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Abstract 

Background Interaction through movement can be used as a marker to understand and model interspecific 
and intraspecific species dynamics, and the collective behavior of animals sharing the same space. This research 
leverages the time-geography framework, commonly used in human movement research, to explore the dynamic 
patterns of interaction between Indochinese tigers (Panthera tigris corbeti) in the western forest complex (WEFCOM) 
in Thailand.

Methods We propose and assess ORTEGA, a time-geographic interaction analysis method, to trace spatio-temporal 
interactions patterns and home range shifts among tigers. Using unique GPS tracking data of tigers in WEFCOM 
collected over multiple years, concurrent and delayed interaction patterns of tigers are investigated. The outcomes 
are compared for intraspecific tiger interaction across different genders, relationships, and life stages. Additionally, 
the performance of ORTEGA is compared to a commonly used proximity-based approach.

Results Among the 67 tracked tigers, 42 show concurrent interactions at shared boundaries. Further investiga-
tion of five tigers with overlapping home ranges (two adult females, a male, and two young male tigers) suggests 
that the mother tiger and her two young mostly stay together before their dispersal but interact less post-dispersal. 
The male tiger increases encounters with the mother tiger while her young shift their home ranges. On another time-
line, the neighbor female tiger mostly avoids the mother tiger. Through these home range dynamics and interaction 
patterns, we identify four types of interaction among these tigers: following, encounter, latency, and avoidance. Com-
pared to the proximity-based approach, ORTEGA demonstrates better detects concurrent mother–young interactions 
during pre-dispersal, while the proximity-based approach misses many interactions among the dyads. With larger 
spatial buffers and temporal windows, the proximity-based approach detects more encounters but may overestimate 
the duration of interaction.

Conclusions This research demonstrates the applicability and merits of ORTEGA as a time-geographic based 
approach to animal movement interaction analysis. We show time geography can develop valuable, data-driven 
insights about animal behavior and interactions. ORTEGA effectively traces frequent encounters and temporally 
delayed interactions between animals, without relying on specific spatial and temporal buffers. Future research 
should integrate contextual and behavioral information to better identify and characterize the nature of species 
interaction.
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Background
Study goals
Interspecific and intraspecific interactions play essential 
roles in shaping species collective dynamics in ecosys-
tems [1–3]. They are key drivers in forming behavioral 
patterns and inter-individual dynamics, such as intraspe-
cific interactions, predator–prey relationships [4–6], sex-
ual selection [7, 8], parasitism [9, 10], and mutualism [11, 
12]. The collective dynamic interactions between animals 
drive population and community evolution [13–15]. 
Moreover, predation and competition are considered as 
main factors influencing carnivore resource selection and 
population dynamics [16–18]. As such, spatial and tem-
poral attraction and avoidance are key mechanisms gov-
erning interspecific social dynamics [19].

Tiger, as a top predator in many Asian ecosystems, is a 
keystone species and serves as a flagship species for con-
servation in the region [20, 21]. Like most felids, the tiger 
is intra-sexually territorial [22, 23]. They interact through 
chemical and vocal communications. Adult tigers scent 
mark trees to alert other tigers of territorial bounda-
ries and to avoid direct encounters that may result in 
serious injuries or even mortality to the loser [24]. The 
scent marks seem to last up to 3 weeks according to field 
observations [24]. Female tigers’ scent marks also reveal 
their reproductive status to male tigers of their approach-
ing estrus [25] and thus serves as a temporally delayed 
interaction between tigers. Breeding female tigers occupy 
defended home ranges (territories), and raise their off-
spring solely by hunting prey within their home ranges 
[23, 26]. Thus, the home range size of a female tiger is a 
function of prey density [26–28]. Subadult tigers usually 
disperse from their mother’s territory within 2  months 
of their mother giving birth to subsequent litters [29]. 
Female tigers can settle partially within or adjacent to 
their mother’s territory or they disperse, while male 
tigers are expelled from their father’s territory [29, 30].

In this paper, we propose and assess the applicability 
and performance of an object-oriented time-geographic 
analytical method for movement interaction analy-
sis, named ORTEGA [31] in tracing and understanding 
tiger intraspecific interaction behavior and home range 
shifts through their movement in space and time. Using 
a unique data set of long term tracking data of tigers col-
lected at a 1-h sampling rate in Thailand’s Western For-
est Complex (WEFCOM), this study follows several 
objectives: First, we demonstrate ORTEGA’s application 
to quantify spatio-temporal interaction patterns within 
a large network of tigers (14 years of tracking data of 67 
tigers including total of 285,648 GPS observations). Sec-
ond, focusing on dyadic interaction patterns among five 
tigers of different genders, relationships, and life stages 
with connected home ranges between September 2018 

and August 2020 (total of 40,860 GPS observations), we 
analyze concurrent and delayed interaction patterns 
among these tigers and investigate how their collective 
dynamics associate with changes in their home ranges. 
Finally, in a comparative experiment, we assess the out-
comes against the commonly used proximity-based inter-
action analysis techniques [32]. The study area, WEFCOM 
(19,000   km2), holds the largest population of the Indo-
chinese tiger (Panthera tigris corbeti) [33]. Because this 
population is the only potential source population for the 
recovery of this subspecies, understanding the underlying 
processes that drive its ecology and interaction behavior is 
important for the conservation of tigers in Southeast Asia. 
Analyzing tiger interaction and movement patterns can 
provide needed information for not only restoration, but 
the expansion of tiger habitat in the region.

Movement interaction analysis
Dyadic interaction between animals can be static or 
dynamic [32, 34]. Static interaction is often quantified as 
the spatial overlap of the activity spaces of two animals 
sharing the same geographical space but not necessar-
ily moving at the same time. Dynamic interaction occurs 
when two animals move in close proximity over a certain 
time interval [35, 36]. Dynamic interaction can be classi-
fied into encounters, concurrent, and delayed interaction, 
based on the duration and the lag of interaction [31, 37]. 
A concurrent interaction occurs when individuals move 
synchronously in space and time. If the concurrent inter-
action lasts only for a short period of time (e.g. a few min-
utes), it can be considered as an encounter [37]. A delayed 
interaction happens when individuals visit the same loca-
tion asynchronously with a time lag [38].

In movement ecology, a range of metrics have been 
developed to quantify dyadic dynamic interactions using 
animal tracking data: the proximity index [34, 39], the 
coefficient of sociality [40], the coefficient of association 
[41], the half-weight association index [42], the coeffi-
cient of interaction [43, 44], the cross sampled entropy 
[45], the correlation indices [46, 47], and the dynamic 
interaction index [48]. Most of these measures rely on 
the spatial proximity between two entities and require 
user-defined spatial and temporal thresholds [32, 49, 50]. 
Although proximity-based approaches are often applied 
in detecting interaction when entities are tracked simul-
taneously in time, they are limited in identifying interac-
tion that happens non-synchronously or is not captured 
in non-synchronous tracking [37].

Time geography and movement analytics
More recent approaches to movement interaction analy-
sis incorporate the time geography framework [51] to 
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consider uncertainty and gap in movement tracking data 
[52]. The time geography framework originates from 
human mobility research [51]. It models the accessible 
locations to an entity (e.g. an animal) moving between 
two fixed locations given a time budget to travel between 
the two locations and a maximum speed with a three 
dimensional space–time prism (Fig.  1a). The projection 
of this prism in the geographic space is an ellipse called 
the Potential Path Area (PPA), which has been widely 
used to study human activity space and movement pat-
terns. The PPA delimits the locations that can be reached 
by the individual given a time budget and the maximum 
speed capacity of the individual [53, 54].

The time-geographic PPA is comparable to the Brown-
ian Bridges [55] in a sense that both models compute 
potential areas between two recorded locations where 
the individual can be observed. While the Brown-
ian Bridge, which is often represented as a raster prob-
ability surface, estimates the probability of the individual 

being at different locations, the PPA delimits the maxi-
mum area that can be reached by the individual during 
a time window and at a certain speed. Compared to the 
Brownian Bridge, the time-geography uses a PPA ellipse 
(represented as a vector polygon) with the same visit 
probability across its surface to model activity space. To 
make time-geographic probabilistic, a Brownian Bridge 
[56] or a random walk model [57] can be integrated in 
the PPA computation and to generate a visit probability 
surface.

Leveraging time geography, the recent time interac-
tion analysis methods identify potential areas for inter-
action when the PPA ellipses of different individuals 
overlap along their trajectories. Potential interactions 
between trajectories can be identified via intersect-
ing PPAs, as illustrated schematically in Fig. 1b, with a 
user-defined time-distance window [52, 58], or between 
two subsequent tracking points with a more flexible 
tracing capacity over time [31, 38].

Beside modeling human movement, time geography 
has also been used in wildlife home range and interaction 
analysis [31, 52, 58–62]. Down et  al. [61, 62] proposed a 
voxel-based approach to quantify the probability of physi-
cal interaction within the space–time prism for multiple 
individuals. This approach is analogous to transferring the 
two dimensional Brownian Bridges to a three dimensional 
space–time cube. Hoover et  al. [58] extended the joint 
potential path area (jPPA) method [52] to identify the tem-
porally asynchronous-joint potential path areas (ta-jPPA) 
that map potential locations for delayed dyadic interac-
tion with a user-defined time increment. Using a similar 
approach, Dodge et al. [31] introduced an Object-oRiented 
Time-Geographic Analytical approach (ORTEGA) to 
extract concurrent and delayed interaction patterns in 
both human and animal tracking data. In contrast to the 
previous time geographic approaches, ORTEGA is more 
efficient as it models PPAs as objects which have attributes 
and behaviors to optimize the tracing of PPA intersections 
spatially and temporally in larger moving object data sets 
[31]. Hence, ORTEGA is capable of analyzing interaction 
among dyads as well as in animal networks with more 
than two individuals. This study harnesses ORTEGA and 
its extensions [31, 38] to identify and trace concurrent and 
delayed interaction patterns among multiple tigers. The 
detailed methodology is described in “Interaction detec-
tion and duration computation using ORTEGA” section.

