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Abstract

:

This paper presents the results of a phytosociological study on the Afroalpine vegetation of the Ruwenzori Mountains, one of the most prominent mountain ranges in Africa. This study marks the pioneering comprehensive investigation into the plant communities of this region, which holds significant phytogeographic importance. Through statistical analyses, eight distinct plant communities, three new alliances, two new orders, and one new class were identified within the altitudinal range of 3500 to 4600 m above sea level. These communities are well-defined from both floristic and ecological perspectives. Hierarchical classification was conducted using the quantitative Sørensen (Bray-Curtis) distance measure and the beta flexible linkage method. Furthermore, indicator species for each group were determined by calculating fidelity and constancy (occurrence frequency) within the classified dataset. To assess the validity of the classification results, non-metric multidimensional scaling (NMDS) was carried out. These analyses provide the first phytosociological arrangement of the Afroalpine vegetation of the Ruwenzori Mountains, providing a solid framework and valuable insights into its floristic and ecological characteristics.
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1. Introduction


The Ruwenzori Mountains, located along the border between Uganda and the Democratic Republic of Congo, are one of the main high-altitude areas of Africa. In fact, this mountain range reaches an altitude of 5109 m above sea level (ASL) at the top of Mount Stanley (Cima Margherita), making it the third-highest peak on the African continent, after Kilimanjaro (5895 m) and Mount Kenya (5199 m). The vegetation of this area was first documented by European explorers [1], who noted the presence of distinct altitudinal belts with very characteristic plant communities. The upper limit of the montane rainforest generally occurs between 2400 and 2700 m [2,3], followed by a bamboo-dominated belt and ericaceous forests and scrublands extending up to 3000–3100 m. At higher elevations, a woodland dominated by Rapanea rhododendroides (Gilg) Mez and Hagenia abyssinica (Bruce) J.F.Gmel becomes prevalent, while, above 3600–3800 m, the Afroalpine belt begins, extending nearly to the highest peaks, which are characterized by the presence of glaciers. From a phytogeographic point of view, the upper areas of the Ruwenzori Mountains hold significant importance due to their distinctive Afroalpine flora, with a high presence of local endemics [4]. In fact, the Afroalpine region consists of isolated areas surrounded by a vast expanse of tropical and subtropical climate zones [5]. This flora likely originated in the cold-temperate areas of Eurasia and spread southwards over the past 5 million years through several colonization events [6,7]. The flora of the Afroalpine areas shows numerous examples of evolutionary convergence, particularly within genera such as Dendrosenecio (Hauman ex Hedberg) B. Nord. and Lobelia L., which are notable for unusual phenomena of gigantism, contributing to the unique physiognomy of Afroalpine vegetation [4,8]. The first studies specifically addressing the alpine vegetation of the Ruwenzori were carried out by Woosnam [9], followed by Engler [10] and Ross [2,3], who provided initial data on the main life zones and altitudinal belts. More detailed and in-depth surveys of plant communities were later carried out by Hedberg [4] in his extensive review of the Afroalpine flora and vegetation. Additional local data have been reported by Loveridge [11] for the Nyamagasani Valley, Schmidt & Beck [12] for the Butawu Valley, and Fishlock & Hancock for the Bujuku Valley [13]. Raimànkovà & Rejmànek [14] also provide limited information on the vegetation with Carex runssoroensis K. Schum. However, these studies are largely ecological and physiognomic, typically presenting lists of species and rarely vegetation relevés. Similar data on Afroalpine vegetation have been reported by various authors for other areas, such as Kilimanjaro [15,16] and Mount Kenya [17,18]. To date, no phytosociological studies have been conducted in the Ruwenzori Mountains or other mountain regions with Afroalpine vegetation. The phytosociological method has been widely applied to the study of alpine vegetation in temperate regions of Europe and Asia [19,20,21,22], and it has also proven efficient in studying mountain vegetation in tropical regions, particularly in the Andes [23,24]. Therefore, the aim of this study is to propose a phytosociological classification of the plant communities occurring in the Ruwenzori Mountains between 3500 and 4600 m. The proposed phytosociological framework is based on multivariate analysis, utilizing a hierarchical classification of vegetation. The identified communities were characterized from a floristic, ecological, structural, and distributive point of view. This study, therefore, aims to identify and analyze, using a well-known and tested method, the main types of vegetation present in the area. It will also allow the identification of an altitudinal gradient of the different communities.



This paper may represent a starting point for further studies in other mountain areas of Africa with similar vegetation, which may provide a more extensive phytosociological classification of Afroalpine plant communities.




2. Materials and Methods


2.1. Study Area


The research was carried out on the south-eastern side of the Ruwenzori mountains, within the territory of Uganda (Western Region), near its border with the Democratic Republic of Congo. On the Ugandan side, the mountains lie within the Ruwenzori Mountains National Park (UNESCO World Heritage site). The surveyed area covers approximately 3000 km2, at an altitudinal range of 3500 to 4600 m above sea level. The study area is situated at 0°19′4.58″ N and 29°52′54.14″ E (Figure 1). Due to the lack of long-term climate data, statistically significant trends could not be determined. However, data from the Fresh Field Pass meteorological station (4200 m) recorded over a four-year period (2009 to 2012) indicate an average temperature of −1.3 °C and an average annual precipitation of 535. 8 mm. Additionally, data from the Bujuku Hut station (3900 m) collected over a two-year period (2011–2012) show an average temperature of 3.9 °C and average annual precipitation of 526.1 mm [25]. Precipitation is primarily concentrated in two rainy seasons (March–May and September–December), during which fog, rain, and snow at the highest elevations persist for long periods. Frosts are frequent throughout most of the year at altitudes above 4000 m [26]. However, it must be highlighted that the lack of long-term climate data limits our ability to understand the ecology of the studied communities, and it is hoped that this gap can be filled in the future.



Geologically, the Ruwenzori Mountains form a narrow mountain range, exceeding 5000 m in elevation, within the western branch of the East African Rift System. Unlike the volcanic origins of Kilimanjaro and Mount Kenya, the Ruwenzori Mountains consist of Precambrian metamorphic rocks [27].




