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Introduction

Route-based navigation is a common movement strategy for a variety of taxa, wherein animals repeatedly re-use familiar paths during travel. However, this type of navigation is understudied in wild animals that experience regular displacement, raising questions about the robustness and longevity of such routes and route memories. The seasonal flooding of Gorongosa National Park, Mozambique, provides an opportunity to test multiple facets of route-based navigation in wild primates, due to its high seasonality and annual flooding.





Methods

Data was collected from GPS collars placed on four chacma baboons in two troops in Gorongosa National Park. Using GPS points taken every 15 minutes, we use nearest-neighbour analysis to compare daily paths across the year, to identify high-use paths. We then look at the identified high-use paths to see if they are used across the entire study period, with a focus on areas that were vacated for more than two months of the study period.





Results

We find that the baboons do have vacated areas, but return to the same areas after displacement. We did not find high-use routes in these areas used both before and after displacement, although high-use routes did exist that were used across the study period in different areas.





Discussion

Our results indicate that routes may not be maintained in long-term memory spanning several months, or that route reuse is in part dependant on seasonal resources or navigational aids. Although the study period did not span a full year, this study presents a replicable method of analysing route reuse and identifying high-use routes without traditional methods of manually overlaying and analysing daily paths.
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Introduction

Animals moving through their environments are limited in where they can travel by a number of factors, including predation risk (Laundré et al., 2010), and access to food (Altmann, 1974; Amato and Garber, 2014; Caillaud et al., 2010; Di Fiore, 2003), shelter (Markham et al., 2016; Samson et al., 2018), and areas to rest and regulate temperature (Cain et al., 2008; Hill, 2006; Pochron, 2000). When these variables change, through seasonality, migrations, or other major natural or anthropogenic events, animals may rely on information acquired during previous analogous situations to navigate and make decisions (Crystal and Wilson, 2015; Griffiths et al., 1999; Janson, 2016). Beyond environmental variables, the animal’s mode of locomotion, navigational strategies, and knowledge of its environment also impact the animal’s daily travel (Nathan et al., 2008). Animals may make movement decisions based on previously acquired knowledge about the environment, move randomly through their environment, or combine both strategies in order to meet their basic daily needs (Boyer and Walsh, 2010). Although it is generally accepted that many animals move non-randomly (Alavi et al., 2022; Janson and Byrne, 2007), understanding how they make movement decisions, and the limits of their spatial memory, remains key questions.

One oft-studied navigational strategy in animals involves the use of routes, or repeatedly used pathways (Di Fiore and Suarez, 2007). These routes often emerge because they are more efficient than most alternatives; that is, they minimize travel distance or travel time, require less energy both to physically traverse and to navigate, maximize the gain-to-cost or resource-to-travel ratio, or some combination of these metrics (Janson, 2000). For instance, chimpanzees use landscape features to mitigate movement costs, preferring to use human-made trails to travel, as well as ridge tops, both of which may be energetically more effective to travel on than through dense forest (Green et al., 2020). Route-based navigation is generally associated with a topographic mental map, or a mental representation of space based on how specific landmarks are connected. Other types of mental maps, such as Euclidean maps, may contain, but don’t rely on, route networks, given that the individual can mentally represent their entire space and should be able to navigate between two points, using prior knowledge of an object’s location in space, whether or not they have done so before (Mueller and Fagan, 2008; Poucet, 1993).

In understanding how and why animals use habitual routes, various experimental and observational approaches have been used. Some species lend themselves well to the study of route-based navigation. Over smaller spatial scales, navigating individuals, such as insects, can be directly observed traversing over a fine-scale route repeatedly in experimental or natural conditions, either through following pheromones or using memorized landmarks (M. Collett, 2010; Collett et al., 2006; Sasaki et al., 2020). Larger animals that make annual migrations have also been shown to reuse habitual routes, with some ungulates (mule deer, Odocoileus hemionus) following the same route annually; within individuals, the routes they use strongly predict their survival rate, although the factors responsible for this trend are unknown (Sawyer et al., 2019a, b). Until relatively recently, fine-scale data collection of moderate-scale movements, e.g., an animal moving daily through its home range over an extended period, was difficult to collect, particularly in wild animals, due to constraints on biologger size, battery life, and memory capacity (Joo et al., 2022). However, as biologgers become a more accessible research tool for studies of wild animals, fine-scale longitudinal data sets have become increasingly common, allowing for more in-depth analysis of movement than through observation alone (Nathan et al., 2022).