Methods
Interaction detection and duration computation using 
ORTEGA
The methodology of this study consists of two processes: 
(1) detection of interaction, and (2) computation of 
duration of interaction.

Fig. 1 Illustration of a the space–time prism in a three-dimensional 
space–time cube and its projection on the 2D geographic space, 
known as the potential path area (PPA); b PPA intersections (light 
yellow ellipses) to identify potential interaction between two moving 
entities (modified from [31, 37]). Two trajectories are outlined in red 
and blue. Two sets of continuous intersection segments are outlined 
using black rectangles, capturing a concurrent interaction on the left, 
and an encounter segment on the right
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The time geographic approach, ORTEGA [31], 
introduced in “Time geography and movement analytics” 
section, is applied to identify potential interactions 
between two moving entities along their trajectories. 
That is, after pre-processing of GPS tracking data, PPA 
arrays are computed as ellipses. Each ellipse is generated 
using consecutive pairs of GPS points along its long axis, 
factoring in the time interval (i.e. the time budget to 
travel between the two points) and a maximum speed.

The maximum speed, denoted as vmax , is calculated 
using an Exponential Weighted Moving Average 
(EWMA) method [63, 64], as detailed in Eq. 1 [31].

Here, si represents the smoothed speed at the current 
point i, and � is the smoothing constant. The use of � in 
the EWMA serves as a decay factor, effectively control-
ling the influence of past speed data points vi−k on the 
current speed estimation. Specifically, when � is set to 1, 
the current point’s speed vi is given the full weight to the 
current speed. However, as � approaches 0, the formula 
progressively incorporates a broader range of histori-
cal speed data, thereby enhancing the smoothing effect. 
This is reflected in the summation term, which weights 
past speeds with exponentially decreasing significance 
based on their location k within the number of previous 
data points n. The error term ǫ , set as 1.25 in this study, 
provides additional flexibility. This adjustment allows the 
maximum speed calculation to deviate by up to 25% from 
the smoothed average, accommodating the natural vari-
ability and unpredictability of animal movements.

Very large PPAs that were generated due to data gaps 
(i.e. larger than three times the standard deviation of 
the sampling intervals) were removed from the data set 
to avoid erroneous intersection [47]. To accelerate com-
putational speed, a Compressed K-Dimensional tree 
(CKD-tree) method is applied based on the centroid 
points of the PPAs to filter the PPAs within certain spa-
tial and temporal intervals for interaction analysis. This 
way, the dyads that don’t share a tracking timeline or are 
not proximate geographically can be excluded in interac-
tion analysis. A potential dyadic concurrent interaction 
is detected if the PPAs of two animals are intersected in 
time, while the delayed interactions are extracted using 
a time lag (i.e., the time difference between the starting 
time of two spatially intersecting PPAs) [31].

The continuous subsequences of PPA intersections are 
traced to quantify the potential interaction sequences 
and the duration of concurrent interaction [38]. Duration 

(1)
si =

vi if � = 1

n−1

k=0

�(1− �)kvi−k if 0 < � < 1

vmax = ǫsi

of interaction is computed by the difference between the 
end time (maximum time) and the start time (minimum 
time) of the continuous intersection segments. This 
duration is used to distinguish between the brief 
encounters, either intentionally or accidentally, between 
the tigers versus the longer intentional concurrent 
interaction of tigers moving together for a period of time. 
Detailed interaction analysis algorithms and ORTEGA 
workflow are presented in “Appendix” (Fig. 17). Readers 
are referred to [65] (in review) for more technical details, 
Python source codes, and a step-by-step tutorial on how 
to apply ORTEGA for interaction analysis.

Study area and data
The core study area is the Huai Kha Khaeng Wildlife 
Sanctuary, one of 17 protected areas that make up 
WEFCOM [66]. The data set includes a total of 67 tigers 
within this sanctuary which were captured, immobilized 
(UMN IACUC protocol 2204-39926A), and fitted with 
GPS collars (VECTRONIC Aerospace GmbH) [33]. The 
tigers’ movement were tracked at 1 h sampling rate from 
2009 to 2022, amounting to 285,648 tracking points. The 
tracking duration for each tiger varies, spanning from a 
few months to nearly 3 years.

Using ORETGA, from the 67 tigers in the data set, 42 
display concurrent interactions. It is important to note 
that not all tigers share home range boundaries or are 
tracked during the same time period. Hence, ORTEGA 
only captures interaction among tigers with shared 
boundaries and timelines. The interaction network of 
these 42 tigers is visualized in Fig.  2 using Gephi [67]. 
This visualization represents the total duration of inter-
action during the tracking period, which varies from a 
minimum of 0.15  h per month to a maximum 530.1  h 
per month. The nodes in the network correspond to 
individual tigers, identified by their respective IDs. The 
larger nodes shown in a darker blue color (IDs: 131343, 
229012, 229032, and 131333) capture tigers with a higher 
frequency of interactions with other tigers during the 
tracking period. The edges represent the number of inter-
actions between tiger dyads, with darker blue and thicker 
lines capturing more interactions. This network indicates 
that most of these 42 tigers have few concurrent encoun-
ters (average of 28.2± 82.3 h per month) and mostly stay 
away from each other.

Among the network, five tigers with overlapping 
home ranges and specific relationship dynamics exhibit 
a higher rate and/or interesting patterns of interac-
tions. Therefore, in what follows, the study focuses on 
a detailed analysis of tracking data of these five tigers 
(see in “Results” section), including: a female tiger (ID: 
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131343, named “mother tiger” herein, 16,899 points) 
and her two male young, age 1–2 years old, (ID: 229012, 
named “young-1”, 4587 points; and ID: 229032, named 
“young-2”, 8129 points); and two other adult tigers with 
adjacent or shared portions of home ranges with the 
“mother tiger”: one female (ID: 229011, named “neigh-
bor female”, 4819 points), one male tiger (ID: 229022, 
named “male tiger”, 6426 points). Figure  3 maps this 
data set and the study area. The tigers were tracked 
between September 2018 and August 2020 (total of 
40,860 GPS observations), but not all at the same time, 
as illustrated in the tracking timelines shown in Fig. 3b.

To analyze tiger intraspecific interaction between 
different genders and ages, we consider the following 
dyadic relationships: mother–young, female–female, 
female–male, and male–male. For each dyad, the track-
ing data during the maximum common duration avail-
able are used (Fig. 3b). That is, the mother tiger and the 

neighbor female tiger interactions are analyzed from 
September 2018 through January 2019, while the inter-
actions between the mother tiger and her young are 
analyzed during September 2019 and August 2020. The 
tracking of young-1 started in December 2019, right 
before the young become semi-independent. The inter-
actions between the male tiger and the mother tiger are 
analyzed from November 2019 through August 2020. 
To characterize the interaction patterns among the 
young and the other tigers, we consider three stages 
as follows (Fig. 3b): (1) Pre-dispersal: before the young 
disperse (September 2019–January 2020), (2) Dispersal 
Stage 1: when young expand their home range beyond 
the boundary of their mother’s territory (February 
2020–April 2020), (3) Dispersal Stage 2: after the male’s 
week-long visit with the female (May 2020–August 
2020). These phases are characterized and identified 
based on the spatial distributions of their tracking 

Fig. 2 Illustration of the interaction network of 42 tigers. The 
size of each node in the network is proportionate to the number 
of concurrent interactions the tiger has with other individuals. The 
node in darker blue represents more connections (mean of 2.8 ± 1.5 
connection, maximum 6 connections for the largest node). The edges 
that are displayed in a darker blue and with thicker lines represent 
a higher frequency of concurrent interactions between the dyads 
(mean of 28 ± 82.3 h per month, maximum 530.1 h per month 
for the thickest edge)

Fig. 3 a Study area and GPS tracking data of mother tiger (in red), 
young-1 (in blue), and young-2 (in green), neighbor female (in 
brown), and male tiger (in purple). b The tracking timelines of the five 
tigers in their representative color. Except for the neighbor female 
that is tracked on a different timeline, the timeline of the other four 
tigers are divided into three stages: pre-dispersal, dispersal Stage 1, 
and dispersal Stage 2
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points, the point-to-point distances between the ani-
mals (see Fig.  4), changes in spatial overlap with their 
mother’s home range, and the continued shift out of 
their mother’s territory after she associates with a new 
resident male.

In order to understand how the home ranges of the five 
tigers overlapped spatially, we apply the convex hull of 
95% tracking points of five tigers to represent the “used” 
home range [68]. The home range area for each tiger and 
the overlapped home range proportion for each dyad are 
presented in Tables 1, 2, 3, and 4.

Results
This section describes the results of our interaction anal-
ysis, organized based on different tiger dyads. Since the 
time interval of the tracking data is 1 h, the time lag of 
two spatially intersected PPAs equal to or shorter than 
1  h is considered as a concurrent interaction, while 
the time lag longer than 1  h is regarded as a delayed 
interaction.

Duration of concurrent interaction
The duration of monthly concurrent interactions (time 
lag ≤ 1  h) between the five tigers captured in the data 
are summarized in Fig.  5. The outcomes represent 
how long tigers potentially interacted (i.e. quantified 
as accumulative duration of continuous PPA intersec-
tion sequences) each month. In general, the results 
show only a few instances of relatively short concurrent 
intra-sexual interactions between adults. Total duration 
of monthly concurrent interaction between the adult 
male and the young tigers is less than 4  h. The neigh-
bor female and the mother tiger only interact for a brief 
period (average 4 h) during the tracking period of Sep-
tember through December 2018.

Most of the mother–young concurrent interactions 
are detected during the pre-dispersal period (Septem-
ber 2019–January 2020, average monthly duration of 
257.0± 116.2  h), peaking in October 2019. However, 
the concurrent interaction detected in dispersal Stage 
1 (February 2020–April 2020) between the mother and 
the young is significantly shorter (average monthly 
of 24.3± 27.3  h), and even becomes less in dispersal 
Stage 2 (May 2020–August 2020, monthly average of 
2.9± 2.9 h).