2.2. Data Collection


The plant species were identified and photographed directly in the field. Species identification, as well as other data on taxonomy and distribution, were obtained from the literature. The nomenclature of the taxa follows Flora of Tropical East Africa [28] and Flore du Rwanda [29]. Additional information on the taxonomy and species distribution was sourced from various references [30,31]. Fieldwork was conducted over a two-year period (2016–2017) during the months of December and January.



According to the Braun-Blanquet methodology [32], a total of 27 relevés were conducted in 12 sites within an altitudinal range of 3500–4600 m ASL. Plot size varied from 50 to 100 m2. Vegetation relevés were sampled in different biotopes, which were randomly selected and positioned according to the principle of homogeneity. For each relevé, species presence was recorded. The coverage was obtained by a rough estimate of the percentage of surface covered by vegetation.



Due to insufficient expertise, the species of bryophytes and lichens were not identified.




2.3. Data Analysis and Vegetation Classification


All statistical analyses were performed using R 4.2.3 software [33]. According to van der Maarel [34], we converted the combined cover-abundance data into an ordinal scale (1–9). In particular, the hierarchical classification was carried out using the “vegan” package [35]. The phytosociological relevés were analyzed using the Bray-Curtis distance and beta flexible method (beta = −0.25). The Bray-Curtis distance was chosen as it is widely recognized as one of the most effective metrics for analyzing ecological communities. It minimizes the impact of outliers and maintains sensitivity even when dealing with heterogeneous datasets [36]. The beta flexible method was employed as the linkage criterion due to its compatibility with Bray-Curtis distance and its property of conserving spatial relationships. This method preserves the integrity of the original dissimilarity matrix throughout the clustering process. In contrast, space-distorting methods may introduce issues like excessive chaining, where individual items are incrementally added to existing clusters [36,37]. The optimal number of clusters was determined using the silhouette index, calculated with the “cluster” package [38]. The indicator species analysis was carried out utilizing the “multipatt” function of the “indicspecies” package [39]. We calculated Pearson’s phi coefficient [40] in order to identify the vegetation type-specific species for the different cluster groups [37,41]. Non-metric multidimensional scaling (NMDS), using Bray-Curtis dissimilarity, was applied to depict the main trends in the floristic differences. This iterative approach is particularly suitable for ecological data as it performs well with non-normal distributions, supports non-Euclidean distance measures, and does not assume linear or unimodal species responses to environmental gradients [36]. The nomenclature of the new syntaxa proposed (listed in Appendix A) follows the 4th edition of the International Code of Phytosociological Nomenclature [42]. The nomenclature and chorotype of the taxa recorded (listed in Appendix B) are in accordance with POWO [43].





3. Results and Discussion


Figure 2 presents a dendrogram derived from the classification of phytosociological relevés, which were divided into two primary groups (Cluster A and B). According to the silhouette width, 8 different plant communities were identified (Figure 3A). At each fusion level, the average silhouette width can be used as a measure of the quality of the partition (Rousseeuw quality index), and the best partition turns out to be exactly 8 clusters (Figure 3B).



The non-metric multidimensional scaling (NMDS) analysis of the entire vegetation using species abundance confirmed the separation of the clusters of the dendrogram for each syntaxa (Figure 4). From a phytosociological viewpoint, a total of 8 associations, 3 alliances, 2 orders, and 1 class are presented. These represent new proposed syntaxa for the Ruwenzori Mountains, considering the lack of previous phytosociological studies for the area. Based on our phytosociological reléves, a reduction in species richness and vegetation cover with increasing elevation was noted. In fact, the communities occurring in the lower belt of the Afroalpine area (below 4000 m) show a floristic richness of up to 9–11 species for a 50 m2 plot, while on the surfaces of equal size above 4000 m, no more than 7 species were detected, with a minimum of 5 species at around 4300 m. Furthermore, the vegetation of the Ruwenzori Mountains is significantly affected by the steep slopes, limited availability of substrate, and the harshest weather conditions being at higher altitudes. These data are consistent with the findings of Ssali et al. [44].



Below is provided an overview of these vegetation units, with information about the floristic set, structure, composition, ecology, and distribution. After comparison with the literature [2,3,10,11,12,13], all these vegetation units could be described as new syntaxa.



3.1. Description of Vegetation Units


	
Helichrysetea stuhlmannii class nov. hoc loco



	
Holotypus: Dendrosenecionetalia erici-rosenii ord. nov.






Physiognomy and ecology: This class includes all Afroalpine vegetation communities found in the Ruwenzori Mountains. Similar vicariant syntaxa are likely present in the other central-eastern Africa mountains ranges, such as Kilimanjaro, Mount Elgon, Mount Kenya, etc. Floristically, this vegetation is characterized by the consistent presence and often dominance of Helichrysum stuhlmannii.



Indicator species: Hypericum bequartii, Helichrysum stuhlmannii, Senecio transmarinus, Poa ruwenzoriensis.



Distribution: This vegetation is widely distributed across the Afroalpine region of the Ruwenzori Mountains, occurring between 3000 (more typically 3500) and 4600 m above sea level.



	A. 

	
Dendrosenecionetalia erici-rosenii ord. nov. hoc loco







	
Holotypus: Dendrosenecionion erici-rosenii all. nov. hoc loco






Physiognomy and ecology: This order includes plant communities linked to the lowest altitudinal zone of the Afroalpine belt. This vegetation is characterized by a dense structure and dominated by tall woody species, such as Dendrosenecio erici-rosenii, Erica trimera subsp. Trimera, and Hypericum bequartii.



Indicator species: Alchemilla argyrophylla subsp. argyrophylloides, Dendrosenecio erici-rosenii, Erica trimera subsp. trimera, Hypericum bequartii.



Distribution: This vegetation is widespread in the Afroalpine region of the Ruwenzori mountains between (3000) 3500 and 4000 m ASL.



	A1. 

	
Dendrosenecion erici-rosenii all. nov. hoc loco







	
Holotypus: Galio ruwenzoriensis-Dendrosenecionetum erici-rosenii ass. nov. hoc loco






Physiognomy and ecology: See order.



Indicator species: Hypericum bequartii, Dendrosenecio erici-rosenii, Alchemilla argyrophylla subsp. argyrophylla, Erica trimera subsp. trimera.



