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Wild boar (Sus scrofa), an abundant species across Europe, is often subjected to management in agro-
ecosystems in order to control population size, or to scare them away from agricultural fields to
safeguard crop yields. Wild boar management can benefit from a better understanding on changes in its
space use across the diel cycle (i.e., diel space use) in relation to variable hunting pressures or other
factors. Here, we estimate wild boar diel space use in an agro-ecosystem in central Belgium during four
consecutive “growing seasons” (i.e., April-September). To achieve this, we fit generalized additive mixed
models (GAMMs) to camera trap data of wild boar aggregated over 1-h periods. Our results reveal that
wild boar are predominantly nocturnal in all of the hunting management zones in Meerdaal, with activity
peaks around sunrise and sunset. Hunting events in our study area tend to take place around sunrise and
sunset, while non-lethal human activities occur during sunlight hours. Our GAMM reveals that wild boar
use different areas throughout the diel cycle. During the day, wild boar utilized areas in the centre of the
forest. During the night, they foraged near (or in) agricultural fields. A post hoc comparison of space use
maps of wild boar in Meerdaal revealed that their diurnal and nocturnal space use were uncorrelated. We
did not find a statistical effect of hunting on wild boar diel space use. Between sun nadir and sunrise, we
report significant, positive correlation between hunter activity and wild boar diel space use. Finally, our
work reveals the potential of GAMMs to model variation in space across 24-h periods from camera trap
data, an application that will be useful to address a range of ecological questions. However, to test the
robustness of this approach we advise that it should be compared against telemetry-based methods to
derive diel space use.
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17 Abstract
18 Wild boar (Sus scrofa), an abundant species across Europe, is often subjected to management in 

19 agro-ecosystems in order to control population size or to scare them away from agricultural 

20 fields to safeguard crop yields. Wild boar management can benefit from a better understanding 

21 on changes in its space use across the diel cycle (i.e., diel space use) in relation to variable 

22 hunting pressures or other factors. Here, we estimate wild boar diel space use in an agro-

23 ecosystem in central Belgium during four consecutive �growing seasons� (i.e., April-September). 

24 To achieve this, we fit generalized additive mixed models (GAMMs) to camera trap data of wild 

25 boar aggregated over 1-h periods. Our results reveal that wild boar are predominantly nocturnal 

26 in all of the hunting management zones in Meerdaal, with activity peaks around sunrise and 

27 sunset. Hunting events in our study area tend to take place around sunrise and sunset, while non-

28 lethal human activities occur during daylight hours. Our GAMM reveals that wild boar use 

29 different areas throughout the diel cycle. During the day, wild boar utilized areas in the centre of 

30 the forest. During the night, they foraged near (or in) agricultural fields. A post hoc comparison 

31 of space use maps of wild boar in Meerdaal revealed that their diurnal and nocturnal space use 

32 were uncorrelated. We did not find a statistical effect of hunting on wild boar diel space use. 

33 Between sun nadir and sunrise, we report significant, positive correlation between hunter activity 

34 and wild boar diel space use. Finally, our work reveals the potential of GAMMs to model 

35 variation in space across 24-h periods from camera trap data, an application that will be useful to 

36 address a range of ecological questions. However, to test the robustness of this approach we 

37 advise that it should be compared to telemetry-based methods to derive diel space use.
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38 Introduction
39 Wild boar population densities are increasing across Europe (Carpio et al. 2021; Massei et al. 

40 2015). Consequently, human-wild boar interactions are becoming more frequent, leading to both 

41 positive and negative encounters. From an economical perspective, damage to agricultural crops 

42 is one of the most important impacts of wild boar, with economic losses amounting to hundreds 

43 of thousands of Euros per year in several European countries (Lombardini et al. 2016). Wild boar 

44 damage to croplands primarily occurs during the growing season, when crops are ripe (Herrero et 

45 al. 2006; Kramer et al. 2022). Crops that provide both shelter and feeding opportunities, such as 

46 maize or wheat, appear to be particularly at risk (Kramer et al. 2022). In an attempt to safeguard 

47 crop yields during the growing season, wild boar are typically under moderate to high hunting 

48 pressure. Yet, the current hunting practices across Europe appear to be ineffective at controlling 

49 wild boar population size and mitigating their impact on agricultural crops (Massei et al. 2015). 

50 Reducing wild boar population size has been achieved most effectively through coordinated and 

51 adaptive strategies by wildlife professionals (Treichler et al. 2023). In the absence of this type of 

52 eradication programs, increasing the effectiveness of recreational hunting at mitigating crop loss 

53 caused by wild boar is essential. 

54

55 An appealing strategy is to create zones of differential hunting pressure (i.e., creating a 

56 �landscape of fear�), with the highest hunting pressure near agricultural fields in order to prevent 

57 wild boar from using them as a foraging ground (Tolon et al. 2009). Indeed, it appears that wild 

58 boar shift their space use in response to hunting in some cases (Colomer et al. 2021; Tolon et al. 

59 2009), but not in others (Brogi et al. 2020; Reinke et al. 2021; Wevers et al. 2020). These 

60 conflicting results may be partly explained by differences in the number of hunting posts 

61 occupied at the same time, which is a key determinant of hunting success and possibly also in the 
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62 successful modulation of wild boar space use (Quirós-Fernández et al. 2017; Vajas et al. 2020). 

63 Moreover, wild boar are known to shift their activities towards increased nocturnality in human-

64 dominated landscapes or in response to hunting (Johann et al. 2020; Keuling et al. 2008b; Ohashi 

65 et al. 2013; Podgórski et al. 2013). This allows them to avoid places, such as agricultural crops, 

66 associated with high risk when humans are active, while still using them at night when human 

67 activity is low (Kramer et al. 2022; Stillfried et al. 2017). Because of this trade-off, preventing 

68 crop damage by wild boar requires better insight into how these animals respond to differential 

69 hunting pressure throughout the diel cycle.

70

71 Investigating the influence of hunting on diel variations in the space use of wild boars, requires 

72 proper statistical tools. While species distribution models are widely applied to study biotic and 

73 abiotic factors, including the impacts of hunting, that influence animal space use (Di Bitetti et al. 

