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Movement Patterns of African Elephants (Loxodonta africana) in a Semi-arid Savanna Suggest That They Have Information on the Location of Dispersed Water Sources
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Water is a scarce resource in semi-arid savannas where over half of the African elephants (Loxodonta africana) populations occur and may therefore influence their movement pattern. A random search is expected for an animal with no information on the location of the target resource, else, a direction-oriented walk is expected. We hypothesized that elephants movement patterns show a stronger directional orientation toward water sources in the dry season compared to the wet season. We investigated the movement paths of four male and four female elephants with hourly GPS fixes in Tsavo National Park, Kenya in 2012–2013. Consistent with our predictions, the movement paths of elephants had longer step lengths, longer squared net displacements, and were directed toward water sources in the dry season as compared to the wet season. We argue that African elephants know the location of dispersed water resources, enabling them to survive with scarce resources in dry savannas. These results can be used in conservation and management of wildlife, through for instance, protection of preferred water sources.
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INTRODUCTION

The movement paths of animals represent behavioral and ecological processes, such as navigation, migration, dispersal, and food searching (Benhamou, 2004) and the distribution of the resources (de Jager et al., 2014). For instance, the movement strategies used by an animal when foraging in a landscape with dispersed resources would be different from those of animals foraging in an area with clustered resources (Bartumeus, 2009). It is generally hypothesized that animals increase tortuosity of their movement paths in areas with high resource density (Bartumeus et al., 2005; Hengeveld, 2007; Bartumeus, 2009). Consequently, the squared net displacement of the animal decreases and the time spent in utilizing these resources increases, leading to efficient resource use (Turchin, 1991). On the other hand, straight and less tortuous movement paths with high net displacement are more efficient in landscapes with dispersed resources (Turchin, 1998; De Knegt et al., 2007; Roshier et al., 2008). Therefore, analysis of the movement paths of animals could give an understanding of the relationship between the resource distribution and foraging efficiency.

Previous studies on movement path analyses were mostly carried out on insects, birds, and small mammals (Turchin, 1991; Viswanathan et al., 1996; Atkinson et al., 2002). However, recent advances in radio-telemetry have made it possible to collect vast quantities of movement data in space and time for both large terrestrial and marine mammals (Austin et al., 2004; Boyce et al., 2010; Sims et al., 2012). Although the movement parameters to be measured vary with the objectives of the study (Marsh and Jones, 1988), generally, parameters such as the distance covered between successive relocations, the turn angles, the directionality of the track and the relationship of the track with properties of the environment that the animal passes through, form the basis of movement path analysis (Root and Kareiva, 1984; Marsh and Jones, 1988; Hengeveld, 2007; Dray et al., 2010; de Knegt et al., 2011; Calenge, 2015; Kölzsch et al., 2015). These movement patterns may in turn determine the frequency with which the animal will encounter the object of interest, which may be food, water, mates, or escape from predation (Marsh and Jones, 1988). To increase resource use efficiency, a random search is expected for a forager with no information on the location of the target resource, whereas a more direction-oriented ballistic walk is expected for a forager with information on the target resource (Valeix et al., 2010). Knowledge on how animals move in their environment can give critical insight on animal's behavior that may be used in the effective management and conservation of species under study.

