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Abstract 

Background 

The giant robber crab Birgus latro (Linnaeus, 1767) (Anomala, Coenobitidae) is the largest 

land living arthropod. The species is distributed over small Indo-Pacific islands including 

Christmas Island (Indian Ocean). Although these animals have served as models in anatomical, 

physiological, and ecological studies, behavioral analyses of B. latro are surprisingly rare. To 

study the daily activity patterns in robber crabs, telemetric experiments were carried out in 

Christmas Island’s rain forest during the wet seasons in 2008 and 2010, and during the dry 

season in 2011. In total, we equipped 54 male robber crabs with animal-borne transmitters along 

a defined transect and data were recorded at one hour intervals for periods up to two months. 

In addition to an integrated GPS-logger, the transmitters were equipped with a tri-axial 

accelerometer module that served to monitor locomotory activity of the animals as to date, 

information on the daily behavior adopted by Birgus latro is inconclusive.   

Results 

We show that B. latro displays individual activity rhythms that can vary individually over the 

course of a few days. In general, animals are more crepuscular to nocturnal than diurnal but 

individual patterns vary markedly, with diurnality as well as cathemerality patterns in different 

individuals. Translocation experiments revealed that the displacement of animals may not affect 

their activity rhythms. Data analysis revealed that the primary driving force behind locomotory 

activity is relative humidity. 

Conclusion 

Higher activity during phases of higher relative humidity may be a simple strategy to manage 

water loss, and may reflect the humidity-dependent functioning of the olfactory system in these 

animals. Robber crab populations are declining and road kills is one of the key threats to the 

population on Christmas Island. More detailed information on daily activity patterns or roles of 

abiotic factors in inducing activity might help for a better management of road based traffic, 

aiming to reduce road kills e.g., during peak activity times. 

 

Keywords: accelerometer, land hermit crab, locomotory activity, migration, Birgus latro 

 

Background 

The giant robber crab Birgus latro (Linnaeus, 1767) is a member of the Coenobitidae 

(Anomala) and considered the largest land living arthropod. It can weigh up to 4 kg and is 

estimated to live from between 60 (reviewed in [1, 2]) to 100 years [3]. The robber crab is 

distributed over small Indo-Pacific islands in the tropics, with their largest and densest 

population reported to occur on Christmas Island (reviewed in [1]). A successful transition from 

aquatic to terrestrial life requires a number of morphological, physiological and behavioral 



 

 

adaptations (see Greenaway 2003 for a review [4]), many of which are related to minimizing 

water loss. Most terrestrial representatives of the Coenobitidae (15 species) carry a mollusk 

shell, which is one behavioral mechanism which enables them to persist in terrestrial 

environments of varying humidity. However, one species within this taxon, B. latro, only 

carries a mollusk shell for the first few years of its life but abandons this shells as these animals 

grow towards their adult size. Research by Hamasaki et al. (2011) demonstrated that in B. latro, 

low humidity decreased the proportion of megalopae on land and it also stimulated burrowing 

behavior in this transitional phase from the ocean to land [5]. Individuals in low humidity 

environments had a low survival rate. However, although Greenaway (2003) have studied the 

multitude of physiological adaptations necessary for the terrestrial life-style in B. latro, very 

little is known about the behavioral mechanisms that enable the species to persist many 

kilometers from beach environments where humidity levels vary substantially.   

 

To date, information on the daily behavior adopted by Birgus latro is inconclusive.  Numerous 

authors claim that the species is exclusively diurnal [6], exclusive nocturnal [7] or vary activity 

levels depending on human population activities (e.g. levels of hunting), habitat and humidity 

[7–11].  However, very few have rigorously tested their statements. B. latro is currently listed 

as data deficient on the IUCN list [12] and many populations throughout it range have 

experienced marked declines in their numbers. With predictions suggesting that many tropical 

islands throughout it range will experience increasing sea and air temperatures and reduced 

rainfall, it is important to understand the relationship between the species behavior in relation 

to these environmental factors [13].  

 

In a previous study we had analyzed the migratory behavior of B. latro on Christmas Island 

using GPS telemetry [14]. However, other than a single mark-recapture study [15], reports 

referring to daily activity cycles of B. latro are restricted to limited direct observations of few 

individuals over very short time periods [7, 4, 16, 11, 17]. In order to broaden our understanding 

of daily activity patterns of arthropods, we employed animal-borne accelerometers on free 

ranging giant robber crabs Birgus latro (Linnaeus, 1767) (Anomala, Coenobitidae) in the rain 

forest of Christmas Island (Indian Ocean). 

 

Accelerometry measures variations in acceleration from which the locomotory activity of 

objects or animals can be inferred. Various different scientific disciplines, such as physics, 

engineering, and aeronautics use accelerometry to analyze an object's movements. Furthermore, 

this method is being more and more explored to study aspects of animal behavior. For example 

in medicine, the use of (tri-axial) accelerometers is a well-established technique for directly 

studying human behavior [18] and thus is an emerging discipline in behavioral biology. In 

earlier studies from the field of animal behavior, accelerometers have also been used to measure 

the critical soil vibration which evokes the startle response of desert locusts Schistocerca 

gregaria Forsskål, 1775. Accelerometers have also [19] be employed to assess animal 

movement by attaching modules or data loggers directly onto animals, where the animal-borne 

accelerometry provided high resolution insights into daily activity and movement patterns of 

birds over extended periods of time [20–22]. Typical activity patterns such as phases of flight 

or inactivity could be clearly separated even by mono-axial accelerometers [21]. Technical 



 

 

 

 

progress and improvement of miniaturization of accelerometer modules has fostered the direct 

use of animal-borne accelerometers, which now is an expanding method to study movements 

in behavioral as well as environmental biology of smaller animals. However, because of size 

limitations the use of animal-borne accelerometer modules so far has been limited to a few 

invertebrate species [23–26].  

