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Abstract 
In species where conflict is costly, individuals adopt alternative movement tactics to minimise the risk of competitive inter-
actions. Dominant males often maintain defined territories, while less competitive males may be forced to adopt alterna-
tive tactics to maximise fitness and reduce conflict. However, the extent to which males switch tactics according to current 
social or physiological status is poorly understood. Using implanted acoustic tags and a fixed array of tracking receivers, 
we investigated how the behaviour of 78 male estuarine crocodiles (Crocodylus porosus) shifted over an 11-year period 
in relation to ontogeny, body condition, and the extent of physical injuries. We discovered that male crocodiles sorted into 
three common movement classes, with 51% of males maintaining the same movement class across consecutive years (max 
= 9 years). Males > 4 m in total length maintained confined territories both within and across years and had the greatest 
extent of injuries and the highest condition score, indicative of territory holders. In contrast, smaller males sorted into high 
movement roamer or low movement site-philopatric tactics, where the tactic an individual adopted was less stable between 
years and did not correlate with condition or external injuries. Our study reveals the socio-biological mechanisms by which 
estuarine crocodiles coexist within a restricted habitat.

Significance statement
Identifying individual-level differences in movement helps us predict which individuals are more likely to be involved in 
human-wildlife interactions. However, studying long-term shifts in movement is challenging, as large datasets of co-occurring 
individuals tracked in their natural environment over multiple years are required. We tracked a population of 78 male estuarine 
crocodiles (1030–4687 mm total length) in a shared environment over 11 years and assessed how eight movement traits were 
linked to body size and physical condition. At the population level, males sorted into different movement tactics according to 
ontogeny, with large territorial males having better body condition yet a greater incidence of injury. However, 49% of males 
showed variability across years, suggesting that tactics were conditional relative to environmental variability and a male’s 
own status. Our study provides insights into the mechanisms and costs of movement tactics in wild crocodile populations.

Keywords Acoustic telemetry · Home range · Hierarchical cluster analysis · Behavioural movement class · Spatial 
phenotypes · Injury

Introduction

Movement is a constant across the life stages of most 
organisms (Nathan et  al. 2008). From the ocean-scale 
migrations of cetaceans (Dalla Rosa et al. 2008) to the 
deliberate fine-scale movements observed in self-propelled 
microorganisms (Clement 1987), moving for survival and 
reproduction is an almost defining characteristic of all ani-
mal species. Technological advances have also revealed 
that individuals of the same species are not homogenous 
in the way they behave and use space (Campbell et al. 
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2013; Smetzer et al. 2021; Stuber et al. 2022). For exam-
ple, individuals from different populations may vary in 
their migratory tendency, with some populations adopt-
ing a migratory strategy while others are more sedentary 
(Newton 2008). Individuals among the same population 
also often show striking intraspecific variation in move-
ment patterns and foraging behaviour (Baird et al. 2012; 
Debeffe et al. 2012). Movement decisions can be driven 
by external factors such as differences in an individual’s 
social (Wolf and Trillmich 2007) and physical environ-
ment (Fujisaki et al. 2014). Alternatively, these decisions 
can be driven by an individual’s internal state (Nathan 
et al. 2008; e.g. motivation to find a mate: Taborsky et al. 
2008; hunger level: Spiegel et al. 2015; or age, size, or 
physical condition: Martin et al. 2013; Melzheimer et al. 
2018; Horváth et al. 2020).

An individual’s tendency to move or to stay put is deter-
mined by the costs and benefits of the movement given their 
internal state (Michelangeli et al. 2022). By specialising in 
their movement tactic, individuals can reduce competition 
over resources and so reduce the costs of social conflict (Gross 
1996; Taborsky et al. 2008; Schradin et al. 2009; Rimbach 
et al. 2019). For example, adult males may fight to maintain 
exclusive territories (Leboeuf 1974; McElligott et al. 1998), 
where territorial disputes can result in high physiological costs 
(Schradin et al. 2009) and an elevated risk of physical injury 
(Baird et al. 2012). Males which lack the ability to defend a 
territory will often resort to alternative movement tactics to 
reduce agonistic interactions (Baird et al. 2012; Melzheimer 
et al. 2018). However, individuals following these alternative 
movement tactics may experience reduced access to resources 
(Baldi et al. 1996; Melzheimer et al. 2018). As such, these tac-
tics are “conditional” in the way they depend on an individual’s 
assessment of the tactic’s relative benefits given their current 
physical and physiological status (Clutton-Brock 1989).

