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Abstract 

This study was initiated to investigate the effects of altitude on woody vegetation on the 

eastern slopes of Mount Meru, Tanzania. Changes in vegetation along altitudinal gradients 

are related to climate factors, soil quality and biotic factors. Changes in vegetation 

composition may or may not correspond with changes in species richness and diversity. 

Altitude may also affect woody plant structure, such as tree height and canopy cover. Based 

on studies from other East African mountains, I hypothesized that community composition 

of woody plants changes distinctly with altitude. I also hypothesized that species richness 

and diversity of woody plants, canopy cover and tree height decrease with altitude. 

 

To test these hypotheses, I carried out a detailed vegetation survey in 44 plots of 10 meters 

by 10 meters, located in five transects ranging from 1600 to 3400 meters above sea level 

along the eastern slope of Mount Meru in Arusha National Park, Tanzania. I measured 

species abundance, tree height and canopy cover. I then analyzed changes in woody 

vegetation community composition, species richness, diversity, height and canopy cover in 

relation to altitude using multivariate analysis, and linear and generalized linear models.  

 

Woody community vegetation composition changed distinctly with altitude. I identified 

three vegetation communities or vegetation zones; Bersama abyssinica-Vepris simplicifolia,  

Hagenia abyssinica-Hypericum revolutum and Erica arborea. Also I found that species 

richness and diversity, tree height and canopy cover decreased with increasing altitude. This 

was most likely caused by a combination of a decrease in atmospheric pressure, temperature, 

precipitation, competition and soil depth and an increase in solar radiation and wind speed 

with altitude. 

 

This study describes three vegetation zones on the eastern part of Mount Meru, and show  

how vegetation composition and structure changes with altitude, which was previously 

poorly studied in this area. Therefore the information obtained from this study can act as 

baseline information for future studies. I therefore invite researchers to conduct studies on 

vegetation, plant species and climate change in the area.  
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1. INTRODUCTION  

Mountains cover about 25% of the earth's land surface, hosting at least one third of the 

terrestrial plant species (Körner 2007). In mountainous areas, vegetation composition, 

floristic diversity and forest structure change with increasing altitude (Grytnes & Beaman 

2006; Guo et al. 2013; Pedroni, Eisenlohr & Oliveira-Filho 2013). These changes in 

vegetation are influenced by altitudinal gradients related to a number of abiotic factors, 

including atmospheric pressure, air temperature, humidity, precipitation, solar radiation and 

soil quality (Körner 2007; McCain 2010). Understanding how vegetation composition vary 

along altitudinal gradients is important for management and conservation of species diversity 

in a world that becomes increasingly warmer due to human impact on climate (Grytnes 

2003). Climate change has been associated with changes in species distribution and 

composition with altitude (Lenoir et al. 2008). It has been shown that global warming results 

in a significant upward shift in species along altitudinal gradients, particularly for species 

distributed in mountain habitats (Kelly & Goulden 2008; Lenoir et al. 2008). Knowledge 

about this variation will facilitate protection and management of rare and threatened species, 

hence maintaining ecological patterns and ecosystem services (d'Arge et al. 1997). 

 

Abiotic factors change with altitude which in turn affect vegetation composition and 

structure (Körner 2007). For every one hundred meter gain in altitude, atmospheric pressure 

declines by approximately ~ 1.1% (Körner 2007). Air temperature decreases on average with 

0.6 
o
C for each one hundred meter increase in altitude (Barry 1992). Reduction in ambient 

air temperature reduces the humidity (saturated vapor pressure present in the atmosphere) 

(Barry 1992). Solar radiation increases with elevated altitude because of reduced 

atmospheric turbidity with altitude (Barry 2008). Cloud cover increases with elevation until 

the cloud zone often at between 1200 and 2500 m (Stadtmüller 1987), after which it 

decreases drastically. Precipitation tends to follow the clouds. Thus the most common 

precipitation pattern is an increase with altitude for example for mountains in arid and 

temperate latitudes (McCain & Grytnes 2010). Tropical mountains show extra variation in 

precipitation trends, and display decreasing trends, unimodal or bimodal trends with high 

precipitation at the cloud zone at mid elevations (Barry 2008). The interaction among 

precipitation, solar radiation, temperature and cloud cover determines the productivity in 

addition to soil depth and quality. As with precipitation, altitudinal trends in productivity 
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may vary considerably among mountains (McCain & Grytnes 2010). Wind speed does not 

always follow the altitudinal gradients, but mostly increases with altitude  (Barry 2008). 