74 2008; Guisan & Thuiller 2005), they typically obscure any changes in spatial patterns that occur 

75 within 24-h periods. This is because species distribution models require that the user defines a 

76 time period (i.e., the time of a single �survey� or �temporal replicate�) over which species 

77 records are aggregated, which is typically 24-h or more to increase the probability of detection 

78 (Bassing et al. 2023; Caruso et al. 2018; Crunchant et al. 2020; Rich et al. 2017; Shannon et al. 

79 2014). Several recent studies have considered space use in combination with diel activity. These 

80 studies have used specific forms of occupancy models (Kellner et al. 2022; Rivera et al. 2022), a 

81 spatial capture-recapture model (Distiller et al. 2020), a MAXENT model (Campanella et al. 

82 2019), a model based on encounter rates (Ait Kaci Azzou et al. 2021) and resource selection 

83 models (Gallo et al. 2022; Kohl et al. 2018). However, most of them treat space use and diel 

84 activity separately, such that space use is fixed across the diel cycle (Ait Kaci Azzou et al. 2021; 
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85 Distiller et al. 2020; Kellner et al. 2022). Others have allowed spatial patterns to change 

86 throughout the diel cycle but only as a function of measurable covariates and between broad time 

87 categories (e.g., night, day, dawn, dusk) (Campanella et al. 2019; Gallo et al. 2022; Rivera et al. 

88 2022). However, if species adapt their space use patterns gradually across time or if covariate 

89 information is missing, this may result in critical loss of information regarding their diel space 

90 use. Thus, being able to obtain diel space use from camera trap data where the spatial pattern can 

91 change in continuous time from camera trap data, possibly without additional covariate 

92 information, would extend the capabilities of the current methodology. Therefore, in this study, 

93 we applied a generalized additive mixed models (GAMM), which allows the spatial pattern to 

94 change in continuous time while also accounting for random effects. The major drawback of 

95 GAMMs is that they do not account for imperfect detections, as is possible in other frameworks 

96 (Ait Kaci Azzou et al. 2021; Distiller et al. 2020; Kellner et al. 2022; Rivera et al. 2022). In 

97 addition, the flexibility of GAMMs can also make them prone to overfitting changes in space use 

98 patterns.

99

100 In general, the objective of our study is to bridge the knowledge gap related to diel space use of 

101 wild boar in relation to hunting pressure in an agro-ecosystem. In relation to our study area, we 

102 are interested in evaluating whether the local hunting efforts are sufficient to trap wild boar in the 

103 centre of the forest during the time when crops are growing to safeguard crop yields. Thus, we 

104 only included data from six months growing seasons (April � October), when crops are ripe, in 

105 our study. We hypothesize that wild boar are mainly nocturnal (H1) and that their space use 

106 pattern changes throughout the diel cycle (H2). Specifically, we expect wild boar to rest 

107 throughout the day in areas distant from non-lethal human disturbance (i.e., utilize the centre of 
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108 the forest) (H3). During the night, we expect that they utilize a larger area, including sites near 

109 agricultural fields (H4). Finally, we hypothesize that hunting influences the diel space use of 

110 wild boar (H5). 

111

112 Materials & Methods

113 Study area

114 The study area (longitude: 4.650◦W - 4.750◦W; latitude: 50.788◦N - 50.824◦N) is situated in a 

115 Natura 2000 reserve called �Meerdaal� in central Belgium (Fig. 1A). Meerdaal has altitudes 

116 ranging from 35 to 103 m above sea level and is characterised by locally steep slopes. The study 

117 area has a cool temperate and moist climate, with a mean annual temperature of 11◦C and 773.2 

118 mm mean annual rainfall (KMI 2021). It has a total surface area of ~16 km2, consisting of a 

119 mosaic of coniferous (mainly Pinus sylvestris) and broad-leaved (mainly Quercus spp., Fagus 

120 sylvatica and Carpinus betulus) forest stands. Acorns and beechnuts represent the dominant mast 

121 species and are mostly available from October through December, homogenously distributed 

122 throughout the area. The forested area in Meerdaal is surrounded by a rich mosaic of croplands, 

123 with crops growing predominantly during April � September. Wild boar density in and around 

124 Meerdaal, in the context of an European observatory of wildlife project by ENETWILD, has been 

125 estimated at 7.88 ± 3.50 individuals/km2 using a random encounter model (Guerrasio et al. 

126 2023; Rowcliffe et al. 2008). Hunting in Meerdaal, except for drive hunts, is restricted to fixed 

127 locations (i.e., elevated hunting posts), and can only take place between 19:00 and 9:00 during 

128 Daylight Saving Time, and between 16:00 and 10:00 during Winter Time. The study area is 

129 subdivided into three hunting management zones, with different intensities of hunting pressure. 

130 In the year-round hunting zone (�HY�; ~9 km2), hunting of wild boar is allowed during the entire 
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131 year. In the winter hunting zone (�HW�; ~4 km2), hunting is restricted to November through 

132 March. In the hunting-restricted core zone (�C�; ~2 km2), hunting is prohibited year round, with 

133 the exception of one or two silent drive hunts and four group hunts from elevated hunting posts 

134 during the winter. Note that during the study period (April � September), the central zones (HW 

135 and C) are, in principle, both free of hunting (Fig. 1B). For details on the hunting pressure in 

136 these zones, we refer readers to Table S1.

137

138 Wild boar and human activity

139 As part of a larger monitoring framework, a subset of 13 cameras (Reconyx Hyperfire HC600; 

140 detection radius r = 15 m and angle of view θ = 42°) has been deployed in Meerdaal since March 

141 2018 (Fig. 1B). Cameras were placed at the centre of a subset of 250 m x 250 m grid cells 

142 (0.0625 km2) that were selected from a grid overlaying the study area following a spatially-

143 balanced sampling scheme (Stevens & Olsen 2004). All cameras were relocated monthly to a 

144 new grid cell location. Annually, the same set of grid cells was visited twice: once during the 

145 summer (April � September) and a second time during the winter (October � March). All 

146 cameras were mounted ~50 cm above ground, facing north, on the tree nearest to the middle of 

147 the selected grid cell. This resulted in camera locations which were on average 242 m away from 

148 the closest hunting post (range: 9 m � 925 m). None of the cameras were baited to lure animals, 

149 or placed along a trail to avoid bias from baiting and/or preferential sampling. Each camera 

