Using Multiple-Covariate Distance Sampling to estimate Djaffa Mountains Guereza (Colobus guereza gallarum) density and abundance across forest fragments in Ahmar Mountains, Ethiopia
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ABSTRACT
A baseline for primate conservation is information on population density. Such evidence, however, is still scarce for tropical forest monkeys, who are under threat from habitat loss due to deforestation, land conversion for agriculture, climate change, illicit hunting, habitat fragmentations, logging, and other disturbances. Detailed studies on population size and ecology of Djaffa Mountains guerezas (C. g. gallarum) in their potential range have not been carried out. This study aims to estimate the density and total population abundance of Djaffa Mountains guereza across the forest fragments in the Ahmar Mountains, Eastern Ethiopia. We conducted line-transect surveys across the selected forests to provide reliable population size using multiple-covariate distance sampling. Between December 2020 and September 2021, we sampled 22 transects, covering a total distance of 93.7 km. Throughout the surveys, we observed 79 Djaffa Mountains guereza groups. There was a considerable difference in encounter rates of a taxon between the forests surveyed. The overall C. g. gallarum density was 16.5 groups/km2 (95%CI = 10.2–24.5) and 83.1 individual density/km2 (95%CI = 50.7–121.1), with an estimated total abundance of 15205 (95%CI = 9288–22163) individuals throughout the studied forests. Our results showed that the population density of a taxon in the Ahmar Mountains is lower than a sister group, C. g. guereza studied in other localities of Ethiopia. We propose that in the research region, analyzing conservation issues, replenishing forest sections, and monitoring C. g. gallarum populations should be a priority.
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INTRODUCTION
Understanding population sizes plays a critical role in wildlife ecology and conservation. Such information is necessary to sustainably manage and conserve wildlife (Buckland et al., 2015; Miller et al., 2019), and its success depends on reliable estimates of their population size (Ogutu et al., 2006). This is particularly critical for threatened animals living in patchy and human-modified landscapes (Cavada et al., 2016). This is also a key for conservation and management of nonhuman primates (hereafter 'primates') (Hassel-Finnegan et al., 2008) because demographic data of primate species depends on an understanding of what processes may limit their populations, whether ecological or social factors (Hansen et al., 2019). 

Primates are on the verge of extinction, with 93 percent of species experiencing population declines (Estrada & Garber, 2022). Environmental changes driven by either natural or humans have threatened primates. They are subject to different environmental stress such as abiotic stress, biotic stress and anthropogenic stress (Kamilar & Beaudrot, 2018). Different human-driven threats include land-cover changes and deforestation (Fan et al., 2014); logging, mining, and fossil fuel extraction (Estrada et al., 2017); forest fragmentation and degradation (Barelli et al., 2015; De Almeida-Rocha et al., 2017; Rovero et al., 2012); climate change (Pearson et al., 2014) and hunting pressure as well as illegal trade are threatening primates (Estrada et al., 2017). They are also threatened by predation, as well as diseases and parasites (Hart & Hart, 2018). Often, when these threats act in synergy in aggravating primate population declines (Estrada et al., 2017). Over the next several decades, human population growth, agricultural expansion, and climate change are all predicted to contribute considerably to the loss of further suitable habitats and the reduction of local primate populations (Estrada & Garber, 2022). Currently, over 65% of primate species are listed as Vulnerable, Endangered, or Critically Endangered (Fernández et al., 2022). With these pressures in mind, we must conserve and save primates before they are extinct from the planet. 

Primate conservation has been mainly focused on population monitoring (Rovero et al., 2015; Lindshield & Narváez Rivera, 2022). Because important metrics that guide conservation science and are crucial to management plans include population parameters including size, density, and distribution of a species across a landscape (Moore & Vigilant, 2014; Cavada et al., 2016). Conservationists place great attention on understanding population size since small populations are more likely to become extinct than large ones (Harcourt, 2002). Consequently, ecologists have developed a variety of methods for estimating animal abundance (NRC, 1981; Peres, 1999; Plumptre, 2000; Plumptre et al., 2013). The line-transect distance sampling technique has been widely used to estimate the densities of diurnal primates in tropical forests (Buckland et al., 2010; Höing et al., 2013; Leca et al., 2013). It is considered relatively simple, rapid, and cost-effective in terms of accuracy and precision, besides generating systematic data quickly (Peres, 1999). This method has been widely used on primates globally (Chapman et al., 2017; González-Solís et al., 2001; Omifolaji et al., 2020; Siegel et al., 2020; Teelen, 2007; Wasserman & Chapman, 2003). In Ethiopia, however, few studies have been conducted on primates using the line transect distance sampling method (Chanie et al., 2021; Ibrahim et al., 2017; Shumet & Yihune, 2017; Yazezew et al., 2022). Information on the knowledge regarding the ecology and population dynamics and conservation threats of the black-and-white colobus monkeys in the majority of the fragmented forests in Ethiopia is lacking. This is also true for endemic Djaffa Mountains guereza populations that are restricted in a limited geographical range. Habitat suitability models reveal critical information for the conservation of the taxon through a comprehensive population assessment within their restricted distribution to understand the conservation status and population size (Kufa et al., 2022). 