Identifying the causes, patterns, mechanisms, and conse-
quences of such individual variation in movement traits has 
been a key topic in ecological research (Nathan et al. 2008). 
However, it has been hindered by the problems inherent in 
inferring natural behaviours in experimental studies using cap-
tive animals, or challenges observing the movements of indi-
viduals throughout their natural environments over extended 
periods. Hertel et al. (2020) identified three requirements to the 
study of individual behavioural differences from animal track-
ing data: 1) that the temporal resolution of the movement data 
was adequate to detect the focal behaviour, 2) that monitoring 
durations were long enough to obtain a sufficient number of 
“repeats” of movement behaviours (i.e. across multiple con-
secutive years), and 3) that a sufficient sample of individuals 
is tracked from the same population to statistically estimate 
individual-level patterns (Hertel et al. 2020). Advances in 
acoustic telemetry technology that uses fixed-position acous-
tic receivers and uniquely coded acoustic transmitters are 

providing new insights into how animals move and interact 
within their natural environment (Hussey et al. 2015). Not only 
does this technology facilitate large numbers of individuals 
within the same population to be tracked concurrently but also 
a high transmission rate (< 120 s) and the extended battery 
life of acoustic transmitters (up to 10 years) allow individuals 
to be tracked at high resolution for a large proportion of their 
lifetime.

In this study, we used acoustic telemetry to investigate the 
presence of alternative movement tactics in a population of 
male estuarine crocodiles (Crocodylus porosus). Estuarine 
crocodiles are sexually dimorphic (Webb and Messel 1978), 
with males growing up to ~ 40% larger than females (max size 
= ~ 6 m, Britton et al. 2012) and individuals continuing to 
grow throughout much of their adult lives (Baker et al. 2019). 
Competition among males for access to reproductive females 
is believed to be the driving force behind the evolution of this 
sexual dimorphism (Webb and Smith 1987). Only the larg-
est, most competitive males are known to aggressively defend 
established territories against conspecifics (Lang 1987), while 
intermediate-sized males roam more widely and occupy larger 
home ranges (Campbell et al. 2013; Hanson et al. 2015). 
Together, this suggests that male estuarine crocodiles exhibit 
diverging behaviour tactics, with smaller males adopting a 
high movement tactic until their competitive ability increases 
and they can switch to a low movement tactic to invest in the 
defence of established territories. However, both Hanson et al. 
(2015) and Campbell et al. (2015) revealed exceptions to this 
general trend where some smaller male crocodiles chose to 
remain within a confined area while other very large males 
(> 4 m total body length) roamed over extensive areas. Due 
to the short timeframe of these studies (6–24 months), the 
consistency of movement behaviours across multiple years 
was not investigated. Similarly, a small sample size and a lack 
of any condition metrics (other than body length) meant the 
role of an individual’s internal state in driving individuals to 
follow different movement tactics was not assessed. Here, we 
tracked the movement behaviours of 78 tagged male crocodiles 
across 11 consecutive years to examine: (1) if males could be 
assigned to different movement tactics according to movement 
patterns, (2) if our classification of crocodile movement tactics 
were consistent within individuals across multiple consecutive 
years, and (3) if males following different movement tactics 
differ in their body size, the extent and location of injuries, and 
their overall body condition.

Methods

Study site and crocodile capture

Between 2008 and 2020, up to 20 crocodile traps were 
deployed along a 47-km stretch of the Wenlock River, Cape 
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York Peninsula, Australia (Fig. 1). Traps were set between 
August and September each year, and either floated on the 
water surface or were placed at the high-tide mark along 
the riverbank. Traps were baited with wild pig (Sus scrofa) 
or cow (Bos taurus), with the trap door sprung by a trig-
ger mechanism attached to the bait. For individuals < 2 m 
in total length, hand capture via spotlighting with a noose 
was also used. Once crocodiles were restrained, records 

were taken of sex, total body length (TL), snout-vent length 
(SVL) measured to the posterior margin of the cloaca, and 
tail girth (TG) measured around the same point, and trans-
mitters implanted before individuals were released at their 
point of capture. During capture, crocodiles were also exam-
ined for signs of injury including puncture wounds, missing 
limbs, scars, or split scales. As the tail of many captured 
crocodiles was damaged upon inspection, SVL was chosen 
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Fig. 1  The location of the acoustic array on the Wenlock River, Cape 
York, QLD, Australia, showing a the locations of the acoustic receiv-
ers along the river with the extent of the study area marked and b the 

locations of the traps where estuarine crocodiles (Crocodylus poro-
sus) were captured
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over total length as a more representative index of crocodile 
body size (Supplementary Fig. 1).