In wild, group living animals, route-based navigation has been studied with a combination of observation and GPS devices. Both group-living animals such as elephants (Loxodonta africana) and solitary animals such as the lynx (Lynx canadensis) have been found to use routes to navigate within their territories (Presotto et al., 2019; Squires et al., 2013). However, few studies have looked at route fidelity, or the habitual reuse of routes over long periods, in populations where routes are not used continuously over time. In experimental studies in a natural environment, homing pigeons (Columba livia) were found to remain loyal to their own navigation routes when released from the same site to navigate home multiple times, to return to these routes even when released off-route, and to partially remember their previous routes after a hiatus of 3–4 years (Biro et al., 2004; Collet et al., 2021). However, different pigeons released from the same site do not follow the same routes, suggesting that multiple alternative routes exist rather than there being one globally optimal one (Biro et al., 2004). These findings indicate that even animals with limited terrain constraints reuse routes, in these cases based on visual landmarks. Often in terrestrial or arboreal animals, routes are associated with stopping points in the form of a feeding patch, rest area or sleep site (Di Fiore, 2003; Hopkins, 2011; Porter and Garber, 2013). However, even without stopping to utilize a resource patch, pigeons may follow previously used paths because they are “tried and tested”, i.e. known to lead safely to the correct end point, because of the high cognitive cost of computing a new path, or a combination of both, and this reasoning may be transferred to other animals that are more topographically constrained.

How routes are identified, to what extent a route network is mapped, and how reuse is defined varies between studies. A recent study of four arboreal animals in Barro-Colorado Island, Panama, proposed a route detection framework using machine learning to analyze path directedness, density, and directionality to identify routes. While the researchers detected routes in all four species studied, modelling showed that this analysis might not be suitable for coarser-resolution data, i.e., GPS fixes more than every 10 minutes (Alavi et al., 2022). However, other studies have similarly found routes with lower resolution data and by visual analysis (Bebko, 2021; De Guinea et al., 2019; de Raad, 2012; Di Fiore, 2003). Many such studies used manual recording or handheld GPS devices to track their subjects, and all visually identified routes by plotting each track and categorizing routes as paths with similar directionality that fall within a certain buffer, usually 10–50 meters.

Another more recently developed method of identifying route networks is line density analysis. This method allows researchers to effectively measure grid cells superimposed on the landscape, counting how often a grid cell is passed through, generally with the aid of spatial analyst software; however, it does not account for the direction in which the paths cross the cell (Alavi et al., 2022; Green et al., 2020; Gregory et al., 2014).

Wild primates are exceptionally well suited for studies of movement, given their often-large daily ranges and ability to wear GPS collars. Among primates, multiple instances of route-based navigation have been found (Janson and Byrne, 2007). Arboreal primates in particular are frequently found to use routes, as their movement is limited by treetop “highways”. Bearded saki (Chiropotes sagulatus) used ridge tops and slopes as travel routes, either to avoid canyon-preferring predators, to monitor fruit trees, or a combination of both (Gregory et al., 2014). Orangutans (Pongo pygmaeus morio) were found to use routes, with multiple individuals using the same route corridors near resources (Bebko, 2021). Similarly, spider monkeys (Ateles belzebuth) and woolly monkeys (Lagothrix poeppigii) not only used the same routes, but entered into a cycle where the routes they used became better arboreal travel routes as they dispersed seeds along them, allowing the routes to continue to be used in subsequent years (Di Fiore and Suarez, 2007). In a comparison of terrestrial chimpanzees (Pan troglodytes verus) and arboreal saddleback tamarins (Leontocebus weddelli), two primates that rely on fruit for a large portion of their diet, tamarins were found to use routes, but reuse only 14% of their total identified routes between study years, while chimpanzees’ reuse of routes varied from 0-59% (Porter, 2021). Chimpanzees further used terrain features to their advantage, using higher ground to travel when approaching another group’s area but not leaving it, allowing them to have a safer approach (Lemoine et al., 2023).

Amongst primates, considerable work has been done on the movement drivers of baboons (genus Papio, Coleman and Hill, 2014; Hill et al., 2004; Marshall et al., 2013; Stelzner, 1988; Strandburg-Peshkin et al., 2015), but less on their navigation strategies. In chacma baboons, Papio ursinus, evidence for out-of-sight memory was shown, as well as evidence of route-based navigation, based on observational data and GPS analysis of movement patterns (Noser and Byrne, 2007b, a). A study of a different population also found evidence of a dense route network in chacma baboons, with enough routes to mimic Euclidean mental maps but lacking approaches to resources from all directions, implying topological mental mapping. Interestingly, this study also found similar travel patterns and equally dense route networks in both the core and periphery of the study troop’s home range (de Raad and Hill, 2019).