150 trigger was followed by a sequence of ten consecutive photos, with a 0-s recovery time between 

151 triggers. We considered sequences (10 photos/trigger) to be independent if they were a least 60 

152 min apart. We also assessed shorter times to independence (i.e., 2 min and 30 min), which did 

153 not qualitatively change the findings of our study (results not shown). Non-independent 

154 sequences were aggregated and annotated as a single sequence of >10 photos. We considered 
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155 each independent sequence to display an independent group of wild boar or humans and defined 

156 the raw counts as the number of unique individuals in these groups. Annotation was done using 

157 the Agouti software platform (www.agouti.eu). For our analysis, we only considered images 

158 from a six months growing seasons (April � September) of the years 2018 through 2021. During 

159 this period, all cameras remained operative (i.e., no stolen cameras or defects). Because Covid-

160 19 related lockdowns can strongly impact animal activity and space use, we chose to exclude 

161 data from the most stringent lockdown period in Belgium (18 March 2020 � 10 May 2020). This 

162 yielded a total of 9,542 24-h observation periods from 303 camera deployments. In this period 

163 1,085 independent groups of wild boar were captured (total count: 2,532, average group size: 

164 2.33, range group size: 1 � 25) and 99 human sightings were recorded (total count:142, average 

165 group size: 1.43, range group size: 1 � 6). Wild boar and human counts * day-1 * solar hour-1, 

166 which were obtained by dividing raw counts per solar hour (details on solar hours are provided in 

167 the Statistical Analyses sub-section) through the total number of trapping days of all cameras 

168 combined (9,542) are presented in Table 1.

169

170 Hunting effort

171 Within Meerdaal, it is mandatory for hunters to record their activities in a hunting diary. From 

172 2018 through 2021, we have information from 3,460 different hunting events at 60 hunting posts 

173 (Fig. 1B), of which 1,131 occurred during the study period. After removing observations without 

174 information on the hunting effort (duration in hours) or hunting post used, we retained 1,114 

175 records (98.5%). To reliably represent the total hunting effort in hunter activity patterns, we 

176 created �new� hunting records every 10 minutes between the start and end time of a hunting 

177 activity recorded in the diary. This yielded 8,868 time records for hunting activity, which we 

178 used to model the diel activity of hunters in Meerdaal. To model the spatiotemporal hunting 
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179 pressure in Meerdaal, we only considered whether a hunter was present at a given hunting post 

180 during a specific time of the day (i.e., solar hour). We obtained the hunter counts * day-1 * solar 

181 hour-1 by aggregating the number of hunters present across all hunting posts and days in the 

182 study period for each solar hour (Table 1).

183

184 Statistical analysis

185 Wild boar and human activity

186 Each unique camera deployment  produced pictures of wild boar and humans that � =  1, 2, …, �
187 were tagged with information on their coordinates the survey day  {���(�), ���(�)} � =  1,2, �, ��
188 and the �solar hour� of observation . We first obtained (continuous) solar times � =  0,  

2�
24

, ...,  2�
189  by mapping clock times to  and anchoring these radian times to sunrise ( ) and � ∗ [0, 2�] �1 =

�
2

190 sunset ( ) on the day and location of the observation via the SunTime() function from the R �2 =
3�
2

191 package overlap (Nouvellet et al. 2012; Ridout & Linkie 2009). This ensured that wild boar and 

192 human behavior was studied relative to standardized times (i.e., solar events that are considered 

193 important regulators of cyclic patterns recurring each day) rather than exact clock times 

194 (Nouvellet et al. 2012; Vazquez et al. 2019). Secondly, we defined the lower bound of one of 24 

195 evenly spaced intervals of  between 0 and  that holds the solar time  as the (discrete) solar 
2�
24

2� � ∗
196 hour . �
197

198 To explore our data, we estimated wild boar and human activity patterns and overall activity 

199 levels using conventional methods for the three hunting management zones. More specifically, 

200 we fit a circular kernel density function  to solar times  using the fitact() function from �(� ∗
) � ∗
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201 the R package activity (Rowcliffe et al. 2014). In order to obtain accurate density functions from 

202 this kernel estimator, a minimum of 100 time records is recommended (Lashley et al. 2018; 

203 Rowcliffe et al. 2014). For the management zones, we collected a total of 1,020 (HY), 304 (HW) 

204 and 559 (C) time records of wild boar during the study period. For humans we had access to 148 

205 time records. Hence, we are confident that these activity patterns accurately represent the true 

206 underlying wild boar or human activity. The function fitact() also calculates the absolute overall 

207 activity levels as  (Rowcliffe et al. 2014). To assesses differences in overall activity levels, 
12�����

208 we performed a Wald test on each pairwise comparison using the compareAct() function from 

209 activity. Finally, we identified the solar times  at which the two strongest peaks (local � ∗
210 maxima) in  occur, by calculating the argmax locally. If wild boar are nocturnal (H1), we �(� ∗

)

211 expect an activity pattern displaying sustained activity during nighttime and low activity during 

212 daytime. Moreover, activity peaks should not occur around sunrise ( ) or sunset ( ), which is 
�
2

3�
2

213 typical for crepuscular activity. 

214

215 Wild boar trapping rate

216 To obtain diel space use of wild boar, we adopted a GAMM, a type of regression model that 

217 allows the relationship between the outcome and one or more predictors to be smooth curves 

218 (Hastie & Tibshirani 1986; Wood 2017). We assumed that counts  captured by camera  on ���� �
219 day , resulting from aggregating all observations with solar hours  follow a negative binomial � �
220 distribution:

221 ����~������(����,�),

222 with the expected trapping rate (individuals * camera-1 * solar hour-1 * day-1) at camera  on ���� �
223 day , for a given solar hour  and  an overdispersion parameter. We explicitly chose a negative � � �
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224 binomial distribution because initial inspection of our data suggested that wild boar counts were 

225 overdispersed relative to a Poisson distribution, but we also explored the goodness-of-fit 

226 statistics from the latter. Note that a zero-inflated (hurdle) Poisson would be another sensible 

227 choice for our data, but this did not lead to convergence of our model. We modelled  in ����
228 function of fixed and/or random effects using a log-link through a GAMM using the R package 

229 mgcv (Wood 2011). We considered the following information to be used as fixed and/or random 