The ecology and population dynamics of black and white colobus monkey (Colobus guereza) in Ethiopia were first described 48 years ago (Dunbar & Dunbar, 1974). In small forest fragments and gallery forests, where hunting by humans is banned, they can attain high population density, for example, 315 animals/km2 in Bole Valley, central Ethiopia followed by 138 animals/km2 in Lake Shalla, Ethiopia (Dunbar, 1987). In contrast, in large areas of undisturbed lowland forest, a locally common subspecies occurs at much lower densities (Fashing et al., 2019). Though few studies have been conducted on Omo River guereza (C. g. guereza) in some localities in Ethiopia (Chanie et al., 2021; Ibrahim et al., 2017; Shumet & Yihune, 2017; Tesfaye et al., 2021; Yazezew et al., 2022), the sizes and status of the remaining populations of C. g. gallarum are unknown (Fashing & Oates, 2019). This is probably due to a lack of field surveys in the potential range of a taxon or the abandonment of subspecies’ from conservation relevance.

Djaffa Mountains guereza (Colobus guereza gallarum, Neumann 1902) is an endemic black-and-white colobus monkey, which is found in the eastern Arsi and Ahmar Mountains, Ethiopia (Zinner et al., 2019). Based on the previous premise of C. g. gallarum geographic ranges (Fashing & Oates, 2013, 2019; Groves, 2001), some researchers have conducted studies on C. guereza ‘gallarum’ (Mekonen & Hailemariam, 2021; Menbere & Mekonen, 2019; Petros et al., 2018a, b, c) that documented another C. guereza population. They stated the presence of C. g. gallarum in Munessa forest, Wondo Genet forest, Dale forest, and the Bale Mountains National Park; however, the Guereza found there have been confirmed rather as C. g. guereza (Tesfaye et al., 2021; Zinner et al., 2019). Due to poor knowledge of the population sizes and density, the IUCN Red List of Threatened Species™ listed C. g. gallarum as Data Deficient under the IUCN Red List Category and Criteria (Fashing & Oates, 2019). As a result of significant forest degradation in Ethiopia, its range and population are likely to be declining (Fashing & Oates, 2019). Our study on the potential suitability habitat of colobus guereza revealed that the C. g. gallarum is obviously in great danger of extinction as much of its habitat is degraded and its range is restricted (Kufa et al., 2022). Therefore, detailed studies on the population size and density of the Djaffa Mountains guereza in the potential ranges and habitats are required to conserve them in the future. 
The survival of C. g. gallarum necessitates a thorough understanding of the subspecies' ecology and population size, spatial distribution, and conservation status. With this in mind, the C. g. gallarum population assessment needs information to be collected and documented over the ranges of its existence in the Ahmar Mountains. Data on the population size of C. g. gallarum in the eastern Ethiopian highland require immediate attention if it is to be protected and managed. This study aims to estimate the density, abundance, and examining the variations of the Djaffa Mountains guereza across the studied forests and seasons in the Ahmar Mountains, Eastern Ethiopia. 
MATERIALS AND METHODS
Study area

This study was conducted in the Ahmar Mountains (flanked between 8°30'–10°00'N latitude and 40°00'–42°30' E longitude), which extends from Eastern Arsi, Oromia to Jigjiga, Somalia regional states (Figure 1a). The Ahmar Mountains are degraded area, with little forest coverage. The region is mainly dominated by a Dry evergreen Afromontane Forest (DAF) and the grassland complex vegetation (Asefa et al., 2020; Bishaw, 2001). The DAF is found between 1800 and 3000 m a.s.l, where human settlements and activity are common (Friis et al., 2010) and dominated by hard-leaved evergreen vegetation. Forests of the Eastern Ethiopian highland harbours tree species that include Podocarpus gracilior, Juniperus procera, Pygeum africanum, Teclea nobilis, Hagenia abyssinica, Hypericum spp, and Arundinaria alpina (Bolton, 1973). Due to deforestation, most of the highlands are now covered by wooded grasslands, where secondary tree species thrive (Friis et al., 2010).

The topography of the Ahmar Mountains is characterized by plateaus, rugged dissected mountains, deep valleys, gorges, sloppy hillsides, and plains (Abdala et al., 2017). Geologically, it is characterized by Mesozoic rocks consisting of sandstone, limestone deposit, gypsum, and related rocks (Friis et al., 2010). The climate of the study area receives a bimodal rainfall distribution, with a small rainy season between February and May, big rains between July and September, and dry periods between October and January. 

