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 41 

Abstract 42 

Recently, considerable attention has been paid to animal adaptations to anthropogenic 43 

environments, such as foraging in burned areas where plants are promoted to regenerate 44 

by anthropogenic burning. However, among primates, reports on the utilization of 45 

resources that are available immediately after burning have been limited to a few 46 

primate species. In this study, we investigated and compared the activity budgets and 47 

food categories of a group of patas monkeys (Erythrocebus patas) in freshly burned 48 
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areas by comparing them with those in previously burned areas and unburned areas. We 49 

also assessed the proportion of time spent in the freshly burned area before and after the 50 

fire: GPS collars were fitted to five of the six adults in the group, and their patterns 51 

when they traveled toward freshly burned and unburned feeding areas were compared. 52 

Patas monkeys spent more time in freshly burned areas after the fire, and they visited 53 

such areas mostly for feeding, particularly on roasted seeds of Cissus populnea. 54 

Furthermore, patas monkeys traveled faster and in a more synchronized way toward 55 

freshly burned areas. This “apparent goal-directed” travel began at least 1 hr before 56 

arriving. Results indicate that the group recognized freshly burned areas as valuable, 57 

and the monkeys were able to travel in a goal-directed manner to them despite their 58 

variable locations. We suggest that smoke from freshly burned areas provides a visual 59 

cue with which to orient to the burned areas. Our results also support the notion that 60 

some primates are flexible enough to adapt to and benefit from anthropogenic 61 

environmental changes. 62 

 63 

Keywords: Anthropogenic environments, Goal-directed behavior, Temporal synchrony, 64 

Travel direction, Collective movement, Group living 65 

 66 

Introduction 67 

At present, given the increasing human population and continuous development 68 

worldwide, almost all living organisms live in human-induced environments (Lee 2010; 69 

Sih et al. 2011; Treves 2009). In primatology, the process by which primates change 70 

their behaviors in anthropogenic habitats has received increasing interest (Hockings et 71 

al. 2012; Humle and Hill 2016; Strier 2017). Behavioral adaptations include changes in 72 
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activity budgets, ranging behavior, social organization, and most commonly, diet 73 

(McLennan et al. 2017). In anthropogenic habitats, primates have been widely fed on 74 

agricultural crops, garbage, and provisioned items (McLennan et al. 2017). One 75 

anthropogenic habitat change that may cause behavioral adaptations is burning, such as 76 

slash-and-burn agriculture, which is a traditional practice (Eriksen 2007). Controlled 77 

burning is a method used in parts of Africa to manage savannah-type national parks as 78 

part of habitat management. Once a fre is set, grasses burn vigorously, temporarily 79 

reducing their biomass (Sinclair 1977). Consequently, animals such as grazers (those 80 

that rely on grasses) must adapt to such instantaneous changes in their habitat (Vieira 81 

and Marinho-Filho 1998). Most animals can fee when fres approach, whereas some 82 

animals sufer from smoke asphyxia (Barlow et al. 2002; Peres 1999). Animals that 83 

survive the fre and smoke may sufer in other ways, for example, starvation, if they 84 

cannot fnd a new place to settle (Cochrane 2002). 85 

Although burning may have several negative effects on animals, post-burning 86 

environments can be benefcial. Burns facilitate the regeneration of grasses over time 87 

(Everson and Everson 1987), and regenerated grasses often have high nutritional values 88 

and bulk density (van de Vijver et al. 1999). Immediately after the fres, invertebrates 89 

and plant seeds may become accessible. For example, green monkeys (Chlorocebus 90 

sabaeus) utilize burned invertebrates (Harrison 1983); vervet monkeys (C. pygerythrus) 91 

easily prey on ants that appear on the surface when they are escaping from fre and 92 

smoke (Jafe and Isbell 2009), and chimpanzees (Pan troglodytes) forage on roasted 93 

seeds (Brewer 1978). Compared with grasses, these foods do not continue to regenerate, 94 

and thus such foods have limited availability. The limited accessibility and abundance 95 

of such resources can result in the home-range expansion into burned areas as animals 96 
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take advantage of the foods in them (Herzog et al. 2014; Rasmussen 1983). However, 97 

few systemic studies have focused on the utilization of burned areas by primates (but 98 

see Herzog et al. 2014, 2020; Jafe and Isbell 2009).If burned areas are attractive feeding 99 

sites for primates, then how do they fnd and access the places? The general foraging 100 

theory of primates may be applied to answer this question: In general, a primate group 101 

tends to travel fast and linearly toward feeding sites that they visited before when the 102 

resource is of high quality, in quantity, or both (Janmaat et al. 2006; Noser and Byrne 103 

2007; Pochron 2001; Salmi et al. 2020). Such fast and linear travel patterns indicate that 104 

the monkeys are using their spatial memory to navigate to a specifc feeding site (Bell 105 

1991; Noser and Byrne 2007; Salmi et al. 2020). For example, yellow baboons (Papio 106 

cynocephalus) accelerated and directed travel an hour before arriving at valuable 107 

feeding sites despite their inability to see or smell the food (Pochron 2001). Notably, 108 

studies consider the feeding site as rare, isolated, or highly clumped, such as a specifc 109 

fruit tree. However, high-quality feeding sites can be widely distributed. Patas monkeys 110 

