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Mesocarnivores fill important roles in ecological communities globally, but their distribution and abundance are often understudied. Many species have historically been regarded as vermin and subject to lethal control due to their role in livestock predation. Identifying the factors influencing mesocarnivore populations can help disentangle their relationship within ecological communities and inform conflict mitigation and conservation priorities. To help identify these factors, we used camera traps to study the community of medium and large mammals in four communal conservancies of northeastern Namibia covering the wet and dry seasons using 99 and 97 camera trap stations, respectively. We modelled black-backed jackal (Lupulella mesomelas) abundance using the robust Royle-Nichols model. Black-backed jackal were widespread, with a mean per site abundance of 2.01 (SD=0.66) in the wet season and 2.41 (SD=0.49) in the dry season. Black-backed jackal showed seasonally contrasting covariate associations, with lower abundance in areas with medium and large-sized wild prey during the wet season, and higher abundance in areas with more villages and close to African wild dog (Lycaon pictus) dens in the dry season. We identified localized hotspots of black-backed jackal abundance during the dry season, which may indicate that when resources are scarce, black-backed jackals rely on anthropogenic food sources despite an elevated risk for conflict, and on carcass remains from African wild dog kills. These findings highlight potential drivers of mesocarnivore abundance that would be obscured in a conventional occurrence modelling framework, and illustrate how local abundance may be influenced by seasonal variability, wild and anthropogenic food sources, and a likely facilitative relationship with a large carnivore. Further investigations in areas with more complex carnivore guilds and higher density of dominant predators are needed to understand black-backed jackal-African wild dog interactions and impacts on population dynamics.
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1 Introduction

Mesocarnivores are a diverse group of small to midsized carnivores with body weight <15kg which inhabit a variety of biomes with variable extent of human footprint, from wilderness to urban and other human-dominated environments (Roemer et al., 2009; Ćirović et al., 2016). Many mesocarnivores have been subject to negative perceptions, viewed as vermin or pests and targeted by lethal control programs due to their propensity of conflicting with human interests (Berger, 2006; Roemer et al., 2009; Ćirović et al., 2016). However, mesocarnivores fill an important role in communities and perform ecosystem services such as predation on rodents that could be disease vectors and affect crops, animal waste removal, and seed dispersal (Ćirović et al., 2016; Nakashima and Do Linh San, 2022). Where large carnivores are functionally absent, mesocarnivores may partially replace the role of apex predators by controlling prey populations and inhibiting competitors (Prugh et al., 2009). Due to anthropogenic extinction and its disproportionate effects on large carnivores, many mesocarnivores experience reduced competitive pressures and subsequent increases in their abundance often inflict ecological, economic, and social costs globally (Roemer et al., 2009). Mesocarnivores have recently been identified as ideal sentinel species for monitoring the effects of ecosystem and global change, as the smallest carnivore in a system is proposed to be the most responsive to anthropogenic and environmental changes. The “middle-out ecology” paradigm emphasizes refocusing research efforts on smaller carnivores within systems (Jachowski et al., 2023; Marneweck et al., 2022; Do Linh San, 2024).

Black-backed jackal (Lupulella mesomelas; hereafter jackal) are a widespread mesocarnivore in Africa and categorized by the IUCN as a species of least concern (Hoffmann, 2014). They are opportunistic and thrive in a wide range of habitats including human-dominated environments (Klare et al., 2010; Hoffmann, 2014). Jackals are responsible for significant smallstock depredation across southern Africa (Kamler et al., 2012; Humphries et al., 2016; Drouilly  et al., 2018; Verschueren et al., 2020). The cost of smallstock depredation in South Africa, which is primarily attributed to jackal and caracal (Caracal caracal), is estimated to amount to approximately US$126 million per year (Kerley et al., 2018). In a survey of communal conservancies and resettled farms of Namibia, where jackal were implicated for the majority of sheep and goat depredation, the cost of smallstock loss was calculated at US$1,800 per person per year (Rust and Marker, 2013). Consequently, jackal are highly persecuted, but predator control efforts are largely ineffective and may only decrease local numbers temporarily due to the species’ generalist and adaptable characteristics (Hoffmann, 2014). Determining drivers of jackal distribution and abundance in human-use areas is a crucial priority due to their significant financial impact on livestock farmers.