Widely studied across sub-Saharan Africa, baboons are group-living generalist omnivores, able to occupy a wide range of habitats and ecological conditions (Altmann, 1974; Fuchs et al., 2018; Stone et al., 2013). While their range encompasses many areas of high seasonality, marked by periods of intense rain juxtaposed with drought throughout the year, baboons have shown a remarkable ability to adapt to water shortages, floods, and wide temperature ranges (Cheney and Seyfarth, 2008; Stone et al., 2013). However, there have been no studies on navigation in areas where these seasonal events disrupt their ranging patterns in such a way that they are forced to vacate an area for an extended period of time.

Here we present the first study of route preferences and route reuse in the baboons (Papio ursinus griseipes) of Gorongosa National Park, Mozambique (GNP). This unique study site presents an opportunity to study how seasonality affects ranging patterns, and whether or not baboons are able to remember and reuse routes in areas that are inaccessible or simply not used by them for part of the year. A mosaic habitat, GNP exhibits a defined rainy season and dry season annually (Herrero et al., 2020; Stalmans and Beilfuss, 2008; Tinley, 1977). During the rainy season, GNP’s central Lake Urema floods, inundating the floodplain, including a large portion of the road network. During the dry season, the lake and its rivers recede, turning from deep rivers to oxbow lakes to pans to dry riverbeds over the course of months. This causes a major shift in wildlife as animals are forced to move to higher ground, although they return to their normal areas as flooding recedes (Beardmore-Herd et al., 2025; Walker et al., 2023). At the time of the study, GNP also had an unusually high density of baboon troops, but a low density of predators, following the effects of the Mozambique Civil War, which led to extensive poaching of all fauna in GNP, but especially carnivores (Bouley et al., 2018; Correia et al., 2017; Gaynor et al., 2020; Stalmans et al., 2018).

Two baboon troops ranging in the southern portion of GNP have been studied since 2017 and 2018, the first in this unique environment. The two troops, while having overlapping home ranges, exist in dramatically different environments. The Woodland Troop (WT) lives primarily in a woodland in the central part GNP’s road network, navigating through dense vegetation, frequently resting on termite mounds and relying primarily on transient pans for water. The Floodplain Troop (FT) occupies the southern portion of GNP’s alluvial floodplain for a portion of the year, sleeping most often in fever trees (Vachellia xanthophloea) and navigating on flat, open grassland with fewer roads but two major, seasonal rivers in their home range. For the other part of the year, seasonal flooding forces them into the southern half of their home range, where they occupy fever trees and Vachellia robusta woodland until they return annually to their floodplain range.

Using similar methods to previous studies of pigeon navigation to identify habitually used routes (e.g., Collet et al., 2021), and analyzing data to quantify the extent to which seasonal changes affect baboons ranging areas, we are able to evaluate the effects of a natural phenomenon to help understand whether baboon navigation strategies in a highly seasonal environment match those of other study sites, and whether baboons are able to retain memory of these habitual routes when they are unable to use them for more than two months at a time.





Methods




Study site and subjects

Data were collected in Gorongosa National Park, a 4,000km2 park located in central Mozambique. GNP is home to a number of vertebrate and invertebrate taxa, including an exceptional density of baboons (Stalmans et al., 2018; Lewis-Bevan et al., 2024). The two troops in this study, FT and WT, ranged in the southern portion of GNP within the main road network.

This study utilized GPS collar data from four chacma baboons (Papio ursinus griseipes) from two study troops: Eve (FT), Abacaxi (FT), Acacia (WT) and Kigalia (WT).

At the time of study, FT had approximately 30 individuals, including all age classes. Their full home range was approximately 15 km2, and their diet consisted mainly of underground corms from Cyperaceae sedges, grasses, and Vachellia xanthophloea and Chrozophora plicata seeds. They were also frequently observed hunting snails, river mussels, birds, infant warthogs and infant ungulates. The troop travelled approximately 3500m (± 1200m) daily (Lewis-Bevan et al., 2025). FT ranged directly north of WT, with the southern portion of their home range overlapping the northernmost section of the WT home range. Their home range surrounded a large loop formed by two roads across the floodplain, and was bisected by the Mussicadzi River in the west and the Tsungue River in the east. Both rivers are seasonal, overflowing in the wet season and drying to puddles or dirt in the peak of the dry season. FT’s habitats consisted of open flood plain made up of grasses and sedges, dense elephant grass patches, riparian woodland along the Mussicadzi, and low-vegetation fever tree woodland. There was sparse Vachellia woodland in the southern portion of their home range. Most of their habitat was open, with very low-density ground vegetation and visibility at baboon eye-level for several hundred meters; the exception to this was in dense riparian areas, where tall understory plants and high grass limited visibility to a few meters.