(Erythrocebus patas) are terrestrial primates living in savannahs. Although they form 111 

one-male multi-female groups, multimale situations occur because of male infux in a 112 

distinct mating season (Chism and Rogers 1997; Chism and Rowell 1986; Ohsawa et al. 113 

1993). They rely on particular types of food, namely insects and gums (Isbell 1998; 114 

Nakagawa 2000), and selectively feed on a small number of high-quality foods 115 

(Nakagawa 2003). Given the relatively heavy body mass of patas monkeys among 116 

primates whose diet is gummivorous and insectivorous, they have a unique diet (Isbell 117 

1998) in accordance with the principle of physiological ecology (Jarman 1974; Bell 118 

1971). Studying whether the general foraging theory can be applied to patas monkeys is 119 

interesting, but previous studies on the theory have paid little attention to such species. 120 
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When foods such as insects and gums become available in burned areas, patas 121 

monkeys might employ goal-directed travel to those areas. However, the locations of 122 

naturally burned areas are unpredictable, and even in the case of controlled burning by 123 

authorized agencies, the location of fres may change annually. Compared with primates 124 

that rely on spatial memory to guide their goal-directed travel, patas monkeys would 125 

need to use a diferent cue to travel to the burned area. 126 

Individuals within a group must also coordinate their travel, especially during 127 

goal-directed traveling. Either they must reach a consensus on where to go or 128 

manipulate other members’ travel (Boinski 2000) because individual choices lead to the 129 

fnal decision of a group movement (King and Cowlishaw 2009; King and Sueur 2011; 130 

Pillot and Deneubourg 2010). In general, collective movements result from the low 131 

variance of travel velocity (e.g., the coefcient of variation [CV]) and the synchronized 132 

direction among individuals (i.e., travel direction). Therefore, these parameters are 133 

important for understanding how animals in groups achieve a coordinated movement 134 

(Herbert-Read 2016; Strandburg-Peshkin et al. 2017). However, in primates, previous 135 

studies have focused more on identifying goal-directed travel than on the travel 136 

variability of velocity and synchrony of travel direction among individuals when 137 

traveling toward feeding sites. In addition, they substituted data from the observer’s 138 

location for the group’s location (e.g., Noser and Byrne 2007) or used data from the 139 

location of particular individuals in the group (e.g., Normand and Boesch 2009). 140 

Moreover, these studies did not collect data on the positions and movements of each 141 

individual in groups. 142 

Previous studies on group decision-making in savannah-dwelling primates are 143 

limited to baboons (Papio spp.) (Altmann 1979; King and Cowlishaw 2009; Rhine 144 
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1975; Stueckle and Zinner 2008). Baboons are considered as suitable subjects for this 145 

feld of research because they often spread out when traveling (often up to 320 m wide; 146 

Harel et al. 2021), and their travel coordination is assumed to be more challenging when 147 

groups spread. Patas monkeys are also known to spread out during traveling (up to 300 148 

or 500 m wide; Chism and Rowell 1988). Moreover, they tend to move laterally or at 149 

angles across the group’s center of mass rather than along with others (Isbell et al. 150 

1999). Such conditions make patas monkeys interesting subjects for studying the 151 

process of traveling toward feeding sites and their collective movements. 152 

In this paper, we aimed to investigate the adaptability of patas monkeys to 153 

anthropogenic burning and examine the diference in the proportion of time spent in the 154 

freshly burned area before and after the fre and their activity budget and diet in the area. 155 

We also aimed to explore the process by which patas monkeys fnd and access freshly 156 

burned areas and compare their travel patterns toward freshly burned areas with those 157 

toward unburned feeding areas. 158 

 159 

Methods 160 

Study site and subjects 161 

We conducted our study from December 2022 to March 2023 in the Mole National 162 

Park, Ghana (09°12′–10°06′ N, 01°25′–02°17′ W, and 150 m above sea level), which is 163 

located in the Guinea savannah zone, and the open savannah woodland with a layer of 164 

grass is the dominant vegetation (Lawson et al. 1968). The average annual rainfall is 165 

approximately 1100 mm, and the average temperature is approximately 28 °C. The dry 166 

season lasts from November to March, and the rainy season lasts from April to October 167 

(Schmitt and Adu-Nsiah 1993). Controlled burning is carried out by the park staf every 168 
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year from December to early February during the dry season to promote the growth of 169 

new herbaceous plants in the park. The location and timing of burning vary annually, 170 

with some areas left unburned to protect animals with cover from predators and 171 

poachers.In this study, we investigated a group (named Motel group) of patas monkeys 172 

consisting of 17 individuals, including one adult male, fve adult females, and 11 173 

juveniles and infants. The home range of the group is in the southeastern part of the 174 

national park, which includes the headquarters. 175 

 176 

Spatial data collection 177 

We ftted GPS collars (GLT-02, Circuit Design, Inc.) to the sole adult male (MC) and 178 

four of the fve adult females (Sa, Sk, Kr, and Sh) of the group. Veterinarians (YM or 179 