230 effects potentially affecting : solar time, survey day, week, longitude and latitude of the ����
231 observation and the hunting effort on each solar hour of a given survey day. Using this 

232 information we evaluated six candidate models (Table 2). The remainder of this section 

233 describes the full model, including all the effects. For this model, the trapping rate  is ����
234 expressed as:

235 ,���(����) = (�0 + �0,�) + �1������ + �1(�) + �2(����(�)) + �3(�,���(�),���(�))

236 where  is a general intercept,  represent random intercepts for each survey day and  �0 �0,� �1

237 captures the effect of the total duration (in radians) of hunting on day  at solar time . The model � �
238 also included two global smoothing terms, one for the solar times  and another for weeks of �1(�)
239 the year . Both were based on a cyclic cubic regression spline (�bs = cc� in mgcv), �2(����(�))
240 since solar and seasonal events are inherently periodic. Lastly, it included a 3d smoother for solar 

241 times, longitude and latitude , which is approximated by the superposition of �3(�,���(�),���(�))

242 three simpler basis functions , and  In mgcv, this is done by taking the �1(�) ����(���) ����(���).
243 tensor products of these components using the function te(). For and , we used ����(���) ����(���)
244 thin plate regression splines (�bs = tp� in mgcv) because they are considered a general purpose 

245 spline (Wood 2003). A grid search to determine the optimal number of knots  based on the �
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246 Akaike information criterion (AIC; (Akaike 1974)) indicated that  was optimal. However, � = 10

247 this yielded smooth functions that overfitted the data. Hence, we explored a progressively 

248 smaller number of knots until this overfitting behavior disappeared. Eventually,  was used � =  5

249 for all terms. Note that the data  was typically very sparse, which may lead to poor goodness-����
250 of-fit. Therefore, we present an information-reduced approach in the Supplemental file S2 that 

251 increased the signal in  by summation of counts across  survey days on which the th camera � �� �
252 was active. If wild boar change their space use throughout the diel cycle (H2), we expect that the 

253 highest-ranking model includes a spatio-temporal effect, i.e., . If wild boar �3(�,���(�),���(�))

254 avoid human disturbance throughout the day (H3), high trapping rates at daytime should be 

255 concentrated in the centre of the forest. For wild boar to have a different space use during the 

256 night compared to the day (H4), their spatial pattern during the night should be uncorrelated with 

257 that observed during the day. To test this, we first averaged  across all days  and then ���� �
258 calculated Pearson correlations  between all pairwise combinations of solar ����(���1,  ���2)

259 hours.

260

261 Hunting pressure

262 For data on hunting activities which occurred at hunting location (hunting post)  � =  1, 2, …, �
263 and at solar hour , we adopted a similar strategy as for wild boar observations: we used exact �
264 solar times of hunting attempts  to obtain and compare activity peaks, as well as overall � ∗ℎ
265 activity levels using fitact() and compareAct(). After mapping clock times of observations to 

266 solar hours , we used a GAMM to estimate hunter space use across the diel cycle. Specifically, �
267 we assumed the number of hunters  present at hunting post  at solar hour  to follow a ℎ�� � �
268 negative binomial distribution:
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269 ,ℎ�� ~ ������(� ℎ�� ,�ℎ
)

270 and,

271 .���(� ℎ��) = ���(�) + �ℎ
1(�) + �ℎ

2(���(�),���(�))

272 Note that we used the total number of survey days  as an offset term, such that the hunting rate �
273  represents the expected number of hunters at hunting post  during solar hour  of any given � ℎ�� � �
274 day (instead of the expectation across all days). Moreover, for hunting records we did not model 

275 the full (3d) tensor product as before, since there were too few data available at many solar hours 

276 . Instead, we modelled  as a separate cubic cyclic regression spline and  as the � �ℎ
1 �ℎ

2

277 superposition of and , again with the number of knots  for each of these � ℎ���(���) � ℎ���(���) � = 5

278 terms. To test correlations between diel space use of wild boar and hunters, we first averaged  ����
279 across all days  and then calculated Pearson correlations  for solar hours  with at � ����(���,  � ℎ��) �
280 least one hunting record. If hunting pressure influences the diel space use of wild boar (H5), we 

281 expect to observe negative correlations between wild boar space use and hunting space use at 

282 solar hours where hunting takes place.

283

284 Results

285 Wild boar activity and space use

286 During the growing season, wild boar displayed a bimodal activity pattern across all of the 

287 management zones in Meerdaal, with peaks at sunrise (π/2) and just after sunset (3π/2) (Fig. 2). 

288 Moreover, wild boar activity remained high throughout the night (3π/2 - π/2) compared to the 

289 day (π/2 - 3π/2), when there was almost no activity. Timing of the peaks in the three zones were 

290 well aligned both at sunrise (π/2) and after sunset (3π/2) (Tables 1 and 3). Additionally, hunting 
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291 activity peaks coincided with maximum wild boar activity only at sunrise. Human activity 

292 largely occurred when boars were inactive (Fig. 2; Table 3). Overall, wild boar were active 

293 during 51%, 39% and 49% of the day in the zones HY, HW and C, respectively. Differences 

294 between zones in percent of total time active were statistically significant for HY vs. HW (Δ = 

295 0.13, W = 7.82, p = 0.005), buy not for HW vs. C (Δ = -0.09, W = 3.28, p = 0.07) and HY vs. C 

296 (Δ = 0.03, W = 0.21, p = 0.64).