This is the first time, this method has been used to understand the daily movement patterns of 

a terrestrial crustacean. The data were recorded from between one to three months during the 

following seasons: 1) 2008 wet season; 2) 2010 wet season, during one of the strongest La Niña 

events on record [27]; and 3) 2011 dry season. We have attempted to establish possible links of 

the animal’s activity to daily changes of climate factors but also to longer scaled climate data. 

Results  

For simplification, we refer to “locomotory activity” as “activity” in the following. We recorded 

daily movements from 54 male B. latro for up to 77 days thus providing over 28 million 

recorded data sets. After applying a rigorous filtering regime (see material and methods section) 

the data from 54 male robber crabs representing 95,000 data records were binary-coded such 

that “0” indicates no activity and “1” stands for any locomotory activity during each 

measurement (75s burst per 30 min).   

Climate data 

Humidity and precipitation varied substantially between the observation periods in 2008 (wet 

season; mean rel. humidity ± standard deviation = 84.7 ± 5.9 %; mean of maximum 

precipitation per day ± standard deviation = 7.6 ± 16.4 mm) and 2011 (dry season; mean rel. 

humidity ± standard deviation = 83.7 ± 6.4 %; mean of maximum precipitation per day ± 

standard deviation = 0.4 ± 2.8 mm) compared to that recorded in 2010 (wet season; La Niña 

event; mean rel. humidity ± standard deviation: 92.5 ± 4 %; mean of maximum precipitation 

per day ± standard deviation = 27.9 ± 27.2 mm). The total rainfall for the 2008 wet season 

observation period accounted for only one third (334 mm) of the total rainfall for the same time 

period in the 2010 (1,078 mm) wet season. Similarly, total rainfall during the observation period 

in the dry season in 2008 was well below average (28.2 mm; for further details see Fig. 1). Note 

that the microclimate within the study area may vary substantially from the climate data 

presented here because of the considerable distance between the weather station and our study 

site.  

 

Crab activity 

Activity of untreated crabs (UT; Fig. 2) varied significantly between the three observation 

periods (Fig. 1). In the 2008 wet season, mean crab activity was 28.2 ± 9.4 % (weighted mean 

± weighted standard deviation; n = 13; range 10.6 to 41.0 %) compared to 20.1 ± 6.5 % 

(weighted mean ± weighted standard deviation; n = 12; range 8.6 to 60.6 %) recorded in animals 

in the 2011 dry season (two-sampled t-test with unknown variances; p = 0.02). Crabs during 

2010 recorded a mean activity level of 40.9 ± 12.2% (weighted mean ± weighted standard 



 

 

deviation; n = 17; range 22.4 to 69.5 %), which is almost as high as that recorded in the 2011 

dry season (two-sampled t-test with unknown variances; p ≤ 0.001) and significantly (two-

sampled t-test with unknown variances; p = 0.003) different to that recorded in 2008 (Fig 2).   

 

Effects of displacement experiments on overall activity 

Eight animals were displaced in a Y-axis direction (4 from north to south and 4 from south to 

north) with regard to the coastline (X-axis) over distances from 650 to 1,000 m within the 

previously identified migratory corridor [14]. Five of the displaced individuals returned to 

locations within 300 m of their original capture position, between 10.5 hours (displaced over 

650 m) and 21 days (displaced over 1,000 m) post release. Two individuals did not return to the 

position of capture and we lost contact with the eighth animal one day after displacement. A 

single individual was displaced a second time after having successfully reached its capture 

point. This animal returned to its capture point a second time following a path identical to its 

previous return route. Four animals were displaced in the X-axis direction (roughly parallel to 

the coast) and to a similar altitude as their initial capture point, but to locations out of their 

identified migratory corridor. None of the crabs displaced parallel to the coastline returned 

successfully to its capture point – for more details of the displacement experiments, see [14]. 

Displaced and hence treated crabs (T; Fig. 2 and 3) showed a similar overall mean activity level 

compared to untreated animals during the same observation period (untreated versus treated 

2010, t-test, p = 0.69; untreated versus treated 2011, t-test, p = 0.892) but varied significantly 

when compared between different observation periods (Fig. 2). In 2010, the animals had an 

overall mean activity level of 38.5 ± 9.9 % (weighted mean ± weighted standard deviation; n = 

4; range 27.3 to 53.2 %) while in 2011, the mean activity level was significantly lower at 19.6 

± 8.4 % (weighted mean ± weighted standard deviation; n = 8; range 6.5 to 47.6 %; p = 0.022 

two-sampled t-test with unknown variances Welch-Test [28]). 

 

Daily activity cycles 

The majority of animals (n = 36) were significantly more active during phases of darkness (χ² 

difference test; Fig. 3, 4A to C) compared to periods of sunlight, however some animals (n = 7) 

featured a significant preference for the daylight phases (examples are given in Fig. 4A to C) 

or did not show any preference for a specific light regime (n = 11; example are given in Fig. 5 

and 6). Overall, animals were more inactive during daylight with the lowest activity levels 

recorded between 11:00 and 16:00 while activity increased by a factor of 1.8 to 3.5 between 

17:00 and 19:00 (Fig. 7A; sunset ca. 18:00). Direct field observations show that substantially 

more crabs are active in the rain forest in the period around sunset compared with observations 

made around midday.  