Previous studies in southern Africa have found opposing effects of season on jackal distribution, with their probability of occupying a site (i.e. occupancy) either higher in the dry season (Rich et al., 2017) or the wet season (Verschueren et al., 2021a). Similarly, while Masseloux et al. found a positive relationship between woody vegetation and occupancy in east Africa (2018), recently published studies from southern Africa have found higher jackal occupancy to be associated with open grassland or reduced cover (Verschueren et al., 2021a; Pardo et al., 2022). Occupancy of mesocarnivores including jackal was found to decrease in the presence of large predators in South Africa (Curveira-Santos et al., 2021). Jackal occupancy was found to be higher in agricultural areas compared to riparian and mountainous areas in Namibia (Fink et al., 2020) and has been positively associated with livestock abundance in Botswana (Van der Weyde et al., 2018) and Kenya (Masseloux et al., 2018), suggesting conflict potential (Schuette et al., 2013; Masseloux et al., 2018). Although present in human-dominated landscapes, jackal have been shown to avoid anthropogenic disturbance in both eastern and southern Africa, with low occupancy found near human settlements (Schuette et al., 2013; Masseloux et al., 2018) and far from protected areas (Van der Weyde et al., 2018).

While research on the factors influencing jackal occupancy has been comprehensive and shows regional variations, little information exists on the factors influencing abundance of jackals (Hernández-Sánchez et al., 2017). This is however key to developing effective conservation strategies, in particular in systems where large carnivores are depleted. In such systems it is predicted that mesocarnivores may be released from top-down regulatory forces, thereby shifting and/or exacerbating human-wildlife conflicts (Prugh et al., 2009). In much of southern Africa, jackals are reportedly the major carnivore responsible for livestock loss (Lines, 2008; Verschueren et al., 2020; Gusset et al., 2009; Avenant and Du Plessis, 2008). Our objective was to understand jackal distribution and abundance in a landscape with a simplified carnivore guild, in which jackals are the primary livestock predator, to provide insights into the ecology of human-impacted ecosystems and assist conflict mitigation priorities. Based on a hierarchical modeling approach using camera trapping data, we hypothesized that jackal abundance would be higher at sites with high visibility (a proxy for low horizontal cover) and reduced canopy cover (Verschueren et al., 2021a; Pardo et al., 2022) and at high occupancy of wild prey (Verschueren et al., 2021a) and livestock (Masseloux et al., 2018; Van der Weyde et al., 2018). We also hypothesized that jackal abundance would be negatively influenced by anthropogenic factors such as proximity to villages (Schuette et al., 2013; Masseloux et al., 2018), and where dominant predator presence was high (Curveira-Santos et al., 2019), as indexed by locations of African wild dog (Lycaon pictus; hereafter wild dog) dens. We expected these associations to be stronger in the dry season compared to the wet season due to resource scarcity in the dry season.




2 Methods



2.1 Study area

We conducted this study within northeastern Namibia in the Okakarara District Communal Area (ODCA), which forms part of the Greater Waterberg Landscape. The ODCA consists of four communal conservancies (Okakmatapati, Otjituo, Ozonahi, African wild dog) that span a total area of 18,951 km2. The study area for this research covered 6,720 km2 (Figure 1).




Figure 1 | Grid and camera trap locations in north-eastern Namibia. The study area location is depicted within the Otjozondjupa region of Namibia (inset). One camera was deployed in each 8 km x 8 km grid cell.



The ODCA is situated on the western fringe of the Kalahari basin (Strohbach, 2014). The surface soils are dominated by sandy plains that are flat to rolling with 6-9° slopes (Strohbach, 2014). Vegetation type is primarily Terminalia sericea-Combretum collinum shrub and bushlands (Figure 2, Hüttich et al., 2009; Strohbach, 2014). The ODCA is characterized by two seasons: wet (November–April) and dry (May–October). The average temperature ranges from 6°C in the cool-dry season to 31°C in the hot-dry season (Mendelsohn and El Obeid, 2002). Annual rainfall averages from 400–450 mm, with droughts common (Mendelsohn and El Obeid, 2002; Strohbach, 2014).




Figure 2 | Typical landscape and vegetation of north-eastern Namibia (A), black-backed jackal (Lupullela mesomelas) camera trap image from the north-eastern Namibia study (B), camera trap image depicting the proximity feature road (C), cutline (D), fenceline (E), trail (F), and bush (G).



The ODCA is wildlife-depleted compared to other communal conservancies in Namibia and the surrounding freehold farmland, likely as a result of unsustainable and illegal hunting (Lines, 2008; Verschueren et al., 2020). Small antelope such as common duiker (Sylvicapra grimmia) and steenbok (Raphicerus campestris) persist, while greater kudu (Tragelaphus strepsiceros) and warthog (Phacochoerus africanusare) are the only large ungulates found in the ODCA and presumed to be rare (Lines, 2008). Little was known on the carnivore community prior to this study, but we assumed mesocarnivores were widespread, whereas large carnivores were likely sparsely distributed (Lines, 2008). The region is inhabited by a small population of critically endangered wild dog (Lycaon pictus; Hanssen et al., 2022). Through ongoing human-wildlife conflict work, the wild dog population in the ODCA has previously been estimated at approximately 15–20 individuals (CCF, unpublished data).