Remote monitoring of crocodile movements

Coded acoustic transmitters (V13T or V16T, www. innov 
asea. com) were implanted into crocodiles following Franklin 
et al. (2009). In brief, a local anaesthetic (lignocaine) was 
injected subcutaneously behind the left forelimb. Following 
aseptic technique, a small pocket was then formed under 
the skin with blunt-ended scissors, into which the acous-
tic transmitter was inserted. The incision was closed using 
monofilament sutures and sprayed with antibiotic.

To detect the implanted acoustic transmitters, an array 
of underwater acoustic receivers (VR2-W, Innovasea) was 
deployed throughout the Wenlock River for the duration of 
the study (Fig. 1a). Acoustic receivers were spaced approxi-
mately 1–5 km apart and were attached to concrete anchors 
positioned approximately 1– 2 m below the water surface 
and 2–20 m from the riverbank. Each receiver had a detec-
tion radius of approximately 400 m, and as the river width 
was typically less than 100 m and pulse transmission rate of 
the acoustic tags was set randomly between 90 and 120 s, it 
was unlikely that crocodiles could pass by a receiver without 
being detected.

Our data was not recorded blind, as we were studying 
focal animals in a field setting.

Calculation of movement metrics

To classify the movement behaviour adopted by tagged male 
crocodiles, eight movement metrics were calculated for each 
individual for each month it was detected on the acoustic 
array. To examine the prevalence of acoustic tagged croco-
diles both inside and outside the study area, we examined 
the frequency of detection of each acoustic-tagged croco-
dile on three spatial scales. On a broad scale, we calculated 
the proportion of time a tagged crocodile spent within the 
boundary of our study area for a given month (presence); 
on a medium scale, we used the proportion of days an indi-
vidual was detected on acoustic receivers while within the 
boundaries of the study area (days detected); on a fine scale, 
we used the number of times an individual was detected by a 
receiver per day (centres of activity per day). Further detail 
on the steps to generate these metrics can be found in the 
Supplementary Materials.

To describe the extent of areas utilised by tagged 
crocodiles, we generated monthly home ranges for each 
individual using least cost utilisation distributions (lcUD) 
following the methods described in Dwyer et al. (2020) 
and Baker et al. (2021, Supplementary Materials). Core 
(50% lcUD) and extent home ranges (95% lcUD) were 
generated for each individual for each month, with lcUD 

calculations based on 6-h centres of activity (COAs). In 
addition, we also calculated the spatial overlap of 95% 
lcUDs with the home range extent of the previous month 
to provide a measure of site philopatry (i.e. how consist-
ent home ranges were between tracking months). Males 
had to be detected at least five times per month at three 
unique COA positions to generate home range estimates. 
Any individual who did not meet this threshold for at least 
1 month was excluded from the study.

To quantify movements within an animal’s home range, 
we generated two movement metrics that aimed to differ-
entiate between wide-ranging travel and patrolling behav-
iour (Supplementary Materials). First, we used the mean 
maximum distances a tagged crocodile travelled per day 
based on 6-h COA locations, with COAs chosen over raw 
detections to prevent overinflated estimates of distances 
travelled due to overlapping receiver detection fields. Next, 
we determined the average distance between each COA 
and the edge of their 95% monthly home range (lcUD) 
centroid in order to differentiate between wide-ranging 
(large distances) and patrolling behaviour (low distances) 
(Campbell et al. 2013).

Assigning behavioural movement class

To assign each of our acoustic tagged male crocodiles to 
a class of movement behaviour, we performed a principal 
components analysis (PCA) across the eight movement met-
rics using the FactoMineR package in R (Le et al. 2008). 
All monthly movement metrics were averaged over an indi-
vidual’s entire detection period and then standardised prior 
to the PCA analysis. Ward’s agglomerative hierarchical clus-
tering was then applied to the first two principal components 
to determine the optimal number of behavioural movement 
classes present. The tree produced by hierarchical clustering 
was cut based on the inertia gain criterion (Argüelles et al. 
2014). Finally, to produce more robust clusters, K-means 
clustering was performed on the data based on the number 
and gravity centres of clusters obtained.