The analysis of actograms confirmed that the majority of analyzed animals (73 %, n = 33 of 45, 

p ≤ 0.05 for χ²; and 84 %, n = 38 of 45, p ≤ 0.05 for Lomb-Scargle) had a significant periodicity 

of locomotory activity during the observation period. Of the 45 crabs that were analyzed, 68.9 



 

 

 

 

% (for the χ² periodogram) and 57.8 % (for the Lomb-Scargle periodogram) displayed a 

significant activity cycle of 24 h (mean ± SD = 24.0 ± 0.2, p ≤ 0.05, for χ² and 24.0 ± 0.3, p ≤ 

0.05, for Lomb-Scargle). Figures 4B, 4B’ and 5D provide an example of a periodogram of an 

individual displaying highly periodic activity cycle over a 24 hours period (p ≤ 0.001, for Lomb-

Scargle and for χ² periodogram). Eight individuals displayed significant activity cycles of 12 h 

(two activity cycles within 24 hours; e.g. Figure 4F and 4F’). Some individuals displayed 

varying activity rhythms, for example more than one significant period (Fig. 5A``) or no 

significant periodicity at all (e.g. see Fig 5B`` and C``). Furthermore, in a few animals, 

individual changes in periodicity could also be observed within the observation period (for an 

example see Fig. 6). Here, the animal spontaneously doubled its average daily activity after 35 

days (Fig. 6A, transition), and changed its periodicity from a diurnal-vespertine (Fig. 6A, B, C 

and G) to a crepuscular-nocturnal mode (Fig. 6A, D, E and G) at the same time.  

During the wet season and around sunset during the dry season, animals were encountered in 

large numbers in the rain forest either moving or showing a typical awake or active posture 

(Fig. 7C). The active posture can be characterized by the exposition of both pairs of antennae 

and/or a flicking of at least the first pair of antennae while the animal’s body is anteriorly tilted 

upwards from the ground by the first pairs of walking legs. In contrast, during daylight hours 

in the dry season, most of the animals could be found in crevices or between tree roots 

displaying a typical sleeping or inactive posture (Fig. 7D), characterized by the retraction of 

both pairs of antennae, a distinct bending of walking limbs towards the body as well as a 

crouched or flattened body position. 

Effects on/Influencing parameters of activity 

The generalized linear mixed effects model (GLMER) indicates that a number of factors are 

likely to influence the activity of the crabs rather than single factors. The best supported and 

thus most evident model (based on the Akaike Information Criterion (AIC)) included light, 

humidity, temperature and year as fixed effects (Tab. 1). This model comprised 99.9 % of the 

model selection weight.  

The Tukey’s post-hoc test on the best fitting model (additional table 1) indicated that the activity 

of crabs varied significantly between 2008 and 2010 and between 2010 and 2011 (p < 0.001), 

while the activity of crabs in the 2008 wet season did not vary significantly to activity recorded 

in the 2011 dry season (p = 0.34).  

Based on the results of the single factor analysis, relative humidity appears to most strongly 

influence crab activity levels, followed by daylight cycle, and air temperature (Tab. 1). Note 

that the relative humidity is intrinsically linked to air temperature and the daylight cycle on 

Christmas Island (Fig. 7B). The carapace width may serve as a rough indicator for animal age 

[1], but since only mature male animals were tagged, we assume a similar behavior on average. 

Because relative humidity depends on precipitation, we excluded precipitation as fixed effect 

in the modeling.  

 

 



 

 

Discussion 

Birgus latro has been reported to be exclusively nocturnal [7]; primarily nocturnal [16]; 

crepuscular [4]; and diurnal, crepuscular as well as nocturnal [11]. The diurnal activity reported 

in the latter study was considered to be dependent on local population density and the regional 

level of human activity [1, 11]. Fletcher [11] reported that on islands inhabited by humans 

which have high levels of human harvesting, B. latro exhibit almost exclusive nocturnality, 

however in areas with limited human disturbance, B. latro behavior appears more closely linked 

with relative humidity [8–10]. In 1978, the population density of this animal in the rain forest 

varied between 67 up to 160 animals/ha on Christmas Island [29], an average that is comparably 

high to other locations and ranks with the population densities of uninhabited islands in the 

South Pacific Ocean [1]. However, in almost all instances the behavior that has been reported 

has been inferred from anecdotal observations with little or no rigorous scientific testing of the 

observations. In this study we attempted to determine the environmental factors that may 

influence B. latro behavior in a population that is protected from hunting. 

Using animal-mounted accelerometers we recorded a number of different behavior patterns 

within a single population. Some B. latro individuals (n = 11) were observed to spend 

significant amounts of time being active in both dark and light phases of the 24 hour cycle (Fig. 

3), several individuals (n = 7) were noted to be predominately active during daylight (diurnal; 

example in Fig. 4E), while others displayed a semi-diurnal (diurnal-vespertine; example in Fig. 