 

The factors mentioned above, together with biotic factors such as competition, habitat 

heterogeneity and complexity, dispersal and establishment influence vegetation composition 

patterns along altitudinal gradients (McCain & Grytnes 2010). However, there is no clear 

pattern which shows how biotic factors vary with altitude (McCain & Grytnes 2010). 

Hedberg (1951) observed vegetation composition to vary between different sides of the same 

mountain at equivalent elevations. The side of the mountain receiving moisture-ladden winds 

has different vegetation composition compared to the leeward side in rain shadow (Lawton 

1982). 

 

Altitudinal vegetation zonation describes the natural vegetation layering that occurs at 

distinct altitudes due to varying climatic conditions and soil quality (Hemp 2006a). Several 

studies conducted in East African mountains suggests presence of vegetation zones or 

alternatively referred to as vegetation belts, which are altitudinal related discontinuous 

variations in vegetation composition and structure (Hedberg 1951; Hemp 2006b). Hedberg 

(1951) identified three main vegetation belts in East African mountains: from above, the 

alpine belt, the ericaceous belt and the montane forest belt which was confirmed by 

Lundgren and Lundgren (1972). Hedberg (1951) further classified the montane forest zone 

based on moisture availability into montane rain forest, bamboo zone and Hagenia-

Hypericum zone. Vegetation zones occupy different altitudes in different mountains. For 

example the montane forest zone was located between: 2150 and 3200 m on Mt. Elgon, 2000 

and 3450 on Mt. Kenya, 1900 and 2950 on Mt. Kilimanjaro and 1700 to 3100 m on Mt. 

Meru. The ericaceous zone occurs between: 3200 and 3550 m on Mt. Elgon, 3400 and 3600 

m on Mt. Kenya, 3250 and 4000 on Mt. Kilimanjaro and 3100 to 3600 m on Mt. Meru. The 

afro-alpine zone was found between: 3550 and 4321 m  on Mt. Elgon, 3600 and 5199 m on 

Mt. Kenya, 4000 m until snow cover on Mt. Kilimanjaro and between 3600 and 4562 m on 

Mt. Meru. Hedberg (1951) also mentioned presence of a moorland vegetation belt on Mt. 

Kilimanjaro between 2900 to around 4000 m a.s.l. Chapman and White (1970) suggested an 

alternative classification of montane forest in East Africa into montane forest “sensu stricto” 

and seasonal rain forest. This was accepted by Coetzee (1978) who said this classification 

was based not only on moisture but also on floristic composition, physiognomy and ecology. 

However, grouping montane forest in two groups as suggested by Chapman and White 
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(1970) disregards the great variation in physiognomy and floristic composition which was 

recognized by Hedbergs' (1951) classification. 

 

Hamilton (1975) observed tropical mountain forest vegetation forms a continuum and not a 

zonation as suggested by Hedberg (1951). A continuum means that the forest vegetation 

shows a slow continuous change over altitudinal gradients and therefore does not form 

distinct vegetation zones as observed by Hedberg (1951). 

 

Lack of knowledge about vegetation composition and distribution patterns along altitudinal 

gradients, results in challenges for species conservation and management (Hunter & Yonzon 

1993). The study of these relationships is therefore important for conservation and 

management of species diversity (Grytnes 2003). A review study of Rahbek (1995) has 

shown that variation in plant species richness and diversity with altitude is a result of 

decreased temperature, atmospheric pressure, precipitation, humidity, and productivity. 

However the pattern in changing species richness with increasing altitude may be either a 

monotonic decrease or a hump shaped pattern (Odland & Birks 1999; Grytnes & Beaman 

2006). Some studies conducted in tropical mountains of south Ecuador and Costa Rica have 

shown that tree height decreased with altitude as a result of increased wind speed, decreased 

soil depth and decreased precipitation (Lieberman et al. 1996; Coomes & Allen 2007; 

Körner 2007; Moser 2008). Also, canopy cover has been shown to decrease with elevation as 

a result of increased sunlight and wind speed (Bianchini, Pimenta & dos Santos 2001).  