RS) immobilized the animals with zoletil (5 mg/kg) and medetomidine (0.1 mg/kg) with 180 

a blowpipe and later reversed the drugs with atipamezole (0.5 mg/kg). The GPS collar 181 

(less than 250 g) was less than 5% of the body mass (6.2–10.8 kg (N = 5); YM, 182 

unpublished data) as suggested by the American Society of Mammalogists (1998). See 183 

Supplementary Information for the details on the process. The GPS collars recorded 184 

data on the location (latitude, longitude), time, and positional dilution of precision 185 

(PDOP, an index of position accuracy) every 10 min from 7 a.m. to 5 p.m. between 186 

December 12, 2022, and March 1, 2023. After data collection, we successfully removed 187 

the collars from all the monkeys by remote electronic drop-of systems. We calculated 188 

the three-dimensional positioning success rate (the number of successful positioning 189 

attempts divided by the total number of positioning attempts) to remove large position 190 

errors. Results showed that all data had the three-dimensional positioning success rate 191 

of 100%, and only the data with PDOP of six or less were used (D’Eon and Delparte 192 
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2005). Consequently, we collected 28,849 pt of GPS fxes (Table S1). 193 

 194 

Ethical note 195 

The procedures carried out in this study were approved by the Animal Experimentation 196 

Committee of Kyoto University in Japan (# 202021) and by the Wildlife Division of the 197 

Forestry Commission of Ghana (WD/A.185/VOL. 13/69). 198 

 199 

Behavioral data collection 200 

We also observed the group from 7 a.m. to 5 p.m. by following one of the GPS-collared 201 

individuals for an hour at a time from a distance of 3 to 5 m. We selected the next focal 202 

animal as the one which we have not observed on the day to record all the individuals 203 

evenly each day. If we lost the focal individual but found it within 20 min, then 204 

recording was resumed until the total following time reached 1 h. Consequently, we 205 

observed the individuals for 708 h in total (Table S1). During the focal follow, we 206 

recorded the individual’s activities, (i.e., foraging, feeding, traveling, resting, and 207 

others) of the individuals every 10 min instantaneously corresponding to the timing of 208 

the GPS fxes. Foraging was defned as searching for food such as moving rocks, digging 209 

up the ground, or looking at the ground and surrounding trees while moving forward or 210 

not; feeding was defned as having food in the mouth or manipulating food with the 211 

hands; traveling was defned as continuing to move without looking at the ground or 212 

surrounding trees. Food items (the species and the part eaten) were recorded whenever 213 

possible. However, in this paper, we primarily used the following food categories for 214 

analyses: animal matter (e.g., insects, lizards, birds, and bird eggs), fowers and buds, 215 

fruits, gums, seeds, leaves, and garbage (e.g., human food waste). We also recorded the 216 
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following location types where the focal individual was observed every 10 min: “freshly 217 

burned area” (where observers had detected fre or smoke at the time), “previously 218 

burned area” (with ash but no fre or smoke), and “unburned area” (with no evidence of 219 

burning during the research period). 220 

 221 

Statistical analyses 222 

Changes in the time proportion of land use by burning 223 

First, we plotted all GPS fxes in freshly burned areas onto a map in Quantum GIS 224 

(QGIS; 3.30.1). Next, we created areas within the radius of 100 m around the GPS fxes 225 

because the observer could see whether the land 100 m from the focal animal was 226 

burned or not, and 95% of all the distances between the focal animal and other 227 

individuals were within 100 m. If the time interval between the data point at the freshly 228 

burned area was longer than 1 h, then the visited areas were considered diferent, 229 

although such areas were in close proximity to one another. If the time interval was less 230 

than 1 h, then the overlapping areas were merged and considered as one data point. 231 

Consequently, we identifed 14 discrete “estimated freshly burned areas” (Figure S1, 232 

Table S2). However, these estimated areas do not represent all freshly burned areas in 233 

the study site. Thus, this study aimed to compare the percentage of time spent before 234 

and after the fre in the freshly burned areas visited by the group. 235 

We compared the proportion of GPS fxes with the total number of GPS fxes by 236 

using a generalized linear mixed model (GLMM) with a binomial distribution and a 237 

logit link function (Model 1) to examine the diference in time spent by individuals in 238 

estimated freshly areas before and after the fre. Each period included all days before and 239 

after the fre. Predictor variables included the period (before or after the fre) and ID of 240 
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all individuals to avoid pseudoreplication. We did not add ID as a random efect because 241 

it is generally suggested to only ft a random efect if it has six levels or more in the 242 

mixed model (Bolker et al. 2009; Harrison et al. 2018). We also added an observation-243 

level random efect (ORLE; assign an independent ID to each data point) to account for 244 

overdispersion (Harrison 2015). We also incorporated the number of days of 245 

observation elapsed from the beginning of the research as a random intercept and the 246 

period within the observation elapsed days as a random slope into the model to consider 247 

