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
Estimating population densities is essential for understanding primate ecology and for guiding conservation efforts. Such information, however, is still scarce for many forest primates. The Djaffa Mountains guereza (Colobus guereza gallarum) is an Ethiopian endemic taxon for which information about their distribution and population size are missing. To fill this gap of knowledge, we conducted line-transect surveys in forest fragments within the range of C. g. gallarum in the Ahmar Mountains, Eastern Ethiopia. Between December 2020 and September 2021, we sampled 22 transects, covering a total distance of 93.7 km. We found considerable variation of encounter rates among the forest fragments. In total, we encountered 79 guereza clusters (most likely groups) and estimated their overall population density as 16.5 clusters/km2 (95%CI = 10.2–24.5) and 83.1 individuals/km2 (95%CI = 50.7–121.1). Their estimated population size was 15,205 (95%CI = 9288–22,163) individuals. This population density is thus lower than of C. g. guereza in other parts of Ethiopia. Given that the habitat of C. g. gallarum and its population are highly fragmented, further monitoring of the population and exploring the possibilities of reconnecting its habitat should be of conservation priority.
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INTRODUCTION
Primates are on the verge of extinction, with 93 percent of species experiencing population declines (Estrada & Garber, 2022). In 2022, IUCN listed over 65% of the primate species as Vulnerable, Endangered, or Critically Endangered (Fernández et al., 2022). The reasons for this negative trend are generally well known and include destruction, fragmentation and conversion of primate habitats, hunting and illegal trade (Estrada et al., 2017). 
One taxon under extinction risk is the Djaffa Mountains guereza (Colobus guereza gallarum, Neumann 1902). It is a black-and-white colobus endemic to the eastern Arsi and Ahmar Mountains, Ethiopia (Fashing & Oates, 2013, 2019; Groves, 2001, Zinner et al., 2019). However, its exact distribution is uncertain, in particular information on the range boundaries between C. g. gallarum and C. g. guereza are missing. Thus, the presence of C. g. gallarum west of the Arsi and Ahmar Mountains, e.g., in Munessa Forest, Wondo Genet Forest, Dale Forest, and the Bale Mountains National Park (Mekonen & Hailemariam, 2021; Menbere & Mekonen, 2019; Petros et al., 2018a, b, c) are questionable, at least these western populations do not carry C. g. gallarum specific mitochondrial haplotypes (Tesfaye et al., 2021; Zinner et al., 2019). 
Within the last decades, Ethiopia has experienced a severe loss of forest habitats in almost all regions of the country, including the range of C. g. gallarum (Fashing & Oates, 2019). Given the dramatic loss and degradation of forests in its range, C. g. gallarum is most likely facing a severe risk of extinction (Kufa et al., 2022). However, due to poor knowledge of its population size and distribution, C. g. gallarum is listed as Data Deficient by IUCN (Fashing & Oates, 2019).
Thus, identification of sites of its occurrence and estimates of population sizes are needed to fill this information gap and to develop appropriate conservation measures. We, therefore, conducted line-transect surveys in four forest fragments in the range of C. g. gallarum in the Ahmar Mountains, Eastern Ethiopia employing a Multi-Covariate Distance Sampling (MCDS) approach (Marques, 2001; Marques et al., 2007). In contrast to “simple” DISTANCE sampling, this approach considers, besides the perpendicular distanced, the impacts of ecological covariates such as group or cluster size, season, and altitude on the detection probability (Drummer et al., 1990; Rovero et al., 2015; Martin et al., 2016; Jacquier et al., 2020; Semel et al., 2022). One can assume that, e.g., during the rainy season, when the vegetation is dense, the detection probability will decrease. Similarly one can assume that the detection probability increases with increasing group sizes (Araldi et al., 2014). The respective covariates will be directly incorporated into the detection probability estimation procedure using a maximum likelihood estimation (MLE) (Marques & Buckland, 2003). 
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Figure 1 Outline map of the study area on Djaffa Mountains guereza in the Ahmar Mountains of Eastern Ethiopia and positons of the four forest fragments where we did the line transect surveys: Dindin Forest (DDF), Jallo Kuni-Muktar Wildlife Sanctuary (JKMWS) (Concession area of Jallo Sorroro Torgam (JST) and Kuni-Muktar Wildlife Sanctuary (KMWS)), Hades Forest (HDF), and Gara Mulleta Forest (GMF).