Water is a scarce resource in semi-arid savanna, where over half of the African elephant (Loxodonta africana) populations occur, and may therefore influence the movement strategies used by elephants. Elephants are water dependent and they usually have to drink water every two to three days (Stokke and Du Toit, 2002; Redfern et al., 2005; Smit et al., 2007). To survive in dry savannas, it is therefore critical for elephants to be able to efficiently find the sparsely distributed water sources, especially during the dry season. Based on the elephant's water requirements and the scarcity of water during the dry season, we expect that the movement pattern of the elephant will reflect these seasonal contrasts in water distribution. Although it is not in doubt that the distance to water is a primary environmental factor influencing habitat use by elephants (Verlinden and Gavor, 1998; Chamaillé-Jammes et al., 2007; Smit et al., 2007; Hilbers et al., 2015; Wato et al., 2016; Sianga et al., 2017), it remains unclear how the behavioral responses of elephants change as a result of water scarcity (Polansky et al., 2015). Here, we analyse the movement paths of four male and four female elephants to address the hypothesis that elephant movement patterns show a stronger directional orientation toward water sources in the dry season compared to the wet season. We predict that the movement path for male and female elephants are less tortuous, have longer step lengths, longer net displacements and smaller turning angles and will show stronger directionality toward water sources in the dry season than in the wet season. Past reports indicate that elephants remember and re-visit previously visited sites (De Beer and Van Aarde, 2008; Prins and Van Langevelde, 2008; de Knegt et al., 2011; Polansky et al., 2015) and pass on the information of their historical migration routes through generations (McComb et al., 2001; Moss et al., 2011). Thus, longer step lengths and higher directionality of elephant movement paths toward water sources in the dry season is an indication that elephants use information to travel to these water sources.

MATERIALS AND METHODS

Study Area

We conducted this study in the Tsavo Conservation Area in Kenya, a semi-arid ecosystem spanning an area of ~48,300 km2, located at 2°-4° S and 37.5°-39.5° E in the southern part of Kenya (Omondi et al., 2008; Ngene et al., 2012). The area is characterized by a bi-modal rainfall with long rains in mid-March to May, short rains in November to December (Tyrrell and Coe, 1974) and a mean annual rainfall of 250–500 mm (Tyrrell and Coe, 1974; Prins and Loth, 1988). The two rainfall seasons are separated by a 5 months long dry season typically ranging from June through October (Tyrrell and Coe, 1974; Leuthold and Leuthold, 1978; Omondi et al., 2008). There are two permanent rivers in Tsavo (Galana river and Tsavo river) and several seasonal rivers, with Voi and Tiva rivers flowing for a short time in the rainy season (Ayeni, 1975). Other sources of water are the numerous natural waterholes which fill up with water during the rainy season. Some of these waterholes can hold water throughout the short dry season (January-March) but all the natural waterholes dry up around July-August during the long dry season (June to October) (Ayeni, 1975; Mukeka, 2010). In addition, there are three wind-pumped boreholes and a few water reservoirs located around tourist facilities and community owned ranches with constant water supply for animals in the peak of the dry months.

Elephants GPS Data

We used radio-telemetry data from GPS-collared elephants in the Tsavo Conservation Area to investigate the differences in elephants movement patterns between the wet and dry season. During the wet season, there is abundant water for wildlife in the Tsavo ecosystem (Omondi et al., 2008; Mukeka, 2010). However, this area has sparsely distributed permanent water sources in the dry season when the only available water sources for wildlife are reduced to two perennial rivers, three boreholes, and a few water pools constantly refilled by the hoteliers and neighboring community ranchers (Ayeni, 1975). Water has been identified as key resource that affects elephants distribution and their spatial habitat use (Chamaillé-Jammes et al., 2007; Harris et al., 2008; Smit and Grant, 2009; Polansky et al., 2015). For instance, in drier environments, elephants take an average interval of 3 days to drink water and the duration of re-visiting water points differ between sexes (Stokke and Du Toit, 2002), with bull elephants drinking every 3–5 days while breeding herds every 2–4 days (Viljoen, 1989; Leggett, 2006). Furthermore, the breeding herds have been reported to forage close to water sources in the dry season compared to the male elephants (Harris et al., 2008; Sianga et al., 2017).

We monitored four female and four male elephants fitted with satellite-linked GPS collars between March 2012 and June 2013 in the Tsavo Conservation Area in Kenya (Figure 1). The individuals that were collared were randomly selected from five sectors in the Tsavo Conservation Area to represent elephant movement patterns across the entire park. The procedure for fitting GPS collars are described in Ngene et al. (2012). The GPS collars transmitted hourly fixes and the data were automatically transmitted to a web-linked database at the Tsavo East Research Station in Kenya. The GPS had an error of ~10 meters for relocation fixes and some hours had missing values caused by obstruction of signals by, for instance, heavy cloud cover or dense tree canopies (Hebblewhite et al., 2007). In our analysis we considered only the successive time steps with GPS fixes.