Interestingly, as the duration of mother–young 
interaction decreases, the male–mother interaction 
increases. The male tiger and the mother interact con-
currently for a total of 147 h in May 2020, and then the 
duration drops to an average of 31 h per month in the 
following months. The two young tigers show a nota-
ble interaction in January 2020, interacting for approx-
imately 450  h, which appears to mark the onset of 
dispersal. Afterward, Stage 2 of dispersal starts in May 
2020 when the male associates with the female from 
May 22 to May 29, 2020, as described below (Table 6).

Comparison between ORTEGA and proximity‑based 
approach
A comparative analysis of ORTEGA and the existing 
proximity-based approach is conducted, exploring the 
impact of varying time lag parameter and spatial buffer 
(a threshold to define the close contact between two 
individuals) when quantifying the duration of potential 

Fig. 4 Monthly distance distribution between mother and young-2 
tiger. The increased distance between mother and young 
after January 2020 shows that the young is beginning to shift 
out of his natal area

Table 1 Summary of overlapped home range proportion (%) of 
mother tiger, male tiger, young-1, and young-2 at three stages

For each dyad(x, y), the overlapped area of x and y is divided by the home range 
area of y

Dyad Pre‑dispersal Dispersal

Stage 1 Stage 2

Mother–young-1 99.6 35.2 10.1

Mother–young-2 99.5 61.0 26.2

Male–young-1 19.2 0.0 11.9

Male–young-2 32.1 15.5 29.4

Male–mother 35.0 40.5 83.2

Table 2 Summary of overlapped home range areas  (km2) of 
mother tiger and neighbor female tiger in 5 months

Tiger Sept‑18 Oct‑18 Nov‑18 Dec‑18 Jan‑19

Mother–neighbor 
female

0.0 0.6 3.8 3.9 2.3
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concurrent interactions. As an illustrative example, we 
employ the tracking data of the mother tiger and the 
young-2 tiger, specifically during pre-dispersal, disper-
sal Stage 1, and dispersal Stage 2. Because of the lack of 
ground truth data, we assume that a greater number of 
interactions occur in the pre-dispersal stage when the 
mother tiger and her young stay together, and fewer 
interactions occur during the dispersal stages when the 
young become independent of their mother.

Since the tracking data is collected at a 60-min interval, 
to detect concurrent interactions, we apply three differ-
ent time windows (0, 30, and 60 min) in both ORTEGA 
and the proximity-based approach. Additionally, four 
spatial buffer thresholds (200, 500, 1000, and 2000  ms) 
are considered for the proximity-based approach. The 
results are visualized as box plots in Fig. 6. The Mann–
Whitney U Test (summarized in Table  7) indicates that 
the median duration of interaction computed using the 
two methods are significantly different, especially in pre-
dispersal and dispersal Stage 1.

The results suggest that ORTEGA better captures the 
potential interaction using PPA intersection, particularly 
noticeable during the pre-dispersal stage when the young 
stays together with the mother tiger. Conversely, the prox-
imity-based approach fails to detect potential concurrent 
interactions using buffer intersection at this stage, espe-
cially when the time window is shorter than the temporal 
resolution of data, irrespective of the size of spatial buffers.

ORTEGA does not rely on a spatial buffer thresh-
old. Therefore, its performance remains consistent. In 
contrast, the results of the proximity-based approach 
vary based on the size of the spatial buffer. In the pre-
dispersal and dispersal Stage 1, the proximity-based 
approach captures more interactions when the buffer 
increases, with overall performance aligning with the 
results from ORTEGA results at the time window of 
60  min. Moreover, the results of the proximity-based 
approach seems to overestimate the number of inter-
actions especially with larger buffer sizes and temporal 
windows.

These experiments highlight the dependency of the 
proximity-based approach on simultaneous tracking and 
regular location updates to determine when individuals 
are in close proximity. As a result, larger time windows 
and spatial buffers may overestimate potential interac-
tions, while smaller ones could underestimate them. That 
is, when tracking data are coarse or include gaps and 
the two animals are not observed at the same time, the 
proximity-based approach misses potential encounters. 
In contrast, since ORTEGA uses the PPA to consider the 
potential areas between the tracking points, it can better 
capture potential encounters in such cases. Furthermore, 
ORTEGA is capable of analyzing delayed interactions, 
while the common proximity-based approaches do not 
support this function.

Fig. 5 The heat map of monthly duration of concurrent interactions among the five tigers in each month. Darker colors represent longer duration 
of monthly concurrent interactions for each dyad

Fig. 6 A comparative analysis of interaction duration for the mother tiger and young-2 as generated by ORTEGA and the proximity-based 
approach. Each subplot represents a stage, with interaction duration box-plotted at different time windows (0, 30, and 60 min) for the PPA or buffer 
intersections. Different colors distinguish between ORTEGA’s results in grey and proximity-based approach at various distances (200, 500, 1000, 
2000 meter) in other colors. If a box plot does not appear for a particular method at a given time lag, it signifies that no interactions were detected 
using that method for the given time lag

(See figure on next page.)
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Fig. 6 (See legend on previous page.)
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Mother–young interaction
Mother tiger and young‑1
The outcomes suggest that young-1 maintains a close 
relationship with his mother before dispersal, as indi-
cated by the overlapping red and blue home ranges 
in Fig.  7a and the concurrent interactions captured 
in Fig.  8a during the pre-dispersal phase. The home 
range area of young-1 during the pre-dispersal phase 
is 43.7   km2 (Table  3), with an overlap of 43.5   km2 with 
the mother tiger, accounting for 99.6% of the young-1’s 
home range (Table 1). During this phase, the number of 
observed incidences of interactions between young-1 
and his mother per month are: 25± 28.3 incidences per 
month concurrently, 6.0± 2.8 incidences per month with 
a lag of 1 day, and 2.5± 2.1 incidences per month with a 
lag of 1 week. The longest monthly concurrent duration 
between the mother tiger and young-1 lasts around 256 h 
in January 2020.

As young-1 matures, he moves northeastward. His 
home range overlap with his mother decrease to 35.2% 
during Stage 1 of dispersal, and further decreases to 
10.0% during Stage 2 of dispersal (Table  1). Only one 
concurrent interaction between the mother tiger and 
young-1 is detected in Stage 2 of dispersal in June 2020 
(Fig.  8a). The results indicate a low level of interaction 
between these two tigers during dispersal.

Mother tiger and young‑2
Compared to young-1, young-2 shows a closer 
relationship with their mother, with a larger shared 
home range and a higher frequency of interactions 

before and during dispersal. The home range overlap 
between young-2 and the mother tiger is 99.6% of 
young-2’s home range (Table  1). In terms of monthly 
interaction, young-2 and the mother show 45.2± 12.1 
incidences of concurrent interactions before dispersal, 
4.7± 4.2 incidences with a time lag of 1 day, and 1.8± 1.3 
incidences per month with a time lag of 1 week (Fig. 8b). 
The monthly concurrent duration between the mother 
tiger and young-2 lasts 165 h in September 2019, 398 h 
in October 2019, 304  h in November 2019, 320  h in 
December 2019, and 334  h in January 2020 (Fig.  5). 
This indicates that young-2 stays close to the mother or 
follows her path and becomes independent of its mother 
more gradually.

The home range overlap between mother tiger and 
young-2 decreases to 61.0% during dispersal, and contin-
ued to decline to 26.2% in Stage 2 of dispersal (Table 1). 
Although there is a larger home range overlap, the fre-
quency of concurrent interactions between the mother 
and young-2 drops to the similar level as young-1. A total 
of 14 concurrent interactions are detected during Stage 1 
of dispersal, and 7 incidences are captured during Stage 

Fig. 7 Shifts in home ranges of the mother tiger (in red), young-1 (in 
blue), young-2 (in green), male tiger (in purple) as the young disperse

Fig. 8 Frequency of concurrent and delayed interaction (for time 
lags of 1 day and 1 week) between mother tiger and a young-1 
and b young-2 in pre-dispersal, dispersal Stage 1, and dispersal Stage 
2. These frequencies represent how many times tigers come into a 
potential contact regardless of the duration of interaction
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2 of dispersal. The detected delayed interaction with a 
time lag of 1 day decreases from 5.7± 0.6 incidences per 
month during Stage 1 of dispersal to 3.5± 1.9 incidences 
per month during Stage 2 of dispersal (Fig.  8b). These 
results may indicate the awareness of the two tigers of the 
presence of one another, but less desire for concurrent 
interactions.

Female–male interaction between the mother tiger 
and the male tiger
Figure  9 summarizes the outcomes of interaction anal-
ysis between the male tiger and the mother tiger. The 
results indicate a higher level of interaction between the 
dyad in the month of May 2020, after the young’s disper-
sal. Although the home range of the male tiger covers 
34.9% of the home range of the mother tiger before the 
young disperse (Table  1), the male tiger tends to avoid 
concurrent interactions with the mother tiger when the 
young are still in a close relationship with their mother 
(November 2019–Jan 2020). The young start to disperse 
when the male begins to interact with the mother. Dur-
ing Stage 1 of dispersal, he had 10 concurrent interaction 
and 10 delayed interactions at a time lag of 1 week with 
the mother tiger (Fig. 9). The proportion of home range 
overlap increases to 40.5% during dispersal of the young. 
During Stage 2 of dispersal, the coverage increases to 
82.9%, which indicated that the male tiger home range 
includes most of the female tiger home range (purple-
red dyad in Fig. 7c). The longest concurrent interaction 
between the male tiger and the mother tiger lasts 25  h 
from May 29 17:00 to May 30 18:00 (Table 6). The aver-
age frequency of the two dyad’s concurrent interaction 
after May 2020 decreases to 7.3 times per month on 
average, with an average duration of 31  h each month 
(Fig. 9).