MATERIALS AND METHODS
Study area
This study was conducted in the Ahmar Mountains (8°30'–10°00'N latitude and 40°00'–42°30' E longitude), which extends from Eastern Arsi, Oromia regional state to Jigjiga, Somalia regional states (Figure 1). The Ahmar Mountains are a degraded area, with little forest coverage (Kufa et al., 2022). The region is mainly dominated by a dry evergreen Afromontane forests and grassland (Asefa et al., 2020; Bishaw, 2001). Due to deforestation, most of the highlands of the Ahmar Mountains is now covered by wooded grasslands, where secondary tree species thrive such as Eucalyptus and bushland in most areas (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). The climate of the study area receives a bimodal rainfall distribution, with a small rainy season between February and May, and big rains between July and September, and a longer dry period between October and January. The mean monthly precipitation for the surveyed sites over 30 years (1989–2019) period ranged from 909–960 mm per year. The mean monthly temperatures for each site vary between 6.7 and 30.7°C.
We selected four forest fragments above 1,500 m a.s.l for our survey as indicated these forests had moderately dense vegetation at higher altitudes (Table 1; Figures 2 and S1). From a pilot study we knew that C. g. gallarum is present in these forests they were also comparatively easy to access. 

Table 1 Characteristics of the four study sites. Dindin Forest (DDF), Jallo Kuni-Muktar Wildlife Sanctuary (JKMWS), Hades Forest (HDF), and Gara Mulleta Forest (GMF)
	site
	Size (km2)
	elevation 
(m a.s.l)
	number of transects
	transect length (km)
	legal status

	DDF
	83
	1980–3071
	10
	40.8
	Controlled Hunting Area (CHA)

	JKMWS
	65
	1945–3025
	4
	28.4
	Wildlife Sanctuary and CHA

	HDF
	6
	2053–2753
	4
	12
	Protected Forest

	GMF
	29
	2448–3369
	4
	12.5
	Protected Forest

	total
	183
	-
	22
	93.7
	-
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Figure 2 Positions of transects (red lines) within the four forest relicts. Dindin Forest (DDF), Jallo Kuni-Muktar Wildlife Sanctuary (JKMWS), Hades Forest (HDF), and Gara Mulleta Forest (GMF) [The maps show elevations only for the forested areas]. Sources: ArcGIS 10.4.1. Redlands, CA: Environmental Systems Research Institute, Inc., 2016.