The human population in the ODCA is composed primarily of the Herero people, whose principal livelihood is livestock farming of cattle and smallstock (sheep and goats), with live cattle sales representing the primary form of income (Lines, 2008). Human settlements are concentrated primarily in the western and central regions of the ODCA, with less human impact to the East.




2.2 Data collection

In January 2018, we began an extensive camera trapping survey of the ODCA. We overlaid the study area using an 8 × 8 km square grid. From this grid, 105 grid cells were selected to sample across a broad range of habitats and human densities across the conservancies. We divided the selected 105 cells into three blocks, each block containing 35 cells, and blocks were sampled sequentially. The sequential sampling was implemented due to a limited number of staff and available camera traps, an approach commonly employed when resources are limited (Verschueren et al., 2021a; Phumanee et al., 2020; Rovero et al., 2020).

We deployed single camera traps (Bushnell Trophy Cam model 119676, Overland Park, Kansas, USA) in each cell of a given block which were active for 30 days in the wet season (November–April 2018-2019) and 30 days in the dry season (May–October 2018). The location of deployment within each grid cell was selected based on local knowledge with rural community involvement to increase the probability of wildlife detection (mean camera trap spacing 5.06 ± 2.17 km). We asked farmers or farm workers to identify areas of high wildlife movement, frequently targeting linear features such as roads or trails where wildlife were known to travel. The cameras were deployed at a height of approximately 60 cm. Additional information was collected at each camera trap site including canopy (vertical) cover, habitat visibility (horizontal cover), and proximity to linear feature. While our aim was to target the grid cell center for camera trap placement, this was rarely possibly due to limited accessibility and availability of linear features.

We measured canopy cover using a Bitterlich gauge (Friedel and Chewings, 1988) based on the cover estimation method of Zimmermann (2009) modified to Mberirua (2018). We set the Bitterlich gauge to a half angle of 12°55’ and pointed at all trees and shrubs over 0.5 m tall 360° around the camera at each site. We recorded when the canopy of a tree extended beyond the two sighting pins of the Bitterlich gauge. When canopies from multiple overlapping trees extended beyond the sighting pins, we recorded these as one canopy (Zimmermann, 2009). To obtain a relative indication of canopy cover, the number of recorded canopies was divided by the total number of trees and shrubs over 0.5 m at the site.

Habitat visibility was recorded using a range finder. The observer crouched at a height of 70cm, assumed to be eye level of larger carnivores. The distance at which an object was last visible was recorded for 4 directions (0°; 90°; 180°, and 270°) around the camera. These 4 values were averaged to obtain an average habitat visibility value for each camera trap site.

The distance from the camera trap to the nearest linear feature was recorded in meters. Site proximity features were classified into 4 categories: dirt road (n=43), cutline (an area cleared of vegetation typically for the purpose of creating a road; n=15), clear wildlife trail (n=12), and fenceline (n=12). Cameras with none of these features present were classified as bush (n=23). We classified cameras into one of the above feature categories when the feature was within the camera’s detection range of 20 m. When a camera was located at two of these features within the camera’s detection range (e.g. at the intersection of a fence and road), the camera was categorized based on the feature assumed to be most influential on wildlife movement. Roads were assumed to be most influential, followed by cutlines, wildlife trails, fencelines, and bush.

We manually classified images to species level following camera retrieval. Temporal independence was defined as when photos of the same species were separated by more than 30 minutes (Rich et al., 2017; Verschueren et al., 2021a). We calculated camera trapping nights by multiplying the number of nights a camera was active by the number of camera sites. While 105 cameras were deployed in both seasons, due to camera malfunctions 97 cameras were active throughout the dry season and 99 cameras were active in the wet season. The wet (November–April) and dry (May–October) season surveys were divided into three 10-day survey periods to construct detection histories for jackal.




2.3 Data analysis



2.3.1 Covariates

We tested three detection terms: canopy cover, average habitat visibility, and nearest linear feature (e.g. dirt road, fenceline). We also tested 10 abundance covariates: canopy cover, average habitat visibility, longitude, distance to human settlement, village density, common duiker intensity of use, steenbok intensity of use, ungulate intensity of use (which pools common duiker and steenbok data), scrub hare (Lepus saxatilis) intensity of use, and proximity to wild dog den (Table 1). It is common practice to include some covariates in both the abundance and detection components of a model, provided that there is biological reasoning to justify inclusion in both components (Denes et al., 2015; Sólymos et al., 2012). Prior to constructing seasonal candidate models, covariates were tested for correlation. Where two covariates were strongly correlated (|r| >0.7), we included in the candidate models for abundance the covariate with better goodness-of-fit and ΔAICc < ΔAICc of the null model when tested univariately.