the diferences based on the length of the observation elapsed days. 248 

 249 

Dietary benefts of burned areas for patas monkeys 250 

In examining whether or not patas monkeys use burned areas for feeding, we calculated 251 

and compared the percentage of each activity (see the Behavioral data collection 252 

section) in freshly burned areas, previously burned areas, and unburned areas by 253 

combining the behavioral data of fve focal individuals. Then, we examined the 254 

percentage of feeding-related behavior (consisting of foraging and feeding activities) 255 

based on areas by running the following GLMMs with binomial distribution and logit 256 

link function. We included behavior (feeding-related behavior/not) as the response 257 

variable as well as the areas (freshly burned area/previously burned area/unburned area) 258 

and focal ID as predictor variables. We incorporated the observation date as a random 259 

intercept. 260 

Moreover, we calculated the percentage of each food category eaten by fve 261 

focal individuals in freshly burned areas, previously burned areas, and unburned feeding 262 

areas. As for unburned feeding areas, we used the feeding data points included in a 263 

session defned in the following paragraphs. Then, we examined whether the food 264 
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category, which was most eaten in freshly burned areas (i.e., Cissus populnea seeds), 265 

was eaten signifcantly more than in other areas. We also included whether C. populnea 266 

seeds were eaten or not (yes/no) as response variables as well as the areas (freshly 267 

burned area/previously burned area/unburned area) and focal ID as predictor variables. 268 

We added the observation date as a random intercept. 269 

 270 

Group travel to freshly burned areas versus unburned feeding areas 271 

In this analysis, we only handled data from GPS collars at freshly burned areas and 272 

unburned areas. The data at previously burned areas were excluded because the group 273 

sometimes just passed by the area without feeding, which was considered a questionable 274 

destination for a feeding site. We defned a session as the time when the group is in 275 

either area using the data of focal individuals to examine the differences between the 276 

group’s travel before arriving at freshly burned areas and their travel before arriving at 277 

unburned feeding areas. Considering that the distance between focal individuals and 278 

other members when starting each session was almost within 100 m (Figure S2), we 279 

assume that all individuals were in the same area when starting sessions. 280 

First, we defned a session in freshly burned areas as when the focal individual 281 

was in the fresh burned area for more than 30 consecutive minutes, and this session was 282 

considered independent if the next data point at freshly burned areas was more than an 283 

hour away from the last data point. Second, we defned a session in unburned feeding 284 

areas as when a focal individual was in the unburned area for more than 30 consecutive 285 

minutes, and non-feeding-related behaviors (i.e., traveling and resting) of the 286 

individuals were not observed for more than 10 consecutive minutes. We only used 287 

sessions in unburned feeding areas when the individuals included more than 80% of 288 
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feeding-related behavior to clarity whether it is the uniqueness of freshly burned areas 289 

or the certain characteristics of the feeding area that determine the travel patterns. In 290 

addition, the travel distance of individuals from a place 1 h before starting session was 291 

between 300 and 900 m. We also included the food category that was observed in 292 

freshly burned areas and whose characteristics were the same as those of the freshly 293 

burned area. We could not completely control the diet because the monkeys had usually 294 

eaten multiple food categories in the unburned feeding areas. Third, we further selected 295 

the sessions that included more than two feeding data points (to exclude foraging-only 296 

sessions) and that had complete data of all focal individuals from 1 h before the sessions 297 

(to analyze group movements before the sessions). Consequently, we extracted nine 298 

sessions in freshly burned areas and eight sessions in unburned feeding areas. Regarding 299 

the former sessions, every session had a diferent date, which indicates the absence of the 300 

travel among freshly burned areas.  301 

In examining temporal changes in travel before arriving at freshly burned areas 302 

or unburned feeding areas (e.g., whether they went fast from the beginning or not), we 303 

further divided pre-arrival data (i.e., from 1 h before each session) into three segments 304 

(50–60 min, 30–40 min, and 10–20 min) and compared the trends in group travel at 305 

each segment. 306 

Then, we examined the travel of all individuals before arriving in each 307 

destination (freshly burned area/unburned feeding area) by running the following 308 

GLMMs. Travel distances and angles of all individuals were calculated using the 309 

adehabitatLT package in R statistical analysis (Calenge 2006). For all models, the 310 

session ID was included as a random intercept to cope with the non-independence of the 311 

data. 312 
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First, we investigated whether travel velocity difered depending on the 313 

destination by using a model with a t-distribution and identity link function (Model 2a). 314 

The degree of freedom of the t-distribution was 1.531. We calculated the individuals’ 315 

velocity (m/min) for each sampling point from the travel distance to the point 10 min 316 

immediately afterward. Then, we included the log-transformed values as the response 317 

variables. In this model, we included the destination, pre-arrival time (three segments: 318 