Distribution: See order.



	A1.1. 

	
Galio ruwenzoriensis-Dendrosenecionetum erici-rosenii ass. nov. hoc loco (Table 1, Figure 2—Cluster A1.1, Figure 5A)







	
Holotypus: Rel. 5, Table 1






Physiognomy and ecology: This vegetation type consists of tall woody species, reaching up to 8 m in height, and is associated with slightly sloping and moderately humid surfaces between 3600 and 4000 m. This plant community partly corresponds to the “Dendrosenecio woodland” quoted by Hedberg [4] and represents one of the most distinctive vegetation types of the Afroalpine areas. It is present in all the major mountains of central-eastern Africa, featuring various vicariant species of the genus Dendrosenecio. In the Ruwenzori Mountains, the dominant species is the local endemic D. erici-rosenii, which constitutes dense arboreal-shrub formations with high degrees of coverage, contrasting with similar vegetation on Mount Kenya and Kilimanjaro. Other species commonly found in this vegetation type are Galium ruwenzoriense, Afrosciadium kerstenii, Helichrysum stuhlmannii, Lobelia stuhlmannii, and Alchemilla argyrophylla. At higher altitudes (above 4000 m), D. erici rosenii becomes less frequent, being replaced by D. adnivalis, which prefers more humid and deeper soils.



Indicator species: Dendrosenecio erici-rosenii, Galium ruwenzoriense, Lobelia stuhlmannii.



Distribution: This vegetation was widely detected in various locations of the lower Afroalpine belt below 4000 m.





 





Table 1. Galio ruwenzoriensis-Dendrosenecionetum erici-rosenii ass. nov. hoc loco.






Table 1. Galio ruwenzoriensis-Dendrosenecionetum erici-rosenii ass. nov. hoc loco.













	Relevés
	1
	2
	3
	4
	5





	Altitude (m)
	3600
	3600
	3700
	3700
	4000



	Surface (m2)
	100
	100
	50
	50
	100



	Coverage (%)
	90
	80
	90
	90
	90



	Inclination (°)
	60
	60
	70
	70
	70



	Exposure
	SO
	SO
	NO
	NO
	NE



	Char. Ass.
	
	
	
	
	



	Dendrosenecio erici-rosenii
	4
	4
	4
	3
	3



	Lobelia stuhlmannii
	2
	+
	+
	1
	.



	Galium ruwenzoriense
	.
	+
	.
	+
	1



	Char. Ord. and All.
	
	
	
	
	



	Alchemilla argyrophylla subsp. argyrophylloides
	+
	1
	1
	1
	.



	Afrosciadium kerstenii
	1
	.
	1
	+
	.



	Hypericum bequaertii
	.
	.
	1
	+
	1



	Erica trimera subsp. trimera
	+
	+
	+
	.
	.



	Char. Class
	
	
	
	
	



	Helichrysum stuhlmannii
	2
	1
	3
	2
	.



	Senecio transmarinus
	+
	.
	.
	+
	.



	Other species
	
	
	
	
	



	Cardamine obliqua
	.
	+
	+
	.
	+



	Senecio sp.
	+
	+
	.
	+
	.



	Alchemilla johnstonii
	.
	+
	.
	.
	.



	Luzula johnstonii
	+
	.
	.
	.
	.



	Poa ruwenzoriensis
	.
	.
	+
	.
	.



	Lobelia wollastonii
	.
	.
	.
	.
	1



	Arabis alpina
	.
	.
	.
	.
	+



	Poa annua
	.
	.
	.
	.
	+








	A1.2. 

	
Alchemilletum argyphyllae ass. nov. hoc loco (Table 2, Figure 2—Cluster A1.2, Figure 5C)







	
Holotypus: Rel. 6, Table 2






Physiognomy and ecology: This vegetation represents a typical community referred to as the “Alchemilla scrublands”, which was previously investigated by Hauman [32] and Hedberg [4] and represents one of the most widespread vegetation types in all Afroalpine areas. From a phytogeographical point of view, it is notable for the presence of some genera commonly found in temperate areas of Europe and Asia, such as Alchemilla, Cardamine, Poa, Deschampsia, Senecio, Hypericum, etc. This community colonizes flat and humid surfaces, often on slightly raised areas above marshes, between 3600 and 4000 m. It is dominated by A. argyrophylla subsp. argyrophylloides, which, especially at lower altitudes, grows with A. johnstonii. The herbaceous layer frequently includes Cardamine obliqua, Poa ruwenzoriensis, and Senecio transmarinus.



Indicator species: Afrosciadium kerstenii, Alchemilla argyrophylla subsp. argyrophylloides, A. johnstonii, Poa schimperana.



Distribution: This vegetation is very frequent on the eastern slopes of the Ruwenzori Mountains.





 





Table 2. Alchemilletum argyphyllae ass. nov. hoc loco.






Table 2. Alchemilletum argyphyllae ass. nov. hoc loco.










	Relevés
	6
	7





	Altitude (m)
	3700
	3800



	Surface (m2)
	50
	50



	Coverage (%)
	90
	90



	Inclination (°)
	50
	60



	Exposure
	NE
	NE



	Char. Ass.
	
	



	Alchemilla argyrophylla subsp. argyrophylloides
	4
	3



	Alchemilla johnstonii
	1
	1



	Afrosciadium kerstenii
	1
	+



	Poa schimperana
	.
	+



	Char. Ord. and All.
	
	



	Dendrosenecio erici-rosenii
	+
	.



	Hypericum bequaertii
	.
	+



	Char. Class
	
	



	Helichrysum stuhlmannii
	+
	1



	Senecio trasmarinus
	+
	+



	Poa ruwenzoriensis
	+
	+



	Other species
	
	



	Cardamine obliqua
	1
	1



	Alchemilla triphylla
	.
	+








	A1.3. 

	
Helichrysetum stuhlmannii ass. nov. hoc loco (Table 3, Figure 2—Cluster A1.3, Figure 6A)







	
Holotypus: Rel. 10, Table 3






Physiognomy and ecology: This scrub community generally represents secondary vegetation, originating from the degradation of Dendrosenecio woodlands. In particular, it primarily colonizes recently burned areas up to 4400 m and constitutes one of the initial stages of plant recolonization after a fire [45].