In our study, four selected forests noticed within 26,000 km2 of the study region with elevations above 1,500 m a.s.l were surveyed (Figure S1 and Table S1). The 30 years (1989–2019) period climate data shows a slight variation in the annual precipitation across the surveyed sites (Figure 2a-d). The mean monthly precipitation for the surveyed sites over 30 years (1989–2019) period ranged from 909–960 mm. The mean monthly temperatures for each site vary between 6.7 and 30.7°C. The four study forests varied in the area, altitudinal gradients, habitat types, and conservation status (Table S1). Dindin Forest is a large continuous forest that forms part of the watershed between the Awash and Wabe Shebelle catchments. Dominant woody vegetation found in the forest is indicated in the study conducted by Shibru and Balcha (2004). The conservation threats that need serious attention include agricultural expansion, livestock grazing, woody tree harvesting for beehive production, and logging for timber production as input for the sawmill established in the eastern part of the Dindin forest (Figure S2).

Jallo-Kuni-Muktar Wildlife Sanctuary is a concession-controlled hunting area that combined two fragmented forests such as Jallo-Sorroro Torgam and the Kuni-Muktar Mountains forest. It has been managed at the regional level by OFWE which is advocating the preservation and protection of the natural forest through a participatory forest management approach. The concession area is represented by woody tree species (Reshad et al., 2020). Hades Forest is also one of the DAF-dominated areas, covered with 40-48 woody species (Atomsa & Dibbisa, 2019; Teketay, 1997), that contained dominant tree species. Currently, the forest is degraded due to continuous disturbance. Gara Mulleta Forest is overextended for about 16 km horizontally. About 361 species of vascular plants were registered by Teketay (1996), of which 45 (13%) of these species are endemic to Ethiopia. The southern side of Gara Mulleta Mountain is covered with multi-story mixed deciduous forest associated with intermediate and lower story species. We only focused on the southern side of the mountains based on the intact forest canopy availability and inaccessibility of the whole area (Teketay, 1996). 
Survey design and data collection 
A line transect distance sampling was employed (Buckland et al., 1993, 2004, 2010, 2015) to reliably estimate the density of C. g. gallarum and their population size in the study region. A total of 22 transect lines were generated and sampled (range: 1.8–8.7km) in a systematic survey design with a random start (Thomas et al., 2010; Buckland et al., 2015) and positioned with 1 km spread out between adjacent transects over the survey sites were used (Figure 1b-e; Table S1). Correspondingly, the total transect length walked was 93.7 km. There is a considerable variation in total transect length from 12 km at Hades Forest, the smallest fragment, to 40.8 km at Dindin Forest, the largest (Table S1).

Both wet and dry season field surveys were conducted from December 2020 to January 2021 and from July to September 2021, respectively. During the surveys, we walked slowly along each transect (at a pace of 1 km/hour according to Plumptre et al. (2013)); from 700 to 1800 h (Peres, 1999). All established transects were surveyed ranging from one to three times. Recommended sightings were from 60-80 for good wildlife population estimation (Peres, 1999). An overall 83 sightings of C. g. gallarum were observed (dry season: 37 sightings; wet season: 46 sightings). From these sightings, 79 sightings were recorded in groups and used in the Distance software to estimate the density and abundance of a taxon across the surveyed sites.

Colobus monkeys are easy to see because (1) their remarkable pelage makes them extremely visible, (2) they defend the group area daily with loud vocalizations that may be heard for a mile or more, and (3) their mobility through trees is noisy (Mittermeier 1973). The presence of the Djaffa Mountains guereza along transects was ascertained by observation with the aid of Binoculars and by hearing adult male loud calls (roaring) (Figure S3). Upon detecting groups, about 10 min observation efforts were spent to see and obtain the required information (NRC, 1981). Pre-prepared field protocol was recorded as follows: Name of the survey site, area, date, weather conditions, identification name and length of transects, name of personnel, the start and end time of each walk on the line transects, total distance walked and the start and end location of the line transects. Besides, the time of the sighting, the number of the group seen, group size, sighting location along the transect, perpendicular distance (visually estimated), and initial detection cue (auditory, pellet, or visual) were recorded (Peres, 1999). The trained personnel led by Chala Adugna accurately estimated the perpendicular distance by calibrating the accuracy of their eye estimation to estimate the transect to animal distance. Then distances to each independent group were estimated accurately to the exact location at the centre of the group where a group of C. g. gallarum was first detected by the trained personnel. Although we recorded perpendicular distance data as an exact measurement during the field surveys, we calculated the abundance and density estimate using the grouped distance at 10-m intervals into five distance categories: 0 m-5 m, 6 m-15 m, 16 m-25 m, 26 m-35 m, and 36 m-60 m to provide a reliable size. The position of locations of the detected groups was taken at the approximate centre of each group using the Global Positioning System (Garmin® GPSmap 76CSx). Between the groups, a distance from 20 to 50 m was kept to distinguish them as different groups (Teelen, 2007).
Data Analyses 
The distance sampling (Buckland et al., 2004, 2015) method was used to estimate the density and abundance of biological populations. Estimates of the Djaffa Mountains guereza density and abundance were analyzed using Distance for Windows 7.3 Release 2 (Thomas et al., 2010). Before final analysis and inference, we did exploratory analyses using R, version 4.1.2 (R Core Team 2021). Accordingly, histograms of the estimated perpendicular distance with and without truncations were plotted (range = 0–150 m; truncated at 60 m (6.3% of recommended 5–10% truncation (Buckland et al., 1993))) (Figure 3a). Boxplots of the distance associated with factor covariates such as surveyed sites and seasons were produced (Figure 4a and d). Scatterplots of nonfactor covariates including altitude and group size relationship with the estimated distance were schemed (Figure 4b and c).