To investigate how individuals in each of our defined 
movement classes differed in their movement behaviour, we 
constructed a series of general (or generalised) linear models 
(GLMs) with a single record for each tagged crocodile. In 
these models, the movement metric of interest was used as 
the response variable and the cluster id (i.e. the behavioural 
movement class) as the predictor variable. Most GLMs 
assumed a Gaussian distribution; however, a binomial GLM 
was used to test for between-class differences in the number 
of days tagged crocodiles were present in the study area vs. 
the number of days they were absent. If a significant effect 
was found (p < 0.05), differences between clusters were fur-
ther investigated using Tukey tests.
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Annual variability in movement class assignment

To assess whether tagged male crocodiles shifted behavioural 
movement class between tracking years, separate PCAs and 
cluster analyses were performed for each male for each year 
they were tracked. In these analyses, a single year of tracking 
data was extracted for a single male while all other males in 
the analysis remained constant (i.e. with their monthly metrics 
averaged over their entire detection period). The number of 
clusters was also kept consistent with those adopted in the 
original analysis. This allowed us to obtain yearly cluster align-
ments for each male while maintaining the integrity of the 
original cluster analysis.

Quantifying body condition and injuries

To examine how the body condition of male crocodiles varied 
according to behavioural movement class, we calculated for 
each male a condition score following Nilsen et al. (2017):

where C is body condition, TG is tail girth (mm), and SVL is 
snout vent length (mm). We generated scores for each indi-
vidual per capture year (to account for recaptures) based on 
the SVL and TG measurements to identify any annual varia-
tion in body condition. A linear mixed-effects model (LME) 
was then constructed using the lme4 R package (Bates et al. 
2015), with body condition as the response variable and 
SVL, movement class, and the two-way interaction between 
SVL and movement class as fixed effects. Individual ID was 
included as a random effect to account for repeated measure-
ments from recaptured individuals.

To examine how the probability of injury varied according 
to body size and behavioural movement class, injuries to the 
head, body, limbs, or tail locations were recorded as either pre-
sent or absent for each year a crocodile was captured. Where 
possible, only injuries deemed to be recent were included in 
the analysis to reduce bias towards larger (and older) croco-
diles. We then constructed a series of generalised linear mixed-
effects models (GLMM) with a binomial distribution (logit 
link) for each injury location, with injury presence (or absence) 
as the response variable, SVL, movement class, and the two-
way interaction between SVL and movement class as predictor 
variables, and individual ID as a random effect.

Results

Between 2008 and 2020, 119 male estuarine crocodiles 
(272–2510 mm SVL, 563–4687 mm total length) were cap-
tured on the Wenlock River and implanted with acoustic 

C =
TG

(SVL × 2)

transmitters. Following release, crocodiles were tracked via 
the acoustic receiver array for periods ranging between 30 
and 4100 days (mean = 1443 days; Supplementary Fig. 2), 
with between 400 and 340,000 tag detections recorded per 
crocodile. Of these, 78 individuals (509–2510 mm SVL; 
Supplementary Table 1) possessed the minimum required 
data for inclusion within the study (i.e. a minimum of three 
unique centres of activity per month for > 1 month).

PCA

The first two principal components explained 77.1% of the 
variability observed in our eight movement metrics and were 
retained for subsequent analyses. The first principal compo-
nent (PC1) explained 51.9% of the variation, with positive 
loadings for core home range area  (km2), extent home range 
area  (km2), distance per day (km.day−1), the mean monthly 
distance a crocodile moved from their home range centroid 
(km), and a negative loading of the proportion of time pre-
sent within the upstream and downstream extent of our 
study area (Fig. 2). The second principal component (PC2) 
explained 25.3% of the variability in our movement metrics, 
with days detected per month, the number of COA loca-
tions per day, and monthly home range overlap all having 
positive loadings (Fig. 2). In terms of crocodile behaviour, 
PC1 describes the area of river crocodiles occupied and the 
distance travelled within their home range. In contrast, PC2 
describes how frequently a crocodile was detected while 
within the boundaries of the study area and the similarity 
between monthly home ranges (i.e. a crocodile’s degree of 
site philopatry).