Table 1 | Covariates included in the abundance models for black-backed jackal (Lupulella mesomelas) for dry and wet seasons.



While the study area is a semi-arid landscape and water is likely to influence jackal distribution, it was not possible to account for water sources due to the regular shifting of sources based on farmer and livestock needs as well as frequently bursting or leaking water pipes. Prey intensity of use values were calculated by occupancy modelling using function occu in R package unmarked for the medium and large-sized mammalian prey species which were determined to be within the prey range of jackal and which were detected at >10% of the camera trap sites (see section 2.3.4 Prey intensity of use modeling for further description). We opted to model intensity of use because the spacing of camera trap stations was larger than the presumed home ranges of prey species, thereby violating occupancy assumptions (MacKenzie et al., 2006). The prey intensity of use model outputs can therefore be interpreted as “site use” or the frequency or intensity with which a site is used rather than true occupancy (Suraci et al., 2021). We acknowledge that co-occurrence derived from observational data may be a poor proxy for ecological interactions among predators and prey due to various issues (e.g., insufficient information or sample size, incorrect sample scale, or habitat filtering and joint habitat preferences; Blanchet et al., 2020). Additionally, it is crucial to address the need to propagate uncertainty in ungulate occupancy estimates in jackal abundance models to avoid potential skewing of results and interpretation errors. Ultimately these complexities in predator-prey relationships make interpretations challenging, and while alternative methods exist to get closer to measuring these ecological interactions (Amir et al., 2022), such additional analysis is beyond the scope of this study.

We included the longitude covariate to account for potential greater human activity in the western part of the study area than in the East. Distance to village and village density were also included to represent human influence. The distance between each camera trap and the nearest human settlement was calculated in QGIS 2.24.1 using a point shapefile for the ODCA villages. Village density was also calculated using the village point shapefile. We used the shapefile to create a raster of village density with a kernel bandwidth of 10 km. We created buffers around the camera trap locations to represent the average home range size of jackal and used the zonal statistics tool in QGIS to calculate the mean raster value within each buffer. Jackal home range has been reported to vary from 1–34 km2 in southern Africa (Kamler et al., 2019) and was not available for the study area. We plotted scatterplots to compare the buffer sizes of the min, max, and mean within this 1–34 km2 range. The village density raster values were very similar between the tested buffer sizes. Therefore, we used the buffer size representing the mean of home range, 17.5 km2, as a covariate in the jackal abundance models.

We planned to incorporate wild dog occurrence as a covariate to explore the apex carnivore’s influence on jackal abundance, however only five wild dog detections were recorded, precluding occupancy or abundance modeling. Instead, we used locations of known wild dog dens to estimate den proximity as a categorical variable indicating whether a camera trap was within 10 km of an identified wild dog den. Wild dogs tend to den at sites located close to dens from previous years (Mbizah et al., 2014) and we obtained knowledge of dens identified during our ongoing human-wildlife conflict work in the ODCA (2017–2022). Although the home range of the wild dogs in the ODCA is unknown, the 10 km buffer size reflects approximate home range contraction during the denning season, when movement is restricted to proximity of the den (Darnell et al., 2014; Pomilia et al., 2015).

The continuous covariates (canopy cover, average habitat visibility, distance to village, and longitude, and all prey intensity of use values) were standardized to z-scores. We included quadratic terms for canopy cover and average habitat visibility to account for potential non-linear relationships.




2.3.2 Abundance modeling

Royle and Nichols (2003) developed a model within the occupancy modelling framework to estimate local abundance (λ), or the number of individuals of a target species using a given sampling site. The Royle- and Nichols’ abundance model is ideal for modelling detection data on widespread species with high naïve occupancy or when there is heterogeneity uncaptured by the model’s covariates (Dorazio, 2007; Royle, 2006; Royle and Nichols, 2003). In the Royle-Nichols formulation, detection probability is modeled as a function of encountering individuals rather than a species, hence detection probability is assumed to correlate positively with abundance (Tobler et al., 2015). In addition, the Royle-Nichols model is found to be more accurate in estimating relative population abundance than Poisson binomial N-mixture models that correct for imperfect detection using count data (Nakashima, 2019).