[image: image]

FIGURE 1. Study areas and the hourly GPS fixes (black dots) for a male elephants in the dry (1) and the wet season (2); and for a female elephants in the dry (3) and the wet season (4). In both sexes the individuals' movement paths seem to be tightly anchored on a river in the dry season.



We analyzed elephant movement patterns for the males and the females in two seasons: the long dry season (June to October 2012) and the long wet season (March to May 2013). These two seasons are distinctly different in the amount of rainfall and would therefore show the relationship between the change in movement pattern related to water availability.

Data Analysis

We calculated the distance covered by each elephant per hour based on the hourly GPS-fixes. We recorded the distance between successive hours to represent a single movement path (i.e., step length) based on the methods described by Root and Kareiva (1984), Marsh and Jones (1988), Turchin (1998), and Hengeveld (2007). We calculated the turn angle as a measure of the change of direction between successive steps with a zero degrees turn corresponding to locomotion on a straight line without change of direction, a negative angle representing a turn to the left and a positive angle representing a turn to the right (Calenge, 2015). We then analyzed the distribution of step lengths, turning angles, and squared net displacement distances (NDD) for both sexes and seasons with AdehabitatLT animal movement analysis package in R (Calenge, 2015). We calculated the parameters of turn angle distributions such as the mean resultant length and the mean direction using CircStats package Version 0.2-4 in R (Lund and Agostinelli, 2015). The mean direction vector represents the mean orientation of the turn angles while the mean resultant length shows the strength of directionality and the concentration of the angles distribution around the mean (R = 0 represents a dispersed turn angles distribution and R = 1 shows that all angles are equal to the mean direction vector) (Lund and Agostinelli, 2015). We only analyzed the movement paths that were directed toward the nearest water source to focus on the effects of water on movement path. Thus, all the movement paths for the elephants that were further than 15 km from the nearest water sources and those for the individuals returning from drinking water were excluded from the analysis on the assumption that they were foraging and not seeking for water. Since the range of water re-visitation frequency for the Tsavo elephants were 1–4 days for the females and 2–5 days for the males in the dry season, we also excluded all the movement paths of the day following an elephant's visitation to the water sources in the dry season. The rest of the movement paths were included in the analysis. In order to establish whether the directionality changed with distance from the water source, or whether proximity had no effect, we also stratified our analysis to 5, 10 and 15 km from the water source. We analyzed the effect of the fixed variables; season, sex and distance from the nearest water source, on elephant's movement pattern using linear mixed effects models (LMMs). We used the ID of the elephant as a random effect variable to account for variation due to individual differences. We also checked for the interaction effects between sex and season in our analyses. We performed these analyses using R package lme4 (Bates et al., 2013).

RESULTS

The step lengths per hour for the elephants were significantly longer in the dry season compared to the wet season (Table 1A). The step lengths changed with distance from the nearest water point, with the step lengths further from the water (15 km) being significantly shorter than those closer to water points (5 and 10 km) (Table 1A). Also, step lengths were longer in the 10 km group than in the 5 km group. Even though both male and female elephants have longer step lengths in the dry season as compared to the wet season, the results showed a significant interaction effect of sex and season (Figure 2A). The male elephants have shorter step lengths than the females in the wet (Table 1A) and a longer step length in the dry season (Figure 2A). Similarly, the squared net displacement for the elephants were significantly longer in the dry season compared to the wet season (Table 1B). The squared net displacements were significantly longer further away from water (15 and 10 km) as compared to distance closer to the water (5 km) (Table 1B). Furthermore, the squared net displacement was also significantly affected by the interaction between sex and season with squared net displacement for the males being longer than the females in the wet season (Table 1B). Both sexes had similarly longer squared net displacements in the dry season (Figure 2B). However, the turn angles for both sexes were large in both the wet and the dry season and did not show any significant difference between the seasons.