Behavioural movement classes

Male crocodiles were clustered into three distinct behav-
ioural movement classes based on Ward’s agglomerative 
hierarchical clustering of first two principal components: 
class A, class B, and class C (Fig. 2, Supplementary Fig. 3). 
Class A was characterised by the smallest core (Fig. 3a; 
GLM, df = 75, T = 2.84, p = 0.006) and extent home ranges 
(Fig. 3b; GLM, df = 75, T = 2.39, p = 0.019), the lowest 
daily distances travelled (Fig. 3c; GLM, df = 75, T = 5.73, p 
< 0.001), and was the cohort that generally remained in clos-
est proximity to their home range centroids (Fig. 3d; GLM, 
df = 75, T = 3.40, p = 0.001). Class A individuals were also 
detected on more days per month (Fig. 3f; GLM, df = 75, Z 
= − 4.34, p < 0.001) and had more consistent home ranges 
(Fig. 3h; GLM, df = 75, Z = − 6.63, p < 0.001) than indi-
viduals in other classes. The core and extent home ranges 
and amount of movement of class B males fell between those 
of classes A and C, and these individuals were also detected 
fewer times per day than both other classes (Fig. 3g; GLM, 
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df =75, T = − 5.964, p < 0.001). Tagged crocodiles in class 
C were characterised by the largest core (Fig. 3a; > 2.5  km2; 
GLM, df = 75, T = 10.6, p < 0.001) and extent home ranges 
(Fig. 3b; GLM, df = 75, T = 9.93, p < 0.001), travelled the 
greatest distances per day (Fig. 3c; GLM, df = 75, T = 11.9, 
p < 0.001 ), and generally remained further from their home 
range centroid (Fig. 3d; GLM, df = 75, T = 13.826, p < 
0.001). Class C males also spent longer periods outside the 
boundaries of our study area than any other movement class 
(Fig. 3e; GLM, df = 1190, Z = − 32.42, p < 0.001). Finally, 
class C males held less consistent home ranges between 
months than class A males (GLM, df = 75, Z = − 4.55, p < 
0.001), but their degree of monthly home range overlap was 
similar to class B males (Fig. 3h).

Of the 78 male estuarine crocodiles which had suffi-
cient detection data, 18 were assigned to movement class 
A, 45 were assigned to class B, and 15 to class C based on 
their PC scores for the entire tracking period (Fig. 4a). In 
our 18 smallest males (< 1400 mm SVL), 61% (n = 11) 
were assigned to class B and 39% (n = 7) were assigned 

to class A (Fig. 4a). Of our seven largest males (> 2200 
mm SVL), five were assigned to class A, and the remain-
ing two were assigned to class B. No male crocodiles with 
SVL < 1400 mm or > 2200 mm were assigned to class C 
for their entire tracking period. Of the 52 males ranging 
between 1400 and 2200 mm SVL, 62% (n = 32) were 
assigned to class B, 29% (n = 15) were assigned to class 
C, and 12% (n = 6) were assigned into class A.

Annual variability in movement class assignment

Of the 63 male crocodiles with more than 1 year of tracking 
data, 51% (n = 32) were assigned into the same movement 
class for the duration of their tracking period (Fig. 4b). This 
included M164b (class A) and M190b (class C) who were 
tracked for 9 and 7 consecutive years, respectively. Thirteen 
crocodiles (21%) were assigned into either class A or B in 
consecutive years, 14 (22%) switched between class B and C, 
and 4/63 males (6.3%) switched among all three movement 
classes in consecutive years (Fig. 4b). Small individuals (< 
1400 mm SVL, n = 15) displayed relatively stable movement 
classes between years, with only 22% of individuals switching 
between classes. Of the seven male crocodiles > 2200 mm in 
SVL, five (71%) were assigned to class A for ≥ 75% of years 
tracked (min = 3 years, max = 8 years), while the other two 
males were assigned to class B on > 60% of years tracked. 
Four of these males (57%) switched between movement class 
A and class B in consecutive years. No male crocodiles < 
1400 mm SVL or > 2200 mm SVL were assigned to class C 
for any of the years that they were tracked. Intermediate-sized 
individuals (1400–2200 mm SVL, n = 41) were more plastic 
in their movement behaviours between years, with only 41% 
of individuals with more than 1 year of tracking data assigned 
to the same class throughout their tracking period. Most inter-
mediate individuals, however, switched between at least two 
movement classes, with four individuals switching between 
classes A, B, and C each year during the study.