As mature tigers, both the mother and the male tiger 
have stable home ranges. The mother tiger’s home range 
of 67.8± 14.9  km2 is nearly round-shape, while the male 
tiger maintains a larger home range of 143.6± 30.5   km2, 
around 2–3 times the size of the mother tiger’s. The 
mother tiger shifts her western home range boundary 
toward the east after the young dispersal, as a result, 
more space is available to the neighbor tiger (red poly-
gons in Fig.  7). This suggests that the male tiger avoids 
visiting the shared home range with the mother tiger 
prior to the young dispersal, and patrols more often 
post-dispersal.

Male–male interaction
We explore two types of male–male tiger interaction 
in this section: between subadult males (Fig.  10) and 
between subadults and adult males (Fig. 11).

Young‑1 and young‑2
Figure 10 suggests that the two young stay close together 
(concurrent interaction = 34.0 ± 31.1 per month with an 
average duration of 8.2 h) or follow each other (delayed 
interaction counts with a delay of 1 day = 5.0 ± 4.4 per 
month) before dispersal. In February 2020, the two young 
male tigers move north to establish their own territories, 
sharing the same territory but staying separated until 
April 2020 (Fig. 7). In the following 4 months (dispersal 
Stage 2), their interaction drops to 6.8± 6.8 incidences 
per month concurrently with an average duration of 
4.0  h. Their concurrent interaction frequency reaches a 
maximum of 16 incidences in June 2020 with a duration 
of 67 h. Their delayed interactions over a time lag of 1 day 
are 4.3± 1.0 incidents per month during Stage 2 of dis-
persal and it reduces to no interaction after July 2020.

Fig. 9 A heat map of representing the frequencies of concurrent 
and delayed interactions between the mother tiger and the male 
tiger in each month at a time lag from 1 day to 3 weeks. Darker colors 
represent higher interaction frequencies

Fig. 10 The frequency of concurrent and delayed (time lags 
of 1 day and 1 week) interactions between young-1 and young-2 
during the pre-dispersal, dispersal Stage 1, and dispersal Stage 2
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Both young male tigers shift their home ranges toward 
north, but still share a portion of their mother’s terri-
tory during Stage 1 of dispersal. By Stage 2 of dispersal 
the young males seem to try to establish their territo-
ries. Notably, young-2 shows more movement compared 
to young-1. Table  3  shows that the home range area of 
young-2 is larger than young-1 at all stages, which may be 
reflective of its more active movement patterns.

Male tiger and two young
The results underline the tendency of male tigers to avoid 
interaction, which is reflected in the smaller overlap in 
home range between the three male tigers compared to 
the overlap between the mother tiger and the adult male 
tigers. Prior to the young male’s dispersal, the home 
range overlap areas between the adult male and the two 
subadult tigers are 8.4   km2 and 23.7   km2, respectively 
(Tables  1 and 3). However, during their dispersal, the 
coverage decreases to none for the young-1 and 13.8  km2 
for the young-2 (blue-purple dyad in Fig.  7b, Table  1). 
The adult male tiger starts to interact more with the 
mother tiger once the young leave her (Fig. 9).

The results suggest fewer concurrent interaction or 
delayed interactions with a time lag shorter than 1 week 

between the male tiger and the young, although their 
home range has a small overlap before the young disper-
sal. The number of first delayed interactions across dif-
ferent time lags (1 day to 3 weeks) is shown in Fig. 11. No 
interaction is detected between the male and young-1 
during dispersal Stage 1.

With the increase in time lag, more delayed interactions 
are detected between young-2 and the male tiger during 
stage of dispersal. Most male–male delayed interactions 
are detected in July 2020 when young-2 moves back to 
the southern area of the home range where the adult male 
is. However, the interaction with young-1 stay minimal 
(average of 1–2 incidences per month) as he does not 
return to the southern area.

These results may indicate that although the male tigers 
avoid encounters, they might have an awareness of one 
another, as they tend to check the visited locations of 
the other tiger with a delay of about 1 day up to 3 weeks. 
Delayed interactions after 3  weeks might be more 
incidental, as the field observations suggest that the scent 
marks can last about up to 3 weeks [24].

Female–female interaction between the mother 
and the neighbor female tiger
The interaction analysis results suggest a relatively low 
frequency and duration of interaction between the two 
adult female tigers. During the 5 months tracking period, 
only two concurrent interactions are detected in Octo-
ber 2018, two incidents in Nov 2018, and one incident in 
December 2018 (Fig. 12), with the total duration of con-
current interaction of 12 h.

Figure  13 and Table  2  demonstrate a small shift in the 
home ranges of the two tigers at the shared boundary over 
time. In September 2018, no overlap exists between the 

Fig. 11 A heat map representing the monthly frequency 
of concurrent and delayed interactions between the adult male tiger 
and a young-1, and b young-2 for a time lag from 1 day to 3 weeks. 
Darker colors represent higher interaction frequencies

Fig. 12 A heat map representing the monthly frequency 
of concurrent and delayed interactions between the mother tiger 
and the neighbor female tiger in each month at a time lag from 1 day 
to 3 weeks. Darker colors represent higher interaction frequencies
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home ranges (95% tracking points) of the two female tigers, 
leading to no concurrent interaction. One delayed interac-
tion with a time lag of 1 week can be detected within the 
remaining 5% tracking points. During October 2018 and 
January 2019, the monthly concurrent interaction between 
the two animals stays low (less than two incidences). Their 
home range overlaps varies from 0.6   km2 in October to 
around 3.8  km2 in November and December, and 2.3  km2 
in January. The detected monthly delayed interaction 
is relatively low, at a rate of two to five visits to the same 
location at a time lag of 1 day to 1 week. These results may 
indicate that the two tigers effectively established adjacent 
territories; they avoid encountering one another and scent 
mark their common boundary less often.

Discussions
Behavioral patterns and impact of interaction
Based on the home range and interaction dynamics of 
the five tigers, we discuss four types of behavioral pat-
terns occurring in tiger intraspecific interaction: follow-
ing, encounter, latency, and avoidance.

Following
A “following” behavior occurs when two moving enti-
ties move in the same direction, either simultaneously or 
with a time lag. This is characterized by parallel move-
ment direction and similar speed between the interact-
ing dyads (Fig. 14a). This pattern is commonly observed 
in mother–young interactions prior to dispersal when 
the young followed the mother (e.g. between mother 
and Young2 in Fig. 15a, c) or between the male tiger and 
the mother tiger after dispersal of her youngs (Fig.  15f, 
h). This can also be observed when the young start to 
disperse. They divide their time between exploring the 

Fig. 13 Shifts in home ranges of the mother tiger (in red) 
and the neighbor female tiger (in brown) in 5 months

Fig. 14 A schematic representation of a continuous interaction 
segment between a mother–young (duration: 7 h) and b female–
male (duration: 3 h). For visual clarity, the location of stops are 
removed. Light yellow shaded ellipses highlight the intersecting 
PPAs. Directions of two trajectories are shown in the top-right corner 
of each sub-figure
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habitat semi-independently both within and adjacent to 
their natal area and then exhibit concurrent or delayed 
following behavior with their mother. Although these 
interactions occur by a lower frequencies, they main-
tain a similar movement direction and speed as shown in 
Fig. 15e and g.

Encounter
An “encounter” occurs when two animals move from 
different directions and meet at the same location for a 
short period of time (Fig. 14b). This interaction type can 
be quantified by a higher difference in movement direc-
tion in concurrent interactions. It is particularly observed 
during female–male concurrent interactions on a 
monthly basis prior to the dispersal of young, as observed 

in the sparse distribution of their random movement 
direction (Fig. 15b) and speed (Fig. 15d). The male tiger 
meets the female tiger on patrol, then changes direction 
and moves with the female tiger for a short period of time 
and then moves on. This type of pattern is detected as 
regular periodic “encounters” in tracking data of the male 
and female tigers and provide insights into the territorial 
and mating behaviors of the two tigers.

Latency
A “latency” pattern is observed when a tiger indirectly 
communicates and responds to another’s previous 
behavior with a time lag. It often happens when a tiger 
enters another tiger’s home range or when the two 
female tigers patrol their common territory boundary. In 
the female–female interaction we analyzed, a “latency” 
pattern is observed starting with no encounters and 
little to no delayed interaction between them, then the 
frequency of delayed interaction gradually increases 
(Fig. 12). Eventually, the intensity of interaction increases 
resulting in some concurrent encounters which led 
to a shift in their home ranges (Fig.  13). Then behavior 
shifts to “avoidance”. “Latency” is also a notable pattern 
in female–male interactions (Fig.  9), especially related 
to mating behavior, when a male periodically visits 
a female’s territory to check her reproductive status. 
When the cubs are 15–18 months old the mother often 
comes into pre-estrous and her scent marks indicate the 
approach of estrous [24].

Avoidance
“Avoidance” happens when a tiger alters its behavior or 
path upon detecting another’s presence, often through 
scent marks of a neighbor. This is the dominant behavior 
pattern in both female–female and male–male interac-
tions. These delayed interactions along a common ter-
ritorial boundary allows females to establish territorial 
boundaries while avoiding aggressive encounters, and 
thus mitigating the probability of getting injured. This 
behavioral pattern is characterized by a low density and 

Fig. 15 Kernel density estimations of two movement parameters 
(difference in movement direction and speed) for two pairs (Mother–
Young2, Mother–Male) of intersecting PPAs during concurrent 
and delayed interactions. The differences in direction and speed 
are calculated as the absolute value. The first two rows correspond 
to the pre-dispersal period, and the third and fourth rows represent 
the post-dispersal period (encompassing dispersal Stage 1 and 2). 
Each column corresponds to a different pair. Within the subplots, 
concurrent interactions are denoted in red, delayed interactions 
with a 1-day lag are in blue. Parenthetical numbers in the legends are 
the total number of intersecting PPA pairs contributing to each line

Fig. 16 Kernel density estimations of difference in a movement 
direction and b speed for Mother–Neighbor Female at intersecting 
PPAs during concurrent (shown in red) and delayed interactions 
with a 1-day lag (in blue). Parenthetical numbers in the legends are 
the total number of intersecting PPA pairs contributing to each line
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variable differences in movement direction (Fig.  16a) 
and speed (Fig. 16b) Avoidance is also common between 
adjacent males until a female comes into estrous near a 
territorial boundary. Then the behavior shifts to “encoun-
ter”, which often leads to injuries in which a resident male 
ejects or is ejected by a rival male.