We used Multiple-Covariates Distance Sampling (MCDS) (Marques et al., 2007) which allows the effects of multiple covariates to be directly incorporated into the estimation procedure using a maximum likelihood estimation (MLE) (Marques & Buckland, 2003). This method offers the potential for improved inference relative to the CDS when stratum-specific estimates of abundance are required, and sample sizes do not support separate fitting of the detection function to the data in each stratum of interest (Buckland et al., 2004). The candidate covariates included in the distance function include group size, season and altitude. 

The Distance software provides a selection of candidate functions to describe the probability of detection. We run different models in the distance software using the half-normal and hazard rate key function with cosine and simple polynomial adjustments terms (Table 1). In the MCDS engine of the Distance software, detection probability is modeled using all data combined, and estimated by stratum. We executed MCDS analyses and selected the best model using the Akaike Information Criterion (AIC, Akaike, 1973).

Once a detection function was fitted to data, the given function was used to compute abundance estimates in each forest and variance estimation. Using this model, the parameter estimation such as encounter rate and expected group size for each stratum (forest patch) were computed. The variation in encounter rate (the number of objects detected per unit survey effort) was estimated using methods described in Fewster et al. (2009). The detection function was modeled as pooled and estimated separately in each forest stratum, given the covariate values of the observations in the strata. Abundance and density estimates were calculated via a Horvitz-Thompson-like estimator (Buckland et al., 2015). Density was estimated both by each forest stratum and as a pooled estimate across the studied forests from the mean of stratum estimates weighted by stratum area. The density of groups Ds, the density of individuals D (ind/km2), and the total population size of Djaffa Mountains guereza were computed for each forest provided by the software at a 95% Confidence Interval (CI). The population density was estimated by multiplying group density estimates with the observed mean group size. The total abundance of the study taxon was obtained by simply multiplying the pooled population density estimate by the total area of the studied forests. The degree of variance was tested using the Standard Error (SE), coefficient of variation (%CV) and 95% CI. The variances estimation for the pooled density and total population abundance were estimated using the bootstrap variance estimation techniques.

The predicted value of group size was calculated by regressing the logarithmic observation of each group size on the estimated probability detection. We used a half normal estimator without a cosines corrections function. The right truncation distance was used to scale distances. The minimal AIC was used to pick estimators. Furthermore, using the Maximum Likelihood Estimation (MLE), the variance of a value of probability density function (pdf) at zero for line transects was estimated (Fewster et al., 2009), whereas the variance of observation was empirically determined from the sample. A chi-squared test was used to compare the number of observations in a given distance interval to the number predicted under the fitted detection function. Using ANOVA, the mean difference in group sizes of the Djaffa Mountains guereza between the studied forests was calculated.
RESULTS 
Analyses of the perpendicular distance data showed the median distance was 15 m (Figure 3). As indicated in figure 4b, histograms of detected distances show higher detections close to the line transect, fitting the assumption of distance sampling analyses. However, Figure 3 shows that the density curve has a narrow "shoulder" (detection probability decreasing with the distance), which is known to be undesirable because it may introduce bias to the ESW estimation. Seventy-four sightings were used after an adequate truncation point (~60 m) to estimate the detection function, density, and abundance of the Djaffa Mountains guereza.

The results of the covariate analyses revealed different distance distributions by stratum, with the Dindin Forest tending to detect C. g. gallarum at larger distances (Figure 4a) and a decrease in the mean distance with the group size (Figure 4b). Although altitude has little impact on the detection (Figure 4c), the detected distance associated with temporal strata shows that a taxon was detected at a larger median distance during the dry season than during the wet season (Figure 4d).
Modeling detection function, encounter rate and sightings 
The results of MCDS models showed that the best model with the lowest AIC was predicted by season and group size as a function of covariates (Table 1). The fitted detection function averaged over the observed covariates for the half-normal model was indicated in Figure 4b. The Chi-square goodness-of-fit tests show that a detection function model provide an adequate fit to the grouped distance data (χ2 = 2.3, df = 1, p = 0.127; Table S2). The group of C. g. gallarum sighted for each forest shows the highest record in DDF (n = 40, survey effort = 40.8 km) while the lowest sight recorded was in JKMWS (n = 8, survey effort = 28.4 km). The best distance model indicated that the effective strip width was different between the sites (Table 2). 