Table 1. Results of the LMM models for step length (A) and net displacement distances (B).
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FIGURE 2. Step length (A) and squared net displacement distances (B) for the female and the male elephants movement paths in the wet (black bars) and the dry (gray bars) season.



The mean resultant length of the turning angles for both sexes showed strong directionality in the dry season compared to the wet season (Figure 3). The resultant mean length of the turning angles for females were in the same range with males in wet season but much lower than the males in the dry season, although not significantly different (Figure 3).
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FIGURE 3. Directionality of the movement patterns at different distances to water sources for (A) male elephants in the wet (Rho at 5 km = 0.41, 10 km = 0.47, 15 km = 0.49) and dry season (Rho at 5 km = 0.72, 10 km = 0.8, 15 km = 0.68) and (B) females in the wet (Rho at 5 km = 0.40, 10 km = 0.41, 15 km = 0.46) and dry season (Rho at 5 km = 0.56, 10 km = 0.53). Rho = 0 represents a dispersed turn angles distribution, hence indicates weak directionality, and R = 1 shows that all angles are equal to the mean direction vector, hence indicates strong directionality. Females were not recorded to be at 15 km from the nearest water point in the dry season.



DISCUSSION

The study of animal movement patterns in relation to resource distribution is one of the novel ways to link behavior of individuals to the spatial distribution of resources (Schick et al., 2008; Giuggioli and Bartumeus, 2010). Resource distribution varies in space and time, and can occur in a spectrum ranging from over-dispersed, random, in patches to highly aggregated clusters (Prins and Van Langevelde, 2008; de Knegt et al., 2011). We examined the role of water distribution on the movement pattern of elephants. In this study, we showed how elephant movement patterns change as a result of seasonal variation in water distribution. The results support our predictions that the movement paths of both male and female elephants are less tortuous, resulting in longer step lengths, and have longer squared net displacements in the dry season compared to the wet season. Furthermore, the mean length of the turning angle showed strong directionality toward water sources for both the sexes in the dry season. The movement paths that were removed were for individuals returning from the water source, those that were beyond 15 km from the nearest water source and the paths for all individuals for the day following their return from drinking water during the dry season, which would not contribute to our conclusion.

The Tsavo Conservation Area is an ecosystem undergoing pronounced scarcity of water and in the long dry season, two perennial rivers and three boreholes serve as the primary water source for wildlife. Most of the area is far away from water for much of the year. Most wildlife species, and particularly elephants, require regular water intake (Stokke and Du Toit, 2002; Redfern et al., 2005) and have to travel between the foraging sites and watering points to meet their energy and water requirements. For instance, in Kruger National Park, elephants drink water every 2 days during the dry season (Young, 1970), and other studies have shown that the duration of water re-visitation is sex-dependent (Viljoen, 1989; Leggett, 2006). The movement paths of elephants are thus expected to be influenced by the water distribution, and the Tsavo elephants appear to have information about the water locations which supports findings in previous studies (Polansky et al., 2015). Therefore, regular re-visitation of watering points may explain the long step lengths and squared net displacements and the strong directionality toward water sources in the dry season (Chamaillé-Jammes et al., 2013; Polansky et al., 2015). The use of information about the location of the water sources is especially apparent when they show this behavior at long distances from the water sources. A few studies have found a relationship between resource distribution and the movement patterns of other wildlife species (Prins, 1996; Loureiro et al., 2007; Valeix et al., 2010). For instance, in a study of lions in arid savannas, their step lengths and squared net displacements were longer as they headed toward waterholes with high aggregation of prey species (Valeix et al., 2010). Similarly, the study of Eurasian badgers showed that their movement paths were less tortuous as they headed toward their dens and latrine sites (Loureiro et al., 2007).