Survey design and data collection 
We generated imagined 22 transect lines on the geographical maps of each forest fragment using ArcGIS 10.4.1 and sampled (range: 1.8–8.7 km) in a systematic survey design with a random start (Thomas et al., 2010; Buckland et al., 2015) and, where possible, positioned the transects in parallel with 1 km distance between adjacent transects (Figure 2). The total transect length was 93.7 km. Since the four forest fragments were of different size, transect number and total length varied considerably among the fragments; 12 km in Hades Forest, the smallest fragment, to 40.8 km at Dindin Forest, the largest fragment (Table 1).
We conducted the field surveys from December 2020 to September 2021 including both dry and wet seasons to determine the seasonal variation in the detectability probabilities. From 700 to 1800 h, we walked slowly along each transect (1 km/hour according) (Peres, 1999; Plumptre et al. 2013). We walked the transects one to three times. In study period, an overall 83 encounters of C. g. gallarum were observed (dry season: 37 encounters; wet season: 46 encounters). 
Colobus monkeys are relatively easy to detect because, (1) their pelage makes them good visible (Figure S3), (2) they indicate their presence in a territory daily with loud calls that may be heard for more than a kilometre, and (3) their mobility through trees is noisy (Mittermeier 1973).  For each encounter, we recorded: (1) id, (2) date and time of the sighting, (3) weather conditions, (4) sighting location along the transect, (5) number of individuals (cluster size), (6) perpendicular distance (visually estimated), and (7) initial detection cue (auditory or visual). The trained personnel led by CA accurately estimated the perpendicular distance by prior learning how to pace distances according to their length and practicing perpendicular distance estimates based on repeated trials aided by a 50-m tape to calibrate the accuracy of their visual estimation. The size of home range of C. guereza ranges from.01 km2 to 1 km2 (Marler 1969; Chapman & Pavelka 2005) and daily travel distances vary from 62 m to 1360 m (Fashing 2001a). Core areas are usually defended and groups keep a certain distance to each other (Von Hippel 1996). We therefore defined individuals >50 m apart as members of different clusters (Teelen 2007; Kiffner et al. 2022). We visually estimated the perpendicular distances to the centre of each cluster when a cluster was first detected. Although we recorded perpendicular distances to the nearest metre, we subsequently ordered the distance into distances classes: 0 m-5 m, >5 m-15 m, >15 m-25 m, >25 m-35 m, and >35 m-60 m, truncated at 60 m (6.3% of recommended 5–10% truncation (Buckland et al., 1993)). The position of locations of the detected clusters was taken on the transect using the Global Positioning System (Garmin® GPSmap 76CSx).

Data Analyses 
We employed distance sampling along line transects (Buckland et al., 1993, 2004, 2010, 2015) to estimate the density of C. g. gallarum and their population size in the study region. From the 83 encounters, 79 were recorded in groups or clusters and used in the Distance 7.3 Release 2 (Thomas et al., 2010) to estimate the density and abundance of a taxon across the surveyed sites. The recommendable numbers of encounters to reliably estimate population densities with Distance software is 60-80, but as few as 20 sightings may suffice to derive good density estimates (Peres, 1999). Before final analysis and inference, we did exploratory analyses using R, version 4.1.2 (R Development Core Team 2022).
We used the multiple covariates distance sampling engine (MCDS) in the program Distance (Marques et al., 2007; Thomas et al., 2010) which allows the effects of covariates to be directly incorporated into the estimation procedure of detection probability using a maximum likelihood estimation (MLE) (Marques & Buckland, 2003). This method offers the potential for improved inference 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 forest stratum (Buckland et al., 2004). We included cluster size, season and altitude as a covariate to account for imperfect detection. In the MCDS engine, the detection function was estimated separately in each forest stratum, given the covariate values of the observations in the strata and estimated as well the global detection function. We modeled all key functions and adjustment expansion combinations (Table 2) and selected the best model using the Akaike Information Criterion (AIC, Akaike, 1973).
Once a detection function models fitted to data, the given function of the best model (i.e., half-normal key function with no cosine adjustment (ΔAIC = 0.00; AIC = 220.77; Table 2) was used to compute density estimates for each forest fragment. A global density estimate across the studied forests was obtained from weighted the density estimate of each forest by its area (Thomas et al., 2010). The parameter estimation such as encounter rate and expected cluster size for each stratum (forest fragments) 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 population density was estimated by multiplying cluster density estimates with the observed mean cluster size. The total abundance of the study taxon was obtained by simply multiplying the global 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 (Fewster et al., 2009).
The expected cluster size was calculated by regressing the logarithmic observation of each cluster on the estimated probability detection. A chi-squared test was used to compare the number of observations in a given distance interval to the number expected under the fitted detection function. Using ANOVA, the mean difference in cluster sizes as well as estimated perpendicular distance of the Djaffa Mountains guereza between the studied forests and season was calculated.