50–60 min, 30–40 min, and 10–20 min), their interaction, and focal ID as predictor 319 

variables. We added the interaction because the travel at certain pre-arrival times may 320 

change with destination. 321 

Second, we examined whether travel linearity difered depending on the 322 

destination. Travel linearity was calculated as the direct distance from where the 323 

individual was positioned 1 h before each session divided by the travel distance through 324 

the travel route (Normand and Boesch 2009). Both distances have 1 cm as a signifcant 325 

digit. Travel linearity indicates that if travel was maximally direct, then the value 326 

approaches 1. We used the degree of linearity as a response variable using a beta 327 

distribution and a logit link function (Jang et al. 2019; Model 2b). In this model, the 328 

destination, focal ID, interaction between them, and ORLE were included as predictor 329 

variables. The interaction was also added because the potential individual variation in 330 

linearity has been confrmed by destination. 331 

Third, we investigated whether the variation in the individual’s velocity difered 332 

depending on the destination using a model with a gamma distribution and a log link 333 

function (Model 2c). We calculated the CV as the standard deviation of the velocity of 334 

all individuals every 10 min divided by the mean of the velocity of the corresponding 335 

periods. CV was used as a response variable, and the destination, prearrival time, and 336 
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their interaction were included as predictor variables. 337 

Finally, we investigated the diferences in the synchrony of the travel direction 338 

among group members depending on the destination using a model with a binomial 339 

distribution and a logit link function (Model 2d). We represented the travel of each 340 

individual in 10-min increment to estimate the synchrony of the travel direction among 341 

individuals. The angle between consecutive vectors (θ) ranged from 0° to 180°. Then, 342 

we regarded the travel direction by two individuals as synchronous when θ was less 343 

than 45° (otherwise asynchronous) in accordance with previous studies (Jacobs et al. 344 

2011; Nishikawa et al. 2021; Sueur and Petit 2008). In this model, we included the 345 

proportion of the number of synchronized pairs as a response variable. We included the 346 

destination, pre-arrival time, their interaction, and focal ID as predictor variables, as 347 

well as ORLE. 348 

 349 

Model implementation 350 

All analyses were conducted using R (version 4.2.1, R Core Team 2022). GLMMs were 351 

ftted with the “glmmTMB” package (Brooks et al. 2023). No problems with the 352 

GLMMs were detected when checking the model assumptions, including 353 

under/overdispersion and zero-infation, using the “simulateResiduals” function in the 354 

DHARMa package (Hartig and Lohse 2022). Variance infation factors (VIFs) were 355 

revealed for all test predictors using the “check_collinearity” function in the 356 

performance package (Lüdecke et al. 2021), indicating low collinearity (VIF < 10; 357 

Roberts and Roberts 2015). If models included interaction terms, then we performed 358 

post hoc pairwise comparisons to compare the estimated marginal means among 359 

destinations within each pre-arrival time for Models 2a, 2c, and 2d and within each 360 
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individual for Model 2b. We used the “estimate_contrasts” function in the model-based 361 

package (Makowski et al. 2020) to conduct this analysis, and p values were adjusted 362 

using the Holm’s method. The alpha level was set at 0.05. 363 

 364 

RESULTS 365 

Do patas monkeys use freshly burned areas? 366 

In Model 1, the proportion of GPS fxes at the estimated freshly burned areas to the total 367 

number of GPS fxes after the fire was higher than that before the fire (β = 2.283, SE = 368 

0.469, 95% CI = [1.363, 3.203], z = 4.863, p < 0.001, Table S3; Figure S3). However, 369 

three areas were identifed (area ID: 10, 11, and 12) showed relatively higher usage 370 

proportions before the fre (mean prop, ID: 10 = 0.00142, ID: 11 = 0.000645, ID: 12 = 371 

0.000728) than after the fre (mean prop, ID: 10 = 0.00112, ID: 11 = 0.000347, ID: 12 = 372 

0.000686). Two of the areas (ID: 10 and 11) included places where the group regularly 373 

visited to drink water, and the remaining one area (ID: 12) largely overlapped with 374 

another area (ID: 3) that had been burned 29 days earlier. 375 

 376 

What did patas monkeys do in freshly burned areas? 377 

Patas monkeys spent most of their time feeding and foraging in freshly burned areas 378 

(84.1%) and more so than in previously burned (51.3%; β = 1.793, SE = 0.351, 95% 379 

CI=[0.953, 2.634], z =5.109, p < 0.001; Figure S4) and unburned areas (39.6%; β = 380 

2.457, SE=0.695, 95% CI = [0.793, 4.120], z = 3.535, p < 0.01). No significant 381 

diferences in the percentage of feeding-related behavior were found between previously 382 

burned areas and unburned areas (β = 0.663, SE = 0.624, 95% CI = [− 0.830, 2.156], z = 383 

1.064, p = 0.287). In freshly burned areas, the monkeys primarily ate Cissus populnea 384 



17 

 

seeds (77.8% of scan samples), followed by animal matter (13.9%; Fig. 1). Compared 385 

with freshly burned areas, in previously burned areas, the monkeys focused less on 386 

Cissus seeds (34.3%), and they ate animal matter (20.7%) and gums (16.0%) more 387 

often. The percentage of samples involving Cissus seed eating was signifcantly in 388 

previously burned areas than freshly burned areas (β = − 1.793, SE = 0.351, 95% CI = 389 