4F) or a semi-nocturnal pattern (nocturnal-matutinal; example in Fig. 5A). Besides these 

distinctly rhythmic patterns, a few animals also featured activities distributed approximately 

evenly throughout the 24 hours cycle (examples in Fig. 5B-C) fulfilling the formal definition 

of cathemeral activity [30]. In general, the majority of individuals displayed crepuscular to 

nocturnal activity (Fig. 4A-C, 7A). However, most animals spent a marked proportion of their 

total activity during daylight phases (Fig. 3), and even behavioral changes in activity patterns 

of single individuals occurred over the monitored period (Fig. 6). These seemingly spontaneous 

behavioral changes in single individuals, surprisingly, could not be explained by varying 

weather conditions for the same period. Modeling of these patterns against probable influencing 

parameters confirms that humidity appears to have a strong influence on crab behavior 

(compare Fig. 7A and B). Even if animals are more cryptic during the day, an exclusive 

rhythmicity in B. latro cannot be inferred from our data supporting rather an individual than 

species-dependent rhythm of activity. Note that stationary behavior including small-scale 

excursions as reported in a previous study [14] is not compulsorily linked to low overall activity 

(compare movement paths Fig. 4D with actograms in Figs. 4A-C and 4E, F). 

As with previous studies [8–10], this study suggested that crab activity is influenced by relative 

humidity, with prolonged locomotory activity more likely to be associated with high humidity 

periods (e.g. the wet season or nocturnal periods). Like many terrestrial animals, coenobitids 

modify their behavior to minimize evaporative water loss [4]. Consequently most coenobitid 

species are considered rather nocturnal, however sudden rises in daytime humidity, or a brief 

rain shower, can initiate diurnal activity (reviewed in [4]). On a physiological level this strong 

association between activity and humidity may be a behavioral mechanism associated with 

minimizing dehydration in terrestrial environments. Terrestrial crabs face a number of 



 

 

 

 

environmental stressors that must be modulated by either behavioral or physiological processes. 

High levels of activity are likely to induce increased respiration, which in environments where 

air humidity is lower than that of the branchial chamber it is highly probable that this will 

increase the chances of dehydration.   

Physiological studies have shown that dehydrated animals will maintain the oxygen 

concentration within arterial hemolymph at the expense of disturbance of the acid-base 

equilibrium (acidosis) [31]. Metabolic acidosis can be elicited during short forced exercise and 

can result in a decrease of hemolymph pH and severe increase of L-lactate concentration in the 

hemolymph [32, 33]. One direct way of compensation of metabolic acidosis is via a fivefold 

increase of branchial ventilation of scaphognathites [33] followed by an increase of desiccation. 

Statistical modeling revealed that activity dynamics seem to be mainly affected by the relative 

humidity, thus enduring large-scale exercises, as shown for example in Fig. 4D, E, 5B, and E, 

are likely to be promoted by a humid environment from a physiological point of view. Hence, 

direct dehydration due to aridity coupled with the desiccation as a result of a compensatory 

response to acidosis, may limit the ability of sustained activity during the dry season. A 

limitation of activity due to relative humidity is in accordance with findings of Hicks et al. 1990 

[8] who reported that shelters were preferred when the relative humidity drops below 70 % 

(reviewed in Drew et al. 2010 [1]).  

However, unlike its smaller relatives, robber crabs are able to drink [34] and store considerable 

amounts of water in their pleon [35], and it is probable that in environments with ready access 

to drinking water the physiological limitations of dehydration may be reduced. 

The importance of water detection in B. latro is supported by a physiological study using 

electroantennographic detection (EAG) demonstrating that the first pair of antennae, mainly 

responsible for the sense of olfaction for a variety of compounds, is even able to detect pure 

water [36]. In the terrestrial hermit crab Coenobita clypeatus (Fabricius, 1787), a smaller 

relative of B. latro, laboratory based studies using a combination of behavioral and 

electrophysiological experiments [37] have shown a positive correlation between the relative 

humidity and the strength of response to different odorants. The results indicate that a high 

relative humidity is necessary for optimal functioning of the olfactory system in C. clypeatus. 

It is therefore probable that reduced activity of B. latro during dry phases corresponds with a 

disability of gathering olfactory information on e.g. food sources, or conspecifics. 

In all experimental periods, a severe increase of activity occurred during dusk (Fig. 7A). Yet, 

despite the period around dawn having similar light, temperature and humidity to dusk (Fig. 

7B), crab activity levels were not high (Fig. 7A). One explanation for reduced activity in the 

morning hours compared to dusk could be that animals adapt slowly from the colder nighttime 

period with respect to their large size  whilst in the evening hours, these poikilothermic animals 

are already at their optimum temperature- (due to Q10 effect).  

The El Niño-Southern Oscillation (ENSO) is considered the most important driver of 

precipitation for the eastern tropical Indian Ocean [38] including the region around Christmas 

Island. While El Niño events indicated by an ongoing negative atmospheric Southern 

Oscillation Index (SOI) correspond to less rainfall than average, La Nina events, (a positive 



 

 

SOI) correspond to more rainfall than average on Christmas Island [39]. A strong correlation 

between the amount of rainfall on Christmas Island and the timing of spawning migration of 

the Christmas Island red crab Gecarcoidea natalis (Pocock, 1888) was recently reported by 

Shaw and Kelly [39]. Our data provide evidence that robber crab behavior can also be strongly 

influenced by differences of both rainfall and humidity as associated with La Nina events.  

Note that weather data in this report were obtained from a weather station (Aero Weather 

Station 200790 on Christmas Island) at a distance of ca. 11 km to the experimental area — it is 

probable that microclimatic conditions might vary considerably. For a more precise analysis as 

e. g. for pinpointing a putative humidity-optimum, the use of small meteorological sensors in 

combination with accelerometers or other animal-borne data loggers will be advantageous. We 

are also aware of that our conclusions are based on a limited time period (in average one hour 

of a 24 h-cycle => 4.2 %), nonetheless the length of continuous monitoring of robber crabs’ 

activity (in average 37 days per animal) is unique.  