WT consisted of over 90 individuals at the time of the study, of all ages. Their full home range was approximately 7 km2, comprising moderate to dense Vachellia-Combretum savannah woodland, including areas of dense Vachellia robusta, numerous termite mounds, and two large, seasonal pans, as well as a small section of the Mussicadzi River utilized only during the dry period. They often travelled through dense understory, with roads and pans being the predominant open areas, making it difficult to see the entire troop at once. They foraged on Vachellia seed pods, and engaged in bark stripping of Vachellia robusta, as well as eating numerous plant species in the woodland and occasionally hunting small vertebrates. This troop travelled approximately 2700m (± 700m) daily (Hammond et al., 2021; Biro et al., 2025; Lewis-Bevan et al., 2025).

At the time of the study, lions (Panthera leo) and painted wolves (Lycaon pictus) ranged within both troops’ home ranges, but were not known to predate on baboons in GNP (Atkins et al., 2019; Bouley et al., 2018). One of the main predators of baboons, leopards, was not known to routinely inhabit GNP, but one was occasionally sighted by camera trap (Gaynor et al., 2020).





Collar data

Individual baboons were captured either using a baited cage with a manual door release (n = 1), or through free darting from a vehicle (n = 3). Once sedated by a licensed veterinarian, the baboons were then fitted with collars (model 1D, e-obs Digital Telemetry, Grünwald, Germany) equipped with GPS and tri-axial accelerometers, placed in a shaded recovery cage, and observed until they had recovered enough to be released.

Collaring took place between 28 July 2019 and 16 August 2019, and spatial data were collected from 30 July, 2019 to 24 June, 2020. The days of active data collection varied across monkeys due to the timing of collar placement and the end of the collar’s battery life (min = 232, max = 311, mean = 282). Collars were designed with a fabric strap connecting the ends of the collar, which would wear down over a period of at least two years and ideally after no more than four to five years, and were not intended to be retrieved.





GPS data cleaning

Data were cleaned and processed in R version 1.3.159 and QGIS 3.14.10-Pi (QGIS Development Team, 2020; R Core Team, 2020).

All four GPS units were programmed to sample baboon location once a second for five seconds every 15 minutes (i.e., a burst of up to 10 fixes at 1Hz at 15-minute intervals). GPS data were downloaded from the collars monthly from August 2019-November 2019, then again in February 2020, May 2020, and June 2020, using the e-obs BaseStation II connected to a Yagiantenna (868 MHz 10E), at a distance of between 10-50m. Downloaded data were then processed using e-obs decoder_v10s1.

During analysis to identify oft-used paths in the environment, only the final fix out of each 10-second burst was used from each collar. First, points were filtered to only days with a 95% or above fix success rate; that is, of 96 scheduled fixes in a day, at least 90 must have been successful. These points were then filtered to remove any points within 50m of the sleep site used at the start or end of the day, in order to minimize bias from being close to the site as well as the monkeys staying in the same place for extended periods.





Daily route use over extended periods

To compare route similarity on a daily level across the study period, each day-long trajectory, from departing the morning sleep site to entering the evening sleep site, was isolated. We created a “dissimilarity score” between pairs of days, which represented the average nearest neighbor distance between two daily trajectories. A higher dissimilarity score indicates the daily routes were on average further apart.

The analysis compared pairs of days, with one daily trajectory assigned as the reference day, and the other as the comparison day. The distance between each GPS point in the reference day was measured to each point in the comparison day to create a list of distances. The smallest of these distances, or the nearest neighbor distance, was taken for each point in the reference day. The average of the nearest neighbor distances was taken twice for each pair, with each daily trajectory respectively being the comparison and reference day. The average of these two averages was taken as the dissimilarity distance for that pair of days.





Identification of high-use paths

To identify routes that were reused by the baboons, points were compared using a rolling-window approach.

After data cleaning, each of the remaining points were grouped into rolling groups of four sequential points (“tracklets”), with the first point of the group (r1) being the reference point and the next three points being the rest of the reference track (r2, r3, r4). The tracklet was evaluated to ensure that (a) the fixes occurred consecutively at 15-minute intervals, i.e., no fixes were missed, and (b) each point was at least 50m distance from the previous point, to ensure the baboons were moving at the time of the fix as opposed to stationary. Although this criteria ensured the baboons were moving during the 15 minutes between fixes, it did not account for linearity or directionality of movement.

If the tracklet met the criteria of both (a) and (b), then it was considered a valid reference tracklet. This was repeated for all possible consecutive sets of four points, resulting in a set of multiple temporally overlapping tracklets. Once all valid reference tracks were identified, they were also considered to be valid comparison tracklets.