The plant community is dense but floristically poor, dominated by Helichrysum stuhlmannii, a large shrub reaching up to 2 m in height, often associated with Erica trimera subsp. trimera, Helichrysum guilelmi, Lobelia bequaertii, etc. This vegetation likely plays a primary role in gently sloping, rocky areas with thin soil layers.. At altitudes above 4000 m, this vegetation tends to become shorter and sparser.



Indicator species: Helichrysum stuhlmannii, Helichrysum guilelmi, Lobelia bequaertii.



Distribution: This community represents one of the most typical vegetations of the Ruwenzori Mountains, particularly in the most disturbed areas of the Afroalpine zone.





 





Table 3. Helichrysetum stuhlmannii ass. nov. hoc loco.






Table 3. Helichrysetum stuhlmannii ass. nov. hoc loco.












	Relevés
	8
	9
	10
	11





	Altitude (m)
	3900
	4000
	4000
	3900



	Surface (m2)
	50
	100
	100
	100



	Coverage (%)
	70
	80
	80
	90



	Inclination (°)
	60
	70
	70
	60



	Exposure
	NO
	SE
	SE
	NO



	Char. Ass.
	
	
	
	



	Helichrysum stuhlmannii
	3
	3
	4
	4



	Lobelia bequaertii
	.
	+
	+
	1



	Helichrysum guilelmi
	+
	.
	+
	+



	Char. Ord. and All.
	
	
	
	



	Alchemilla argyrophylla subsp. argyrophylloides
	1
	1
	1
	.



	Erica trimera subsp. trimera
	.
	1
	+
	+



	Hypericum bequaertii
	.
	+
	1
	+



	Dendrosenecio erici-rosenii
	+
	.
	.
	.



	Char. Class
	
	
	
	



	Senecio trasmarinus
	1
	.
	.
	.



	Other species
	
	
	
	



	Alchemilla johnstonii
	+
	.
	.
	.



	Senecio sp.
	+
	.
	.
	.



	Hedbergia longiflora subsp. macrophylla
	.
	.
	.
	+








	A1.4. 

	
Erico trimerae-Hypericetum bequaertii ass. nov. hoc loco (Table 4, Figure 2—Cluster A1.4, Figure 6B)







	
Holotypus: Rel. 14, Table 4






Physiognomy and ecology: This association is characterized by a very peculiar woodland dominated by Hypericum bequaertii, an endemic species of Ruwenzori and Elgon Mt. It was first identified in the Ruwenzori Mountains by Schmitt & Beck [12]. This community occurs on steep, wet slopes in the lower belt of the Afroalpine zone, between 3300 and 4000 m. Usually, it forms a dense and tall vegetation reaching up to 12 m in height. The shrubby layer is mainly composed of Erica trimera subsp. trimera. From the floristic point of view, the occurrence of Galium ruwenzoriense is particularly noteworthy.



Indicator species: Hypericum bequartii.



Distribution: This community is quite rare in the western and eastern slopes of the Ruwenzori Mountains.





 





Table 4. Erico trimerae-Hypericetum bequaertii ass. nov. hoc loco.






Table 4. Erico trimerae-Hypericetum bequaertii ass. nov. hoc loco.












	Relevés
	12
	13
	14
	15





	Altitude (m)
	3600
	4000
	4000
	4000



	Surface (m2)
	50
	100
	100
	50



	Coverage (%)
	90
	80
	80
	70



	Inclination (°)
	80
	70
	70
	70



	Exposure
	NO
	SE
	SE
	NE



	Char. Ass.
	
	
	
	



	Hypericum bequaertii
	4
	3
	4
	3



	Crassocephalum ducis-apruti
	.
	+
	+
	.



	Char. Ord. and All.
	
	
	
	



	Erica trimera subsp. trimera
	2
	+
	+
	.



	Dendrosenecio erici-rosenii
	+
	+
	.
	+



	Lobelia bequaertii
	.
	+
	+
	.



	Galium ruwenzoriense
	.
	+
	.
	.



	Char. Class
	
	
	
	



	Helichrysum stuhlmannii
	.
	.
	+
	1



	Senecio trasmarinus
	.
	.
	+
	.



	Other species
	
	
	
	



	Lobelia wollastonii
	.
	1
	1
	+



	Senecio sp.
	+
	.
	.
	+



	Helichrysum forskahlii
	.
	.
	+
	.



	Luzula johanstonii
	.
	.
	+
	.








	B. 

	
Dendrosenecionetalia adnivalis ord. nov. hoc loco







	
Holotypus: Dendrosenecion adnivalis all. nov.






Physiognomy and ecology: This syntaxon includes the communities found in the upper altitudinal zone of the Afroalpine belt. This vegetation generally shows a loose structure and is floristically dominated by woody shrubs such as Dendrosenecio adnivalis and Helichrysum stuhlmannii. Additionally, various herbaceous plants are prominent, including Carex runssoroensis, Deschampsia flexuosa, Festuca abyssinica, and Senecio transmarinus.



Indicator species: Dendrosenecio adnivalis, Carex runssoroensis, Alchemilla subnivalis.



Distribution: This vegetation is widespread in the Afroalpine region of the Ruwenzori mountains between 4000 and 4600 m ASL.



	B1. 

	
Dendrosenecionion adnivalis all. nov. hoc loco







	
Holotypus: Lobelio wollastonii-Dendrosenecionetum adnivalis ass. nov. hoc






Physiognomy and ecology: This alliance includes woody or herbaceous plant communities found on moderately moist, deep soils, typically on flat or slightly sloping surfaces. This vegetation occurs at elevations between 4000 and 4500 m ASL.



Diagnostic species: Dendrosenecio adnivalis, Carex runssoroensis, Lobelia wollastonii.



Distribution: See order.



	B1.1. 