This study highlights the high potential of animal-borne accelerometry which could be used for 

example, to study different typical movement patterns of individual animals. However, a 

detailed analysis of the most typical locomotory behaviors of B. latro demands a time-

consuming and complicated live-calibration procedure on-site, and could thus not be carried 

out here. Future studies using direct accelerometry in combination with animal-borne camera 

systems and meteorological sensors may provide further insights into the cryptic life of the 

largest terrestrial arthropod of the world, the robber crab. 

 

Conclusion 

We have shown that B. latro display individual activity rhythms that can vary individually over 

the course of a few days. However, on average the major activity pattern of the crabs monitored 

was crepuscular to nocturnal. Mean activity was strongly seasonal, with the most active periods 

coinciding with the highest humidity period of the study, the wet season in 2010. It was in this 

period during the strongest La Niña events on record, that 57% of the monitored crabs exhibited 

either a preference for diurnal activity or showed no preference for either diurnal or nocturnal 

activity (Fig. 4E and E``). In comparison, crab activity was comparatively low during the 

relatively dry wet season of 2008 and the dry season in 2011 (Fig. 7A and B). Diurnal activity 

was recorded in 2011 but only 20% of the recorded crabs showed either a diurnal preference or 

had activity equally divided between day and night, while in 2008 less than 15% of the 

monitored animals exhibited no preference between day and night activities. Based on these 

observations, diurnal activity in B. latro appears to be primarily limited by the relative humidity.  

Unfortunately, as humidity can vary considerably depending on the local microclimate, and we 

were only able to elicit our humidity data from a single weather station situated some distance 

from the study site, we are unable to provide a critical range for B. latro activity against relative 

humidity or other abiotic factors. Further research incorporating small meteorological sensors 

with the animal-borne accelerometers will likely provide more details on the critical range to 

the stimulation of activity. 



 

 

 

 

The populations in robber crabs are declining and road kills is one of the key threats to the 

population on Christmas Island. More detailed information on daily activity patterns or 

thresholds of abiotic factors inducing activity might help for a better management of road based 

traffic, aiming to reduce road kills e.g. during peak activity times. 

 

Methods 

Study site 

Christmas Island is a relatively large oceanic island located approximately 360 km south of 

Java, Indonesia, in the Indian Ocean (Fig. 4D). The island originated from an ancient reef base 

that has been uplifted over time [40]. The landmass is characterized by a series of stepped 

plateaus (the central, middle and coastal plateau) which are separated by very rugged cliffs. Our 

study site is identical to that one described in the previous paper [14], (Fig. 4D). The 

observations in 2008 and 2010 commenced in December and continued to February of the 

following year but the observation year given in the text indicates only the beginning of the 

observation period (e. g. the wet season in 2010 means the time from December 2010 until 

February 2011). Crabs were tagged and monitored in the vicinity of Aldrich Hill (10°30’06”S, 

105°36’04”E; Fig. 1 D), within Christmas Island National Park. The study site, extended from 

the mid-plateau to the coastal plateau near Middle Point (ca. 260 m above sea level), 

intercepting a number of different habitats, ranging from open rainforest on deep soil to thick 

stands of Pandanus sp. growing on shallow soils over limestone and various small cave 

systems. The study area traversed a number of gentle slopes on the mid-plateau before 

descending a steep slope to the coastal plateau and ocean cliffs (ca. 10 m above sea level).   

Tags and animals 

The GPS-RF-tags (N = 61; Fig. 6E) were manufactured by e-obs digital telemetry in Grünwald, 

Germany (http://www.e-obs.de) and consisted besides the three axial accelerometer of a power 

supply (lithium polymer battery cell with 4.5 V); a flash memory SD-card; a GPS module (LEA 

4S by u-blox™); a radio transmitter (“pinger”), which transmitted short high-pitched signals at 

brief intervals on idiosyncratic frequencies; an on-board real time clock; an antenna; and an 

interface for an RF link to the BaseStation. All components were embedded into a hard, 

waterproof plastic housing; tags measured 6 cm in length, 1.5 cm in height, 5 cm in width, and 

weighed ca. 57 g.  

All monitoring was conducted with permission from Christmas Island National Parks, Parks 

Australia North (permit numbers: AU-COM2008043, AU-COM2010090, and AU-

COM2011106). All individuals captured were photographed, measured, weighed and tagged. 

The GPS positions of the tagging sites and other important landmarks like the transect 

dimensions were documented with a handheld GPS receiver (Garmin GPSMAP®62; 

http://www.garmin.com). 

Tags were attached to the posterior part of the dorsal carapace of B. latro with industrial two-

component epoxy resin (Araldite® 2012 EP) after gridding and degreasing the surface with 



 

 

sandpaper and acetone, as described in [14]. Only male crabs greater than 500 g in weight were 

tagged (animals with known weight: n = 41; range 600 to 2940 g), giving a tag-to-body weight 

ratio of 4.0 ± 1.9 % (range 1.9 to 9.5 %).  The generally accepted range for telemetric studies 

based on vertebrate studies is < 3 to 5 % [41]. On the other hand, land hermit crabs like for 

example Coenobita scaevola (Forsskål, 1775) are reported to carry shells with weights from 

three quarter up to the 13 fold of their own body weight in their natural habitat [42]. Since B. 

latro, as a member of the Coenobitidae, is famous for its body strength and reportedly has a 

lifting force of up to 28 kg [43], we assumed that the tag-to-body weight threshold proposed by 

Kenward [41] is not applicable for invertebrates and especially for this species and can be easily 

increased up to 10 to 15 % of body weight. Our observations during the tagging procedure 

support the claim that the weight of the tags used did not impair the mobility of the animals. 