Each reference tracklet was converted from a set of four points to a line feature, assuming straight line travel between each consecutive point. The distance between this line and the first point of each comparison tracklet (c1) was then measured. If c1 was greater than 50m away from the reference tracklet, then no further comparison was made between the two features. If c1 was within 50m of the reference tracklet, then the same comparison was made for all points in the comparison tracklet. In order for the comparison tracklet (c) to count as a reuse of the reference tracklet (r), it had to meet a number of conditions: (1) all points in c must fall within 50m of the r; (2) r must not be made up of points from c, i.e., be the same tracklet; (3) r and c must have been travelled at least 30 minutes apart, or with a difference of two GPS fixes; (4) c must not have been travelled within 30 minutes of another comparison tracklet that already reused r (Figure 1). The criteria for reuse was based on observation of the primates moving within and between patches in 2018 and 2019 (Hammond et al., 2021; Lewis-Bevan, 2024). Based on these observations, group spread was often 80–200 meters apart, with movement within foraging patches tending to be less than 50m, and movement between foraging patches tending to be more than 100m. We further examined the possibility of other criteria based on visual examination of routes and comparison to continues GPS tracks from observers following the baboons, and chose these criteria the least-likely to create false negatives.

[image: Diagram showing the process of determining route reuse. The left panel contains mixed data points: pink circles, green stars, and blue triangles. Two rows show green stars connected to form a path. Top row (a) shows green stars and blue triangles, with a shaded boundary around the green path. The blue triangles fall partially outside of the boundary and do not form a reuse. Bottom row (b) shows green stars and pink circles, with a shaded boundary around the green path. All pink circles fall within the shaded boundary, and form a reuse.]
Figure 1 | Method of identifying reused routes. Each route started by identifying tracklets, shown in the first panel. (a) identifies a reference tracklet, converts it into a line, and adds a buffer; because all points of the comparison tracklet (triangles) do not fall within the buffer, this is not a valid reuse. (b) follows the same methods, but shows an example of a valid “reuse”.

If a comparison tracklet met all four conditions, it was considered a reuse of the reference tracklet. To account for differences in speed of travel, each comparison tracklet was also analyzed as a reference tracklet, although reuse was only counted once for each pair. Despite the conditions imposed, preliminary analysis showed a high margin of error in identifying tracks that were only reused two times, as in other studies (de Raad, 2012; Di Fiore, 2003), due to the fact that this analysis does not explicitly account for the linearity and directionality of each tracklet. To mitigate this, only routes in the top quartile of all reuses were considered reused routes for this analysis, given that the more times a route was reused the less likely it was to be a false match, based on visual analysis.





Route re-use following displacement

In order to identify periods and areas of displacement, full GPS data for each monkey was plotted and visually examined both weekly and monthly. Areas that were identified as being vacated for more than two months (vacation period), and subsequently reoccupied, were considered vacated areas (Figure 2).

[image: Two panels of satellite maps showing monthly GPS points represented by blue circles. Each map represents one month from August 2019-June 2020. A reference area of vacated area is outlined in yellow. The monthly maps illustrate a progressive shift away from and back towards each yellow vacated area.]
Figure 2 | Monthly mapping of daily ranging data for FT (a) and WT (b). Identified vacated areas are shown in yellow. For analysis, these were transformed to match the edge of the home range.

To analyze whether routes were reused in vacated areas, all identified routes that were majority inside the vacated areas (3/4 fixes) were isolated in QGIS (QGIS Development Team, 2020). The isolated routes and all records of their reuse were then compared to see if they were used both before and after the area was vacated.





Ethics statement

This work was carried out with ethical clearance from Oxford University (APA/1/5/ACER/23Jan2018) and from the Ministry of Tourism and the Gorongosa Restoration Project in Mozambique (permit numbers PNG/DSCi/C114/2018, PNG/DSCi/C93/2018, PNG/DSCi/C147/2019 and PNG/DSCi/C142/2019). All handling of the study subjects was performed by professional staff, and following collar deployment all subsequent data collection was completed remotely and in the animals’ natural habitat.






Results




Similarity of daily routes

When comparing route dissimilarity over time, we found that the two troops showed different patterns consistent with the known patterns of flooding in GNP. WT remained almost consistently dissimilar throughout the study period, particularly for days that were more than two weeks apart; that is, there was little variation in how different their daily paths were, despite visual differences in their ranging patterns, implying that the majority of their movement occurred in the core of their home range (in this case defined as the central 50% of the total area around the centroid) throughout the year, and that changes to the periphery of their home range seasonally (Figure 3) did not strongly affect route dissimilarity.

