802, with a mean of 
0.403 (SE = 0.166), and Ga for female groups is marginally 
significantly higher than that of males (0.455 ± 0.157 vs 
0.341 ± 0.161; Wilcoxon rank sum test, W = 89, P = 0.059). 
Decision times are interactively affected by group size, sex, 
and calving stage (Table 1). As group size increases, there 
is a significant decrease in the proportion of participants 
involved in decision-making (r = -0.765, P < 0.001), while 
the proportion of participants is positively correlated with 
the decision duration simultaneously (r = 0.397, P < 0.001; 
Figure 2).

Decision-making pattern
In Tibetan antelope, individuals take different roles in lead-
ing behavior-shift decisions. In each group, 1–9 antelopes 
were identified as habitual leaders. Among 86% (19/22) 
of the groups, the proportion of habitual leaders did not 
exceed half. The mean leadership probabilities were com-
parable between males and females, yet there was a sta-
tistically significant difference in their variances (Figure 
3; Bartlett test, Bartlett’s K-squared = 8.738, P = 0.003). 
Females exhibited higher variance, indicating less homo-
geneity in role division (A subset of individuals excels 
in initiation, while another subset demonstrates a pref-
erence for following) while making decisions compared 
to males. Virtually all female habitual leaders exhibited  
decision-leading frequencies above the mean, while the 
decision-leading frequencies of male habitual leaders were 
randomly distributed on both sides of the evenly shared 
leadership line (Figure 3), elucidating that the role division 
within the male group exhibits a more democratic distribu-
tion while making decisions.

Joining process of the decision-making
Survival analysis and curve estimation showed that the deci-
sion latency follows a exponential distribution for males 
in both before- (R2 = 0.934, F1,420 = 7047.11, P < 0.001, 
y = 1.053 × −0.031, R2

exponential > R2
power > R2

linear) and after- 
(R2 = 0.939, F1,125 = 3478.284, P < 0.001, y = 0.839 × −0.013, 
R2

exponential > R2
power > R2

linear) the calving, for females 
before the calving (R2 = 0.953, F1,551 = 1764.89, P < 0.001, 
y = 0.852 × −0.01, R2

exponential > R2
power > R2

linear). While for the 
female groups after the calving, the fitting of the power func-
tion was better (R2 = 0.923, F1,265 = 2309.895, P < 0.001, 
R2

power > R2
exponential > R2

linear) (Figure 4). All these indicating 
that the joining process of the Tibetan antelopes depends on 
the number of antelopes that have already joined the deci-
sion. The distribution of mean latency according to the join-
ing rank of followers did not follow any obvious pattern for 
both sexes (Supplementary Table S5).

Owing to the fact that in the vast majority (125/131) of  
decision-making processes among females, the number of 
participants did not exceed 3, we conducted sex comparisons 
for the first, second, and third joining latency, as well as the 
decision duration. We found decision-joining differentiation 
between sexes occurred for the first joining latency. The first 
decision latency among females after the calving is smaller 

https://academic.oup.com/cz/advance-article/doi/10.1093/cz/zoae036#supplementary-data
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https://academic.oup.com/cz/advance-article/doi/10.1093/cz/zoae036#supplementary-data
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Table 1. Results of GLMMs evaluating the effect of group size, sex, calving stage on the Gini index and decision times of the Tibetan antelopes.

Estimates Std. error t value P value

Gini Index

Intercept 0.919 0.638 1.440 0.172

Group size −0.023 0.030 −0.783 0.447

Sex −0.587 0.690 −0.851 0.409

Stage −0.656 0.655 −1.001 0.334

Group size × Sex 0.015 0.049 0.309 0.761

Group size × Stage 0.035 0.031 1.143 0.272

Sex × Stage 0.970 0.730 1.329 0.205

Group size × Sex × Stage −0.058 0.053 −1.085 0.296

Decision times

Intercept −1.256 38.373 −0.033 0.974

Group size 0.965 1.780 0.542 0.596

Sex −8.274 41.485 −0.199 0.845

Stage 4.147 39.420 0.105 0.918

Group size × Sex 2.270 2.918 0.778 0.450

Group size × Stage −0.658 1.848 −0.356 0.727

Sex × Stage −59.617 43.908 −1.358 0.196

Group size × Sex × Stage 8.070 3.207 2.516 0.025

Significant P values are in bold.