Speculation of tiger biological state and impact 
on interaction
Association of mother and resident male in May 2020
When the female comes into estrous scent marking 
decreases and the female begins to repeatedly call 20 to 
40 times, and the male often calls back with the result 
of an encounter that leads to a following behavior in the 
form of an extended association and mating [24].

We speculate from the behavioral patterns and interac-
tions captured in the data that the male mating with the 
resident female during an extended period of repeated 
“following” behavior from May 23 to May 30, 2020. 
Tigers are induced ovulators [69, 70], and continuous fol-
lowing behavior typically occurs when male and female 
tigers associate for several days. Smith and McDougal 
[71] observed similar following data and observed a mat-
ing association that lasted several days and predicted 
several other successful mating events. Our analysis of 
movement data provides a means to remotely identify 
these mating associations.

New litter during March–April 2020
We also speculate that the mother tiger probably has a 
new litter resulting in the dispersal of her young. New-
born cubs are confined to the den and the female tiger’s 
activity is restricted close to the den sites for the first 
2 months [29]. Subadult tigers become semi-independent 
when their mother gives birth to the next litter, but they 
remain within their mother’s territory until the new lit-
ter starts to move with their mother [26]. By conducting 
trajectory segmentation, we find that the hunting dura-
tion and frequency of the mother tiger from March to 
April 2020 is only 30% of the average value, which also 
matched the start time of the young dispersal. Moreover, 
there is no concurrent or delayed interaction detected 
between the mother and the maturing young during that 
period, but they benefit by hunting in their natal area, 
and in doing so, they help maintain the mother’s terri-
tory while her movements are confined. Their dispersal 
may be precipitated and begins to expand the use of her 
territory as a new litter becomes more mobile. After the 
duration of patrolling of the mother tiger increases to the 

average value in May 2020, an encounter between the 
mother tiger and young-2 is detected at the end of May. 
More delayed interaction between the mother and the 
dispersing offspring is observed later.

Limitations and future work
The interaction analysis approach utilized in this paper, 
ORTEGA, uses time geography as a deterministic 
approach to estimate activity space, where the entire 
intersecting PPAs are considered as areas for potential 
interactions regardless of the size of intersection areas. 
Building on the foundational work by Downs et al. [61], 
Winter and Yin [57], and Song and Miller [56], future 
work can focus on developing a probabilistic time geogra-
phy method by integrating ecological movement models 
to model interaction probabilities within the space–time 
prisms. These methods encompassing voxel-based rep-
resentations, directed random walks, and truncated 
Brownian Bridges, offer a more dynamic approach to 
capturing the likelihood of interactions at the intersected 
PPAs by considering visit probabilities within the prisms. 
Integrating ORTEGA with probabilistic approaches, such 
as Brownian bridges and utilization distribution [55] can 
help generate insights into how animals utilize space and 
time, offering a complementary perspective to the PPA 
intersections and enhancing the precision and applicabil-
ity of ORTEGA in movement ecology.

ORTEGA is a generic method that is adaptable to a 
wide range of species for tracing concurrent and delayed 
interactions in animal tracing data, but its application 
must account for scale effects and temporal sampling 
rates as the estimation of contacts can be impacted by 
the observation scale. For example, As shown in [65], 
with coarser tracking data, while the proximity based 
approach becomes almost invalid, ORTEGA might 
slightly overestimate the number and duration of inter-
actions. Therefore, depending on the movement ranges 
of the subject animals, having higher resolution data of 
20 min to 1 h would be more beneficial. As such, adjust-
ments in spatial and temporal resolutions are necessary 
to accommodate species diversity. Specifically, smaller, 
faster-moving species might require finer temporal sam-
pling, whereas larger species may need a broader spatial 
scale for analysis. The tiger data presented in this case 
study is captured at an 1-h interval.

Despite ORTEGA’s advanced approach, it is worth 
noting that the proximity-based approach remains 
a useful tool for detecting concurrent interactions, 
especially with regular, high-resolution tracking data. 
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When the temporal and spatial resolutions are ade-
quately dense, proximity-based methods can provide 
valuable insights into the spatial dynamics of animal 
interactions. Such insights complement ORTEGA’s 
comprehensive analysis, highlighting the need for flex-
ible, context-sensitive approaches in studying animal 
movements.

The discussion of the different types of interactions 
in this study is supported by domain expert knowledge 
and field observations of tiger behavior. Future research 
should consider incorporating additional environmen-
tal and behavioral information to identify higher levels 
of interaction patterns, such as “conflict” and “mating”, 
and how animals interact with the physical and social 
environment [72] through context-aware interaction 
analysis. Moreover, there is a high degree of overlap 
between tigers and leopards in Huai Kha Khaeng, but 
elsewhere across their range interference competi-
tion results in strong leopard avoidance of tigers. The 
analysis presented here may aid future research on 
how spatial and movement dynamics influence interac-
tions of tiger and leopards and other carnivore guilds. 
Future research should also focus on investigating and 
contextualizing more complex delayed interactions 
between tigers (e.g. scent marking) and whether leop-
ards overlapping with tigers avoid temporal interfer-
ence competition.

Conclusions
This paper presented the applicability of time-geogra-
phy in animal movement behavior analysis. The pro-
posed interaction analysis method, ORTEGA, provide 
promising opportunities to apply the time geography 
theory in analysis and understanding of higher-level 
behavior of wildlife, such as predator–prey dynam-
ics, competition interference, and interspecific and 
intraspecific interactions in carnivore research. Spe-
cifically, this paper presented a case study of analyz-
ing spatio-temporal interaction patterns of multiple 
tigers over several months through GPS tracking. We 
showed the shifts in spatial and temporal interaction 
patterns in two adult female, one adult male, and two 
male young tigers and demonstrated how interactions 
impacted their home ranges. We described four pri-
mary types of interaction patterns (encounter, follow-
ing, latency, avoidance) that can be captured based on 
home range dynamics and spatial and temporal charac-
teristics of PPA intersections using trajectory data. Fur-
thermore, we assessed the performance of our proposed 

technique, ORTEGA, in comparison to the proximity-
based approach in interaction analysis. We showed that 
ORTEGA more robustly captures concurrent interac-
tion, while the proximity-based results vary by the size 
of spatial and temporal buffers.

Appendix
See Tables 3, 4, 5, 6, 7 and Fig. 17.

Table 3 Summary of home range areas  (km2) of mother tiger, 
male tiger, young-1, and young-2 at three stages in their gradual 
independence from their mother

Tiger Pre‑dispersal Dispersal

Stage 1 Stage 2

Mother 86.1 80.8 64.0

Male 163.5 142.7 217.5

Young-1 43.7 68.5 53.0

Young-2 73.9 89.3 103.5

Table 4 Summary of home range areas  (km2) of the mother 
tiger and the neighbor female tiger in 5 months

Tiger Sept‑18 Oct‑18 Nov‑18 Dec‑18 Jan‑19

Mother 40.2 26.1 50.6 50.5 49.1

Neighbor female 74.0 52.5 55.9 39.3 61.0

Table 5 Summary of the frequency of concurrent and delayed 
interaction among mother and two young tigers during pre-
dispersal, dispersal Stage 1, and dispersal Stage 2

Dyad Interaction Pre‑dispersal Dispersal

Stage 1 Stage 2

Mother–young-1 Concurrent (1 h) 25.0 ± 28.3 3.0 ± 5.2 0.3 ± 0.5

Delayed (1 day) 6.0 ± 2.8 0.0 0.3 ± 0.5

Delayed 
(1 week)

2.5 ± 2.1 0.7 ± 1.1 1.0 ± 0.8

Mother–young-2 Concurrent (1h) 45.2 ± 12.1 4.7 ± 4.2 1.8 ± 1.3

Delayed (1 day) 7.8 ± 2.2 5.7 ± 0.6 3.5 ± 1.9

Delayed 
(1 week)

3.0 ± 2.1 1.3 ± 1.2 2.8 ± 1.0

Young-1–young-
2

Concurrent (1h) 34.0 ± 31.1 5.0 ± 4.4 6.8 ± 6.8

Delayed (1 day) 2.5 ± 0.7 0.7 ± 0.6 4.3 ± 1.0

Delayed 
(1 week)

2.0 ± 1.4 1.0 ± 1.0 2.5 ± 1.0
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Table 6 Summary of the minimum concurrent interaction 
duration per day and per month between mother and male 
tigers in 2019 and 2020

Year Date Start time End time Duration/
event (h)

Duration/
month (h)

2019 Dec-29 18:01 20:00 2 3

Dec-30 5:00 6:00 1

2020 Jan-9/10 23:01 2:00 3 6

Jan-29 4:00 7:00 3

Feb-10/11 22:00 3:00 5 24

Feb-11 6:00 8:00 2

Feb-12/13 20:00 3:00 7

Feb-14 20:00 23:00 3

Feb-15 13:00 18:00 5

Feb-17 3:00 5:00 2

Feb-29/Mar-1 23:00 10:00 11 29

Mar-1 12:00 18:00 6

Mar-1/2 19:02 4:00 9

Mar-2 5:02 8:00 3

May-1/2 23:00 3:00 4 147

May-2 4:00 11:00 7

May-2 14:00 16:00 2

May-2 18:00 21:00 3

May-4 20:00 22:00 2

May-17 6:00 7:00 1

May-17/18 23:01 5:00 6

May-19 5:00 8:00 3

May-22 10:00 16:00 6

May-22/23 16:01 1:00 9

May-23 4:00 8:00 4

May-23 9:00 15:00 6

May-23 16:01 21:00 5

May-23 22:00 23:00 1

May-24 1:00 8:00 7

May-24/25 20:00 2:00 6

May-25 4:00 10:00 6

May-25 11:00 15:00 4

May-25/26 16:01 7:00 15

May-27 19:00 23:00 4

May-28 2:01 11:00 9

May-28 15:01 18:00 3

May-28 19:01 21:00 2

May-28/29 21:01 4:00 7

May-29/30 17:00 18:00 25

Table 6 (continued)