The encounter rates between the studied forests were varied (Table 2). The highest encounter rate of the Djaffa Mountains guereza was observed in the Hades Forest followed by the Dindin forest while the lowest encounter rate was recorded in the JKMWS. The results show that C. g. gallarum was most sighted with a total number of 39 sightings during the wet season. However, the average encounter rate of the Djaffa Mountains guereza during the dry season of 0.5/km was greater than during the wet season (0.4/km). The pooled estimated probability of observing the groups of C. g. gallarum in the defined area and the estimated effective strip width were higher during the dry season than during the wet season. 
Cluster size, density and abundance of Djaffa Mountains guereza

The mean group size of Djaffa Mountains guereza encountered across the studied forests indicated that the highest in GMF (mean ± SE = 6.4±0.5) (range 5.4–7.6) followed by DDF (mean ± SE = 5.7±0.4) (range 4.9–6.6). The lowest mean group size of the taxon was observed in the HDF (mean ± SE = 4.5±0.5) (%CV = 11.1, df = 14, 95% CI =3.5–5.6). The overall means of Djaffa Mountains guereza group size among the studied forests did not significantly vary (One-way ANOVA, F3, 73 = 1.6, p = 0.203). There is no considerable difference in the expected mean group size of the Djaffa Mountains guereza across the selected forest fragments in the Ahmar Mountains. The findings showed that the estimated group size of C. g. gallarum during the regression estimate was the highest in the JKMWS (estimate: 5.5, %CV = 29, df = 6, 95% CI = 1.0-7.7; Ci = 1.1+0.6 *xi). The lowest expected group size estimated using regression of group size on the detection function was predicted in the HDF (estimate: 4.6, %CV = 8.5, df = 13, 95% CI = 3.4-5.2; Ci = 1.3+0.1 *xi) (Table 2).  

Based on season estimate, the averaged group size during the wet season was greater than that of the dry season. The expected group size was the highest in the JKMWS (estimate: 5.9, %CV = 31.5, df = 2, 95% CI = 1.6-22.1; Cdi = 0.9 + 0.6 *xi) followed by GMF (estimate: 5.3, %CV = 7.9, df =4, 95%CI = 4.3-6.6; Cdi = 1.9 + -0.3*xi) during the dry season. During the wet season, the estimated group size was highest in the JKMWS (estimate: 19.9, %CV = 66.3, df =2, 95%CI = 1.5-267.7; Cwi = 0.8 + 1.7*xi) followed by DDF (estimate: 5.2, %CV = 9.6, df =21, 95%CI =4.8-6.9; Cwi = 1.9 + -0.4*xi). 

We found that the pooled group density, population density, and abundance of the Djaffa Mountains guereza estimated across the studied forests in the Ahmar Mountains showed 16.5/km2, 83.1/km2 and 15205, respectively (Table 2). Across each forest, an estimate showed that the Hades forest had the highest group density (26.6/km2) followed by the Dindin forest (22.5/km2). The estimated population size and density of C. g. gallarum across the forest fragments were varied (Table 2). Based on the season estimate, the pooled group density estimate of the Djaffa Mountains guereza was comparable during both seasons (Table 3). The wet season density estimate (73 ind/km2) was higher than the dry season estimate (47.3 ind/km2). For the surveyed sites, DDF had the highest group density during the dry season while HDF had the highest during the wet season. The total abundance estimated cross-studied forests and each season were varied (Table 3). 
DISCUSSION 
Considering the contemporary speed of habitat degradation and loss in tropical regions, information on primate population densities and size is critical for assessing conservation status and establishing sustainable management plans for primates (Yazezew et al., 2022). A multi-covariate distance sampling approach that takes into consideration the impact of ecological covariates on animal detection probability is the best way to produce accurate estimates of animal density and abundance for conservation purposes (Marques et al., 2007). The detection probability, expected group size, density, and abundance of the Djaffa Mountains guereza across the forest fragments in the Ahmar Mountains were investigated based on the above notion. As a result, the estimated density and abundance of Djaffa Mountain guereza across studied forests and each season were varied. The differences might be contributed by the difference in the sampling effort which is considerably different among the study sites, variations in the forest quality, geographical isolation of the fragments forest and anthropogenic pressures.