Figure 2. Correlation analysis of the proportion of decision participants, decision duration, and group size. Asterisks are labeled as indicators for 
statistical significance (* represents for P ≤ 0.05, ** represents for P ≤ 0.01, *** represents for P ≤ 0.001).

than that of males after the calving, as well as of females 
before the calving. It is notable that, unlike males whose 
decision duration lengthens after the calving stage, female 

antelopes appear to abbreviate their decision duration post-
partum. Furthermore, the decision duration for females is sig-
nificantly lower than that of males (Figure 5).
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Discussion
This study first investigated the collective decision-making 
pattern and its potential sexes difference for the Tibetan 
antelopes, by analyzing individual leadership scores and 
exploring their within-group distribution, as well as corre-
lating the joining latency of decision-making with sexes, 

calving stages, and the joining ranks. We conducted behavior- 
shifting data analysis and found that the joining process 
depends on the number of antelopes that have already joined 
the decision. Tibetan antelopes demonstrate a partially shared 
decision-making mechanism, with males exhibiting a more 
democratic distribution of leadership. The decision-making 

Figure 3. The density of leading probability (the upper panel) for all antelopes and their leadership score distribution with regard to their role 
categorization (panel at the bottom; habitual leaders, habitual followers, and non-joiner). The dashed lines in red and blue represent the mean value of 
leading probability for female and male respectively. The red solid line represents leadership score when leadership was evenly shared among group 
members (1/n).
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process involves a trade-off between decision speed and accu-
racy, with females displaying significantly shorter decision 
duration and faster decision response rates at early stage, par-
ticularly post-calving.

Unequally shared decision-making strategy
Generally, the Tibetan antelopes use partially shared decision- 
making mechanisms in their behavior-shifting decisions. 
Decisions in group-living animals are usually made under 
uncertainty, which means individuals lack certain informa-
tion about at least some aspects of the matter under consid-
eration (Couzin et al. 2005; Sumpter and Pratt 2009). As a 
consequence, game theory suggests sharing decision-making 
is more beneficial for the majority of group members given 
its advantage of helping eliminate individual errors through 
pooling personal information from several decision-makers 
(Conradt and Roper 2007; Ward et al. 2011; Conradt 2012). 
This may be the case for the Tibetan antelopes, as they live in 
highlands where food resources are relatively scarce (Schaller 
1998; Lian et al. 2007) and are being increasingly affected 
by infrastructure development (Wu et al. 2021), competition 
from domestic animals, and so on (Hu et al. 2020), making it 
particularly important to utilize information aggregation and 
collective intelligence beyond the wisdom of crowds (Sasha 
and Johnstone 2002; Kameda et al. 2022).

Tibetan antelope shows uneven leadership distribution, 
with only partial members taking charge of the decision ini-
tiation (Figure 3). Generally, the unequally shared decision- 
making strategy is believed to be related to sex, age, experience, 

personality, and energy level, which affect the decision sys-
tem and how individuals react to the environment (Ramos et 
al. 2015; Yan et al. 2024). The observed differences in role 
division between sexes in decision-making further substan-
tiate this assertion. As the last migratory ungulate in China, 
the female Tibetan antelope has the perilous mating/calving 
migrations and a high energy-consuming calving period in its 
annual life cycle. Compared to their male congeners, female 
antelopes may face higher survival threats throughout the 
year. Therefore, females exhibiting a propensity for decision 
initiation rather than following may be indicative of those 
possessing extensive survival experience (Ramos et al. 2021), 
particularly among the older cohort like other ungulate species 
(Briard et al. 2015). Conversely, females consistently adopting 
a follower role without initiating decisions likely encompass 
a subset of sub-adult females cohabiting with adult females 
but characterized by relatively limited survival experience 
(Fischhoff et al. 2007; Bourjade et al. 2009; Smith et al. 2015).

Behavioral syndromes may also be involved in leading to 
inter-individual variation in behavioral tendencies across con-
texts (Sih 2013) for Tibetan antelopes. A syndrome involving 
exploratory behavior, fearfulness, and response to environ-
mental change (i.e., antipredator activity) has been identified 
in a number of ungulates and termed the “proactive-reactive  
axis” (Réale and Festa-Bianchet 2003; Sih et al. 2004; Found 
and Clair 2016). Proactive elk (Cervus canadensis) were char-
acterized by greater exploration of novel objects, increased 
vigilance, and a greater frequency of leading other elks to 
new habitats (Found and Clair 2016); while a study of sheep, 

Figure 4. Distribution of decision latency for the Tibetan antelope. English letters on the top-right corner of each panel (a, b, c, d) represent for female 
group before the calving, female group after the calving, male group before the calving, male group after the calving respectively. The relationship 
between the two variables were indicated with dashed arrows in each panel.
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Ovis aries, found that stress responses were related to lower 
willingness to eat novel foods (Villalba et al. 2009). For the 
Tibetan antelope, inhabiting an environment characterized 
by insufficient food resources, the variations in their capac-
ity to differentially respond to conspecific competition, plant 
defenses, and fluctuating environmental conditions, alongside 
individual differences in personality and food preference, as 
well as social hierarchy, may influence the intensity of their 
behavioral tendencies. Consequently, this may result in more 
frequent decision-making by certain individuals. For exam-
ple, antelopes exhibiting more selective feeding habits are 
more likely to explore various habitat patches, thereby initiat-
ing movement and foraging decisions more frequently. While 
individuals with lower social status may predominantly 
engage in alert-related decision-making in most scenarios.