Year Date Start time End time Duration/
event (h)

Duration/
month (h)

Jun-6 2:01 5:00 3 24

Jun-26 18:00 22:00 4

Jun-27 1:00 7:00 6

Jun-27 8:00 19:00 11

Jul-21 5:00 6:00 1 13

Jul-26 17:00 21:00 4

Jul-28 6:00 9:00 3

Jul-28 19:00 21:00 2

Jul-29 5:01 8:00 3

Aug-4/5 23:00 9:00 10 56

Aug-6/7 18:02 2:00 8

Aug-7 16:00 20:00 4

Aug-8 7:01 10:00 3

Aug-8 11:00 14:00 3

Aug-8/9 18:00 0:00 6

Aug-9 4:00 9:00 5

Aug-9 10:00 14:00 4

Aug-9 17:00 19:00 2

Aug-9/10 23:00 1:00 2

Aug-10 4:00 8:00 4

Aug-12 2:00 5:00 3

Aug-22 7:00 9:00 2

Table 7 Statistical summary of performing a Mann–Whitney U 
test between ORTEGA and the proximity-based approach at the 
time window of 60 min

a ***0 < p < 0.01 ; 0.01 ≤ p < 0.05 ; * 0.05 ≤ p < 0.1

Stage Spatial threshold (m) Critical  valuea

Pre-dispersal 200 52918.0***

500 50006.0***

1000 51752.0***

2000 58180.0***

Dispersal stage 1 200 126.5**

500 172.5**

1000 262.5***

2000 364.0**

Dispersal stage 2 200 35.0***

500 50.0*

1000 57.5

2000 139.5



Page 17 of 19Liu et al. Movement Ecology           (2024) 12:13  

Acknowledgements
We thank Somphot Duangchatrasiri and the staff of Khao Nang Rum Research 
Station supporting all aspects of the field research. We also appreciate Rongxi-
ang Su for his effort in organizing the ORTEGA algorithm python package.

Author contributions
SD and SCA conceived the study and the methodology. SD and YL wrote the 
paper. AS and JLDS radio collared tigers and contributed the GPS tracking 
data. They also provided expert domain knowledge to interpret the results. 
SD, SCA, and YL implemented the code; YL, SD, AS, and JLDS designed the 
analytical experiments. YL conducted data analysis and visualization of the 
outcomes. All authors contributed to the interpretation of the results and 
revising the paper. All authors have read and approved the final version of the 
paper.

Funding
Financial support of this study was provided by the National Science Founda-
tion Awards # SES-2217460 and BCS # 1853681, and by the Thai Rukpa Foun-
dation, Rabbit in the Moon Foundation, the USFWS Rhinoceros Tiger Fund and 
International Programs, and UMN protocol 2204-39926A.

Availability of data and materials
The python package of ORTEGA algorithm and example codes are uploaded 
on GitHub https://github.com/move-ucsb/ORTEGA. The GPS tracking data 
cannot be published publicly due to the sensitive nature of tiger locations.

Declarations

Ethics approval and consent to participate
Procedures were approved by University of Minnesota Institutional Animal 
Care and Use Committee (IACUC) protocol 2204-39926A. 

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Geography, University of California, Santa Barbara, USA. 2 Pro-
tected Area Administration, Office 12, Department of National Parks, Wildlife 
and Plant Conservation, Nakhon Sawan, Thailand. 3 Hunter College - CUNY, 
New York City, USA. 4 Department of Fisheries, Wildlife and Conservation Biol-
ogy, University of Minnesota, Twin Cities, USA. 

Received: 17 July 2023   Accepted: 24 January 2024

References
 1. Berger-Tal O, Saltz D. Invisible barriers: anthropogenic impacts on inter- 

and intra-specific interactions as drivers of landscape-independent 
fragmentation. Philos Trans R Soc B Biol Sci. 2019;374(1781):20180049. 
https:// doi. org/ 10. 1098/ rstb. 2018. 0049.

 2. Laiolo P. Interspecific interactions drive cultural co-evolution and acoustic 
convergence in syntopic species. J Anim Ecol. 2012;81(3):594–604. 
https:// doi. org/ 10. 1111/j. 1365- 2656. 2011. 01946.x.

 3. Davies NB, Krebs JR, West SA. An introduction to behavioural ecology. 3rd 
ed. Oxford: Blackwell Scientific Publications; 1993.

 4. Kondoh M. Foraging adaptation and the relationship between food-web 
complexity and stability. Science. 2003;299(5611):1388–91. https:// doi. 
org/ 10. 1126/ scien ce. 10791 54.

 5. Lima SL. Putting predators back into behavioral predator–prey interac-
tions. Trends Ecol Evol. 2002;17(2):70–5. https:// doi. org/ 10. 1016/ S0169- 
5347(01) 02393-X.

 6. Abrams PA. The evolution of predator–prey interactions: theory and 
evidence. Annu Rev Ecol Syst. 2000;31:79–105.

 7. Howard RD. The influence of sexual selection and interspecific competi-
tion on mockingbird song (Mimus polyglottos). Evolution. 1974;28(3):428–
38. https:// doi. org/ 10. 2307/ 24071 64.

 8. Svensson EI. Eco-evolutionary dynamics of sexual selection and sexual 
conflict. Funct Ecol. 2019;33(1):60–72. https:// doi. org/ 10. 1111/ 1365- 
2435. 13245.

 9. Yom-Tov Y. Intraspecific nest parasitism in birds. Biol Rev. 1980;55(1):93–
108. https:// doi. org/ 10. 1111/j. 1469- 185X. 1980. tb006 89.x.

 10. Bush AO, Fernndez JC, Esch GW, Seed JR. Parasitism: the diversity and 
ecology of animal parasites. Cambridge: Cambridge University Press; 
2001.

 11. Doebeli M, Knowlton N. The evolution of interspecific mutualisms. Proc 
Natl Acad Sci. 1998;95(15):8676–80. https:// doi. org/ 10. 1073/ pnas. 95. 15. 
8676.

 12. Fuster F, Traveset A. Importance of intraspecific variation in the pollina-
tion and seed dispersal functions of a double mutualist animal species. 
Oikos. 2020;129(1):106–16. https:// doi. org/ 10. 1111/ oik. 06659.

Fig. 17 Workflow of identifying and quantifying the duration 
of concurrent and delayed interactions (modified from [31, 38])

https://doi.org/10.1098/rstb.2018.0049
https://doi.org/10.1111/j.1365-2656.2011.01946.x
https://doi.org/10.1126/science.1079154
https://doi.org/10.1126/science.1079154
https://doi.org/10.1016/S0169-5347(01)02393-X
https://doi.org/10.1016/S0169-5347(01)02393-X
https://doi.org/10.2307/2407164
https://doi.org/10.1111/1365-2435.13245
https://doi.org/10.1111/1365-2435.13245
https://doi.org/10.1111/j.1469-185X.1980.tb00689.x
https://doi.org/10.1073/pnas.95.15.8676
https://doi.org/10.1073/pnas.95.15.8676
https://doi.org/10.1111/oik.06659


Page 18 of 19Liu et al. Movement Ecology           (2024) 12:13 

 13. Lankau RA. Rapid evolutionary change and the coexistence of species. 
Annu Rev Ecol Evol Syst. 2011;42(1):335–54. https:// doi. org/ 10. 1146/ 
annur ev- ecols ys- 102710- 145100.

 14. Hart SP, Turcotte MM, Levine JM. Effects of rapid evolution on species 
coexistence. Proc Natl Acad Sci. 2019;116(6):2112–7. https:// doi. org/ 10. 
1073/ pnas. 18162 98116.

 15. Yamamichi M, Kyogoku D, Iritani R, Kobayashi K, Takahashi Y, Tsurui-
Sato K, Yamawo A, Dobata S, Tsuji K, Kondoh M. Intraspecific adapta-
tion load: a mechanism for species coexistence. Trends Ecol Evol. 
2020;35(10):897–907. https:// doi. org/ 10. 1016/j. tree. 2020. 05. 011.

 16. Horne JS, Garton EO, Rachlow JL. A synoptic model of animal space 
use: simultaneous estimation of home range, habitat selection, and 
inter/intra-specific relationships. Ecol Model. 2008;214(2):338–48. 
https:// doi. org/ 10. 1016/j. ecolm odel. 2008. 02. 042.

 17. Sainmont J, Gislason A, Heuschele J, Webster CN, Sylvander P, Wang M, 
Varpe Ø. Inter- and intra-specific diurnal habitat selection of zooplank-
ton during the spring bloom observed by video Plankton recorder. Mar 
Biol. 2014;161(8):1931–41. https:// doi. org/ 10. 1007/ s00227- 014- 2475-x.

 18. Rankin DJ, Bargum K, Kokko H. The tragedy of the commons in evolu-
tionary biology. Trends Ecol Evol. 2007;22(12):643–51. https:// doi. org/ 
10. 1016/j. tree. 2007. 07. 009.

 19. Ritchie EG, Johnson CN. Predator interactions, mesopredator release 
and biodiversity conservation. Ecol Lett. 2009;12(9):982–98. https:// doi. 
org/ 10. 1111/j. 1461- 0248. 2009. 01347.x.

 20. Jepson P, Barua M. A theory of flagship species action. Conserv Soc. 
2015;13(1):95–104. https:// doi. org/ 10. 4103/ 0972- 4923. 161228.