[image: Two satellite maps of the home range of each troop, representing the movement paths of the four monkeys. In each map, yellow lines show the daily paths of the Floodplain Troop, and orange lines show the daily paths of the Woodland Troop. Purple lines overlaying the yellow lines represent the habitual routes of the Floodplain Troop, and cyan lines overlaying the orange lines show the habitual routes of the Woodland troop. Yellow dotted lines represent the vacated area of each troop.]
Figure 3 | Baboon home ranges with full daily paths (yellow for FT and orange for WT) as well as identified routes (purple and blue, respectively).The map on the left shows the routes of Eve (FT) and Kigalia (WT) while the map on the right shows the routes of Abacaxi (FT) and Acacia (WT).

However, FT was cyclically dissimilar. In pairs of days that were temporally close together (<50 days), or very far apart (>250 days), their daily paths were more similar. In other pairs, pairs became more and more dissimilar until about 125 days apart, when they began gradually becoming more similar. This follows the pattern of displacement throughout the year, with periods before and after displacement due to flooding being more similar than the periods during and not during the flooding, indicating that the baboons had smaller ranging areas at the periphery of their home ranges that they used seasonally, rather than a central core as in WT (Figure 4).

[image: Line graph with two panels comparing dissimilarity scores over time between individual monkeys in two habitats: floodplain (top) and woodland (bottom). X-axis shows days between pairings, Y-axis shows dissimilarity scores. Each line represents one monkey, with colors indicating individual identities: Abacaxi (red), Acacia (green), Eve (blue), and Kigalia (purple). In the floodplain, dissimilarity scores increase then decrease, peaking around 150 days. In the woodland, scores remain relatively stable until a sharp rise for Kigalia near day 330. Shaded areas represent variability or confidence intervals around the data.]
Figure 4 | Dissimilarity scores, indicative of average meters between compared daily routes, between baboon daily tracks across the year. The y-axis indicates how dissimilar each pair of days was, while the x-axis indicates how many days occurred between each pair. The more dissimilar the scores are, the further apart two days’ daily tracks were.





Occurrence of route reuse

For each collar, between 378–1137 tracklets were identified. From these, between 69–179 tracklets were found to have been reused more than the upper quartile, which ranged from 4–8 reuses. Tracklets that were reused more than the upper quartile are hereafter simply referred to as “routes.”

The most any route was reused was 30 times, with the average length of the route ranging from 631–836 meters. Further information can be found in Table 1 and the route networks are visualized in Figure 3.


Table 1 | Summary of analyzable tracklets, or sequence of four points meeting defined criteria, and routes, or tracklets used more times than the upper quartile for that individual.
	
	Eve (FT)
	Abacaxi (FT)
	Acacia (WT)
	Kigalia (WT)



	Tracklets
	919
	967
	378
	1137


	Routes
	81
	90
	69
	179


	Average length of route (meters)
	836
	818
	631
	672


	Max Reuses
	22
	30
	11
	14


	Min Reuses
	8
	7
	4
	5


	Max days between reuse
	289
	270
	280
	277











Route reuse in vacated areas

Vacated areas were identified on the periphery of each group’s home range. WT occupied the same core home range for the entirety of the year, while only the peripheries were vacated for extended periods. FT displayed similar patterns; however, one area near the center of their home range was vacated for a four-week period at the peak of flooding. Because it was vacated for less than the two-month displacement chosen to test memory and route robustness, route reuse in this area was not directly examined.

In WT, only one route occurred partially inside the vacated area, despite multiple tracklets. This route began close to the core home range, and was only used over a period from the end of September to early January when there was no vacation of the area, and so was not included in any further analysis.

In FT, several routes occurred within the vacated area. However, these routes were only used for a portion of the year from October to November, despite the troop ranging in the vacated area outside of these months. Only one route from after the displacement period occurred partially within the vacated area, and as the majority occurred outside of the area, we were unable to analyze route reuse in FT’s vacated area (Figure 3).






Discussion

Besides the Okavango Delta, where baboons have adapted to cope with the annual flooding by wading and swimming between islands (Cheney and Seyfarth, 2008), GNP is the only baboon study site that faces extensive annual flooding. Unlike the Okavango, baboons in GNP are rarely seen to enter the water, and as a result must take considerable measures in order to cross rivers and streams, such as jumping from treetop to treetop or crossing on sandbanks by sunning crocodiles. In this study, we examined to what extent this seasonal disruption affects baboons’ daily ranging areas, whether or not they have habitually used routes despite these disruptions, and whether or not those routes are robust to disruptions, i.e. whether baboons return to previously established routes after areas of their home range are vacated seasonally.