	
Lobelio wollastonii-Dendrosenecionetum adnivalis ass. nov. hoc loco (Table 5, Figure 2—Cluster B1.1, Figure 5B)







	
Holotypus: Rel. 16, Table 5






Physiognomy and ecology: This community replaces the previous one in wet and deep soils, within the altitudinal range of 4000–4500 m. It consists of relatively tall vegetation, reaching up to 6–8 m in height, dominated by Dendrosenecio adnivalis, which constitutes a dense tree layer. Floristically, the physiognomy of this vegetation is characterized by the regular presence of Lobelia wollastonii, typically intermixed with D. adnivalis as individual plants or small groups. The herbaceous layer is sparse and composed of a few species, such as Poa ruwezoriensis, Festuca abyssinica, Alchemilla sp. pl., etc. A continuous moss carpet covers both the soil and the stems of Dendrosenecio.



Indicator species: Dendrosenecio adnivalis, Alchemilla adnivalis, Lobelia wollastonii.



Distribution: This vegetation is quite spread in the upper Afroalpine belt, particularly near the Bamwanjara Pass.





 





Table 5. Lobelio wollastonii-Dendrosenecionetum adnivalis ass. nov. hoc loco.






Table 5. Lobelio wollastonii-Dendrosenecionetum adnivalis ass. nov. hoc loco.












	Relevés
	16
	17
	18
	19





	Altitude (m)
	4300
	4300
	4500
	4200



	Surface (m2)
	100
	100
	50
	50



	Coverage (%)
	60
	50
	40
	50



	Inclination (°)
	10
	10
	30
	20



	Exposure
	NE
	NE
	NE
	NE



	Char. Ass.
	
	
	
	



	Dendrosenecio adnivalis
	4
	3
	2
	3



	Char, All. and Ord.
	
	
	
	



	Lobelia wollastonii
	2
	1
	.
	+



	Carex runssoroensis
	+
	.
	.
	+



	Char. Class
	
	
	
	



	Helichrysum stuhlmannii
	2
	2
	+
	.



	Alchemilla subnivalis
	+
	+
	1
	.



	Afrosciadium kerstenii
	+
	+
	.
	.



	Poa ruwenzoriensis
	.
	+
	1
	.



	Festuca abyssinica
	.
	.
	+
	.



	Other species
	
	
	
	



	Alchemilla triphylla
	+
	.
	.
	.



	Lobelia stuhlmannii
	.
	.
	.
	+








	B1.2. 

	
Caricetum runssoroensis ass. nov. hoc loco (Table 6, Figure 2—Cluster B1.2, Figure 6C)







	
Holotypus: Rel. 24, Table 6






Physiognomy and ecology: The flat or gently sloping surfaces with poor drainage and waterlogging are colonized by herbaceous vegetation dominated by Carex runssoroensis, a species spread in all Afroalpine areas. This bog vegetation occurs between 3300 and 4200 m and is characterized by a taller layer of sedges and grasses, mainly including C. runssoroensis, Deschampsia cespitosa, and Agrostis gracilifolia, along with a lower moss carpet composed of Sphagnum sp.pl. and other herbaceous plants such as Subularia monticola, Cerastium afromontanum, Ranunculus oreophytus, R. volkensii, Huperzia saururus, etc. The tussocks of C. runssoroensis constitute a thick peat layer (up to 1 m), determining low values of pH [4]. This vegetation is often found in the outer belt of alpine lakes, transitioning inward to highly hygrophilous herbaceous communities dominated by Subularia monticola. Outwardly, this vegetation forms catenal contact with Alchemilletum argyphyllae, occurring on the dryer raised surfaces.



Indicator species: Carex runssoroensis, Huperzia saururus, Ranunculus oreophytus, Subularia monticola.



Distribution: This vegetation is very frequent in the Ruwenzori Mountains, particularly along the eastern slopes. Similar communities probably occur in the other Afroalpine areas.





 





Table 6. Caricetum runssoroensis ass. nov. hoc loco.






Table 6. Caricetum runssoroensis ass. nov. hoc loco.












	Relevés
	24
	25
	26
	27





	Altitude (m)
	3800
	4100
	4000
	3900



	Surface (m2)
	50
	50
	100
	50



	Coverage (%)
	90
	80
	90
	90



	Inclination (°)
	0
	10
	0
	0



	Exposure
	SO
	SO
	NE
	NE



	Char. Ass.
	
	
	
	



	Carex runssoroensis
	4
	4
	1
	4



	Huperzia saururus
	.
	+
	+
	+



	Subularia monticola
	.
	+
	1
	+



	Ranunculus oreophytus
	+
	.
	+
	+



	Cerastium afromontanum
	
	
	+
	+



	Deschampsia cespitosa
	+
	.
	3
	.



	Char. All.
	
	
	
	



	Lobelia wollastonii
	1
	+
	+
	.



	Char. Ord.
	
	
	
	



	Dendrosenecio adnivalis
	
	
	+
	.



	Char. Class
	
	
	
	



	Helichrysum stuhlmannii
	+
	+
	+
	+



	Senecio trasmarinus
	.
	+
	.
	.



	Other species
	
	
	
	



	Alchemilla subnivalis
	+
	.
	+
	.



	Crassocephalum ducis-aprutii.
	+
	.
	.
	.



	Erica trimera subsp. trimera
	.
	+
	.
	.



	Helichrysum guilelmii
	+
	.
	.
	.



	Agrostis gracilifolia
	+
	.
	.
	.



	Alchemilla argyrophylla subsp. argyrophylloides
	.
	.
	1
	.



	Ranunculus volkensii
	.
	.
	.
	+








	B2. 

	
Alchemillion stuhlmannii all. nov. hoc loco







	
Holotypus: Alchemilletum subnivalis ass. nov. hoc loco






Physiognomy and ecology: This syntaxon includes low shrubby or herbaceous plant communities. This vegetation occurs on shallow soils, often with rocky outcrops, at elevations ranging from 4000 m to the upper limit of vegetation.



Indicator species: Alchemilla stuhlmannii, A. triphylla, Arabis alpina, Festuca abyssinica.



Distribution: See order.



	B2.1. 