We modeled relative abundance of jackal with the function occuRN in R package unmarked (Royle and Nichols, 2003; Royle, 2006; Dorazio, 2007). The model considers that the population level probability of detection is a function of individual detection probability and the local abundance in the grid cell based on the following equation:

	

where p is the population level detection probability in cell i on occasion j and r is the individual-level probability of detection in cell i. According to this equation, cell-level detection probability increases with local abundance (Ni) (Royle and Nichols, 2003). The observed detection non-detection data (y) in cell i on occasion j are modelled as a Bernoulli trial:

	

where pij is the population level detection probability. In the local abundance (λ) model, the number of individuals exposed to sampling in a cell, Ni, are modelled as being drawn from a Poisson distribution:

	

where log(λi) is modelled as a function of site covariates.

Local abundance values are a function of the effective trapping area for target species and are not directly comparable between species (Efford and Dawson, 2012; Wearn et al., 2017). Therefore, it is important to note that local abundance is distinct from true abundance or density (individuals per unit area). Relative abundance is a more accurate term to describe this model’s output. Relative abundance values are spatially comparable and function as a measure of relative density changes across an area (Wearn et al., 2017). We acknowledge that as a result of the camera trap placement, our estimates of local abundance and detection probability rather reflect the area surrounding the camera trap site than the entire grid cell considered to guide camera trap placement.




2.3.3 Model selection

We modeled relative abundance of jackal in a two-step abundance-detection framework (MacKenzie et al., 2006; Paolino et al., 2018). Detection covariates were tested in the detection function first while holding abundance constant. The covariates from the best fitting detection function model were retained in the candidate models which tested covariates for abundance.

To assess model fit, we applied McKenzie and Bailey’s goodness-of-fit test to all supported models (ΔAICc <2) for each season using 1,000 simulations where a non-significant p-value >0.05 indicates sufficient model fit. We also estimated overdispersion using a variance inflation parameter (ĉ; Burnham and Anderson, 2002) as an indicator of lack-of-fit where ĉ >1 indicates overdispersion (O’Brien et al., 2020).

Supported abundance models were averaged (Oberosler et al., 2017; Zeller et al., 2017; Wevers et al., 2021) using function modavg from R package AICcmodavg to provide averaged parameter estimates and to plot relationships between jackal abundance and covariates with confidence intervals that did not overlap zero (Burnham and Anderson, 2002). To obtain abundance estimates for each camera trap site, we averaged models with ΔAICc <2 using function modavgPred (Burnham and Anderson, 2002).




2.3.4 Prey intensity of use modeling

Using R packages unmarked and AICcmodavg and function occu, we modelled intensity of use for the medium and large-sized mammalian prey species which were determined to be within the prey range of jackal and which were detected at >10% of the camera trap sites. We used a two-step modeling approach to generate detection histories and create models for common duiker, steenbok, scrub hare, and smallstock (i.e. sheep and goats).

Canopy cover, average habitat visibility, and proximity feature were included as detection covariates for detection model selection. Continuous detection covariates (canopy cover and average habitat visibility) were standardized to z-scores to have a mean of 0. Intensity of use covariates included were canopy cover, average habitat visibility, longitude, distance to village, and village density. Distance to village and village density were calculated using the same process as described for jackal abundance models. Prey species home range sizes were defined as follows: scrub hare (0.0825 km2, Wessels, 1978), common duiker (0.03–0.17 km2, Furstenburg, 2018), and steenbok (0.12–0.3 km2, Furstenburg, 2008). We followed the same buffer selection methodology used for jackal for each prey species (scrub hare = 0.0825 km2, common duiker = 0.1 km2, steenbok = 0.21 km2). For the smallstock covariate, we considered their “home range” to be the average distance from the camera trap locations to the nearest village (2.88 km), scaled to a hypothetical circular home range of an area of 26 km2.

All models with ΔAICc <2 were averaged (Oberosler et al., 2017; Zeller et al., 2017; Wevers et al., 2021) using function modavg from R package AICcmodavg to interpret relationships between intensity of use and covariates with confidence intervals that did not overlap zero (Burnham and Anderson, 2002). To obtain intensity of use estimates for each camera trap site, we averaged models with ΔAICc <2 using function modavgPred (Burnham and Anderson, 2002). For the ungulate intensity of use values per site, we averaged the per-site use values of common duiker and steenbok. To assess model fit, we computed McKenzie and Bailey’s goodness-of-fit tests and variance inflation parameters (č; Burnham and Anderson, 2002) for all supported models (see Supplementary Table 1).

The smallstock intensity of use models for the wet and dry seasons had evidence of lack of fit and overdispersion (see Supplementary Table 1). Cameras were deployed to maximize wildlife detections and not near villages, where smallstock are likely more abundant and potentially preyed upon more intensely (Verschueren et al., 2021b). Unlike cattle, which free-range day and night and were highly detected by camera traps, smallstock in the ODCA graze on rangelands during the day and are moved to protective enclosures in the villages at night (Verschueren et al., 2020). Their probability of detection was therefore lower than cattle and wildlife species, which may have influenced the low intensity of use estimate. We are cognizant of the limitations mentioned above and therefore dropped smallstock intensity of use as a covariate from the jackal abundance modeling.