The accelerometer modules were programmed to collect data at 10, 30, or 60 min intervals with 

frequencies of 3.33, 5, 10.54 or 15.81 Hz per axis (two or three axes) resulting in an average 

observation ratio of one hour per day (75 s bursts per 30 min). After the first study in 2008, the 

tag settings and tagging procedure, and the routine of data collection, were continually 

optimized, resulting in an increase of maximum battery life-time from 38 days in 2008 up to 77 

days in 2011 and an increase of data retrieval ratios (number of tags with data download divided 

by total tag number per observation period) from 71 % in 2008 up to 95 % in 2011. 

BaseStation and radio receiver 

The BaseStation featured a flash memory, a power supply, a display, an USB interface and an 

RF-interface for a wireless connection to the tag via a high-sensitivity antenna (developed and 

custom-made by Henning Marter FUNKBAU, Rudolstadt, Germany; www.funkbau.de). A 

conventional YAESU VR500 radio receiver was used to receive the “pinger” signal for each 

tag ranging from 868 to 867 MHz in 25 kHz steps with a directional Yagi-Uda antenna. For 

data acquisition, ca. every third day, the data, collected by the tags were downloaded along the 

transect until the tag batteries were discharged (maximum of 77 days).  

Displacement experiment 

In addition to tagging undisturbed animals as described above, we conducted 12 displacement 

experiments during 2010 (n = 4) and 2011 (n = 8) to analyze possible homing behavior 

(compare [14]). In 2010, we displaced four male robber crabs in opaque jute bags approximately 

1 km from north (10°29’59.77”S, 105°35’58.53”E; elevation 180 m) to south (10°30’31.44”S, 

105°35’54.83”E; elevation 38 m). We repeated the experiment in 2011 with two animals taken 

from the north (10°30’11.18”S, 105°35’50.57”E; elevation 150 m) approx. 750 m southward 

(10°30’31.44”S, 105°35’54.83”E; elevation 38 m) and displaced another two crabs in the 

reverse direction (south to north). One animal (No. 1717) from this group was displaced twice 

in the same manner after first returning successfully to the capture site. In addition, a further 

four animals were displaced roughly parallel to the coast within the same range of altitude as 

their capture location. Two animals were displaced from the transect  (10°29’57.34”S, 

105°36’10.97”E; elevation 189 m) one km ca. eastwards (10°30’11.10”S, 105°36’29.92”E; 

elevation 164 m) and two from the transect (10°30’11.18”S, 105°35’50.57”E; elevation 150 m) 

750 m ca. westwards (10°29’55.39”S, 105°35’18.43”E; elevation 164 m). Anthropogenic 

induced acceleration caused by the handling could be identified and eradicated from the dataset. 



 

 

 

 

Analysis of accelerometer data and climate data 

All recorded accelerometer data (raw data resulted in ca. 28 Mio. lines) were transferred into 

Microsoft® Excel tables and were deposited together with raw GPS-data of a previous study 

[14] at www.movebank.de under the study name: “Activity and migrations of Birgus latro”. 

Animals with less than 24 h of continuous activity data were removed from the statistical data 

analysis resulting in a data set of 54 male animals. Because we did not undertake a detailed 

calibration of the accelerometers for typical locomotory crab behaviors, only an index for 

overall body acceleration (all three axes together) is used here as a qualitative measurement for 

locomotory behavior. The standard deviations of high-pass filtered data blocks represent the 

locomotory activity of animals. The standard deviations of data block of previously tested 

stationary tags were subtracted from SDs (σ) of raw data blocks to reduce noise using the 

following formula in analogy to the overall dynamic body acceleration (ODBA) [44]: 

A Activity for all axes per block = (σ block x + σ block y + σ block z) – (σ noise x + σ noise y + σ noise z) 

(A) ∈ ℝ+ 

The resulting values were binary-coded such that “0” indicates no activity and “1” stands for 

any locomotory activity during each measurement. Adding up to a total of approximately 

95,000 lines, all filtered acceleration data were matched to half-hourly general weather data 

(relative humidity in %, precipitation of the last 10 minutes in mm, air temperature in °C) 

provided by the Australian Bureau of Meteorology for the Aero Weather Station 200790 on 

Christmas Island (WA, 10.48°S, 105.62°E), the percentage of lunar illumination, provided by 

the free online service Time and Date AS (www.timeanddate.com/worldclock/ moonrise.html), 

local date, and local time (UTC+7). The Southern Oscillation index (SOI) is a value to 

characterize the development and intensity of El Niño as well as La Niña events in the Pacific 

Ocean. The monthly SOI is calculated using sea level pressure differences between Tahiti 

(Pacific Ocean) and Darwin (Indian Ocean) and these values were available from the Australian 

Bureau of Meteorology (http://www.bom.gov.au/climate/enso). Sustained positive SOI values 

are an indicator for La Niña events while constant negative values indicate El Niño events (see 

Fig. 1).  

 

Statistical analysis: 

The statistical analysis was conducted using Microsoft® Excel 2007 and the free statistical 

software R [45] including the package lme4 [46] for generalized linear mixed-effects (GLMER) 

modeling. We applied multivariate linear mixed-effect models (GLMERs), allowing for the use 

of repeated measurements. This way we examined the effect of different factors (e.g. year, light, 

humidity, and air temperature; as fixed variables) on activity of the individuals (response 

variables). We included the animals’ identifiers (IDs) as a random factor into the models. 