	
Alchemilletum subnivalis ass. nov. hoc loco (Table 7, Figure 2—Cluster B1.2, Figure 5D)







	
Holotypus: Rel. 20, Table 7






Physiognomy and ecology: This community replaces the Alchemilletum argyphyllae at higher altitudes, occurring between 4000 and 4750 m, often on fresh moraines near the upper vegetation limit below glaciers. Floristically, it is a rather species-poor community with low coverage. In fact, Alchemilla subnivalis is associated with only a few other herbaceous species, including A. triphylla, A. stuhlmannii, Arabis alpina, Poa ruwenzoriensis, and Cardamine obliqua.



Indicator species: Alchemilla subnivalis, Arabis alpina.



Distribution: This vegetation is sparsely distributed across the upper slopes of the Ruwenzori Mountains.





 





Table 7. Alchemilletum subnivalis ass. nov. hoc loco.






Table 7. Alchemilletum subnivalis ass. nov. hoc loco.










	Relevés
	20
	21





	Altitude (m)
	4300
	4300



	Surface (m2)
	50
	50



	Coverage (%)
	90
	90



	Inclination (°)
	40
	30



	Exposure
	NO
	NO



	Char. Ass.
	
	



	Alchemilla subnivalis
	3
	2



	Char. All., Ord. and Class
	
	



	Alchemilla stuhlmannii
	+
	1



	Arabis alpina
	+
	+



	Poa ruwenzoriensis
	+
	.



	Other species
	
	



	Alchemilla triphylla
	1
	1



	Cardamine obliqua
	+
	+








	B2.2. 

	
Senecio mattirolii-Sedetum ruwenzoriensis ass. nov. hoc loco (Table 8, Figure 2—Cluster B2.2, Figure 6D)







	
Holotypus: Rel. 22, Table 8






Physiognomy and ecology: This is a chasmophilous community linked to rocky outcrops or stony slopes with very shallow soils, occurring between 3300 and 4500 m. It is characterized by the dominance of Sedum ruwenzoriensis, often with low coverage values. Floristically, this community shows very low species richness. Among the few other species present are Senecio mattirolii, S. x pirottae, S. trasmarinus, and Festuca abyssinica.



Indicator species: Sedum ruzeworiense, Senecio mattirolii, S. x pirottae.



Distribution: This vegetation is relatively uncommon and covers only small surfaces in the Ruwenzori Mountains.





 





Table 8. Senecio mattirolii-Sedetum ruwenzoriensis ass. nov. hoc loco.






Table 8. Senecio mattirolii-Sedetum ruwenzoriensis ass. nov. hoc loco.










	Relevés
	22
	23





	Altitude (m)
	4000
	4000



	Surface (m2)
	50
	50



	Coverage (%)
	40
	40



	Inclination (°)
	80
	90



	Exposure
	NE
	NE



	Char. Ass.
	
	



	Sedum ruwenzoriense
	2
	2



	Senecio mattirolii
	1
	1



	Senecio x pirottae
	+
	+



	Char. Ord. and All.
	
	



	Arabis alpina
	+
	+



	Char. Class.
	
	



	Festuca abyssinica
	1
	+



	Senecio trasmarinus
	.
	+



	Other species
	
	



	Avenella flexuosa subsp. flexuosa
	+
	.









3.2. Floristic Remarks


A total of 39 vascular species (Appendix C, Figure 7) belonging to 21 genera and 15 families were recorded. The flora of the total relevé dataset is dominated by Asteraceae (10 taxa), Poaceae (7 taxa), Rosaceae (6 taxa), and Campanulaceae and Brassicaceae (3 taxa). These results concerning plant diversity are also in line with those observed, for example, in the study conducted by Ssali et al. [44]. Such a low number of recorded species is in agreement with the hypothesis proposed by [7]: that the Afroalpine flora is isolated, young, and unsaturated because the habitat disturbance caused by the Pleistocene climate oscillations likely induced cycles of colonization, speciation, extinction, and recolonization, probably not yet finished. A low number of species and a high rate of endemism are also observed in the high-altitude areas of mountains in other territories, which are also subject to Pleistocene climatic oscillations [45,46].



In terms of life forms (Figure 8), hemicryptophytes are the most represented (59%), followed by phanerophytes (16%), chamaephytes (15%), geophytes, and therophytes (2%). From a chorological perspective (Figure 9), the narrow endemics of the Ruwenzori mountains are represented by 11 taxa (28%), while 17 species (44%) are shared with other mountain areas of Central and Eastern Africa. A significant contingent consists of species mainly distributed in the temperate regions of Europe and Asia (5%). Furthermore, the vegetation and flora of the Ruwenzori Mountains, including many endemic species identified during our phytosociological surveys, may be at high risk of extinction due to ongoing climate change [47]. This phenomenon is becoming increasingly apparent in East Africa’s high mountain regions, as evidenced by the rapidly receding glaciers [48]. The difference in plant species between the lowest and highest summits of the Ruwenzori Mountains highlights the restricted elevation ranges of many species. Several studies have demonstrated that plant species growing in tropical alpine zones are predominantly dispersed by birds and wind, which enables them to overcome topographical barriers [49,50,51].





4. Conclusions


The results of this study represent the first comprehensive classification of the Afroalpine vegetation of the Ruwenzori Mountains. The dominance of hemicryptophytes (59%) in the flora, followed by phanerophytes (16%) and chamaephytes (15%), reflects the significant adaptation of these life forms to the harsh climatic conditions at elevations above 3500 m. These adaptations, including frost tolerance and wind resistance, are critical for survival in extreme environments. The vegetation communities display distinct vertical zoning in correspondence with altitudinal gradients (Figure 10). Identifying new plant groups, including new associations and alliances, contributes significantly to understanding Afroalpine vegetation.



The presence of unique and vicariant species in the Ruwenzori Mountains, such as Dendrosenecio erici-rosenii and Helichrysum stuhlmannii, supports previous findings on the evolutionary significance of these isolated mountain ecosystems. Based on our results, the number of unique species highlights the biogeographical importance of the Ruwenzori Mountains as a center for endemism and a potential refuge during historical climatic shifts. The flora likely represents a mix of ancient lineages that survived past climatic fluctuations. The ecological significance of the identified plant communities is reflected in their roles in ecosystem function, particularly in water regulation and soil stabilization. The bog vegetation dominated by Carex runssoroensis, which occurs in poorly drained areas between 3300 and 4200 m, is crucial for peat formation and water retention. Despite the limitations of this study, including the sample size, constraints of the investigation period, and potential long-term effects of environmental changes, our findings provide a baseline for future research on Afroalpine vegetation.