 21. Bowen-Jones E, Entwistle A. Identifying appropriate flagship species: 
the importance of culture and local contexts. Oryx. 2002;36(2):189–95. 
https:// doi. org/ 10. 1017/ S0030 60530 20002 61.

 22. Kenney JS, Smith JLD, Starfield AM, Mcdougal CW. The long-term 
effects of tiger poaching on population viability. Conserv Biol. 
1995;9(5):1127–33. https:// doi. org/ 10. 1046/j. 1523- 1739. 1995. 90511 
16.x- i1.

 23. Goodrich JM, Miquelle DG, Smirnov EN, Kerley LL, Quigley HB, Hornocker 
MG. Spatial structure of Amur (Siberian) tigers (Panthera tigris altaica) on 
Sikhote-Alin Biosphere Zapovednik, Russia. J Mammal. 2010;91(3):737–48. 
https:// doi. org/ 10. 1644/ 09- MAMM-A- 293.1.

 24. Smith JLD, McDougal C, Miquelle D. Scent marking in free-ranging tigers, 
Panthera tigris. Anim Behav. 1989;37:1–10. https:// doi. org/ 10. 1016/ 0003- 
3472(89) 90001-8.

 25. Ahearn SC, Smith JLD, Joshi AR, Ding J. TIGMOD: an individual-based 
spatially explicit model for simulating tiger/human interaction in multiple 
use forests. Ecol Model. 2001;140(1):81–97. https:// doi. org/ 10. 1016/ 
S0304- 3800(01) 00258-7.

 26. Smith JLD, McDougal C, Sunquist ME. Female land tenure system in 
tigers. In: Tigers of the world: the biology, biopolitics, management and 
conservation of an endangered species. Park Ridge: Noyes Publications; 
1987, pp 97–109

 27. Miquelle D, Goodrich J, Smirnov EN, Stephens P, Zaumyslova OY, Chapron 
G, Kerley L, Murzin AA, Hornocker MG, Quigley H. Amur tiger: a case study 
of living on the edge. In: Biology and conservation of wild felids. 2010, pp. 
325–339

 28. Simcharoen A, Savini T, Gale GA, Simcharoen S, Duangchantrasiri S, 
Pakpien S, Smith JLD. Female tiger Panthera tigris home range size 
and prey abundance: important metrics for management. Oryx. 
2014;48(3):370–7. https:// doi. org/ 10. 1017/ S0030 60531 20014 08.

 29. Smith JLD. The role of dispersal in structuring the Chitwan tiger popu-
lation. Behaviour. 1993;124(3–4):165–95. https:// doi. org/ 10. 1163/ 15685 
3993X 00560.

 30. Simcharoen A, Simcharoen S, Duangchantrasiri S, Vijittrakoolchai 
C, Smith JLD. Exploratory dispersal movements by young tigers in 
Thailands Western Forest Complex: the challenges of securing a 
territory. Mamm Res. 2022;67(1):21–30. https:// doi. org/ 10. 1007/ 
s13364- 021- 00602-6.

 31. Dodge S, Su R, Johnson J, Simcharoen A, Goulias K, Smith JLD, Ahearn 
SC. ORTEGA: an object-oriented time-geographic analytical approach 
to trace space–time contact patterns in movement data. Comput 
Environ Urban Syst. 2021;88: 101630. https:// doi. org/ 10. 1016/j. compe 
nvurb sys. 2021. 101630.

 32. Joo R, Etienne M-P, Bez N, Mahévas S. Metrics for describing dyadic 
movement: a review. Mov Ecol. 2018;6(1):26. https:// doi. org/ 10. 1186/ 
s40462- 018- 0144-2.

 33. Simcharoen A, Savini T, Gale GA, Roche E, Chimchome V, Smith D. 
Ecological factors that influence sambar (Rusa unicolor) distribution and 
abundance in western Thailand: implications for tiger conservation. Raf-
fles Bull Zool. 2014;62:100–6.

 34. Doncaster CP. Non-parametric estimates of interaction from radio-
tracking data. J Theor Biol. 1990;143(4):431–43. https:// doi. org/ 10. 1016/ 
S0022- 5193(05) 80020-7.

 35. Miller HJ, Dodge S, Miller J, Bohrer G. Towards an integrated science of 
movement: converging research on animal movement ecology and 
human mobility science. Int J Geograph Inf Sci. 2019;33(5):855–76. 
https:// doi. org/ 10. 1080/ 13658 816. 2018. 15643 17.

 36. Potts JR, Mokross K, Lewis MA. A unifying framework for quantifying the 
nature of animal interactions. J R Soc Interface. 2014;11(96):20140333. 
https:// doi. org/ 10. 1098/ rsif. 2014. 0333.

 37. Su R, Dodge S, Goulias K. A classification framework and computational 
methods for human interaction analysis using movement data. Trans GIS. 
2022;26(4):1665–82. https:// doi. org/ 10. 1111/ tgis. 12960.

 38. Su R, Dodge S, Goulias K. A time-geographic approach to quantify the 
duration of interaction in movement data. In: Proceedings of the 1st ACM 
SIGSPATIAL international workshop on animal movement ecology and 
human mobility. Beijing:ACM; 2021, pp. 18–26. https:// doi. org/ 10. 1145/ 
34866 37. 34894 90.

 39. Bertrand MR, DeNicola AJ, Beissinger SR, Swihart RK. Effects of parturition 
on home ranges and social affiliations of female white-tailed deer. J Wildl 
Manag. 1996;60(4):899. https:// doi. org/ 10. 2307/ 38023 91.

 40. Kenward RE, Marcstrm V, Karlbom M. Post-nestling behaviour in gos-
hawks, Accipiter gentilis: II. Sex differences in sociality and nest-switching. 
Anim Behav. 1993;46(2):371–8. https:// doi. org/ 10. 1006/ anbe. 1993. 1199.

 41. Cole LC. The measurement of interspecific association. Ecology. 
1949;30(4):411–24. https:// doi. org/ 10. 2307/ 19324 44.

 42. Brotherton PNM, Pemberton JM, Komers PE, Malarky G. Genetic and 
behavioural evidence of monogamy in a mammal, Kirk’s dik–dik (Mado-
qua kirkii). Proc R Soc Lond Ser B Biol Sci. 1997;264(1382):675–81. https:// 
doi. org/ 10. 1098/ rspb. 1997. 0096.

 43. Minta SC. Tests of spatial and temporal interaction among animals. Ecol 
Appl. 1992;2(2):178–88. https:// doi. org/ 10. 2307/ 19417 74.

 44. Schlägel UE, Signer J, Herde A, Eden S, Jeltsch F, Eccard JA, Dammhahn 
M. Estimating interactions between individuals from concurrent animal 
movements. Methods Ecol Evol. 2019;10(8):1234–45. https:// doi. org/ 10. 
1111/ 2041- 210X. 13235.

 45. Richman JS, Moorman JR. Physiological time-series analysis using approx-
imate entropy and sample entropy. Am J Physiol Heart Circ Physiol. 
2000;278(6):2039–49. https:// doi. org/ 10. 1152/ ajphe art. 2000. 278.6. H2039.

 46. Konzack M, McKetterick T, Ophelders T, Buchin M, Giuggioli L, Long J, Nel-
son T, Westenberg MA, Buchin K. Visual analytics of delays and interaction 
in movement data. Int J Geograph Inf Sci. 2017;31(2):320–45. https:// doi. 
org/ 10. 1080/ 13658 816. 2016. 11998 06.

 47. Dodge S, Weibel R, Forootan E. Revealing the physics of movement: 
comparing the similarity of movement characteristics of different types 
of moving objects. Comput Environ Urban Syst. 2009;33(6):419–34. 
https:// doi. org/ 10. 1016/j. compe nvurb sys. 2009. 07. 008.

 48. Long JA, Nelson TA. Measuring dynamic interaction in movement data: 
measuring dynamic interaction. Trans GIS. 2013;17(1):62–77. https:// 
doi. org/ 10. 1111/j. 1467- 9671. 2012. 01353.x.

 49. Long JA, Nelson TA, Webb SL, Gee KL. A critical examination of indices 
of dynamic interaction for wildlife telemetry studies. J Anim Ecol. 
2014;83(5):1216–33. https:// doi. org/ 10. 1111/ 1365- 2656. 12198.

 50. Miller JA. Towards a better understanding of dynamic interaction 
metrics for wildlife: a null model approach: null model approach to 
dynamic interactions. Trans GIS. 2015;19(3):342–61. https:// doi. org/ 10. 
1111/ tgis. 12149.

 51. Hgerstrand T. What about people in regional science? Pap Reg Sci Assoc. 
1970;24(1):6–21. https:// doi. org/ 10. 1007/ BF019 36872.