 

In East African mountains, variation with altitude in vegetation community composition, 

species richness and diversity, canopy cover and tree height is as little known as the factors 

causing the variation. Therefore, in this thesis, I attempt to elucidate the effects of an 

altitudinal gradient on woody vegetation in the eastern slopes of Mt. Meru. The results of 

this study may act as a baseline for further studies in the area. I hypothesize that, i) woody 

plant community composition changes distinctly with altitude, ii) species richness of woody 

plants decreases with altitude, iii) the Shannon-Wiener (S-W) diversity index for woody 

plant species decreases with altitude, iv) woody plant canopy cover decreases with altitude 

and iv) tree height decreases with  altitude.  
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2. METHODS 

2.1 Study area description 

This study was conducted on the eastern slopes of Mt. Meru at 36°45' E-3°15' S in Arusha 

National Park, Tanzania (Figure 1). The park covers an area of 552 km
2
 (TANAPA 2017). 

The habitats of Arusha National Park, previous Mt. Meru Game Reserve, include an 

evergreen forest, shrublands, wetlands and glades (Mangubuli & Lyamuya 1988). The area 

has two rainy seasons: a long rainy season between late February or early March and May 

and the short rainy season between November and December. Average annual rainfall ranges 

geographically between 1300 and 2400 mm. The annual mean maximum temperature 

(hottest season) is 25.4
o
C between January and February and minimum temperature (cold 

season) is 12.8
o
C between June and August (Kahana, Malan & Sylvina 2015). Temperature 

and rainfall information are not necessarily valid for the upper slopes. The upper parts, even 

in the forest, have more of a day climate than a seasonal climate, meaning that every night it 

gets close to freezing temperatures while the days get warm (Hedberg & Hedberg 1979; 

Sarmiento 1986). This is a climate that is very harsh for plants and forces a lot of specific 

adaptations (Hedberg 1951). The soil of the area originates from volcanic activities of Mt. 

Meru (Razzetti & Msuya 2002). 

 

2.2 Land use history of the study area 

Mt. Meru is a relatively young volcanic mountain formed during the late Pleistocene time 

period, around 1.8 million to 10,000 years ago (Lundgren & Lundgren 1972). When the 

Europeans arrived in the late nineteenth century they found the lowland areas below the 

mountain inhabited by Meru and Maasai tribes (Lundgren & Lundgren 1972). The former 

are mixed farmers and the latter are mainly nomadic livestock keepers (Lawson et al. 2014). 

The last evidence of volcanic eruption was noted in the year 1910. The evidence of fires, 

perhaps natural, in the ericaceous zone and mid altitude between 2600 and 2800 m.a.s.l of 

Mt. Meru was noted in the late 1940's by Hedberg (1951). At different times, parts of the 

mountain have been subjected to different management regimes. Early in the twentieth 

century, the forest was set aside as a forest protection reserves and was later declared as a 
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game reserve in 1946 (Lundgren & Lundgren 1972). During 1950's, Europeans and Kikuyu 

refugees cultivated the Eastern slopes of Mt. Meru for short periods with pyrethrum, 

Chrysanthemum cinerariaefolium and C. coccineum; for manufacturing of insecticide. The 

area was upgraded to the National Park in 1960 and the whole Eastern side of the mountain 

was included in Arusha National Park (Lundgren & Lundgren 1972). 

 



 11 

 

                    Figure 1. C and D. Map of Arusha National Park showing distribution of plots on transects along the    
                    eastern slopes of Mt. Meru. The first number stands for the transect and the second number stand 
                    for the plots. E.g. "2,7" means seventh plot from low to high altitude in the second transect. A and B     
                shows the  African continent and Tanzania respectively 
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2.3 Study design and data collection 

I carried out field data collection from early February to early April 2016 through plot-based 

sampling. Since altitude was a primary predictor, I made five transects after looking at a map 

(scale 1:500,000) to find transects with relatively long continuous slope with no variation in 

aspect. I laid out transects systematically, with approximately 1 km distance between each 

transect, from the lowlands escalating west to the mountains, keeping within the borders of 

the National Park.  