Further investigations are needed to monitor the dynamics of these plant communities in response to environmental changes, particularly those driven by climate change. In conclusion, this study represents a significant step forward in the classification of the Afroalpine vegetation of the Ruwenzori Mountains. The identification of new plant communities and their ecological roles underscores the importance of these ecosystems for biodiversity conservation. Immediate conservation actions, combined with continued research, will be essential to preserve the unique flora of this remarkable mountain range.
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Appendix A




	Conspectus of the Syntaxa



	HELICHRYSETEA STUHLMANNII Cambria, Minissale & Tavilla



	 DENDROSENECIONETALIA ERICI-ROSENII Cambria, Minissale & Tavilla



	  DENDROSENECIONION ERICI-ROSENII Cambria, Minissale & Tavilla



	   Galio ruwenzoriensis-Dendrosenecionetum erici-rosenii Cambria, Minissale & Tavilla



	   Alchemilletum argyphyllae Cambria, Minissale & Tavilla



	   Helichrysetum bequaertii Cambria, Minissale & Tavilla



	   Erico trimerae-Hypericetum bequaertii Cambria, Minissale & Tavilla



	 DENDROSENECIONETALIA ADNIVALIS Cambria, Minissale & Tavilla



	  DENDROSENECIONION ADNIVALIS Cambria, Minissale & Tavilla



	   Lobelio wollastonii-Dendrosenecionetum adnivalis Cambria, Minissale & Tavilla



	   Caricetum runssoroensis Cambria, Minissale & Tavilla



	  ALCHEMILLION STUHLMANNII Cambria, Minissale & Tavilla



	   Alchemilletum subnivalis Cambria, Minissale & Tavilla



	   Senecio mattirolii-Sedetum ruwenzoriensis Cambria, Minissale & Tavilla







Appendix B


Localities and dates of relevés. Table 1—Rels 1–2: 23 December 2016, Mutinda Camp (Uganda); Rels 3–4: 23 December 2016, sampling between Mutinda Camp and Bugata (Uganda); Rel 5: 26 December 2016, above Kachope Lakes (Uganda), Table 2—Rels 6–7: 23 December 2016, between Mutinda Camp and Bugata (Uganda). Table 3—Rel 8: 23 December 2016, between Mutinda Camp and Bugata (Uganda); Rels 9–10: 27 December 2016, near Butawu Camp (Uganda); Rel 11: 27 December 2016, near Kachope Lakes (Uganda). Table 4—Rel 12: 23 December 2016, above Mutinda Camp (Uganda); Rels 13–14: 27 December 2016, near Kachope Lakes (Uganda); Rel 15: 27 December 2016, near Kitandara Lake (Uganda). Table 5—Rels 16–17: 26 December 2016, near Bamwanjara Pass (Uganda); Rel 18: 27 December 2016, near Bamwanjara Pass (Uganda); Rel 19: 27 December 2016, between Bugata and Bamwanjara (Uganda). Table 6—Rels 24–25: 24 December 2016, near Bugata Camp (Uganda); Rel 26: 24 December 2016, valley above Kachope Lakes (Uganda); Rel 27: 27 December 2016, near Butawu Camp (Uganda). Table 7—Rels 20–21: 26 December 2016, near Bamwanjara Pass (Uganda). Table 8—Rels 22–23: 23 December 2016, near Bugata Camp (Uganda).




Appendix C




 














	Species
	Family
	Life Forms
	Chorotypes





	Afrosciadium kerstenii (Engl.) P.J.D.Winter
	Apiaceae
	G
	Central-Eastern Tropical African Mountains



	Agrostis gracilifolia C.E.Hubb.
	Poaceae
	H
	Central-Eastern Tropical African Mountains



	Alchemilla argyrophylla Oliv. subsp. argyrophylloides (Baker f.) Rothm.
	Rosaceae
	Ch
	Endemic Ruwenzori



	Alchemilla johnstonii Oliv.
	Rosaceae
	H
	Central-Eastern Tropical African Mountains



	Alchemilla stuhlmannii Engl.
	Rosaceae
	Ch
	Endemic Ruwenzori



	Alchemilla subnivalis Baker f.
	Rosaceae
	Ch
	Endemic Ruwenzori



	Alchemilla triphylla Rothm.
	Rosaceae
	Ch
	Endemic Ruwenzori



	Arabis alpina L.
	Brassicaceae
	H
	Temperate areas of Old World



	Avenella flexuosa (L.) Drejer subsp. Flexuosa
	Poaceae
	H
	Temperate areas



	Cardamine obliqua Hochst. ex A.Rich.
	Brassicaceae
	H
	Tropical mountains of America and Africa



	Carex runssoroensis K.Schum.
	Cyperaceae
	H
	Central-Eastern Tropical African Mountains



	Crassocephalum ducis-apruti S. Moore
	Asteraceae
	H
	Central-Eastern Tropical African Mountains



	Dendrosenecio adnivalis (Stapf) E.B.Knox
	Asteraceae
	P
	Endemic Ruwenzori



	Dendrosenecio erici-rosenii (R.E.Fr. & T.C.E.Fr.) E.B.Knox
	Asteraceae
	P
	Endemic Ruwenzori



	Deschampsia cespitosa (L.) P. Beauv.
	Poaceae
	H
	Temperate areas



	Erica trimera (Engl.) Beentje subsp. trimera
	Ericaceae
	P
	Endemic Ruwenzori



	Festuca abyssinica A. Rich
	Poaceae
	H
	Africa



	Galium ruwenzoriense (Cortesi) Ehrend.
	Rubiaceae
	H
	Central-Eastern Tropical African Mountains



	Hedbergia longiflora (Hochst. ex Benth.) A.Fleischm. & Heubl subsp. macrophylla (Hedberg) A.Fleischm. & Heubl
	Orobanchaceae
	G
	Central-Eastern Tropical African Mountains