3 Results



3.1 Dry season

We obtained 1,003 independent records of jackal over 2,910 camera trapping nights in the dry season. Naïve occupancy for jackal in the dry season was high (0.74) with a 0.35 probability of detection. There were six supported (ΔAICc <2) detection models (Supplementary Table 2). The covariates canopy cover, average habitat visibility, and proximity feature were included among these top-ranked models (Table 2). There were no significant covariates for detection, and the null model was highly ranked (ΔAICc <2) and only 0.2 units away from the top ranked model, which included average habitat visibility as a detection covariate. Therefore, no detection covariates were included in abundance model candidates.


Table 2 | Top-ranked (ΔAICc <2) models for factors influencing black-backed jackal (Lupulella mesomelas) site detectability (p) and relative abundance (λ) in the dry season.



There were six supported (ΔAICc <2) abundance models. The covariates average habitat visibility, canopy cover, wild dog den proximity, longitude, and village density were included among these top-ranked models (Table 2; Supplementary Table 4). Per-site relative abundance estimates ranged from 1.07–4.06 (x̄= 2.01, SD=0.66). Goodness-of-fit for the top abundance models ranged from 0.28–0.33, indicating no evidence of lack of fit. Variance inflation parameters (ĉ) ranged from 1.15–1.27 indicating slight overdispersion.

The averaged results from all supported abundance models showed that jackal abundance was significantly higher in areas of higher village density (β̂ = 0.23, SE = 0.12, Figure 3). Abundance was also significantly higher at camera traps within 10 km of a wild dog den (β̂ = 0.40, SE = 0.23, Figure 3).




Figure 3 | Black-backed jackal (Lupulella mesomelas) predicted dry season abundance in north-eastern Namibia (A), jackal abundance and village density in the dry season (B), jackal predicted abundance for cameras traps within 10 km of African wild dog (Lycaon pictus) dens in the dry season (C). Ribbons and error bars represent 95% confidence intervals. Supported models ΔAICc <2 averaged to plot relationships between covariates and abundance.






3.2 Wet season

We collected 592 independent records of jackal over 2,970 camera trapping nights in the wet season. Naïve occupancy for jackal in the wet season was also high (0.79). Detection probability was 0.31, but detectability was significantly higher with increasing average habitat visibility (β̂ = 0.32, SE = 0.16) and this model was >2 ΔAICc units away from the null model (Table 3; Supplementary Figure 1). Therefore, average habitat visibility was maintained as a covariate for the abundance model candidates.


Table 3 | Top-ranked (ΔAICc <2) models for factors influencing black-backed jackal (Lupulella mesomelas) site detectability (p) and relative abundance (λ) in the wet season.



There were three supported (ΔAICc <2) detection models (Supplementary Table 3). The covariates canopy cover, average habitat visibility, and proximity feature were included among these top-ranked models. There were three supported abundance models, which included the covariates wild dog den proximity, ungulate intensity of use, and village density (Table 3; Supplementary Table 5). Per-site abundance estimates ranged from 1.62–3.70 (x̄= 2.41, SD=0.49). Goodness-of-fit for the top abundance models ranged from 0.21 to 0.25, indicating no evidence of lack of fit. The variance inflation parameters (ĉ) ranged from 1.34 to 1.38, indicating slight overdispersion. The averaged results from the supported abundance models showed that jackal abundance was significantly higher with decreasing ungulate intensity of use (β̂ = -19.59, SE = 9.67, Figure 4).




Figure 4 | Black-backed jackal (Lupulella mesomelas) predicted wet season abundance in north-eastern Namibia (A), jackal abundance and ungulate intensity of use in the wet season (B). Ribbon envelops 95% confidence intervals. Supported models ΔAICc <2 averaged to plot relationship between ungulate intensity of use and abundance.







4 Discussion

Jackals are a wide-ranging mesocarnivore in the ODCA, as indicated by the high naïve occupancy. Detection of jackal increased with higher habitat visibility in the wet season, likely due to vegetation growth which reduced visibility at camera sites in the wet season (Nghikembua et al., 2016). Despite seasonal differences in capture frequencies, estimates of jackal relative abundance and occurrence were similar between seasons. This demonstrates the robustness of our modeling approach and emphasizes that capture frequencies may not reflect true abundance. This finding also underscores the importance of using appropriate modeling techniques to gain a more accurate understanding of wildlife populations, especially in environments where seasonal variations can affect detection rates.