[− 2.634,− 0.953], z = −5.109, p < 0.001). Similarly, the monkeys spent less time 390 

feeding on Cissus seeds in unburned feeding areas (7.1%) than in freshly burned areas 391 

(β = − 2.457, SE = 0.695, 95% CI = [− 4.120, − 0.793], z = − 3.535, p < 0.01) and spent 392 

more time feeding on fruits (35.7%) and gums (28.6%). No signifcant diference in the 393 

percentage of Cissus seed eating was found between previously burned and unburned 394 

feeding areas (β = 0.663, SE=0.624, 95% CI = [− 0.830, 2.156], z = 1.064, p = 0.288). 395 

When foraging on Cissus seeds, individuals searched for a small clump of seeds 396 

sometimes buried in the ground with ash, dug them out to feed, and then continued 397 

searching for another clump. 398 

 399 

Differences in travel patterns to freshly burned areas and unburned feeding areas 400 

The details of each model are shown in Table S4 and Table 1. The differences in travel 401 

velocity in Model 2a indicate that individuals traveled significantly faster during the 402 

first 20 min of the hour before arriving at freshly burned areas compared with unburned 403 

feeding areas (mean velocity 50–60 min; freshly burned area, 8.34 m/min; unburned 404 

feeding area, 5.96 m/min; Fig. 2; Model 2a, Table 1). By contrast, no significant 405 

differences in other pre-arrival times were observed (mean velocity 30–40 min; freshly 406 

burned area, 8.55 m/min; unburned feeding area, 8.75 m/min; 10–20 min; freshly 407 

burned area, 8.50 m/min; unburned feeding area, 10.9 m/min).  408 
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In Model 2b, no significant differences by destination in the travel linearity of 409 

individuals were found (mean linearity to freshly burned area, MC = 0.784, Sa = 0.808, 410 

Sk = 0.809, Kr = 0.787, Sh = 0.792; unburned feeding area, MC = 0.876, Sa = 0.903, Sk 411 

= 0.893, Kr = 0.873, Sh = 0.942; Fig. 2; Model 2b, Table 1). The linearity before 412 

arriving at freshly burned areas showed higher variation in the all individuals than that 413 

before arriving at unburned feeding areas (freshly burned area, 0.239–0.985; unburned 414 

feeding area, 0.672–0.986). Adult male MC had greater variation in linearity before 415 

arriving at freshly burned areas than adult females after excluding outliers (MC = 416 

0.285–0.978, Sa = 0.586–0.981, Sk = 0.494–0.985, Kr = 0.703–0.952, Sh = 0.787–417 

0.977). The mean travel distance of individuals to freshly burned and unburned feeding 418 

area was 507 m (283–930 m) and 511 m (303–938 m), respectively. 419 

In Model 2c, the CV of velocity was significantly lower 50–60 min before 420 

arriving at freshly burned areas than that before arriving at unburned feeding areas 421 

(mean CV of velocity 50–60 min, freshly burned area = 0.332, unburned feeding area = 422 

0.570; Fig. 2; Model 2c, Table 1). By contrast, no significant differences by destination 423 

in the other prearrival times were found (mean CV of velocity 30–40 min, freshly 424 

burned area = 0.413, unburned feeding area = 0.483; 10–20 min, freshly burned 425 

area=0.453, unburned feeding area=0.427). 426 

In Model 2d, the proportion of pairs with a synchronized travel direction was 427 

significantly higher 50–60 min before arriving at freshly burned areas than that before 428 

arriving at unburned feeding areas (mean prop 50–60 min, freshly burned area = 0.867, 429 

unburned feeding area=0.644; Fig. 2; Model 2d, Table 1). However, no significant 430 

differences by destination in the other pre-arrival times were observed (mean prop 30–431 

40 min, freshly burned area = 0.811, unburned feeding area=0.781; 10–20 min, freshly 432 
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burned area=0.739, unburned feeding area=0.794). 433 

 434 

DISCUSSION 435 

Collective movements toward freshly burned areas as feeding sites  436 

We showed that the proportion of GPS fxes in estimated freshly burned areas was 437 

generally higher after the fre. This result indicates that patas monkeys spent less time in 438 

estimated freshly burned areas before the fre. We also found that the percentage of 439 

feeding-related behavior was higher in freshly burned areas than in previously burned 440 

areas and in unburned areas, which suggested that patas monkeys visited freshly burned 441 

areas for foods. In addition, freshly burned areas are not suitable for resting because of 442 

smoke or heat, and feeding-related activity may have increased. More than 70% of the 443 

feeding records of the focal animal in freshly burned areas were seeds of Cissus 444 

populnea, which belongs to the Vitaceae family and common and scattered in tropical 445 

western African savannahs. This perennial liana species with branched tendrils often 446 

covering trees and fruits ripens during the rainy season (Arbonnier 2004). 447 

Regarding travel movements toward feeding sites of the group, the monkeys 448 

traveled at high velocity with less variation among individuals when they were farthest 449 

away (50–60 min) an hour before arriving at freshly burned areas compared with 450 

unburned feeding areas. These results indicate that the group may have detected the 451 

location of freshly burned areas at least an hour before arriving and purposefully 452 

traveled toward the location. Several studies demonstrated that when primates headed to 453 

a particular feeding site, they often used landmarks along familiar routes (Di Fiore and 454 