297

298 According to AIC, a model including a random effect for trapping day, a cyclic smoother for 

299 solar time and week of the year, and a 3d smoother for the combination of solar time, longitude 

300 and latitude (M5) substantially outperformed all other candidate models, except the full model 

301 (M6; ΔAIC = 1.47) (Table 2). The strongest drops in ΔAIC were observed when adding a spatial 

302 smoother (from M3 to M4) and a spatiotemporal smoother (from M4 to M5) to the model 

303 structure. The QQ plots in Figs. S3.1 and S3.2 suggest that a negative binomial version of M5 fit 

304 the wild boar counts better than the Poisson alternative. However, the distribution of the 

305 deviance residuals was dominated by small negative values and observed versus fitted values 

306 resembled a funnel (Fig. S3.1). M5 revealed that wild boar trapping rate randomly varied from 

307 day-to-day, with some months having consistently lower or higher encounter rates, e.g., June-

308 July 2020 (Fig. 3A). Moreover, it showed that wild boar trapping rate during the growing season 

309 peaked in late June - early July (Fig. 3B). At a daily scale, the trapping rate displayed a bimodal 

310 curve with peaks at sunrise and sunset (Fig. 3C, cfr. activity patterns obtained by kernel density 

311 estimation in Fig. 2). Projecting the model predictions for mean trapping rates of the highest 

312 ranking (M5) on our study area revealed that wild boar space use during active times (around 

313 activity peaks) was mostly restricted to the south of Meerdaal (i.e. lower part of HY), while boar 
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314 selected for the centre (i.e. HW and C) of the study area during daytime (Fig. 4). The 

315 percentages of variance explained in models without a spatial effect (M3), with a spatial effect 

316 (M4) and with a spatiotemporal effect (M5) revealed an increasing contribution of the 

317 spatial/spatiotemporal smoothers to the total variance (Table 4). Finally, post hoc comparisons 

318 between projected model predictions revealed that pairwise correlations of wild boar trapping 

319 rates were positive and statistically significant for most combinations of solar hours. Only the 

320 solar hours around the sun�s nadir and zenith were uncorrelated with each other (Fig. 5).

321

322 Hunting pressure � landscape of fear

323 Similar to wild boar observations, a negative binomial model fitted the hunter data better than a 

324 Poisson GAMM (Figs. S3.3-4). According to the negative binomial GAMM, hunters were 

325 predominantly active in the periphery of Meerdaal, except for small regions in the southwest and 

326 northeast of the study area (Fig. 4). During times of wild boar activity, positive Pearson 

327 correlations between the space use of hunters and boars were significant for solar hours between 

328 (18/24) 2π and (21/24) 2π (Table 5).

329

330 Discussion

331 The objective of this study was to estimate diel space use � space use patterns across the diel 

332 cycle � of wild boar from camera trapping data in the context of an agro-ecosystem where 

333 hunting occurs. For this purpose, we used GAMMs because they allow the construction of a 

334 single smoother as a function of a set of coordinates and time of the day (solar time), while at the 

335 same time specifying different types of smoothing for each variable (Pedersen et al. 2019). 

336
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337 Activity patterns based on circular kernel densities (activity package) show that wild boar in 

338 Meerdaal are almost exclusively nocturnal across all three management zones. However, we also 

339 observed strong peaks in wild boar activity at sunset and sunrise, typical of crepuscular activity. 

340 Hence, our results only partially support nocturnal wild boar activity in Meerdaal (H1). 

341 Activities inferred from our GAMM yield similar insights in the activity periods of wild boar. 

342 The almost exclusively nocturnal activity that we observed for wild boar is consistent with 

343 activity patterns reported in other studies (Brivio et al. 2017; Keuling et al. 2008b; Wevers et al. 

344 2020). The nocturnal activity of wild boar has been linked to an avoidance of human disturbance 

345 (Gaynor et al. 2018; Podgórski et al. 2013). The strong peaks at sunset and sunrise that we 

346 observe appear inconsistent with these studies. However, continuous activity of wild boar during 

347 short summer nights at high latitudes, which even extend after sunrise or before sunset, have 

348 been reported (Keuling et al. 2008b). Most likely, nights during the summer are too short for 

349 wild boar to meet their energetic requirements. Other studies have even observed a unimodal 

350 activity pattern for wild boar, with a peak in activity around midnight (Caruso et al. 2018; Johann 

351 et al. 2020). Several hypotheses could have led to the crepuscular-like activity pattern that we 

352 observed for wild boar in our study area. Possibly, lower probability of detection by cameras 

353 during the night compared to daylight hours could explain the apparent reduction in activity 

354 across the night (Palencia et al. 2022). Alternatively, it could be that wild boar stay within the 

355 forest during the night (i.e., available for detection), but that they are engaged in comfort-related 

356 behavior (i.e., not moving and thus not generating detections) (Erdtmann & Keuling 2020). 

357 Another possibility is that wild boar move into adjacent agricultural fields to forage around 

358 sunset and return at sunrise. While commutes between the forest and agricultural fields have 

359 been observed by Keuling et al. (2009), they did not report commutes of a daily frequency. If 
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360 wild boar commute on a daily basis in our study area, this could lead to more detections clustered 

361 at sunset/sunrise. At the same time, this would lead to fewer nighttime detections in the forest 

362 (i.e., the area monitored in our study), simply because wild boar are temporarily unavailable in 

363 this area. Many wild boar, especially female yearlings may even shift their home range 

364 permanently to agricultural fields during the summer (Keuling et al. 2008a; Keuling et al. 2009). 

365 Typically, these individuals also display increased diurnal activity (Keuling et al. 2008b). In our 

366 study area, we observed very few wild boar during daytime, which could result from the absence 

367 of activity data from agricultural fields adjacent to Meerdaal.

368

369 To further investigate the spatiotemporal patterns in wild boar trapping rate across the diel cycle, 

370 we fitted a selection of GAMMs. From the highest ranking GAMM, it appears that there were 

371 more days with low wild boar trapping rate during the period of June-July 2020 as compared to 

372 other months in the study period. This period was right after the most stringent Covid-19 related 

373 lockdown in Belgium, in which all non-essential travel was prohibited (data from this lockdown 

374 period was excluded from the analysis). Both positive and negative impacts of Covid-19 related 

375 suppression of human activity on the detectability of a species have been observed (Anderson et 

376 al. 2023; Nicosia et al. 2023; Procko et al. 2022). In our study area, human activity, especially 

377 hiking, increased during the stringent lockdown of April-May 2020. This may have led to 

378 reduced activity and thus the lower number of wild boar detected during and right after the 

379 lockdown period. Regardless of the year, we also found that wild boar trapping rate peaked at the 

380 beginning of July. This is consistent with the increased percentage of wild boar activity during 

381 the summer observed in other studies (Brivio et al. 2017; Johann et al. 2020). Increased trapping 

382 rates around July could be a consequence of cereals, such as wheat, being ripe at that time 
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383 resulting in more commutes between the forest and surrounding agricultural fields in Meerdaal 

384 (Keuling et al. 2008b; Keuling et al. 2009; Kramer et al. 2022). In addition, females, which 

385 typically have high energetic requirements in the summer in order to nurse their piglets (until 

386 they are about 4 months old), may also contribute to more detections during this period of the 

387 year (Keuling et al. 2008b). The highest ranking GAMM also

388 included a spatiotemporal effect, which supports the hypothesis that wild boar in our study area 

389 do change their diel space use (H2). ΔAICs were particularly large between non-spatial and 

390 spatial models, and spatial and spatio-temporal models. Moreover, an increasing percentage of 

391 the total variance explained was attributed to spatial/spatiotemporal effects. Together, these 

392 findings reinforce that wild boar space use is not fixed throughout the diel cycle. Our study also 

393 appears to support the hypothesis that wild boar stay in centre of the forest during the day (H3), 

394 but that they utilized a larger area, including sites near the forest edge, at nighttime (H4). 