RESULTS
[bookmark: _GoBack]The distribution of perpendicular distances in 10 m classes is given in Fig. 3a (range = 0–150 m). Analyses of the perpendicular distance data showed the median distance was 15 m. As indicated in figure 3b, 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 rapidly 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.
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Figure 3 Frequency histograms of perpendicular distances (m) data for Djaffa Mountains Guereza: (a) all distances of sightings and (b) the average detection function plot, as a function of the covariates, where the histograms show observed frequencies at given distances, pooled over the two covariates (season and cluster size, Table 2)
We found distance estimated for Djaffa Mountains guereza clusters between studied forest did not differ (one-way ANOVA between-study sites: F = 1.308, df = 3, P > 0.05). The sighting distance recorded for each site shows: Dindin forest (n = 40, mean = 26.95), Jallo-Kuni Muktar Wildlife Sanctuary (n = 8, mean = 18.50), Hades forest (n = 15, mean = 13.13), and Gara Mulleta forest (n = 11, mean= 21.36). However, the means was significantly different between seasons (Tukey-Kramer post-hoc test: F = 0.185, df = 1, P < 0.05). In Dindin Forest perpendicular distances tended to be larger distances (Figure 4a) and a decrease in the mean distance with the cluster 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).
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Figure 4 Exploratory analysis of the effects of covariates on the perpendicular 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 cluster 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

Table 2 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 cluster size as continuous variables whereas “Season” is a factor. The number of parameters is shown for each model.
	model
	adjustment term
	covariate
	number of parameters
	ΔAIC*
	AIC

	
	
	MCDS for pooled data
	
	
	

	HN
	Cos (0)
	season cluster size
	3
	0.0
	220.77

	HN
	Cos (0)
	season
	2
	0.39
	221.15

	HN
	Cos (0)
	cluster size
	2
	0.41
	221.18

	HR
	SP (0)
	season
	3
	1.24
	222.01

	HN
	Cos (0)
	season cluster 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)
	cluster size
	3
	3.03
	223.80

	HR
	SP (0)
	altitude
	3
	3.03
	223.80

	HR
	SP (0)
	season cluster size
	4
	4.09
	224.86

	HR
	SP(0)
	season cluster size altitude
	5
	4.23
	225.00



Modeling detection function, encounter rate and sightings 
The results of MCDS models showed that the best model with the lowest AIC was season and group size as a function of covariates (Table 2). 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 number of clusters of C. g. gallarum sighted for each site shows the highest value 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 data fitted models by MCDS engine indicated that the effective strip width was different among the sites (Table 3). 
The encounter rates between the four sites varied (Table 3). The highest encounter rate was recorded for Hades Forest (n = 1.2/km) followed by Dindin Forest (n = 1.0/km) while the lowest encounter rate was recorded for the JKMWS (n = 0.3/km). 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 clusters 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.

Table 3 Parameter estimates for Djaffa Mountains guereza in the Ahmar Mountains. n = group encounters, L= total length of transects, ER = encounter rate (n/L), p = probability of observing an object in the defined area, ESW = effective strip width, E(S) = expected cluster size, DS/km2 = cluster density, D/km2 = 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)
	p 
	ESW (m) (±SE)
	E(S)
	DS/km2 
(95% CI)
	D/km2
(95% CI)
	N
(95% CI)

	DDF
	40
	40.8
	1.0
(24.5)
	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)
	0.41
	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)
	0.41
	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)
	0.38
	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*
	0.39
	23.3
	5.0*
	16.5
(10.2–24.5)
	83.1
(50.7–121.1)
	15205
(9288–22,163)


* average value of the four sites 

Cluster size, density and abundance of Djaffa Mountains guereza
The mean cluster 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 cluster 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 3).
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).
The pooled cluster density of the Djaffa Mountains guereza was 16.5 clusters/km2, their population density was 83.1 ind/km2, and their abundance was 15,205 individuals (Table 3). 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 3). Based on the season estimate, the pooled group density estimate of the Djaffa Mountains guereza was comparable during both seasons (Table 4). 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 4). 
Table 4 Parameter estimates for Djaffa Mountains guereza in each season across the studied forests. n = sightings, L = the total length of the transect lines, ER = encounter rate (n/L), p = probability of observing guereza in the defined area, ESW = effective strip width, E(S) = expected cluster size, DS/km2 = cluster density, D/km2 = individual density, N = abundance, (95%CI = confidence intervals).
	season 
	sites
	parameter estimates 