Relationship between movement class, condition, 
and external injuries

Of the 78 males assigned to a movement class, 59 had the 
measurements necessary for estimating body condition and 
16 had multiple measurements across years from recapture 
events. Body condition index in male crocodiles was posi-
tively correlated with SVL (LME, F = 13.6, p = 0.001, R2 
= 0.46; Fig. 5), where larger males had a higher derived 
body condition index than smaller males. There was no 
significant effect of movement class on our index of body 
condition as either a single effect or as an interaction term 
in our LME (P > 0.05). Of those recaptured males with 
multiple estimates of body condition, some individuals 
exhibited large differences between recapture years, with 
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Fig. 2  Movement classes of acoustic-tagged male estuarine croco-
diles (Crocodylus porosus), visualised using the first two principal 
components produced from eight movement metrics (presence: pro-
portion of time present in the study area, days detected: proportion of 
days detected while in the study area, COAs per day; 6-hourly cen-
tres of activity per day, overlap; percent overlap between successive 
monthly home ranges, distance per day: mean distance travelled each 
day, distance from centroid: mean distance of COAs from monthly 
home range centroid, core HR: area of 50% lcUD, and extent HR: 
area of 95% lcUD. Each dot represents the entire tracking period of 
one individual. Arrows show the influence of each movement met-
ric such that PC 1 represents activity and PC 2 represents site fidel-
ity, and box plots show the variance of each k-means-derived cluster 
along the two PCs: boxes indicate the interquartile range (IQR), the 
central line shows the median, the whiskers extend to 1.5*IQR, and 
outliers are plotted individually
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M243 and M151b showing a marked decline (by 12.5 and 
7.7%, respectively) in body condition index across consecu-
tive years (Fig. 5).

Of the 68 male estuarine crocodiles that had the pres-
ence or absence of external injuries recorded, 10% showed 
evidence of injuries to the head, 12% had injuries to the 
body, 16% had injuries to the limbs, and 19% were on 
the tail. These injuries took the form of gashes, puncture 
marks from teeth, or missing limbs (Fig. 6). Some indi-
viduals presented fresh injuries each year they were cap-
tured, with M243 having an increasing number of fresh 
injuries with each recapture year (i.e. loss of a forelimb 

and part of a lower jaw), coinciding with a drop in body 
condition. There was a positive correlation between male 
body size and the presence of injury on the tail (GLMM, 
Z = 2.385, p = 0.017) and limbs (GLMM, Z = 2.01, p = 
0.045) but not the head (GLMM, Z = 1.78, p = 0.11) or 
the body (GLMM, Z = 0.767, p = 0.44; Fig. 6). Move-
ment class was not a significant predictor of injury, either 
as a single term or as an interaction term, in our GLMMs 
for each injury location (p > 0.05). Male crocodiles had 
a low (< 0.1) probability of injury to the tail until they 
passed ~ 1800 mm SVL when the incidence if these inju-
ries markedly increased.

Fig. 3  Distribution of covariates 
that describe each behavioural 
movement class exhibited by 
acoustic-tagged male estua-
rine crocodiles (Crocodylus 
porosus). Presented are the 
model derived mean and 
standard errors, with significant 
differences shown by I/II/III 
as determined using a Tukey’s 
analysis
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Discussion

The existence of alternative movement tactics has been doc-
umented across taxa, where individuals in the same popula-
tion vary in the extent and consistency of their movements. 
However, due to the challenges of observing large cohorts 
of individuals continuously in their natural environment, 
it is often unclear how consistent these tactics are across 
multiple years or how they relate to an individual’s internal 
state (i.e. their age, size, or physical condition). By track-
ing 78 male estuarine crocodiles over an 11-year period, we 

discovered that individuals segregate into common move-
ment tactics according to how they moved within a shared 
environment. The tactic that an individual adopted could be 
partially explained by ontogeny, as the largest males (> 2200 
mm SVL) were highly site-attached and maintained confined 
territories both within and across years, while intermediate-
sized (1400–2200 mm SVL) males were more likely to roam 
and were more plastic in their selection of tactic between 
years. Fifty-one percent of males tracked for more than 1 
year (2–9 years) maintained the same tactic throughout 
their entire tracking period, while the remaining 49% of 