Trade-off between decision accuracy and speed
The progression of decision-making in Tibetan antelopes 
depends on how many individuals have already joined the 
decision, and this process is flexibly regulated by the size of 
the group and the ratio of decision-making participants. The 
markedly distinct correlations observed between the proportion 
of participants and group size, as well as between group size 
and decision duration (with one being positive and the other 
negative), suggest a counterintuitive relationship. Specifically, 
as group size escalates, there is a corresponding constriction 

in the breadth of decision-making information spreading. This 
discovery further corroborates the notion posited in previous 
research that an increase in group size does not invariably 
enhance member engagement (Dyer and Chittka 2004; You et 
al. 2013). These results highlight the trade-off between accuracy 
and speed in Tibetan antelope during decision-making, which 
underscore the inherent complexity within group dynamics and 
offer novel insights into the collective behavior of social groups.

The involvement of fewer individuals in decision-making 
may help prevent the introduction of erroneous information 
associated with excessive participants as well as lead to a 
faster rate of information transmission (Ward et al. 2008). This 
strategy is crucial for the survival of Tibetan antelopes. The 
harsh conditions on the Qiangtang Plateau, which are typical 
of limited aboveground biomass resources and a widespread 
presence of medium- and large-sized wild predators (the Wolf 
Canis lupus, the Tibetan blue bear Ursus arctos pruinosus as 
well as the Snow leopard Panthera uncia), all exerting pres-
sure on Tibetan antelopes. Under such background, Tibetan 
antelopes must make precise decisions without expending too 
much energy to sustain their survival and reproductive needs.

Sexually differentiated decision-making involves 
faster recruitment in the early stages
Female groups exhibited significantly shorter joining latency 
of the first follower after calving when compared to most other 

Figure 5. Comparisons of the decision duration and the first, second, and third joining latency for female and male groups before and after the calving 
stage. Asterisks are labeled as indicators for statistical significance (* represents for P ≤ 0.05, ** represents for P ≤ 0.01, *** represents for P ≤ 0.001).
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sex-calving stage categories (Figure 5). Despite the absence 
of brood-rearing behavior in these female groups during the 
data collection period, our result indicates a divergence in 
decision-making patterns between sexes following calving. 
One plausible reason is the variation in the interaction among 
individuals arising from differing levels of predation risk 
before and after the calving, which has long been recognized 
as a lethal threat factor for female ungulates during lactating 
(Lian et al. 2007; Berg et al. 2021). For our case, female and 
brood-rearing groups remain within the same calving ground 
in each county, where the number of predators such as the 
Common raven Corvus corax and the Wolf increases with 
the number of newborn lambs. Concurrently, the males dis-
perse to other areas characterized by lower predation risk. 
The higher tightness in the female individuals after the calving 
made them respond quicker to group members (Lian et al. 
2007). Another probable reason is the more intense resource 
competition on the calving ground following parturition, as 
opposed to the pre-calving period. This competition likely 
facilitates quicker feedback from the followers.

While this study has yielded significant findings, it is 
essential to acknowledge its limitations. First, the inherent 
challenges in conducting continuous follow-up studies on 
stationary field populations restricted our access to com-
plete behavioral data for specific populations throughout 
their entire experimental cycles. This limitation prevented us 
from fully elucidating potential changes in decision-making 
patterns within fixed groups. Second, we currently lack data 
on the relative spatial distribution of individuals within the 
groups and have not yet detailed the relative positional asso-
ciations based on behavioral shifts. These aspects are crucial 
for understanding the differentiated behavioral change strat-
egies exhibited by group-living individuals. Finally, it will be 
imperative to include the nursery group in future analyses and 
thoroughly explore decision-making patterns across a wider 
range of group categories, with a particular focus on under-
standing the impact of the offspring proportion on the col-
lective decision-making for the Tibetan antelopes. Therefore, 
we advocate the more comprehensive combined use of field 
validation and high-precision technologies in future research 
to effectively investigate collective decision-making patterns 
and their sexual differentiation in Tibetan antelopes.
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