395 However, this support relied solely on visual inspection of the spatial patterns. These patterns 

396 revealed a concentration of high trapping rates in the centre during the day, but not during the 

397 night. Therefore, it is uncertain which factors are the true drivers of the spatiotemporal variation, 

398 observed in our study. Presumably, wild boar select for the centre of the forest to avoid human 

399 disturbance when resting (Bollen et al. 2024) and areas near the forest edge to be close to 

400 foraging grounds (i.e., agricultural fields) (Bollen et al. 2024; Keuling et al. 2008a; Thurfjell et 

401 al. 2009). However, diurnal activity of wild boar may also be concentrated to the centre of the 

402 forest (HW and C) because the hunting pressure in the central zones is lower (Johann et al. 

403 2020). A possible avoidance for this zone at times of human activity could be exacerbated by the 

404 combination of lethal (i.e., hunting) and non-lethal (e.g., hiking) human activities (Paton et al. 

405 2017).
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406

407 In our study area, wild boar did not seem to temporally avoid hunters when active, as observed 

408 elsewhere (Johann et al. 2020; Ohashi et al. 2013). However, the absence of a statistical effect of 

409 hunting does not necessarily mean that a biological effect is not present. Moreover, we warn that 

410 the results of our study systems may not apply to other studies. For instance, the hunting pressure 

411 in Meerdaal, as compared to other study areas, may be too low for wild boar to shift their activity 

412 patterns. Alternatively, it could be that wild boar do not temporally avoid hunters during our 

413 study period because the short summer nights are too short for them to meet their energetic 

414 requirements (Keuling et al. 2008b). In that case, wild boar may still avoid hunters 

415 spatiotemporally, which we assessed using a GAMM based on records of hunters. The landscape 

416 of fear that we infer from this GAMM was significantly (positively) correlated with wild boar 

417 diel space use around sunset, starting from (18/24) 2π through (21/24) 2π. Moreover, adding the 

418 effect of hunting to the GAMM modelling diel space use of wild boar did not yield a better 

419 model according to AIC. We also found that the effect of hunting was not significant. This 

420 suggests that our last hypothesis (H6) should be rejected, such that wild boar do not avoid 

421 hunters spatiotemporally in Meerdaal. However, we consider it likely that hunters in our study 

422 area preferentially visit locations of high wild boar trapping rates at times when wild boar are 

423 active, which has been proposed by others (Wevers et al. 2020). Provided that hunters select the 

424 same areas that are intensely used by wild boar, the latter may also trade off their need for food 

425 intake with the risks induced by the hunters (Ferrari et al. 2009). This is in accordance with some 

426 other studies, which found that wild boar space use is primarily driven by food resources and that 

427 they are seemingly insensitive to predation risk (Bubnicki et al. 2019; Wevers et al. 2020). 

428 Furthermore, wild boar in Meerdaal may trade off avoidance of non-lethal human activity with 
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429 the risks induced by hunters (Bollen et al. 2024). Thus, our data suggest that there is no 

430 substantial impact of hunting on diel space use. However, we cannot completely rule out an 

431 effect of hunting because we lack information on how hunting may have impacted the space use 

432 of wild boar in agricultural fields adjacent to our study area.

433

434 The fact that we did not obtain samples from the agricultural fields adjacent to Meerdaal, is 

435 arguably the most important limitation of our study for two reasons. First, it prevents us from 

436 assessing the full impacts of hunting. Second, we observed wild boar gradually moving toward 

437 the forest edge during the night but lack information on the situation beyond the forest edge. 

438 Wild boar are known to either use agricultural fields temporally or permanently during the 

439 summer or even year-round (Amici et al. 2012; Keuling et al. 2009; Thurfjell et al. 2009). Thus, 

440 the diel space use patterns inferred from our camera trapping network are likely to shed an 

441 incomplete light on their space use patterns within the broader region around the forested area in 

442 Meerdaal. The need for relatively large sample sizes, given that few photo-captures will typically 

443 be produced during times of inactivity, is another limitation of our approach. This may make our 

444 approach unsuitable for short-term camera trapping studies and for rare or inconspicuous species. 

445 In order to produce reliable diel space use maps, we had access to observations from 9,542 

446 trapping days for all cameras combined. Even with this large number of data points, the errors 

447 associated with spatiotemporal predictions of diel space use are substantial. Furthermore, our 

448 GAMM had problems predicting the rare encounters of a large number of individuals that occur 

449 from time to time, since most solar hours had a zero-count (99.52%). This behavior was reflected 

450 in the residual plots. One solution is to fit a GAMM to counts aggregated over all survey days, 

451 hence only retaining information on the solar hours and spatial locations. This lowered the 
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452 percentage of solar hours having a zero-count considerably (72.00%) at the cost of losing 

453 information about calendar dates of the observations. Nevertheless, we found that this strategy 

454 preserved the typical diel space use of wild boar in our study area. So when the only goal is to 

455 obtain diel space use, without acknowledging other sources of variation (between days, weeks, 

456 months or years), this reduced information approach can be adopted. 

457

458 Another drawback of our GAMM is that it does not account for false negatives (i.e., imperfect 

459 detections) as is done in other popular modelling frameworks (Dénes et al. 2015; 

460 Guillera‐Arroita 2017). The failure to correct for imperfect detections may possibly introduce 

461 bias in the space use patterns inferred from a GAMM. In principle, occupancy (MacKenzie et al. 