During the wet season, there is abundant food and water for wildlife in the Tsavo ecosystem (Omondi et al., 2008; Mukeka, 2010). In addition to the perennial rivers that flow throughout the year, most of the natural waterholes across Tsavo ecosystem fill up with water during rainy seasons (Tyrrell and Coe, 1974; Ayeni, 1975). This may explain the short step lengths and squared net displacement distances during the wet season. Some of the natural waterholes have water throughout the rainy season and a few of them extend to the short dry season (January-March) (Ayeni, 1975), hence elephants are not water limited then. Similar movement patterns have been reported for foragers in sites of abundant resources. For instance, the movement paths of lions hunting close to a waterhole where there were high prey species congregations, had shorter step lengths and squared net displacement distances and their movement paths were more tortuous than when they were further away from a waterhole (Valeix et al., 2010).

Although water is limiting for both sexes in the dry season, female elephants rarely moved further than 10 km from the nearest water source to forage in the dry season while male elephants accessed forage sites beyond 15 km (Sianga et al., 2017). Furthermore, in the dry season, the directionality of movement path for male elephants was much stronger than the female elephants. This is in line with past studies that reported that breeding herds rarely roam far away from drinking water in drier environments (Viljoen, 1989; Leggett, 2006; Young and Van Aarde, 2010). In these mixed herds, the increased costs associated with moving long distances to far foraging sites may be especially stressful for infants and juveniles (Lee and Moss, 1986; Loveridge et al., 2006) and could lead to increased calf mortality (Loveridge et al., 2006; Foley et al., 2008; Young and Van Aarde, 2010). Our results support the hypothesis that elephants initially seek habitats closer to water in the dry season, regardless of the distribution of food (De Beer et al., 2006; Illius, 2006; Chamaillé-Jammes et al., 2007; Evans and Harris, 2008; Wato et al., 2016). However, if there are many water sources, elephants choose those water sources with more vegetation and avoid those that are not associated with suitable vegetation (Harris et al., 2008).

The difference between male and female elephants movement patterns may be also be explained by their social organization (Archie et al., 2011; Moss et al., 2011) and the difference in foraging strategy between the sexes (Lee et al., 2011). The foraging range of male elephants is larger than that of females as they take more risks and disperse to unfamiliar habitats to seek for food and mates (Lee et al., 2011; Skarpe et al., 2014). This foraging behavior may have advantages such as accessing far foraging grounds and water points in dry seasons (Lee et al., 2011; Lindsay, 2011). Moreover, the mixed herd comprises of individuals of different ages and the group's movement is affected by, for instance, calves that may not be able to move fast and far from water sources like the adult elephants (Ngene et al., 2010). The large herds also spread widely while foraging and, probably, while heading to the water sources to drink. Conversely, the bulls move and forage alone or in a bachelor herd without calves to retard their speed (Ngene et al., 2010). Thus, bulls may travel far to forage but also walk in a less spread formation toward the watering point. The difference in foraging strategies among different sexes are common in other sex-dimorphic species like the red deer (Gordon et al., 1989), moose (Miquelle et al., 1992), and many others (Moss et al., 2011). Generally, the differences in foraging strategies in many species appears to be driven by factors such as energy need requirements, reproductive status of an individual, body sizes and the social context, all of which differ between sexes (Miquelle et al., 1992; Lindsay, 2011).

This study shows that water distribution determines the movement paths of elephants. It supports other studies and models that indicated that animals often adjust their movement pattern in relation to critical and scarce resources (Chamaillé-Jammes et al., 2007; Hengeveld, 2007). Our findings reveal that movement paths of African elephants show strong directionality in dry seasons driven by water distribution. We demonstrate that environmental variables can be used to predict general movement patterns of large herbivores and that the findings can be used in conservation and management of wildlife, through for instance, protection of preferred, or critically needed water sources. The method in this study can be replicated to examine directed movement of other species, of which their cognitive abilities are less well-known.
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