	
	
	n
	L
(km)
	ER
	p
	ESW (m)
	E(S)
	DS//km2
(95% CI)
	D/km2
(95% CI)
	N
(95% CI)

	

Dry 
	DDF
	18.0
	23.0
	0.8
	0.4
	27.1
	4.7
	14.5
(7.4–28.3)
	68.2
(33.4–139.0)
	5658.0
(2774.0–11539.0)

	
	HDF
	7.0
	12.0
	0.6
	0.5
	29.1
	4.9
	10.0
(3.6–28.2)
	49.7
(17.6–140.1)
	298.0
(106.0–841.0)

	
	JKMWS 
	4.0
	20.9
	0.2
	0.5
	28.1
	5.9
	3.4
(0.5–23.6)
	20.0
(3.1–127.9)
	1303.0
(204.0–8315.0)

	
	GMF
	6.0
	12.5
	0.5
	0.4
	26.6
	5.3
	9.0
 (4.0–20.2)
	48.0
(21.3–108.3)
	1392.0
(617.0–3140.0)

	
	Pooled estimate
	35.0
	68.2
	0.5*
	0.5
	27.5
	5.2*
	9.6
	47.3  
	8651.0

	

Wet 
	DDF
	22.0
	40.8
	0.5
	0.3
	20.1
	5.2
	13.4
(7.7–23.3)
	69.9
(39.2–124.6)
	5802.0
(3255.0–10345.0)

	
	HDF
	8.0
	12.0
	0.7
	0.4
	21.6
	3.9
	15.5
(7.5–31.9)
	60.4
(25.9–140.6)
	362.0
(156.0–844.0)

	
	JKMWS 
	4.0
	19.7
	0.2
	0.4
	21.7
	20.0
	4.6
(0.8–27.4)
	92.9
(12.2–709.9)
	6040.0
(791.0–6146.0)

	
	GMF
	5.0
	12.5
	0.4
	0.3
	19.0
	3.8
	10.6
(4.0–27.7)
	39.7
(14.8-106.6)
	1153.0
(430.0–3092.0)

	
	Pooled estimate
	39.0
	85.0
	0.4*
	0.3
	20.4
	8.2*
	9.9
	73.0
	13,357.0


* average value of the four sites in each season

DISCUSSION
As expected, our findings of the line transect surveys from 2020–2021 suggest that the estimated densities of Djaffa Mountain guereza varied in the surveyed forests of Ahmar Mountains (35.1–122.7 gallarum/km2). Variance in the sampling effort, habitat variation and resources availability, isolation of the forest fragments and anthropogenic pressures might contribute to such variations. There was a noticeable change in detection likelihood based on the seasonal fluctuation in visibility, which in turn explains the variance in densities and abundance throughout the forest fragments in each season. Our results have strong implications for the conservation of this subspecies and other geographically restricted Guerezas.
We found nonsignificant differences in the mean group or cluster sizes of Djaffa Mountains guereza encountered across the studied forests. In contrast, Struhsaker et al. (2004) suggested group size might change considerably across 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. Dunbar and Dunbar (1974) found that C. g. guereza group size is correlated positively with the number of large trees. However, large groups (~300 individuals) of C. angolensis in the Nyungwe Forest Reserve, Rwanda credited to its 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). Other factors such as ecological and social (Chapman & Pavelka, 2005) and habitat quality (Von Hippel, 1996) are also affecting the group size in folivorous primates. Furthermore, lack of primate predators and the ecological adaptability of some monkey species contributed to records of larger numbers for isolated populations in tiny forest patches (less than 50 km2) (González-Solís et al., 2001). However, the group or cluster sizes that existed in the present studied forests were extremely small and on verge of local extinction because the number of forests in the taxon range has been declined due to dramatic loss and degradation (Kufa et al., 2022). 
Given C. g. gallarum densities varied over the studied forests, discriminating which ecological variables explain variation in density is vital to inform effective conservation (Semel et al., 2022). Population parameters of African black-and-white colobus have been estimated at various sites (Table 5), though the field survey and analytical methods varied among sites, it is difficult to compare estimates among studies. With this in mind, our study suggest that C. g. gallarum densities 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 between various parts could depend on the quality of the habitat (Dunbar & Dunbar, 1974), which might be associated with forest cover and preferred food trees. However, population densities of the Djaffa Mountains guereza estimated for Ahmar Mountains (83.1 ind./km2; 95% CI : 50.7–121.1) are also higher than black-and-white colobus densities in other regions in Africa (Thomas 1991; Brugière 1998; Chapman & Lambert 2000; Poulsen et al. 2001; Hobaiter et al. 2017). 