 52. Long JA, Webb SL, Nelson TA, Gee KL. Mapping areas of spatial-temporal 
overlap from wildlife tracking data. Mov Ecol. 2015;3(1):38. https:// doi. 
org/ 10. 1186/ s40462- 015- 0064-3.

https://doi.org/10.1146/annurev-ecolsys-102710-145100
https://doi.org/10.1146/annurev-ecolsys-102710-145100
https://doi.org/10.1073/pnas.1816298116
https://doi.org/10.1073/pnas.1816298116
https://doi.org/10.1016/j.tree.2020.05.011
https://doi.org/10.1016/j.ecolmodel.2008.02.042
https://doi.org/10.1007/s00227-014-2475-x
https://doi.org/10.1016/j.tree.2007.07.009
https://doi.org/10.1016/j.tree.2007.07.009
https://doi.org/10.1111/j.1461-0248.2009.01347.x
https://doi.org/10.1111/j.1461-0248.2009.01347.x
https://doi.org/10.4103/0972-4923.161228
https://doi.org/10.1017/S0030605302000261
https://doi.org/10.1046/j.1523-1739.1995.9051116.x-i1
https://doi.org/10.1046/j.1523-1739.1995.9051116.x-i1
https://doi.org/10.1644/09-MAMM-A-293.1
https://doi.org/10.1016/0003-3472(89)90001-8
https://doi.org/10.1016/0003-3472(89)90001-8
https://doi.org/10.1016/S0304-3800(01)00258-7
https://doi.org/10.1016/S0304-3800(01)00258-7
https://doi.org/10.1017/S0030605312001408
https://doi.org/10.1163/156853993X00560
https://doi.org/10.1163/156853993X00560
https://doi.org/10.1007/s13364-021-00602-6
https://doi.org/10.1007/s13364-021-00602-6
https://doi.org/10.1016/j.compenvurbsys.2021.101630
https://doi.org/10.1016/j.compenvurbsys.2021.101630
https://doi.org/10.1186/s40462-018-0144-2
https://doi.org/10.1186/s40462-018-0144-2
https://doi.org/10.1016/S0022-5193(05)80020-7
https://doi.org/10.1016/S0022-5193(05)80020-7
https://doi.org/10.1080/13658816.2018.1564317
https://doi.org/10.1098/rsif.2014.0333
https://doi.org/10.1111/tgis.12960
https://doi.org/10.1145/3486637.3489490
https://doi.org/10.1145/3486637.3489490
https://doi.org/10.2307/3802391
https://doi.org/10.1006/anbe.1993.1199
https://doi.org/10.2307/1932444
https://doi.org/10.1098/rspb.1997.0096
https://doi.org/10.1098/rspb.1997.0096
https://doi.org/10.2307/1941774
https://doi.org/10.1111/2041-210X.13235
https://doi.org/10.1111/2041-210X.13235
https://doi.org/10.1152/ajpheart.2000.278.6.H2039
https://doi.org/10.1080/13658816.2016.1199806
https://doi.org/10.1080/13658816.2016.1199806
https://doi.org/10.1016/j.compenvurbsys.2009.07.008
https://doi.org/10.1111/j.1467-9671.2012.01353.x
https://doi.org/10.1111/j.1467-9671.2012.01353.x
https://doi.org/10.1111/1365-2656.12198
https://doi.org/10.1111/tgis.12149
https://doi.org/10.1111/tgis.12149
https://doi.org/10.1007/BF01936872
https://doi.org/10.1186/s40462-015-0064-3
https://doi.org/10.1186/s40462-015-0064-3


Page 19 of 19Liu et al. Movement Ecology           (2024) 12:13  

 53. Miller HJ. Modelling accessibility using space–time prism concepts within 
geographical information systems. Int J Geograph Inf Syst. 1991;5(3):287–
301. https:// doi. org/ 10. 1080/ 02693 79910 89278 56.

 54. Miller HJ. A measurement theory for time geography. Geograph Anal. 
2005;37(1):17–45. https:// doi. org/ 10. 1111/j. 1538- 4632. 2005. 00575.x.

 55. Horne JS, Garton EO, Krone SM, Lewis JS. Analyzing animal movements 
using Brownian bridges. Ecology. 2007;88(9):2354–63. https:// doi. org/ 10. 
1890/ 06- 0957.1.

 56. Song Y, Miller HJ. Simulating visit probability distributions within planar 
space–time prisms. Int J Geograph Inf Sci. 2014;28(1):104–25. https:// doi. 
org/ 10. 1080/ 13658 816. 2013. 830308.

 57. Winter S, Yin Z-C. Directed movements in probabilistic time geography. 
Int J Geograph Inf Sci. 2010;24(9):1349–65. https:// doi. org/ 10. 1080/ 13658 
81100 36191 50.

 58. Hoover BA, Miller JA, Long J. Mapping areas of asynchronous-temporal 
interaction in animal-telemetry data. Trans GIS. 2020;24(3):573–86. 
https:// doi. org/ 10. 1111/ tgis. 12622.

 59. Long J, Nelson TA. Time geography and wildlife home range delineation. 
J Wildl Manag. 2012;76(2):407–13. https:// doi. org/ 10. 1002/ jwmg. 259.

 60. Long J, Nelson T. Home range and habitat analysis using dynamic time 
geography: home range and dynamic time geography. J Wildl Manag. 
2015;79(3):481–90. https:// doi. org/ 10. 1002/ jwmg. 845.

 61. Downs JA, Lamb D, Hyzer G, Loraamm R, Smith ZJ, O’Neal BM. Quantify-
ing spatio-temporal interactions of animals using probabilistic space–
time prisms. Appl Geogr. 2014;55:1–8. https:// doi. org/ 10. 1016/j. apgeog. 
2014. 08. 010.

 62. Downs JA, Horner MW, Hyzer G, Lamb D, Loraamm R. Voxel-based proba-
bilistic space–time prisms for analysing animal movements and habitat 
use. Int J Geograph Inf Sci. 2014;28(5):875–90. https:// doi. org/ 10. 1080/ 
13658 816. 2013. 850170.

 63. Roberts SW. Control chart tests based on geometric moving averages. 
Technometrics. 1959;1:239–50. https:// doi. org/ 10. 1080/ 00401 706. 2000. 
10485 986.

 64. Hunter JS. The exponentially weighted moving average. Technometrics. 
1986;18:203–10. https:// doi. org/ 10. 1080/ 00224 065. 1986. 11979 014.

 65. Su R, Liu Y, Dodge S. ORTEGA v1.0: An open-source Python package for 
context-aware interaction analysis using movement data. Mov Ecol. 
(Manuscript submitted for publication) (2023).

 66. Pakpien S, Simcharoen A, Duangchantrasiri S, Chimchome V, Pongpat-
tannurak N, Smith JLD. Ecological covariates at kill sites influence tiger 
(Panthera tigris) hunting success in Huai Kha Khaeng Wildlife Sanctuary, 
Thailand. Trop Conserv Sci. 2017;10:1940082917719000. https:// doi. org/ 
10. 1177/ 19400 82917 719000.

 67. Bastian M, Heymann S, Jacomy M. Gephi: an open source software for 
exploring and manipulating networks. Proc Int AAAI Conf Web Soc 
Media. 2009;3(1):361–2. https:// doi. org/ 10. 1609/ icwsm. v3i1. 13937.

 68. Kie JG, Matthiopoulos J, Fieberg J, Powell RA, Cagnacci F, Mitchell MS, 
Gaillard J-M, Moorcroft PR. The home-range concept: Are traditional 
estimators still relevant with modern telemetry technology? Philos Trans 
R Soc B Biol Sci. 2010;365(1550):2221–31. https:// doi. org/ 10. 1098/ rstb. 
2010. 0093.

 69. Graham LH, Byers AP, Armstrong DL, Loskutoff NM, Swanson WF, Wildt 
DE, Brown JL. Natural and gonadotropin-induced ovarian activity in tigers 
(Panthera tigris) assessed by fecal steroid analyses. Gen Comp Endocrinol. 
2006;147(3):362–70. https:// doi. org/ 10. 1016/j. ygcen. 2006. 02. 008.

 70. Cabot ML, Ramsay EC, Chaffins D, Sula M-JM. Histologic evidence of 
spontaneous ovulation in tigers (Panthera tigris). J Zoo Wildl Med. 
2020;51(3):652–6. https:// doi. org/ 10. 1638/ 2019- 0216.

 71. Smith JLD, Mcdougal C. The contribution of variance in lifetime reproduc-
tion to effective population size in tigers. Conserv Biol. 1991;5(4):484–90. 
https:// doi. org/ 10. 1111/j. 1523- 1739. 1991. tb003 55.x.

 72. Spiegel O, Leu ST, Sih A, Bull CM. Socially interacting or indifferent 
neighbours? Randomization of movement paths to tease apart social 
preference and spatial constraints. Methods Ecol Evol. 2016;7(8):971–9. 
https:// doi. org/ 10. 1111/ 2041- 210X. 12553.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.1080/02693799108927856
https://doi.org/10.1111/j.1538-4632.2005.00575.x
https://doi.org/10.1890/06-0957.1
https://doi.org/10.1890/06-0957.1
https://doi.org/10.1080/13658816.2013.830308
https://doi.org/10.1080/13658816.2013.830308
https://doi.org/10.1080/13658811003619150
https://doi.org/10.1080/13658811003619150
https://doi.org/10.1111/tgis.12622
https://doi.org/10.1002/jwmg.259
https://doi.org/10.1002/jwmg.845
https://doi.org/10.1016/j.apgeog.2014.08.010
https://doi.org/10.1016/j.apgeog.2014.08.010
https://doi.org/10.1080/13658816.2013.850170
https://doi.org/10.1080/13658816.2013.850170
https://doi.org/10.1080/00401706.2000.10485986
https://doi.org/10.1080/00401706.2000.10485986
https://doi.org/10.1080/00224065.1986.11979014
https://doi.org/10.1177/1940082917719000
https://doi.org/10.1177/1940082917719000
https://doi.org/10.1609/icwsm.v3i1.13937
https://doi.org/10.1098/rstb.2010.0093
https://doi.org/10.1098/rstb.2010.0093
https://doi.org/10.1016/j.ygcen.2006.02.008
https://doi.org/10.1638/2019-0216
https://doi.org/10.1111/j.1523-1739.1991.tb00355.x
https://doi.org/10.1111/2041-210X.12553

	Analyzing tiger interaction and home range shifts using a time-geographic approach
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Study goals
	Movement interaction analysis
	Time geography and movement analytics

	Methods
	Interaction detection and duration computation using ORTEGA
	Study area and data

	Results
	Duration of concurrent interaction
	Comparison between ORTEGA and proximity-based approach
	Mother–young interaction
	Mother tiger and young-1
	Mother tiger and young-2

	Female–male interaction between the mother tiger and the male tiger
	Male–male interaction
	Young-1 and young-2
	Male tiger and two young

	Female–female interaction between the mother and the neighbor female tiger

	Discussions
	Behavioral patterns and impact of interaction
	Following
	Encounter
	Latency
	Avoidance

	Speculation of tiger biological state and impact on interaction
	Association of mother and resident male in May 2020
	New litter during March–April 2020

	Limitations and future work

	Conclusions
	Appendix
	Acknowledgements
	References