Suarez 2007; Garber and Brown 2006; Milton 2000), which is known as a topological 455 

or network map (Byrne 2000). However, it is not possible to know where the burning 456 
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has “occurred” from only previous memories about the geographical information of the 457 

geography. Nevertheless, the group has traveled at high velocity with less variation 458 

among individuals in the frst 20 min of the hour before arriving at freshly burned areas. 459 

Therefore, this goal-directedness may be facilitated by the presence of smoke. The large 460 

amount of smoke may efectively indicate the location of the currently burned area and 461 

could facilitate a shared perception of the direction by all group members. Moreover, 462 

the smoke was visible to human observers from a distance of 0.5–1 km away. This 463 

range in visibility to humans is similar to the distances the group traveled to freshly 464 

burned areas in the hour before arriving at such locations. On the contrary, in the time 465 

frames 30–40 min and 10–20 min before arriving, no signifcant diferences in velocity 466 

were found between freshly burned and unburned feeding areas: This is probably 467 

because they start to travel in a goal-directed manner based on spatial memory to guide 468 

unburned feeding areas. When heading to freshly burned areas, the monkeys travel long 469 

distances (up to 930 m) at a stably high velocity. This high ability of locomotion could 470 

be related to their unique morphological adaptation in savannah. They have longer legs, 471 

hind foot digitigrady, and longer tarsal bones (Isbell 1998; Isbell et al. 1998), which 472 

reduce the cost of traveling over long distances and result in fexible movements for 473 

foods. 474 

Although the linearity of travel did not significantly differ among destinations, 475 

some of the linearity measures were considerably low when heading to freshly burned 476 

areas, causing a large variation compared with the case of unburned areas. Predicting 477 

when and where the burning occurs may be difcult because it happens suddenly, and the 478 

location and timing may change annually. Thus, the group will need to instantly reroute 479 

and change their destination even if they were on their way to another destination. The 480 
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group may have had to take large detours of obstacles (e.g., large trees or dense grasses) 481 

depending on where they decided to change their destination, which may have resulted 482 

in high variation in linearity. By contrast, when they travel toward the unburned feeding 483 

area, they may follow linear paths with advance planning on how to approach resources 484 

despite being out of sight, similar to other primates (Noser and Byrne 2007). 485 

Less variation in velocity was observed in velocity among individuals, and 486 

more synchrony in travel direction was found among pairs in the first 20 min of the 487 

hour before the group arrived at freshly burned areas. In general, when the beneft at a 488 

destination for each individual is greater, individual decision-making becomes more 489 

consistent; consequently, individuals travel more synchronized (Boinski 2000). The 490 

Cissus seeds observed in freshly burned areas were dispersed in small clumps. 491 

Considering that the distance between clumps was close, low-ranking individuals may 492 

fnd an alternative clump with relatively low search costs, although they are supplanted 493 

from clumps by high-ranking individuals. In Japanese macaque (Macaca fuscata),  494 

no diference in feeding time was observed in relation to rank when the distance 495 

between patches was close, which indicates a decrease in within-group feeding contest 496 

competition (Saito 1996). However, this study did not quantify the distribution of seed 497 

clumps in freshly burned areas, the search costs of each individual, or antagonistic 498 

interaction over seeds. Thus, further research is necessary. 499 

 500 

Behavioral adaptability to burned habitats 501 

We revealed that patas monkeys also showed a high degree of behavioral plasticity in 502 

response to anthropogenic burning, which creates unpredictable and temporary 503 

environments. This fexibility is tuned in accordance with the unique diet and the 504 
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socioecological and morphological characteristics of the patas monkeys adapted to the 505 

savannah environment. In other savannah-dwelling primates, it has been reported that 506 

predator-related behaviors are less likely to occur in burned areas because visibility is 507 

improved, which helps them to fnd terrestrial stealth predators easily (Herzog et al. 508 

2020; Jafe and Isbell 2009). Although this study focused on the utilization of burned 509 

areas as a feeding site, future studies considering multiple benefts of using of 510 

anthropogenic environments will be helpful in providing a comprehensive 511 

understanding of the value of adaptation in primates. 512 

This empirical study is the frst to establish that patas monkeys, who have rarely 513 

been examined for group movements, travel at high velocity and with high synchrony 514 

with other members when heading to freshly burned areas. The “goal-directed” travel 515 

mode was observed when they were heading to a place where their spatial memory 516 

could not be used (because the location of the fre changes annually). This finding is 517 

quite diferent from heading to a fruiting tree (for which they can easily use spatial 518 

memory). Therefore, we hypothesize that primates might be able to locate a sudden 519 

appearance of a feeding site even by detecting dynamic visual information that appears 520 

temporarily and unexpectedly, such as smoke. This study sheds new light on the ability 521 

to recognize the location of feeding sites in primates. 522 
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Fig. 1 Numbers in bars show the percentage of each food category of individuals in each 721 

area (freshly-BA, freshly burned area; previously-BA, previously burned area; unburned-722 