Models were matched using the package lme4 [47, 48] in R. We compared the models using 

Akaike´s Information Criterion (AIC; [49]). Multiple comparisons among factor levels were 

calculated with Turkey’s post hoc tests using the ghlt function in the package multcomp [50]. 

Due to the statistical similarity of activities in treated (T) versus untreated (UT) robber crabs of 

the same observation periods, animals were grouped into three seasonal groups: 2008, 2010, 



 

 

and 2011. For faster computing for the GLMER-modeling, the following fixed abiotic factors 

were classified into arbitrary groups based upon the data-range given for the whole observation 

period:  

 The relative humidity (φ) was classified into nine groups (from 1 ≙ φ < 60 % by steps 

of five per cent to 9 ≙ 95 % ≤ φ ≤ 100 %). 

 The air temperature as provided by the Australian Bureau of Meteorology was classified 

into six groups in steps of two degrees from 19–30 °C. 

Due to the equatorial proximity, a cycle of daylight and darkness differs only marginally from 

a light-to-dark regime of 12 to 12 hours. However, for every data point, the time stamp was 

accompanied by a binary value for daylight (= 1) and darkness (= 0) depending on the seasonal 

variation of the time between sunrise and sunset. For a characterization of daily activity for 

each group or each individual, the ratio between daylight and darkness data counts was 

calculated because of its seasonal variation. For example in 2008, the average light-to-dark ratio 

was about 12.4 to 11.6 h (in 2010: 12.9 to 11.1 h; and in 2011: 12 to 12 h). The light-to-dark 

ratio was compared to the ratio of activity during daylight as well as during darkness using a χ² 

difference test (Fig. 3). Note that the coding of light marks the periods between sunset and dawn 

and does not evaluate the intensity of light which may differ substantially e.g. caused by cloud 

covering during the day or changing moon light during the night. Errors in our data collection 

caused by artificial light can be neglected because of the remote position of the experimental 

area in the rainforest of approximately four km from the next residential area.  

Periodicity analyses including periodograms as well as actograms of all animals’ activity data 

covering at least 10 days (n = 45) were computed using the ActogramJ software package [51] 

based on the image processing and analysis software ImageJ [52]. From periodograms of 

selected observing periods, the freerunning period of locomotory activity was determined using 

the Lomb-Scargle periodogram [53, 54] as well as the chi square periodogram [55].  
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Figures: 

 
Figure 1 Climate conditions during three observation periods in 2008-2011. A to C. The average air 

temperature in °C (red line; right y-axis), the average relative humidity in % (blue line, left axis), and the total 

precipitation in mm (blue bars; left axis) are given per day. D shows the monthly Southern Oscillation Index (SOI; 

blue and red bars; data provided by the Australian Bureau of Meteorology http://www.bom.gov.au/climate/enso) 

for 2008 to 2011 and the 5 month average is displayed by the solid black line. Horizontal black bars indicate the 

observation periods. 



 

 

 

 

 

 
Figure 2 Weighted mean activity of animals of experimental groups. Each diamond symbol represents the 

overall weighted mean activity of an experimental group and the whiskers represent the corresponding weighted 

standard deviations. Year groups with displaced animals are indicated with a suffix ‘T’ with control animals with 

suffix ‘UT’. For statistical testing of difference between each group, the Welch-Test was used. The number of 

asterisks indicates the level of significance (no asterisk p ≥ 0.05; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001).  

 
Figure 3 The percentages of each crab’s total activity during darkness and daylight. Each two-tone bar 

indicates the percentage of total locomotory activity (x-axis) of a single crab (numbers on left y-axis represent 

animal identifiers) during daylight (light gray portion) and darkness (dark gray portion). The experimental groups 



 

 

are color-coded according to Fig. 2 and 7. The asterisks indicate the levels of significance from χ² difference tests 

using the ratio of total data points during phases of daylight and darkness and comparing them with the ratio of 

data points with activity during both phases (n. s. = p ≥ 0.05; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001). The position 

of asterisks on the bars indicates the dominating portion (nocturnal vs. diurnal) of total activity. The total 

observation period (rounded in days) per animal is given on the right y-axis. 

 

 

 

 
Figure 4 Daily activity patterns of five crabs during the three observation periods in 2008-2011. Total active 

phases of five different animals (color-coded from A to F) being indicated by black bars are shown in A, B, C, E, 

and F. The proportions of total average daily activity are given below in the corresponding figures A`, B`, C`, E`, 

and F`. Note that each line within the graphs displays activities of two successive days. The map in D shows the 

study area (corresponding to the white rectangle in inset) in the rainforest on Christmas Island, Indian Ocean and 

the corresponding movement paths of all five animals (color-coded paths according to colors of headlines in A’-

F’) as revealed by GPS-tracking (for more information see Krieger et al. 2012). Periods of daylight and darkness 

are indicated by yellow (daylight phases) and black (dark phases) bars.  



 

 

 

 

 

Figure 5 Daily activity patterns and periodograms using the example of three different animals during the 

three observation periods in 2008-2011. Total active phases of three different animals (color-coded from A to 

C) being indicated by black bars are shown in A, B, and C. The proportions of total average daily activity are given 

below in the corresponding figures A`, B`, and C`. Note that each line within the graphs displays activities of two 

successive days. Periods of daylight and darkness are indicated by yellow (daylight phases) and black (dark phases) 

bars in A to C. The Lomb-Scargle-Periodograms being calculated from the actograms in A to C are given for the 

three observed animals in A``, B``, and C``. Figure D shows the Lomb-Scargle-Periodogram of a highly periodic 

animal corresponding to Fig. 4B. The normalized power (PN) of the periodogram is on the y-axis and the level of 

significance of p < 0.05 is indicated by a red line in A`` to D along the period length (τ) of 48 hours. The map in 

E shows the study area in the rainforest on Christmas Island, Indian Ocean and the movement paths (corresponding 

color codes as shown in A to C``) of the three exemplary animals being revealed by GPS-tracking (for more 

information see Krieger et al. 2012).  