I drew transect lines from the lowest altitude, 1600 meters above sea level (m.a.s.l), to the 

highest altitude, 3400 m.a.s.l of the study area. The first point at the lowest altitude was 1600 

m.a.s.l obtained by using a Global Positioning System (GPS). To obviate overlapping of the 

transect lines, all transects were laid out along a constant bearing among transects of 287 

degrees from the first point of the transect at 1600 m.a.s.l. At every 200 m increase in 

altitude, starting at 1600 m, a quadratic plot of 10 m × 10 m was positioned on the north side 

of the transect along the transect line. To make sure the plots were of the same size, the 

diagonal of 14.14 m was measured between two opposite corners of the plot using a tape-

measure. When the plot fell on unsuitable places, such as, human influenced areas, huts, 

viewpoints or rivers, I went 50 m west to identify a new plot. The number of plots in each 

transect were 10 to make the total number of 50 plots. During data collection, I succeeded in 

reaching only 44 plots, 40 plots in the four transects (1, 2, 3 and 5) and 4 plots in the transect 

4, because the terrain was too steep to access the plots. 

In each plot, I recorded both plot variables, date, transect number, plot number, latitude, 

longitude, and altitude as measured by GPS and tree variables (as described below). Every 

tree in the plot with a height greater than 1 m was recorded and identified to the species level 

following Turrill and Milne-Redhead (1952). Species not identified in the field were taken to 

the National Herbarium of Tanzania (NHT) located in Arusha city for identification. To 

make this possible, they should have fruits or flowers and leaves. For this study, I defined a 

woody plant as any plant with height more than 1 m above the ground with a single or 

multiple stems (no distinction between a tree and a shrub). 
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For each tree, two projections of canopy diameters (the longest and the perpendicular one) 

were measured up to the closest cm, using a tape measure. Height of the trees were measured 

in meters using a measuring pole for small trees (less than 5 m high) and a Suunto 

clinometer for large trees (more than 5 m high) from the ground to the top of the highest 

living shoot.  

I used the Shannon Wiener Index (Magurran 2013) as an index of species diversity, 

calculated using the formula: 

 

Where H' is the index of species diversity, pi is the proportion of total sample belonging to 

the ith species and R is the total number of species per plot (Krebs 1989). I decided to use 

this index since both species richness (number of species present) and species abundance are 

taken into account. However it assumes all species that are present in the plot are also 

present in the records. 

I calculated canopy cover by assuming the projection of the canopy was a circle. Therefore, 

for each individual plant I calculated an average diameter, D from the longest and the 

perpendicular diameter. The obtained average diameter was used to calculate the canopy 

area based on the formula (A = (π/4) × D
2
), where A is a canopy cover, π is a constant, 3.14 

and D is an average diameter. The area calculated for each individual plant in the plot was 

summed to get a total canopy cover per plot which was later used in statistical analysis to 

relate altitude to canopy cover. Tree height per plot was calculated as the average height of 

all individuals in a plot.  
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2.4 Data Analyses 

To analyze the variation in woody plant community composition with altitude in hypothesis 

i), I performed multivariate analyses (ordinations) using CANOCO version 5.0 (Šmilauer & 

Lepš 2014). This program creates ordination axes displaying the maximum variation in 

species data and creates graphs with CANODRAW to visualize the variation. Plots shown in 

close proximity to each other have similar plant species composition whilst plots far apart 

have dissimilar species composition. Ordination techniques can summarize complex 

multivariate data by producing graphs showing clusters of samples with similar species 

composition that may be interpreted as communities. Moreover ordination can also link 

species data with environmental variables in biplots, or show samples and species (Gauch 

1982). The communities identified were named based on dominant species or two highly 

abundant species. Dominant species were defined as the most abundant species with ≥ 50% 

of all trees in the community and highly abundant species as species with < 50 ≥ 20% of all 

trees in the community. 

Unimodal response models assume that species abundance has been measured along long 

environmental gradients with bell shaped species responses to environmental variables. Each 

species has usually the highest abundance at an optimal value of each environmental 

variable. Linear response models assume a linear relationship between species performance 

and environmental variables with generally a short gradient (Šmilauer & Lepš 2014). I 

performed Detrended Correspondence Analysis (DCA) which showed the length of axis 1 to 

be 10.2 standard deviations. This value is higher than the threshold value of about 4, and 

therefore suggests a long gradient and a unimodal species distribution (Šmilauer & Lepš 

2014). Hence I chose to use unimodal models.  