462 2002) or N-mixture (Royle 2004) type of models, which account for imperfect detections, can be 

463 used to model nearly continuous changes throughout the diel cycle. However, as these models 

464 require repeated samples in space and time to estimate occupancy/ abundance for each solar 

465 hour, seasons would need to be of 1-h length and surveys of <1-h. Not only would this model not 

466 make sense biologically, it would also be computationally infeasible to fit. Finally, landscape of 

467 fear maps that we inferred from hunting pressure could have been distorted by non-random 

468 missing data or underreporting of hunter visits (~10-20% of hunting records was missing/not 

469 reported). 

470

471 Conclusions

472 The main objective of our study was to infer the diel space use patterns of wild boar in an agro-

473 ecosystem, where hunting occurs, from camera trap data. We revealed that wild boar in Meerdaal 

474 were mostly nocturnal (H1), with additional crepuscular activity. Moreover, we found that wild 

475 boar in our study area adjusted their space use pattern throughout the diel cycle during the 
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476 growing season (H2). This was possibly to avoid human activities during daytime, as indicated 

477 by a selection for the centre of the forest (H3). We also found that wild boar space use during the 

478 night, when they utilized areas in the periphery of Meerdaal, was uncorrelated with its space use 

479 during the day (H4). In the future, placing cameras in the agricultural fields adjacent to the study 

480 area could help to provide information on the strength of the attraction to agricultural fields when 

481 crops are growing. Finally, we did not find sufficient evidence to support our hypothesis that 

482 wild boar in Meerdaal spatiotemporally avoided hunters (H5), which does not mean that a 

483 biological effect of hunting was absent. 

484

485 More generally, we have shown that GAMMs, despite some limitations, can be useful tools to 

486 model diel space use from photo-captures. However, to test the robustness of camera traps, 

487 which do not record individuals when they are inactive, for inference on diel space use, we urge 

488 that our approach be compared to telemetry-based methods. Moreover, future studies could 

489 improve our approach in several ways. First, some of the GAMMs for the modelling of diel 

490 space use had relatively poor goodness-of-fit. The application of a piecewise exponential 

491 additive model (a GAM(M) for exponentially-distributed responses) to time-to-event data may 

492 partially resolve this in the future (Bender et al. 2018). Essentially, this would be an extension of 

493 the time-to-event model in Moeller et al. (2018) that permits the modelling of smooth predictor-

494 response relationships. We also encourage the extension of the detection function in occupancy 

495 models that simultaneously estimate diel activity and occupancy, for instance the model in 

496 Kellner et al. (2022), to incorporate spatial changes in diel activity  through 24-h periods (i.e., 

497 diel space use). Note that this would still only produce a single occupancy map across the day. 

498 However, the detection probability would vary in space-time similar to trapping rates inferred 
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499 from the GAMMs that we presented. Hence, if the prime interest is in modelling 

500 availability/trapping rate, we suggest applying the much simpler methods presented in this 

501 article. If the overarching occupancy pattern is of importance, we suggest that researchers 

502 implement our approaches into the detection function of occupancy models. Another interesting 

503 development in the modelling of diel space use could be the implementation of Gaussian 

504 processes, a parametric alternative to spline approaches (KI Williams 2006). Finally, treating 

505 hunter counts and wild boar counts as two correlated processes, analyzed through a joint 

506 modelling approach for preferentially sampled data, may improve inference on hunting effects 

507 (Diggle et al. 2010).

508
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Table 1(on next page)

The number of wild boar, humans and hunters counted.

The number of wild boar and humans represent counts per camera per day (cam. day) within
each solar hour during the entire study period. Hunter counts represent the numbers of
hunters counted in the entire study area per day within each solar hour during the entire
study period.
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1

Wild boar Humans Hunters

Solar hour
Count

Count/

cam. day
Count

Count/

cam. day
Count

Count/

day

(0 24) ⋅ 2� 71 0.007 0 0.000 1 0.001

(1 24) ⋅ 2� 65 0.007 0 0.000 1 0.001

(2 24) ⋅ 2� 64 0.007 0 0.000 1 0.001

(3 24) ⋅ 2� 161 0.017 0 0.000 12 0.017

(4 24) ⋅ 2� 139 0.015 1 <0.001 106 0.153

(5 24) ⋅ 2� 153 0.016 1 <0.001 217 0.314

(6 24) ⋅ 2� 276 0.029 2 <0.001 242 0.350

(7 24) ⋅ 2� 153 0.016 3 <0.001 173 0.250

(8 24) ⋅ 2� 126 0.013 9 0.001 15 0.022

(9 24) ⋅ 2� 40 0.004 18 0.002 1 0.001

(10 24) ⋅ 2� 16 0.002 6 0.001 0 0.000

(11 24) ⋅ 2� 14 0.001 12 0.001 0 0.000

(12 24) ⋅ 2� 19 0.002 6 0.001 0 0.000

(13 24) ⋅ 2� 10 0.001 22 0.002 0 0.000

(14 24) ⋅ 2� 16 0.002 18 0.002 0 0.000

(15 24) ⋅ 2� 23 0.002 10 0.001 9 0.013

(16 24) ⋅ 2� 22 0.002 6 0.001 235 0.340

(17 24) ⋅ 2� 146 0.015 9 0.001 388 0.561

(18 24) ⋅ 2� 216 0.023 1 <0.001 349 0.504

(19 24) ⋅ 2� 260 0.027 0 0.000 89 0.129

(20 24) ⋅ 2� 175 0.018 0 0.000 23 0.033

(21 24) ⋅ 2� 125 0.013 1 <0.001 11 0.016

(22 24) ⋅ 2� 89 0.009 0 0.000 7 0.010

(23 24) ⋅ 2� 117 0.012 0 0.000 3 0.004

Total 2496 0.262 125 0.02 1883 2.721
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Table 2(on next page)

Candidate models for wild boar trapping rate.