We found that the two troops showed different levels of annual variation, or dissimilarity, in their daily movement routes. High dissimilarity could indicate a complete displacement where the baboons (and hence their routes) are in two physically different locations, or it could indicate high variability where baboons move through the same environment but follow very different paths (Hammond et al., 2025). Previous analysis showed that WT experienced a general shrinking of their home range during the wet season, while FT shifted south; however, both troops maintained a core home range for most of the year. For FT, this area was simply the overlap of their wet and dry season home ranges, although it was inaccessible for FT for around four weeks at the height of the flooding.

Given this, it is unsurprising that WT maintained a stable dissimilarity score across the year, as they maintained the same core home range and variation on the peripheries occurred only for relatively short time periods. However, despite continuously occupying a core home range, FT’s dissimilarity showed variation across the year, with days in opposite seasons being more dissimilar than days close together or in the same season almost a year apart. In addition, even days close together showed more dissimilarity than the same pairs of days in WT. This indicates that they may have used the periphery of their home range more than WT, and at different parts of the year.

This difference between troops could be related to a number of factors. First, FT relies seasonally on various food sources that each exhibit a different growth cycle, often spending entire days utilizing a single resource patch, and travelling further than WT on days where they utilize multiple resource patches, implying more scarce or transient resource patches that require longer travel distances to exploit. FT also utilizes more spread-out, low-density food types than WT, and are one of the smallest troops in their area (LLB, unpublished data). These long travel distances between seasonal patches, and a high potential for displacement from patches due to intergroup encounters, could cause more route dissimilarity even between days close together in time.

In addition, habitat type could alter route similarity. We found that Kigalia (WT) exhibited a higher number of reused routes, but a lower number of reuses per route compared to FT. Acacia (WT) also had a low habitual-route-number-to-reuse ratio; however, Acacia’s collar often failed to record GPS fixes, giving less overall analyzable movement data than any other monkey. Nevertheless, this indicates that WT has a larger, dense route network, with each route being used less often, while the FT baboons exhibit a smaller route network that is used more frequently. This is supported by visual examination of the data (Figure 3). In an earlier study, baboons in a mosaic habitat that primarily foraged in woodland areas in Limpopo, South Africa, displayed a similarly dense route network to WT, extending to the edges of their home range and remaining dense even in the periphery (de Raad and Hill, 2019). The similarity in habitat type may indicate that baboons are topographically constrained in woodland areas, where tree and undergrowth density create significant energetic barriers, and repeated routes could carve paths that are easier to travel, as shown in arboreal primates (Di Fiore, 2003). Observational data collected on these troops in 2018 indicated this pattern was similar to the paths of WT, and FT in denser areas, but not in open floodplain areas. Other inhabitants of the woodland of GNP, such as elephants and antelope, may similarly contribute to a more easily traversable route network. In addition, baboons in densely treed areas may be exhibiting patch to patch travel networks, utilizing discrete food items as in a trapline, but using the dense route network to travel between food patches in different orders as depletion and seasonality vary (Noser and Byrne, 2009, 2015). One of the denser parts of the route network in WT’s peripheral home range led to the Mussicadzi river; similar tracks were also recorded by handheld GPS in 2018, when baboons had to travel daily to the one remaining water source in their home range, indicating that this resource also led to the formation of a habitual route.

On the other hand, baboons ranging in open areas may not need to utilize routes so frequently. The main topographic barriers in FT are the Mussicadzi River to the east, the Tsungue river to the west and north, and a large, dense patch of elephant grass in the core of the home range, in which lions, buffalo, and elephants are frequently sighted. Interestingly, the most central part of FT’s route reuse network occurs in the area that traverses the edge of the elephant grass through a patch of palm trees where the baboons often rest. Travel through this area mimics travel through the woodland in terms of low visibility and difficult terrain. The second densest part of their habitual route network extends to the northeast, following the Mussicadzi river seasonally when large swaths of Chrozophora plicata, a preferred food source for FT baboons, grows in the drying riverbed. These observations indicate that topographic barriers may promote route reuse rather than routes being a preferred form of navigation, and that baboons may not use routes when they are able to easily visually orient themselves, or that these routes are more general orientations based on landmarks rather than distinct movements along a 50-metre-wide path. These observations were furthered by on-the-ground troop follows of FT, where baboons could predictably disappear into dense grasses at the same location daily, and be expected to appear on the other side at a known location after crossing. A single attempt to cross the dense grass showed that there was in fact a narrow path leading from the entrance to the exit, crossing a patch of palm trees where the baboons foraged, and that buffalo also used this path.