Despite the widespread occurrence of jackals within the ODCA, we identified seasonally contrasting covariate associations, with localized hotspots of jackal relative abundance during the dry season. Jackal abundance was higher in the dry season in areas of higher village density. While typically avoiding human settlements, some studies have found jackal occupancy to be higher in human-modified areas (Fink et al., 2020) and positively associated with livestock capture frequency (Van der Weyde et al., 2018). Areas closer to villages may represent increased food resources for jackal in the form of livestock and potentially human refuse (Kaunda and Skinner, 2003; Loveridge and Macdonald, 2003), which may be exploited when other resources are low (Lewis et al., 1993; Jaeger et al., 2007). In a diet study of jackal we completed in the same study area, one jackal scat sample collected in the dry season contained plastic, potential evidence of human refuse consumption (Reasoner, 2023). Although carnivores often avoid large human settlements (Nellemann et al., 2007; Schuette et al., 2013; Masseloux et al., 2018), homesteads in the ODCA are relatively small and may bring foraging opportunities for jackal, reflecting in increased jackal abundance in village-dense areas during the dry season.

Mesocarnivores can interact with apex predators through competition, where the apex predator prevents access to food resources, or facilitation, where mesocarnivores benefit from scavenging on prey sourced from the larger carnivore (Codron et al., 2018). In North America, grey wolves are the dominant canid over coyotes, suppressing the coyote population and frequently killing them (Berger and Gese, 2007; Merkle et al., 2009). However, grey wolves also act as facilitators to coyotes by providing scavenging opportunities (Wilmers et al., 2003). In the ODCA system, jackal were more abundant closer to wild dog dens (and significantly more so during the dry season) which is possibly facilitated by wild dogs hunting near their dens and thus providing increased scavenging opportunities for jackal, particularly during periods of resource scarcity (Verschueren et al., 2021a). However, alternative theories could likewise explain this response, for example, jackal may be more abundant within this buffer because den sites are selected by wild dogs based on risk avoidance factors (Jackson et al., 2014) including dense vegetation (Davies-Mostert et al., 2013; Alting et al., 2021), rugged terrain (Davies-Mostert et al., 2013; O’Neill et al., 2020; Alting et al., 2021), and concealment (Van der Meer et al., 2014). Nonetheless, we recommend further investigation to elucidate the relationship between jackal abundance and wild dog den proximity.

Reduced food availability in the dry season may cause jackals to rely more on livestock and other food resources of human origin in more village-dense areas, as well as possibly scavenging from wild dog kills (Verschueren et al., 2021a). Localized hotspots of jackal abundance may intensify conflict with humans, while during the wet season, jackal abundance was more homogeneously distributed and not significantly constrained by village density or proximity to wild dog dens. Jackal diet is known to vary seasonally depending on resource availability (Kaunda and Skinner, 2003; Klare et al., 2010; Kamler et al., 2012; Van de Ven et al., 2013). In the wet season, jackals in the ODCA may capitalize on alternative food sources such as small mammals and berries (Moehlman, 1987; Kamler et al., 2012). Due to the abundance of these resources in the wet season, other food items such as livestock, human refuse, and scavenging from wild dog kills may become less important food sources during this time of year.

Jackal abundance increased with decreased ungulate intensity of use in the wet season. However, the common duiker intensity of use model had evidence of lack of fit and overdispersion, and was combined with the steenbok model to obtain the ungulate intensity of use estimates. Duiker are widespread across the study area (Lines, 2008) and were detected more frequently and at a higher number of camera traps than other prey species, which may have influenced the model fit issues. To yield more accurate intensity of use estimates, we thus suggest future studies employ alternative approaches for modeling duiker in this region which consider their widespread nature.

As we were unable to include smallstock intensity of use as a covariate due to significant model fit issues, we suggest future modeling approaches should better represent the higher abundance of smallstock near villages. Village density had a significant positive association with jackal abundance in the dry season, and may be a better indicator of smallstock availability and its influence on jackal abundance. Previous research in the study system found that jackals were perceived responsible for 73% of smallstock losses (Verschueren et al., 2020), financially devastating to communal farmers in the ODCA, who are less able than freehold farmers to withstand economic losses (Rust and Marker, 2013; Shilongo et al., 2018). The authors’ recent diet study completed in the same study area, which analyzed the contents of genetically confirmed jackal scats, found that smallstock species contributed substantially to the total biomass in the jackals’ diet (Reasoner, 2023). Although scat analysis does not allow for determination of if prey was hunted and killed or scavenged, these findings nonetheless suggest the pervasiveness of smallstock depredation in this system. Livestock-carnivore conflict may be widespread in part due to the absence of wild prey (Rasmussen, 1999; Woodroffe et al., 2005; Gusset et al., 2009). Restoring wild prey populations is a priority for the ODCA and areas with similar socio-ecological context. This will be a significant challenge due to the depletion and degradation of such landscapes, often worsened by climate change. Wild prey such as large ungulates, which once existed in large numbers, have been continually hunted by the community, leading in part to the unbalanced ecosystem that exists today (Lines, 2008; Verschueren et al., 2020). Not only does the region now lack browsing herbivores, including megaherbivores, which may reduce bush encroachment, it is also further degraded by overgrazing of livestock (O'Connor et al., 2014; Strohbach, 2014) and increasingly common droughts (Schwieger, 2022).