	Helichrysum forskahlii (J.F.Gmel.) Hilliard & B.L.Burtt
	Asteraceae
	Ch
	Africa and SW Asia



	Helichrysum guilelmi Engl.
	Asteraceae
	P
	Central-Eastern Tropical African Mountains



	Helichrysum stuhlmannii O.Hoffm.
	Asteraceae
	P
	Endemic Ruwenzori



	Huperzia saururus (Lam.) Trevis.
	Lycopodiaceae
	H
	Tropical areas of Africa and America



	Hypericum bequaertii De Wild.
	Hypericaceae
	P
	Central-Eastern Tropical African Mountains



	Lobelia bequaertii De Wild.
	Campanulaceae
	H
	Endemic Ruwenzori



	Lobelia stuhlmannii Schweinf. ex Stuhlmann
	Campanulaceae
	H
	Central-Eastern Tropical African Mountains



	Lobelia wollastonii Baker f.
	Campanulaceae
	H
	Central-Eastern Tropical African Mountains



	Luzula johnstonii Buchenau
	Juncaceae
	H
	Eastern and Central Africa



	Poa annua L.
	Poaceae
	T
	Temperate areas



	Poa ruwenzoriensis Robyns & Tournay
	Poaceae
	H
	Central-Eastern Tropical African Mountains



	Poa schimperiana Hochst. ex A.Rich.
	Poaceae
	H
	Tropical Africa and SW Asia



	Ranunculus oreophytus Delile
	Ranunculaceae
	H
	Central-Eastern Tropical African Mountains



	Ranunculus volkensii Engl.
	Ranunculaceae
	H
	Central-Eastern Tropical African Mountains



	Sedum ruwenzoriense Baker f.
	Crassulaceae
	Ch
	Central-Eastern Tropical African Mountains



	Senecio mattirolii Chiov.
	Asteraceae
	H
	Endemic Ruwenzori



	Senecio sp.
	Asteraceae
	H
	-



	Senecio transmarinus S. Moore
	Asteraceae
	H
	Central-Eastern Tropical African Mountains



	Senecio x pirottae Chiov.
	Asteraceae
	H
	Endemic Ruwenzori



	Subularia monticola A.Braun ex Schweinf.
	Brassicaceae
	T
	Central-Eastern Tropical African Mountains







List of taxa surveyed in the phytosociological study. The following abbreviations are used for life forms: G = Geophyte; H = Hemicryptophyte; Ch = Chamaephyte; P = Phanerophyte; T = Phanerophyte.
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Figure 1. Ruwenzori Mountains, with indications of the locations where the surveys were carried out (blue dots), Uganda, maps from ESRI base map imagery, and OpenStreetMap (modified). 
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Figure 2. Hierarchical clustering of phytosociological relevés from the Ruwenzori Mountains (Uganda). The cophenetic correlation coefficient was 0.734. A. Dendrosenecionetalia erici-rosenii; A1. Dendrosenecionion erici-rosenii; A1.1. Galio ruwenzoriensis-Dendrosenecionetum erici-rosenii; A1.2. Alchemilletum argyphyllae; A1.3. Helichrysetum stuhlmannii; A1.4. Erico trimerae-Hypericetum bequaertii; B. Dendrosenecionetalia adnivalis; B1. Dendrosenecionion adnivalis; B1.1. Lobelio wollastonii-Dendrosenecionetum adnivalis; B1.2. Caricetum runssoroensis; B2. Alchemillion stuhlmannii; B2.1. Alchemilletum subnivalis; B2.2. Senecio mattirolii-Sedetum ruwenzoriensis. 
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Figure 3. Average silhouette widths. (A). Silhouette plot of the clustering. (B). Bar plot showing the average silhouette widths for k = 2 to 29 groups. The best partition by this criterion is highlighted in red. 
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Figure 4. Non−metric multidimensional scaling (NMDS) of the phytosociological relevés (stress value = 0.14). (A). Associations; (B). alliances; (C). orders. For the legend of the syntaxa, see Figure 2. 
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Figure 5. Afroalpine communities of Ruwenzori: (A) Galio ruwenzoriensis-Dendrosenecionetum erici-rosenii; (B) Lobelio wollastonii-Dendrosenecionetum adnivalis; (C) Alchemilletum argyphyllae; (D) Alchemilletum subnivalis. Photos by Salvatore Cambria. 
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Figure 6. Afroalpine communities of Ruwenzori: (A) Helichrysetum stuhlmannii; (B) Erico trimerae-Hypericetum bequaertii; (C) Caricetum runssoroensis; (D) Senecio mattirolii-Sedetum ruwenzoriensis. Photos by Salvatore Cambria. 
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Figure 7. Endemic species and of phytogeographical interest in the Ruwenzori flora: (A) Dendrosenecio adnivalis: A1. habitus; A2. flower detail (B) Dendrosenecio erici-rosenii; (C) Lobelia wollastonii; (D) Lobelia bequaertii; (E) Hypericum bequaertii; (F) Sedum ruwenzoriense. Photos by Salvatore Cambria. 
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Figure 8. Life forms of the species recorded in the study area. 
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Figure 9. Chorotypes of the species investigated from the Ruwenzori mountains (Uganda). 
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Figure 10. Altitudinal zonation of Afroalpine plant communities in the Ruwenzori Mountains. The summit area devoid of vegetation represents the zones devoid of vascular flora and coincides largely with the surface occupied by glaciers. It is followed towards lower altitudes by various communities: (A). Alchemilletum subnivalis: a low and floristically poor vegetation linked to the highest altitudes of the Afroalpine belt, developing up to 4750 m on fairly steep stands; (B). Lobelio wollastonii-Dendrosenecionetum adnivalis: a sparse scrub growing above 4000 m on deep, moist soils; (C). Caricetum runssoroensis: a grassland linked to humid stations on flat surfaces; (D). Galio ruwenzoriensis-Dendrosenecionetum erici-rosenii: a dense woodland occurring below 4000 m; (E). Alchemilletum argyphyllae: a low, shrubby vegetation linked to dry ridges; (F). Erico trimerae-Hypericetum bequaertii: a tall woodland occurring in the lower belt of the Afroalpine area. Drawing by Rosaria Di Cicca. 
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