Given an average group size in different studied forests, the average group sizes of the Djaffa Mountains guereza across the selected forests in the Ahmar Mountains were different. This variation might be attributed to the difference in the forest area, floristic structure and composition, and spatial ecology of the studied forests. These figures are also slightly lower than that of 6.7 individuals given by Dunbar and Dunbar (1974) for C. g. guereza groups in the Bole Valley, central Ethiopia. They indicate that the group size of C. g. guereza is correlated positively with the number of large trees present in the area, showing that the local abundance of food determines the number of animals that can occupy a given range. In contrast to our results, C. angolensis have large groups (~300 individuals) in the Nyungwe Forest Reserve, Rwanda, due to their high consumption of mature leaves (~40% of annual diet) with higher nutritional quality (protein: fibre) compared to mature leaves analyzed at other African sites (Fimbel et al., 2001). The group size in folivorous primates is associated with ecological and social factors (Chapman &  Pavelka, 2005) and habitat quality (Von Hippel, 1996).
When compared to numbers estimated for other colobus monkey species from tropical forests, we found the endemic C. g. gallarum density was comparable across the studied forests in the Ahmar Mountains (Table 4). The estimated individual densities of Djaffa Mountains guereza at the Ahmar Mountains were lower than the densities estimated for C. g. guereza at Wof-Washa Natural State Forest in central Ethiopia (Yazezew et al., 2022), Borena-Sayint National Park, northern Ethiopia (Ibrahim et al., 2017) and Bole Valley, central Ethiopia (Dunbar, 1987). These differences in the densities of C. guereza between various localities depend on the quality of the habitat (Dunbar & Dunbar, 1974), which might be associated with the amount of forest cover and the number of preferred food trees. Hades Forest has the greatest density of C. g. gallarum, despite having the smallest forest size. Similarly, larger numbers have been documented for isolated populations in tiny forest patches (less than 50 km2), which might be attributed to the absence of major primate predators, the density compensation phenomena, and the ecological adaptability of some monkey species (González-Solís et al., 2001). Dunbar (1987) found that mean territory size is inversely linked to population density, and density is a function of forest block size. However, the population that existed in this forest area was extremely lower and on verge of local extinction because the population will collapse when it reached the forest’s carrying capacity. To conserve this endemic taxon, in the long run, we recommend that the link between territory size and its group size, density, and abundance across the fragmented forest in the Ahmar Mountains be investigated.
About fifty years ago, the number of C. g. guereza populations in southwestern Ethiopia was estimated at between 60,000 and 200,000 (Mittermeier, 1973). For the first time, we estimated the total abundance of C. g. gallarum across the selected forest fragments of the Ahmar Mountains in eastern Ethiopia. This number is lower than the estimated population of C. guereza in Kibale National Park, Uganda (Chapman & Lambert, 2000), which might be attributed to their difference in forest size and habitat quality. Except for C. satanas populations (abundance = 55948) in the Lope Reserve, Central Gabon (Brugière, 1998), the abundance of C. g. gallarum pooled over the selected forests of the Ahmar Mountains was higher than other species and subspecies of the Colobus monkeys in Africa (Dunbar, 1987; Poulsen et al., 2001; Thomas, 1991; Yazezew et al., 2022). 
In research on the population size of the C. satanas in the Lope Reserve, central Gabon, densities between logged and unlogged forests did not differ (Brugière, 1998). On the other hand, C. g. occidentalis has profited from logging in Budongo Forest Reserve, Uganda (Plumptre & Reynolds, 1994), since there are many more of them in the logged compartments than in the non-logged compartments. According to the findings of Chapman et al. (2000), low-intensity selective logging may be part of primate conservation programs in Uganda's Kibale National Park, but high-intensity logging, which is typical of most African logging operations, is incompatible with primate conservation. Studies discovered that populations of C. guereza proved to flourish with larger group densities in logged regions compared to unlogged areas. However, the effects of logging of woody trees by OFWE at Hararghe district on the population biology and ecology of the Djaffa Mountains guereza across the forests of Ahmar Mountains need further investigation. An index of mature leaf quality and the ratio of protein-to-fibre concentration also determines the biomass of arboreal folivorous primates in Africa and Asia (Chapman et al., 2002). Wasserman and Chapman (2003) found that this ratio is important for colobine species in Kibale National Park, Uganda and that it might be applied to other small mammals. Thus, for informed conservation and management plans understanding the determinants of animal abundance is vital (Chapman et al., 2004).
Although experts disagree on the optimal population size for long-term survival, authorities think that populations of 500–5,000 individuals are the bare minimum necessary to sustain genetic diversity and prevent populations from environmental stressors and demographic stochasticity (Chiarello & Melo, 2001). C. guereza is not listed as protected species in Ethiopia, rather, they are grouped under a list of wildlife to be allowed for hunting by foreign tourist hunters with unit prices of USD 600 (Council of Ministers Regulations No. 163/2008). In our study, a total abundance of Djaffa Mountains guereza estimated across the selected forest fragments in the Ahmar Mountains was 15205. Because of their limited geographic distribution (Kufa et al., 2022; Zinner et al., 2019) and small populations, the figure suggests that unless C. g. gallarum is conserved in the current research region, it might be extinct soon. The Ethiopian Wildlife Conservation Authority, established under proclamation number 575/2008, is in charge of ensuring that wildlife is properly conserved and developed for long-term use in the Protected area such as National Parks (FDRE Proclamation No. 575/2008). Ethiopian legislation recognizes the value of wild animals; however, measures to protect the welfare of individual animals are not included. Indeed, protected areas continue to be the foundation of all conservation measures, serving as the focal point of efforts to safeguard vulnerable species and are increasingly recognised as critical suppliers of biological resources. However, the establishment of a protected area does not necessarily guarantee protection for the biodiversity that it contains. Today anthropogenic activities and climate change has been exerting pressures on the protected areas' existence. Unsustainable resource utilization by human beings makes the protected area on verge of loss. As our observation in the studied forest shows different pressures exerted occasionally from the local communities proximate to the forests as well as the logging practice by the forest enterprise resulted in the fragmentation of the continuous forest and expansion of settlements at the edge of all forests. Unless urgent actions are placed in the areas, the biodiversity found there will no longer exist because the global climate change worsens the situation more rapidly than the pace of human intervention to revert its impacts.  To preserve this endemic and geographically restricted taxon with small population size, we recommend promoting community-based conservation, updating their status, assessing conservation challenges, and restocking the forests where the Djaffa Mountains guereza once succeeded. 
CONCLUSIONS 
The best way to give reliable estimates of animal density and abundance for conservation purposes is to use a multi-covariate distance sampling technique that takes into account the effects of ecological or environmental covariates on animal detection probability. Our findings indicate that Djaffa Mountains guereza was the most spotted in the Dindin Forest while it was recorded less in the Jallo-Kuni-Muktar Wildlife Sanctuary. There was a considerable difference in encounter rates of a taxon between the forests surveyed, indicating in decreasing order as Hades Forest > Dindin Forest > Gara Mulleta Forest > Jallo-Kuni Muktar Wildlife Sanctuary. The results showed that the population density of a taxon across the fragmented forests in the Ahmar Mountains is lower than a sister group, C. g. guereza studied in other localities. The present study also considered a focal subject for the conservation initiation of C. guereza and to portray plans for continued efforts in the future conservation of primates in Ethiopia. Furthermore, the IUCN species specialist group may also use the result of this study, which may be reliant on the current population size and status to determine a taxon status. As a result, promoting community-based conservation, updating their status, analyzing conservation constraints, and replenishing the forests where the Djaffa Mountains guereza existed is important to save this endemic and geographically limited taxon with tiny population size. Monitoring populations of C. g. gallarum and the influence of ecological factors on their size should be a top priority. Furthermore, assessing the conservation status of the forests, law enforcement, or even ecological modeling to explain population differences among the studied forests should be investigated. 
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Table 1 Results from fitting different models to survey data for C. g. gallarum using multiple-covariates distance sampling (MCDS). These models are arranged by differences in Akaike’s Information Criterion (∆AIC*) between each candidate model and the model with the lowest AIC value. Key functions are half-normal (HN) and hazard rate (HR). Adjustment terms are cosine (Cos) or simple polynomial (SP). Covariates for MCDS models include altitude and group size as continuous variables whereas Site is a factor. The number of parameters is shown for each model  