FA, unburned feeding area). We calculated the percentage of “Cissus seeds” with “Other 723 

seeds” since we focused on the Cissus, which was obviously most eaten by monkeys in 724 

freshly burned areas.  725 
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Table 1 Pairwise comparison of destination (FBA, freshly burned area; UFA, unburned 726 

feeding area) for pre-arrival time or ID in Model 2a, 2b, 2c, and 2d. Response variables; 727 

the velocity of individuals (Model 2a), linearity for each session (Model 2b), CV of 728 

velocity (Model 2c), the proportion of pairs with synchronized travel direction (Model 729 

2d). Bold values indicate p < 0.05. SE, standard error; 95% CI, 95% confidence intervals; 730 

z, z value; p, p value.  731 
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Fig. 2 Diferences in individual velocity (Model 2a), linearity (Model 2b), CV velocity 732 

(Model 2c), the proportion of pairs with a synchronized travel direction (Model 2d) by 733 

destination (UFA unburned feeding area; FBA freshly burned area) with GLMM. The 734 

horizontal axis indicates pre-arrival times, colored circles represent the marginal mean of 735 

the response variable value, and colored vertical lines show its 95% confdence interval 736 

ftted estimated by each model. *, p < 0.05; ***, p < 0.001.  737 
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Supplementary Information 738 

Capturing patas monkeys 739 

Let us describe additional details on the process of capturing patas monkeys. We fitted 740 

GPS collars to five adults (sole adult male and four adult females) of the group. We did 741 

not fit the device to one of the adult females because she was not fully habituated to 742 

observers. We (veterinarians YM or RS) immobilized individuals with a combination of 743 

zoletil (5 mg/kg) and medetomidine (0.1 mg/kg) from a distance of 3-5 m using a 744 

blowpipe. After injecting the target, two researchers followed the other members of the 745 

group. Once the target was immobilized and the group was out of sight, we fitted the 746 

individual with a GPS collar and collected morphometric and other biological data in the 747 

shade. In a few cases, subcutaneous fluids were administered to assist with rehydration. 748 

We completed all processes within an hour, and veterinarians reversed the medetomidine 749 

with atipamezole (0.5 mg/kg). After a full recovery of the individual, we returned it to the 750 

group and monitored until it was ambulatory. After data collection, we dropped the collar 751 

with a remote control while observing the individual. Then, we continued to observe them 752 

for a few days to ensure no problems with their bodies or their behavior. 753 

 754 

 755 

 756 

 757 

 758 

 759 

 760 

Table S1: The observation time (min) and the number of recorded GPS fixes (collected 761 

by GPS device and collars) used in the analysis for each individual. 762 

  763 
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 764 

 765 
Figure S1: The colored dots represent GPS fixes of the focal individual in freshly burned 766 

area and the areas around them indicate “estimated freshly burned areas” (N=14). White 767 

circles show the location of water place used by the group during the study period. 768 

 769 

 770 

 771 

 772 

 773 

 774 
Table S2: Date of each “estimated freshly burned area” burned.  775 



36 

 

 776 
Figure S2: Amount of data of distance between the focal animal and other collared 777 

individuals when starting each session. The horizontal axis indicates the inter-individual 778 

distance (IID) with the focal animal (m). 779 

 780 

 781 

 782 

 783 
Table S3: Differences of the proportion of GPS fixes at estimated freshly burned areas 784 

before or after the fire (GLMM). Response variables; the proportion of GPS fixes at 785 

estimated freshly burned areas in the total number of GPS fixes. Predictor variables; the 786 

period (before or after the fire) and ID of all individuals. 787 

Bold values indicate p < 0.05. GLMM, generalized linear mixed model; SE, standard 788 

error; 95% CI, 95% confidence intervals; z, z value; p, p value. 789 

  790 
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 791 
FigureS3: The proportion of GPS fixes each estimated freshly burned areas before or after 792 

the fire (N = 14) in Model1 (GLMM). The number above each graph indicates the number 793 

of days of observation elapsed from the beginning study. Colored circles represent the 794 

marginal mean of response variable value, and colored vertical lines show its 95% 795 

confidence interval fitted estimated by each Model. 796 
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  798 
Figure S4: Numbers in bars show the percentage of activity of individuals at each area 799 

(freshly-BA, freshly burned area; previously-BA, previously burned area). 800 
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 802 
Table S4: Differences in movement of the group before arriving at each destination (FBA, 803 

freshly burned areas; UFA, unburned feeding areas) in Model2 (GLMM). Response 804 

variables; the velocity of individuals (Model 2a), linearity for each session (Model 2b), 805 

CV of velocity (Model 2c), the proportion of pairs with synchronized travel direction 806 

(Model 2d). Bold values indicate p < 0.05. GLMM, generalized linear mixed model; SE, 807 

standard error; 95% CI, 95% confidence intervals; z, z value; p, p value. 808 