This study also faced limitations in identifying route reuse due to its narrow criteria of “reuse”. While the criterion of 50m of movement between fixes reduced the likelihood of oft-used patches being identified as routes, it also potentially precluded routes travelled slowly over the course of a day, where the baboons grazed as they travelled rather than stopping to forage. Similarly, the narrow overlapping distance used excluded times when the baboons were moving 50m within a patch, but meant oft-used paths with a wider spread were excluded. Potential paths were also excluded because of the decision to only use the top quartile of reuses. This decision was made based on visual examination of the data, with the impact of this threshold varying; for Kigalia (WT), the threshold for reuse remained steady in the upper quartiles, going from 6 reuses at 50% to 7 at 75%; for Eve (FT) it moved from 10 to 13.

Because of the low resolution of the GPS data, stricter criteria were used to avoid false-positive identification of routes, at the cost of creating false-negatives. The low resolution also meant that routes were lost when GPS fixes were not successful, since these sections of data were automatically excluded, and differences in fix success rate made data less comparable within the same troop. Longer-term studies or studies with higher GPS resolution should consider methods that balance these by identifying known false-positives and true positives. Where that is not possible due to a lack of known false positives, further studies should incorporate both linearity of routes and vector angles from one point to another, rather than relying on fixed width, to better identify more spread-out routes in open habitats.

Despite finding route reuse in line with other study sites, this study failed to identify route reuse in vacated areas, primarily due to the lack of routes in these areas. This is may not be reflective of a true lack of routes or memory of them, however. The baboons used the peripheries of their home ranges less often, and the edges of their home ranges changed seasonally, meaning there were less overall tracklets in these areas. Further, because the data did not cover a full year, seasonal resources that might have led to the formation of routes in these areas may not have been available at both ends of the study period. This, combined with the relatively high number of reuses we used as the criterion for classifying routes as “habitually” used, may indicate that it is a lack of data limiting the identification of routes reused after vacation, rather than a lack of those routes themselves. What effect varying this strict threshold has on the nature and density of baboon route networks identified should be revisited in future studies.

Nonetheless, this study did find that baboons returned to vacated areas, and FT did have some routes in those areas. Because of battery failure, the GPS points from this study do not cover an entire year. This meant that routes that were only used in certain conditions may have been reused without being recorded, especially for routes that are highly seasonal. Without a full year of data, it is impossible to say whether or not baboons did reuse the routes after the collar batteries died. Future work should look at routes over a full calendar year or multiple years as a better indication of the role memory plays in repetition of routes. In addition, factors besides flooding that cause vacations from areas should be considered in future studies. Temperatures on the Floodplain consistently reach above 40C, which might influence the baboons’ ability to travel to the vacated area in their home range; in 2020, temperatures reached 50C on the floodplain (SC, unpublished data). However, observational data from 2018 showed baboons repeatedly crossing the floodplain in high temperatures due to the need for water that was only available in the northwestern section of their home range (Lewis-Bevan et al., 2019), showing that a balance between shade, food and water availability might drive route use. The change in both availability and location of resources depending on climate variables could lead to routes being unused for whole seasons or years; daily follows of the baboons showed that they reused some routes only when external conditions called for it, such as water or food scarcity. Replications of this study over multiple years would help to further identify factors causing route reuse.

Another limitation of this study is the resolution of the GPS points taken. Our positional fixes were taken at 15-min intervals, and we interpolated the routes connecting these locations as straight lines - this represents an overall route estimate that is almost certainly shorter and less tortuous than the actual paths taken by the baboons. This also reduces our ability to analyze route complexity and memory, since it reduces the resolution of any routes taken, and excludes smaller sections of routes that may have been reused more often. In the future, more frequent GPS fixes would allow for higher-resolution reconstructions of routes, and hence for a more robust nearest neighbor analysis both at the daily-route level and at the tracklet-level. While this would come at the expense of battery life, we expect that technological advances in biologging will soon enable researchers to collect the necessary long-term datasets at sufficient resolution to explore our questions with added precision.

Despite its drawbacks, this study presents a tractable analysis of route reuse that is both faster and more replicable than visual examination, but does not necessarily require high-resolution data. Further improvements on this method should involve accounting for the angle of travel in each point in the tracklet, similar to change-point analysis (Byrne et al., 2009), and a measure of the parallelism of both the reference and corresponding tracks. Although this study focuses on baboon movement, the method presented could be applied to any subject where traditional methods of overlaying GPS data are not possible, or to test parameters of what each species considers a route. This could be especially helpful for animals traversing smaller areas, where GPS points are often clustered and appear random, or where subjects cannot be directly observed. This method could also help identify areas of large data-sets to focus on, particularly for animals with extensive home ranges. This study provides methodology to help understand how baboons navigate in a changing environment, and will hopefully be followed up by further studies monitoring animal movement, environmental knowledge and memory in a rapidly changing world.
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