	Model
	Adjustment terms
	Covariates
	Number of parameters
	ΔAIC*
	AIC

	
	
	                    MCDS for pooled data 
	
	

	HN
	Cos (0)
	Season + Group size
	3
	0.0
	220.77

	HN
	Cos (0)
	Season 
	2
	0.39
	221.15

	HN
	Cos (0)
	Group size
	2
	0.41
	221.18

	HR
	SP (0)
	Season
	3
	1.24
	222.01

	HN
	Cos (0)
	Season + Group size + Altitude
	4
	1.91
	222.68

	HR
	SP (0)
	Season + Altitude
	4
	2.25
	223.02

	HN
	Cos (0)
	Season + Altitude
	3
	2.35
	223.11

	HN
	Cos (0)
	Altitude 
	2
	2.36
	223.12

	HR
	SP (0)
	Group size 
	3
	3.03
	223.80

	HR
	SP (0)
	Altitude
	3
	3.03
	223.80

	HR
	SP (0)
	Season + Group size 
	4
	4.09
	224.86

	HR
	SP(0)
	Season + Group size + Altitude
	5
	4.23
	225.00


Table 2 Parameter estimates for Djaffa Mountains guereza in the Ahmar Mountains, eastern Ethiopia. n= group sightings, L= the total length of the transect lines, ER = encounter rate (n/L), f(0) = a value of probability density function (pdf) at zero for line transects, p = probability of observing an object in the defined area, ESW = effective strip width, E(S) = expected group size, DS = group density, D = individual density, N = abundance, % CV = percent of coefficient of variations, SE = Standard Error, 95%CI = confidence intervals
	Sites
	Parameter estimates 

	
	n
	L(km)
	ER (%CV)
	f(0)
	p 
	ESW (m) (±SE)
	E(S)
	DS 

(95% CI)
	D/km2
(95% CI)
	N
(95% CI)

	DDF
	40
	40.8
	1.0 (24.5)
	0.45
	0.38
	22.8±3.0
	4.9
	22.5 (11.4–36.6)
	110.5 (53.3–182.9)
	9176 (4424–15184)

	HDF
	15
	12
	1.2 (14.5)
	0.42
	0.41
	24.7±5.1
	4.6
	26.6 (19.3–36.1)
	122.7 (82.9–173.6)
	736 (497–1042)

	JKMWS 
	8
	28.4
	0.3 (66.2)
	0.39
	0.41
	24.6±7.0
	5.5
	6.1 (0.0–13.8)
	35.1 (0.0–78.6)
	2280.8 (0.0–5108)

	GMF
	11
	12.5
	0.9 (11.0)
	0.45
	0.38
	22.6±5.7
	5.1
	20.3 (15.4–28.1)
	103.8 (70.4–155.2)
	3011.9  (2040–4502)

	Pooled estimate
	74
	93.7
	0.8*
	0.44
	0.39
	23.3
	5.0*
	16.5 (10.2–24.5)    
	83.1 (50.7–121.1)
	15205 (9288–22163)