This study suggests that jackal and wild dog may have a limited competitive relationship in the ODCA. Since wild dogs exist at low densities in this system, it is plausible that reduced top-down suppression could positively influence jackal populations and exploitation of food resources, including livestock (Reasoner, 2023). This ecosystem imbalance may have severe consequences on vulnerable prey species and increase human-wildlife conflict due to mesocarnivores’ tendency to thrive in human-dense environments (Ritchie and Johnson, 2009; Krofel et al., 2017; Prugh et al., 2009), while large carnivores face disproportionate challenges in human-altered landscapes due to their large space requirements, low tolerance by humans, and sensitivity to persecution (Prugh et al., 2009). Jackal abundance in the ODCA is likely also facilitated by access to trophic subsidies in the form of food resources of human origin (Manlick and Pauli, 2020; Petroelje et al., 2019). Similar to those observed in generalist omnivores in other systems (Luskin et al., 2017), this may create a landscape-scale cross-boundary cascade as populations of small mammals in areas distant from villages could increase as a result of jackals’ adaptability to food sources near villages.

In financially disadvantaged communities like the ODCA, addressing livestock losses, predator persecution, and cascading ecosystem effects of the latter requires a dual approach involving both short-term and long-term strategies. Improving livestock management and implementing measures to mitigate human-carnivore conflict are essential in the short-term. This could be achieved through integrated workshops within the farmer communities, while providing tangible benefits of wildlife co-occurrence such as through wildlife credit schemes (Espinosa and Jacobson, 2011; Dinerstein et al., 2013). As human refuse appears to be an attractant for jackal in this community, improved waste management may also reduce conflict (Poessel et al., 2017). In the long-term, restoring natural prey populations and re-establishing large carnivore populations are critical. Ensuring the availability of wild prey, coupled with intraguild competitive interactions, may help maintain balanced wildlife populations (Ripple et al., 2014; Khorozyan et al., 2015). Comprehensive land management strategies and livelihood-focused interventions can further alleviate pressures on local ecosystems (Wright et al., 2016). These combined efforts will promote ecological stability while supporting the coexistence of wildlife and human communities, and encouraging community-led initiatives will be key to achieving sustainable outcomes.
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Rationale

Higher jackal occupancy has been
associated with reduced vegetation
cover (Verschueren et al,, 2021a;
Pardo et al., 2022).

Higher jackal occupancy has been
associated with open grassland
(Verschueren et al., 2021a; Pardo
etal,, 2022).

Jackals avoid anthropogenic
disturbance (Schuette et al., 2013;
Masseloux et al., 2018).

Lower jackal occupancy has been
reported near human settlements
(Schuette et al., 2013; Masseloux
etal,, 2018).

Jackal occupancy has been shown to
be strongly positively associated with
increasing livestock abundance
(Masseloux et al., 2018; Van der
Weyde et al,, 2018).

Lower jackal occupancy has been
reported near human settlements
(Schuette et al., 2013; Masseloux
etal, 2018).

Occupancy of mesocarnivores
including black-backed jackal may
decrease in the presence of large
predators (Curveira-Santos

etal., 2021).

Prediction

‘We expected a negative association of
canopy cover with abundance.

We expected a positive association of
average habitat visibility
with abundance.

‘We expected a positive association of
distance to human settlement
and abundance.

We expected a negative association of
village density and abundance.

We expected a positive association of
wild prey and livestock occupancy
with jackal abundance.

‘We expected a positive association of
longitude and abundance, indicating
higher jackal abundance to the Eastern
side of the conservancies.

Due to competition with a large
carnivore, we expected jackal
abundance to be higher more than
10km from an African wild dog den.

Dry season
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034-1077 | 288
0.06-7.13 3.09
075-087 081
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Wet season
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068085 0.80
0.51-0.64 0.55
066-0.70  0.68
04309 065
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!Values for canopy cover, average habitat visibility, distance to human settlement, village density, and longitude differ seasonally due to difference in active camera trap stations.