 

 

 
Figure 6 Individual changes in daily activity pattern and periodogram using the example of one animal in 

2011. Total active phases of one animal (#1721) being indicated by black bars is shown in the double-plot in A. 

The hourly proportions of total average daily activity are given below in the corresponding double-plot in F (red 

line as well as grey bars). The total average daily activities of the first 35 days (green bars) and the last 31 days 

(blue bars) of the same animal are displayed in B and D. Figure G shows a combined double-plot of average 

activity (color-coded for the corresponding periods; total 66 days = red line; first 35 days = green bars; last 31 days 

= blue bars). The Lomb-Scargle-Periodograms of the sub-periods (indicated by green and blue bars in A) and the 

total actogram in A are displayed in corresponding color-codes in C, E and H). The normalized power (PN) of the 

periodogram is on the y-axis and the level of significance of p < 0.05 is indicated by a red line in C, E and H along 

the period length (τ) of 48 hours. Note that each line in A as well as the graphs B, D, F and G display activities of 

two successive days (double-plots). 



 

 

 

 

 
Figure 7 Variation of daily activity, relative humidity and temperature during the observation period. The 

daily variation of percentage of total daily activity is given in the graph in A. Note that every data point sums up 

the percentage for two hours periods according to the following periods: e.g. “0-2” means 00:00 to 01:59. 

Displaced animals of the same year are indicated by a dashed line or an asterisk in the figure legend respectively. 

The graph in B shows the averages of relative humidity in % (solid lines; left y-axis) and of the air temperature in 

°C (dashed lines; right y-axis) per hour for the complete observation periods from 2008 to 2011 (color-coded). 

Note that the phases of darkness and the phase of daylight is indicated by a gradient bar (black/yellow) on the x-

axes in A and B. The line drawings in C and D show typical postures of active (C) and inactive (D) animals. A 

photograph of an active male robber crab carrying a GPS-RF-tag is shown in E.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Tables 
Table 1. Modeling of abiotic factors possibly influencing animals’ activity  

The structure of models, model identifier (ID) degrees of freedom (df), the Akaike information criterion (AIC), 

the distance of AICi to the AIC of the strongest model (ΔAICm16) and the Akaike weights are given for each tested 

model. The models on the right part of the table are ranked by AICs in an ascending order. 

Models                                                                                                                           

[ID <-glmer(response variable ~ fixed effect/s + (random effect)] 

m01 <- glmer(ACTIVITY ~ 1 + (1|ANIMAL) 

m02 <- glmer(ACTIVITY ~ LIGHT + (1|ANIMAL) 

m03 <- glmer(ACTIVITY ~ HUM + (1|ANIMAL)    

m04 <- glmer(ACTIVITY ~ YEAR + (1|ANIMAL) 

m05 <- glmer(ACTIVITY ~ TEMP + (1|ANIMAL) 

m06 <- glmer(ACTIVITY ~ LIGHT + HUM + (1|ANIMAL) 

m07 <- glmer(ACTIVITY ~ LIGHT + TEMP + (1|ANIMAL) 

m08 <- glmer(ACTIVITY ~ LIGHT + YEAR + (1|ANIMAL) 

m09 <- glmer(ACTIVITY ~ YEAR + TEMP + (1|ANIMAL) 

m10 <- glmer(ACTIVITY ~ HUM + TEMP + (1|ANIMAL) 

m11 <- glmer(ACTIVITY ~ HUM + YEAR + (1|ANIMAL) 

m12 <- glmer(ACTIVITY ~ LIGHT + HUM + YEAR + (1|ANIMAL) 

m13 <- glmer(ACTIVITY ~ LIGHT + HUM + TEMP + (1|ANIMAL) 

m14 <- glmer(ACTIVITY ~ LIGHT + YEAR + TEMP + (1|ANIMAL) 

m15 <- glmer(ACTIVITY ~ HUM + YEAR + TEMP + (1|ANIMAL) 

m16 <-glmer(ACTIVITY~ HUM + YEAR + TEMP + LIGHT + (1|ANIMAL) 

  

Additional Files 

Filename: Additional Table 1.xlsx  

File description: The additional table 1 summarizes the Post hoc Tukey test for the best fitting model (m16) for 

“YEAR” as fixed factor. 

 

 

 

 

 

 

 

 

 

 

 

 

Model 

ID df AIC ΔAICm16 

Akaike 

weights 

m16 18 104102 0 1.00 

m13 16 104132 29.7 0.00 

m12 13 104234 132.5 0.00 

m06 11 104263 161.5 0.00 

m15 17 104274 172.5 0.00 

m10 15 104304 202 0.00 

m11 12 104506 404.1 0.00 

m03 10 104533 431.1 0.00 

m14 10 104825 722.6 0.00 

m07 8 104851 748.7 0.00 

m08 5 104986 884.3 0.00 

m02 3 105012 909.6 0.00 

m09 9 105156 1054.2 0.00 

m05 7 105182 1080.5 0.00 

m04 4 105590 1488 0.00 

m01 2 105615 1513 0.00 
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