Fig. 4  Tiled plot showing the 
behavioural movement class 
of male estuarine crocodiles 
(Crocodylus porosus) for a their 
entire detection period and b 
each year of detection. Males 
are arranged by snout-vent 
length from the largest males 
at the top to the smallest at the 
bottom. * and † differentiate 
individuals with the same ID
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individuals switched movement tactics between years. While 
larger males had better body condition scores, an increas-
ing incidence of injuries to their tail and limbs suggests that 
there is an inherent cost to defending and/or navigating terri-
tories. Our findings suggest that the tactics adopted by male 
estuarine crocodiles can be highly consistent through time 
and are conditional according to an individual’s body size 
but not necessarily their body condition or state of injury.

In polygamous species, the strongest males typically 
monopolise access to females within defined territories, 
while smaller and less experienced males are forced to adopt 
alternative tactics to access mating opportunities (Lincoln 
1971; Leboeuf 1974; Clutton-Brock and Albon 1979; Modig 
1996; Melzheimer et al. 2018). Estuarine crocodiles are 
traditionally viewed to live within dominance hierarchies, 
whereby dominant males control access to females through 

Fig. 5  Scatter plot showing the 
body condition index of male 
estuarine crocodiles (Crocody-
lus porosus) compared to 
snout-vent length (mm) in 
crocodiles in three movement 
classes. Each point represents a 
single male, with standard 
deviation shown for those with 
multiple measurements across 
years. Body condition is 
calculated as C =

TG

(SVL×2)
 , as 

marked on the silhouette, where 
SVL is snout-vent length and 
TG is tail girth. Linear 
prediction shows mean ± the 
95% confidence interval (LME). 
Three individuals are high-
lighted: both M151b and M243 
decreased in condition across 
years, while M220 is the largest 
class C male and in poor 
condition for its body size
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Fig. 6  Scatter plot showing the 
probability of observed external 
injuries to the body, head, limbs 
or tail region of male estuarine 
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length. Presence or absence of 
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y axis to facilitate comparison 
and binomial model predic-
tions for each model (GLM) are 
shown. Examples of injuries to 
the body, head, limbs, and tail 
are shown

0.00

0.25

0.50

0.75

1.00

1000 1500 2000 2500
Snout−vent length (mm)

Pr
ob

ab
ilit

y 
of

 In
ju

ry

Location
Body
Head
Limbs
Tail

Head

Body
Limbs

Tail

Page 9 of 13    31Behavioral Ecology and Sociobiology (2023) 77:31



1 3

the expulsion of male conspecifics (Lang 1987). Consistent 
with this, we found that mature males greater than 2200 
mm SVL in our study population maintained discrete home 
ranges across consecutive months (= class A), while mature 
individuals between 1400 and 2200 mm SVL were more 
likely to occupy longer stretches of river and have less site-
attachment (class B or C). It is difficult to interpret the move-
ments identified as class B due to the high degree of varia-
tion present between individuals within this class. However, 
the identified movement class C is comparable to a roamer 
tactic (Schradin et al. 2009; Rimbach et al. 2019), with only 
sexually mature males less than or equal to 2200 mm SVL 
adopting this behaviour. In contrast, immature males (< 
1500 mm SVL, Webb and Smith 1987) were observed to 
either display low rates of movement and high site attach-
ment (class A) or moderate home ranges with low site fidel-
ity (class B). This suggests that immature individuals may 
be adopting a subordinate philopatric tactic (Kingma et al. 
2016) where they are tolerated as subordinates by dominant 
males. Indeed, Baker et al. (2021) found substantial overlaps 
between male conspecifics across multiple years, suggesting 
estuarine crocodiles may be more tolerant than previously 
thought. Research on the association patterns, community 
composition, and dominance hierarchies of estuarine croc-
odiles may shed light on the complexities of their social 
structure.