*pooled estimate was averaged value
Table 3 Parameter estimates for Djaffa Mountains guereza in each season across the studied forests. DS = group density, D = individual density, N = abundance, 95%CI= confidence intervals
	Sites
	Parameter estimates (Season)

	
	Dry
	Wet

	
	DS

(95% CI)
	D/km2
(95% CI)
	N
(95% CI)
	DS 

(95% CI)
	D/km2
(95% CI)
	N
(95% CI)

	DDF
	14.5 (7.4–28.3)
	68.2 (33.4–139.0)
	5658.0 (2774.0–11539.0)
	13.4 (7.7–23.3)
	69.9 (39.2–124.6)
	5802.0 (3255.0–10345.0)

	HDF
	10.0 (3.6–28.2)
	49.7 (17.6–140.1)
	298.0 (106.0–841.0)
	15.5 (7.5–31.9)
	60.4 (25.9–140.6)
	362.0 (156.0–844.0)

	JKMWS 
	3.4 (0.5–23.6)
	20.0 (3.1–127.9)
	1303.0 (204.0–8315.0)
	4.6 (0.8–27.4)
	92.9 (12.2–709.9)
	6040.0 (791.0–6146.0)

	GMF
	9.0 (4.0–20.2)
	48.0 (21.3–108.3)
	1392.0 (617.0–3140.0)
	10.6 (4.0–27.7)
	39.7 (14.8-106.6)
	1153.0 (430.0–3092.0)

	Pooled estimate
	9.6
	47.3  
	8651.0
	9.9
	73.0
	13357.0


Table 4 Estimates of population in several African Guereza populations, together with ecological features 

	Species and subspecies
	Population
	Forest area (km2)
	Population estimates
	Source

	
	
	
	Group density/km2
	Individual density/km2
	Abundance
	

	C. g. gallarum 
	Ahmar Mountains, Eastern Ethiopia
	183
	16.5
	83.1
	15205
	This study

	C. g. guereza

	Wof-Washa Natural State Forest, central Ethiopia
	25.6
	14.3
	94.4
	2549
	(Yazezew et al. 2022)

	
	Borena-Sayint National Park, northern Ethiopia
	19
	14.8 
	114.2 
	2170
	(Ibrahim et al. 2017)

	
	Bole Valley, central Ethiopia
	0.1
	-
	315
	3221
	(Dunbar 1987)

	C. g. occidentalis
	Budongo Forest Reserve, Uganda
	428
	39.3
	-
	-
	(Plumptre and Reynolds 1994)

	
	Sonso, Budongo forest, Uganda
	793
	15.0
	56
	-
	(Hobaiter et al. 2017)

	
	     Dja Reserve, Cameroon
	526
	-
	4.9
	55.9
	(Poulsen et al. 2001)

	C. badius
	Ituri Forest, Zaire
	-
	1.4
	26.7
	218.9
	(Thomas 1991)

	C. angolensis
	Ituri Forest, Zaire
	-
	1.2
	7.7
	76.2
	(Thomas 1991)

	C. satanas 
	Lope Reserve, Central Gabon
	5036
	0.7
	11.3 
	55948
	(Brugière 1998)

	C. guereza
	Kibale National Park, Uganda
	766
	0.8-9.1
	26
	13228
	(Chapman and Lambert 2000)


Figure legends
Figure 1 Map of forest distribution and Djaffa Mountains guereza population survey across selected forests in the Ahmar Mountains of Eastern Ethiopia. Panel a) study area, b) Dindin Forest (DDF), c) Jallo Kuni-Muktar Wildlife Sanctuary (JKMWS), d) Hades Forest (HDF), and e) Gara Mulleta Forest (GMF)

Figure 2 Climate data of the four study sites over 30 years (1989–2019) period. These climate parameters include precipitation, minimum temperature, maximum temperature, and average temperature. The climate diagrams were produced using the statistical software R version 4.1.2 and using the R package “climatol”. The climate data were downloaded from the Centre for Environmental Data Analysis (CEDA) datasets of the Climate Research Unit (University of East Anglia Climatic Research Unit; Harris et al. 2020)
Figure 3 Frequency histograms of distance data for Djaffa Mountains Guereza: (a) all distances at which visual sightings were detected during surveys and (b) the average detection function plot, conditional on the observed covariates, where the histograms show observed frequencies at given distances, pooled over the covariates
Figure 4 Exploratory analysis of the effects of covariates on the distances at which C. g. gallarum were detected during surveys. Boxplots show distance by study sites and seasons (a and d) and scatter plots of distance as a function of group size (b, negative linear relationship) and altitude (c, somewhat unrelated). In boxplots, the solid line denotes the median, rectangle boundaries are at the first (25%) and third quartiles (75%), and whiskers are at the 1.5 inter-quartile range. DDF, Dindin Forest, GMF, Gara Mulleta Forest, HDF, Haddes Forest, JKMWS, Jallo-Kuni Muktar Wildlife Sanctuary
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