Table 5 Population parameters of African black-and-white colobus 
	Taxon
	site
	forest area km2
	cluster density/km2
	individual density/km2
	abundance
	reference

	C. g. gallarum
	Ahmar Mountains, Ethiopia
	183
	16.5
	83.1
	15,205
	this study

	C. g. guereza
	Wof-Washa Forest, Ethiopia
	25.6
	14.3
	94.4
	2549
	Yazezew et al. 2022

	
	Borena-Sayint NP, Ethiopia
	19
	14.8
	114.2
	2170
	Ibrahim et al. 2017

	
	Bole Valley, Ethiopia
	0.1
	-
	315
	3,221
	Dunbar 1987

	C. guereza
	Kibale NP, Uganda
	766
	0.8-9.1
	26
	13,228
	Chapman & Lambert 2000

	C. g. occidentalis
	Budongo Forest, Uganda
	428
	39.3
	-
	-
	Plumptre & 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. angolensis

	Ituri Forest, Zaire
	-
	1.2
	7.7
	76.2
	Thomas 1991

	C. satanas
	Lope Reserve, Gabon
	5360
	0.75
	11.3
	55,948
	Brugière 1998



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 that 9288–22,163 Djaffa Mountains guereza remain in the studied forests across the Ahmar Mountains in eastern Ethiopia. This number is comparable with the estimated population of C. guereza in Kibale National Park, Uganda (Chapman & Lambert, 2000). However, except for C. satanas populations (abundance = 55,948) in the Lope Reserve, Central Gabon (Brugière, 1998), the estimated abundance of C. g. gallarum 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). These difference in population size between Colobus monkeys in different localities might be attributed to the forest fragmentation due to logging (Plumptre & Reynolds, 1994; Brugière, 1998; Chapman et al., 2000; Chapman et al., 2002). 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. Thus, understanding the determinants of animal abundance is vital for informed conservation (Chapman et al., 2004; Semel et al., 2022).
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). In our study, a total abundance of Djaffa Mountains guereza estimated across the selected forest fragments in the Ahmar Mountains was 15,205. 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 Protected area established such as National Parks (FDRE Proclamation No. 575/2008). However, the establishment of a protected area does not necessarily guarantee protection for the biodiversity that it contains. Today anthropogenic activities, unsustainable resource utilization and climate change have been exerting pressure on the protected areas' existence. 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.  

CONCLUSIONS
As expected, the estimated densities of Djaffa Mountain guereza within the four forests and each season varied. The results showed that the population density of a taxon across the fragmented forests in the Ahmar Mountains was less than C. g. guereza in other parts of Ethiopia because of the number of forests has declines in the study region. To provide more accurate estimates of the abundance of Djaffa Mountains guereza, we recommend dedicated surveys in their suitable habitats which is delineated with the Maxent models (Kufa et al., 2022) and assess the number of forests that still contain C. g. gallarum. To preserve this endemic and geographically restricted taxon with a small population size, we also recommend promoting community-based conservation, updating their status, assessing conservation challenges, ecological modelling to explain population differences among the studied forests, and restocking the forests where the Djaffa Mountains guereza once succeeded. Monitoring populations of C. g. gallarum and the influence of ecological factors on their size should be a top priority. 
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