Alternative movement tactics impart different costs and 
benefits depending on an individual’s internal state and 
environment (Clutton-Brock 1989; Strickland et al. 2016). 
Our study found that larger males had more injuries, with 
injuries to the head and neck becoming evident upon males 
only once they attained > 1800 mm SVL and injuries to 
the tail evident from 1500 mm SVL. However, the largest 
males, of which most adopted a territorial tactic, also had 
the highest body condition. This may suggest that the costs 
of conflict are lower than the benefits of territoriality. Sub-
dominant males across taxa may travel over large areas 
with a low degree of site attachment to limit social con-
flict with dominant males while maximising their access 
to reproductive females (Taborsky et al. 2008). However, 
mature males adopting this roaming tactic in other spe-
cies have been observed to have higher energetic costs 
due to greater distances travelled (Rimbach et al. 2019), 
lower body condition as a result of less consistent access 
to resources (Melzheimer et al. 2018), reduced growth 
due to exclusion from feeding opportunities and basking 
sites (Grigg 2001; Seebacher et al. 2005), and an increased 
incidence of injury due to more frequent contacts with 
unfamiliar dominant males (Ridley et al. 2008). The larg-
est class C male (M220) had very low body condition for 
its size. Despite this, we found that there was no evidence 
that crocodile physical condition was related to move-
ment tactic, with males having a similar body condition 

score and incidence of injury to similar-sized conspecifics 
assigned to other movement classes. Similarly, Strickland 
et al. (2022) found that body condition, calculated using 
Fulton’s body condition factor, was a poor predictor of 
activity in American alligators (Alligator mississippien-
sis). In this study, we used an estimated measure of body 
condition that uses tail girth as a proxy for body mass 
(Nilsen et al. 2017). Further studies examining physiologi-
cal metrics such as chronic corticosterone as an indicator 
for stress (Hamilton et al. 2018) and lipid content or fatty 
acids to assess nutritional state (Meyer et al. 2021) could 
provide further insights into the influence of physical and 
physiological status on the selection of movement tactics 
in male crocodiles.

Mature males across taxa often transition toward ter-
ritorial movement tactics once they reach a size where 
the benefits of holding a territory outweigh the costs of 
defending it (Haley et al. 1994; Wikelski et al. 1996; Melz-
heimer et al. 2018). Consistent with this, at the popula-
tion level, we observed a broad association between the 
movement tactics individuals adopted and ontogeny, as 
discussed above. However, despite the extended periods 
over which individuals were tracked (2–9 years), at the 
individual level, we did not observe any directional shifts 
in the movement tactic adopted indicative of an inherent 
transition toward territoriality. Instead, we observed that 
51% of males maintained the same movement tactic each 
year throughout their tracking period, while others shifted 
tactics between years. Given the long lifespan of estuarine 
crocodiles (up to 70 years (Webb and Smith 1987)), it is 
possible that the duration of our study (11 years) was not 
long enough to observe ontogenetic transitions in behav-
iour within individuals.

Alternatively, the observed variation may have been 
due to individual responses to seasonal or inter-annual 
shifts in their physical and/or social environments (Knapp 
et al. 2003; Wolf and Trillmich 2007; Baker et al. 2023) 
rather than changes in ontogeny (Gross 1996). For exam-
ple, home range size and activity in American alligators 
are driven primarily by salinity and seasonal changes in 
hydrology (Rosenblatt and Heithaus 2011; Fujisaki et al. 
2014) rather than by body size (Rosenblatt et al. 2013but 
see Strickland et al. 2022). Female sea lions (Zalophus 
wollebaeki) have been observed returning to breeding 
areas with familiar, predictable conspecifics to reduce the 
potential for conflict (Wolf and Trillmich 2007). Further 
research is needed to understand how shifts in an indi-
vidual’s physical and social environments influence the 
adoption of different movement tactics. Regardless of 
what is driving the variation in tactics observed in our 
study, our results highlight the importance of examining 
both population- and individual-level variations when 
investigating animal movement and behaviour.
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Using a long-term telemetry dataset, we found that male 
estuarine crocodiles can be separated into three distinct 
movement classes. Despite being unable to link increases 
in an individual’s body size to a switch in movement tactic 
at the individual level, the patterns observed across indi-
viduals in this wild population suggest that male estuarine 
crocodiles are adopting conditional alternative movement 
tactics, where only the largest males are territory-holders 
while less competitive males adopt alternative tactics to 
navigate their social environment. Our findings illustrate 
how long-term telemetry studies not only can be used to 
quantify individual behaviour within a natural setting but 
can also provide insights into the mechanisms and costs of 
movement tactics among wild animal populations.
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