The mathematical structure is presented together with selection criteria. The highest-ranking
model is indicated in bold.
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M����

���(����) =
mdm ded� expl. (%) AIC

Δdev. 

expl.
ΔAIC

M1 �0 + �1(�) 4 0.101 16219 -0.250 580.47

M2 (�0 + �0,�) + �1(�) 270 0.260 16073 -0.091 433.95

M3 (�0 + �0,�) + �1(�)+ �2(����(�)) 266 0.260 16066 -0.091 426.86

M4 (�0 + �0,�) + �1(�)+ �2(����(�))+ �3
(���(�),���(�)) 277 0.316 15797 -0.035 157.81

M5 (�� + ��,�) + ��(�)+ ��(����(�))+ ��(�,���(�),���(�)) 297 0.351 15639 0.000 0.00

M6 (�0 + �0,�) + �1������ + �1(�)+ �2(����(�))+ �3
(�,���(�),���(�)) 298 0.351 15640 0.000 1.47

1
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Table 3(on next page)

The timing and magnitude of the first and second activity peaks for different
populations.
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1

Population 1st peak 2nd peak

Solar time 

(rad)

Probability 

density

Solar time 

(rad)

Probability 

density

Human 2.479 0.004 3.645 0.006

Hunters 1.694 0.009 4.602 0.015

Year-round hunting 

zone

1.534 0.004 5.117 0.004

Winter hunting zone 1.620 0.005 5.081 0.005

Core zone 1.706 0.004 5.154 0.004

2
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Table 4(on next page)

Variance components of non-spatial, spatial and spatiotemporal models.

Standard deviation SD and its 95% confidence interval, variance and percentage of variance
explained by the partial effects of models M3 (non-spatial), M4 (spatial) and M5
(spatiotemporal) are presented.
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����	 Effect SD 0.025 0.975 Variance % Variance explained�0,� 0.835 0.242 2.881 0.697 3.425�1(�) 4.433 1.284 15.300 19.653 96.573

n
o

 s
p

a
ti

a
l 

e
ff

e
ct �2(����(�)) 0.019 0.009 0.043 0.000 0.002�0,� 0.820 0.184 3.645 0.672 3.240�1(�) 4.410 1.991 9.767 19.447 93.710�2(����(�)) 0.027 0.012 0.060 0.001 0.003

1�3
(���(�),���(�)) 0.708 0.343 1.461 0.502 2.417

F
ix

e
d

 s
p

a
ti

a
l 

e
ff

e
ct

�3
(���(�),���(�)) 2 0.361 0.081 1.607 0.131 0.630�0,� 0.776 0.127 4.751 0.603 1.765�1(�) 5.247 2.668 10.319 27.536 80.652�2(����(�)) 0.027 0.012 0.063 0.001 0.002

 1�3
(�, ���(�),���(�)) 2.202 1.251 3.875 4.849 14.201�3
(�, ���(�),���(�)) 2 0.832 0.525 1.318 0.693 2.029S

p
a

ti
o

te
m

p
o

ra
l 

e
ff

e
ct

�3
(�, ���(�),���(�)) 3 0.679 0.111 4.156 0.461 1.351

1
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Table 5(on next page)

Pearson correlations ρ and their significance between maps of wild boar diel space use
and hunting pressure for solar hours with >1 hunting record.

p-value < 0.05 (ns); 0.05 ≥ p-value > 0.01 (*); 0.01 ≥ p-value > 0.001 (**); and p-value ≤
0.001 (***).
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1

Solar hour statistis � p-p
��
 signi��s
�s


(3 24) ⋅ 2� 1.235 0.0760 0.218 ns

(4 24) ⋅ 2� 1.316 0.0810 0.189 ns

(5 24) ⋅ 2� 1.447 0.0890 0.149 ns

(6 24) ⋅ 2� 1.548 0.0950 0.123 ns

(7 24) ⋅ 2� 1.375 0.0840 0.170 ns

(8 24) ⋅ 2� 0.973 0.0600 0.331 ns

(15 24) ⋅ 2� 0.662 0.0410 0.509 ns

(16 24) ⋅ 2� 1.090 0.0670 0.277 ns

(17 24) ⋅ 2� 1.611 0.0980 0.108 ns

(18 24) ⋅ 2� 2.074 0.1300 0.039 *

(19 24) ⋅ 2� 2.325 0.1400 0.021 *

(20 24) ⋅ 2� 2.370 0.1400 0.019 *

(21 24) ⋅ 2� 2.203 0.1300 0.029 *

(22 24) ⋅ 2� 1.853 0.1100 0.065 ns

(23 24) ⋅ 2� 1.494 0.0910 0.136 ns
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Figure 1
Map of the study area illustrating major landscape types (A), management zones,
locations of cameras and hunting posts (B).

Panel A: forests (green), agricultural fields (yellow), rivers, streams and waterbodies (blue),
urban areas, roads or trails (grey). Panel B: Year-round hunting zone (HY - red), winter
hunting zone (HW - green) and hunting-restricted core zone (C - blue). Camera locations
(triangles) and elevated hunting posts (circles). The full black line marks the forest edge,
while the dashed line indicates the administrative border between Flanders and Wallonia.
The inset map shows the location of the study area in Belgium.
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Figure 2
Activity patterns of humans, hunters and wild boar.

Human and hunter activity density are illustrated by the dashed and dotted curves,
respectively. Wild boar activity densities in the year-round hunting zone (HY – red curve),
winter hunting zone (HW – green curve) and core zone (C – blue curve). Vertical lines indicate
times of sunrise and sunset.
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Figure 3
Partial effects of the elements in M5 on wild boar trapping rate.

(A) Random effects per day (circles; blue: positive effects, red: negative effects) and the
corresponding averages per month (full line; the dotted line marks the zero-mean effect
size). (B) Effects of the week of the year. (C) Effects of the solar time in radians. Panels B-C:
Mean effect size as a function of the date/solar time are indicated by the black lines; grey
areas represent 95% confidence intervals. Effects of the tensor product of longitude, latitude
and solar time (f3) were excluded for visual clarity.
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Figure 4
Predicted spatiotemporal variation in normalized wild boar trapping rates across 24
solar hours.

Normalized hunting pressure (multiplied by factor 10 for visual clarity) is illustrated by the
map inside the rectangle. SN: sun nadir, SR: sunrise, SZ: sun zenith, SS: sunset.
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Figure 5
Pairwise Pearson correlations between maps of predicted wild boar trapping rates at
each solar hour.

Negative correlations (red), positive correlations (blue), significant correlations are marked
by asterisks. The rectangle highlights the pairwise comparisons for sun nadir (SN), including
those with sunrise (SR), sun zenith (SZ) and sunset (SS).
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