 

Then I used unconstrained ordination, Correspondence Analysis (CA) to investigate if there 

were clusters with similar species composition (Šmilauer & Lepš 2014). Here altitude was 

added in the diagram after ordination. This was followed by running constrained weighted 

averaging ordination, Canonical Correspondence Analysis (CCA) to relate species data 

statistically to the environmental variable altitude. Statistical significance of the relationship 

between the response (species composition) and explanatory variable (altitude), was 

evaluated using a Monte Carlo permutation test with 499 permutations (default). The 

significance of the test was assessed from the p value obtained (p < 0.05). 
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I used a generalized linear models (GLM) in the program R 3.2.2 (http://cran.r-project.org/) 

(McCullagh & Nelder 1989) for hypothesis ii) to relate woody plant species richness to 

altitude (explanatory variable). The response variable species richness takes the form of 

discrete data (counts) and hence has a Poisson distribution (McCullagh & Nelder 1989), 

which requires a logarithmic link function.  

For hypothesis iii) to v) all responses were continuous, therefore I used linear models in R to 

analyze the relationship between response variables and altitude. Linear model assumptions 

such as linearity, independence of errors, equal variance of errors, and normality were 

checked (Crawley 2007). I had a few outliers, two high values for canopy cover and three 

low values of S-W diversity index. To test if the outliers affected the analysis, I carried out 

the analysis with and without the outliers, and compared the results. The p value obtained 

from the model summary F test was used to evaluate if there was a significant relationship 

(p<0.05) with altitude.   

 

 

 

 

 

 

 

 

 

 

 

 

http://cran.r-project.org/
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3. RESULTS 

I registered totally 447 woody plant individuals from 36 different plant species in 44 sample 

plots ranging from 1600 m to 3400 m altitude.  

3.1 Identifying woody plant community  

Correspondence Analysis (CA) results revealed three distinct clusters of samples which 

represent three woody plant communities in the study area (Figure 2). The communities were 

named after the dominant species, or two highly abundant species. The plant communities 

identified were Community 1, Bersama abyssinica-Vepris simplicifolia woodland, 

Community 2, Hagenia abyssinica-Hypericum revolutum woodland and Community 3, 

Erica arborea shrubland (Figure 2). The three different woody plant communities identified 

by Correspondence Analysis (CA) were characterized by differences in altitude, species 

composition, species diversity and species richness (Table 1), as described in the following 

paragraphs.  

3.1.1 Bersama abyssinica - Vepris simplicifolia woodland plant 
community 

This community was found in 24 different sample plots, and was therefore the most common 

in this study (Figure 2). Individual species found in high abundance included, Bersama 

abyssinica (21.5% of all individuals) followed by Vepris simplicifolia (20.1% of individual 

plants). I counted about 10.3 individual trees per plot in this community (totally 246 

individuals), with 24 in species richness and a diversity index of 1.1272 (Table 1). This 

community had a higher species richness and diversity than the other two communities 

(Table 1). The community was found at the lower altitude of the study area, between 1600 

and 2400 m.a.s.l   

3.1.2 Hagenia abyssinica - Hypericum revolutum woodland plant 
community  

This community was characterized by two highly abundant species occurring in 13 different 

sample plots. Hypericum revolutum and Hagenia abyssinica were highly abundant woody 

plants found in this community (Table 1). Hypericum revolutum was represented by 23.9% 

of all individuals followed by Hagenia abyssinica, 22.4% of individuals. I counted totally 
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134 individuals in this community, about 10.3 individuals per plot, with 9 in species richness 

and a diversity index of 0.9775 (Table 1). This community was found in 12 sample plots at 

higher altitudes (2800 to 3200 m.a.s.l) and 1 sample plot at the highest altitude (3400 m.a.s.l) 

(Figure 2). 

3.1.3 Erica arborea shrubland plant community 

This community was characterized by Erica arborea as the dominant species, appearing in 

all sample plots (Table 1). Erica arborea represented 55% of all woody plant individuals in 

this community (Table 1). The community had plants derived from 7 sample plots, about 9.6 

individuals per plots (Figure 2); four sample plots with 37 individuals at the mid altitude 

(2600 m.a.s.l) and three sample plots with 30 individuals at the highest altitude (3400 

m.a.s.l). Species richness in this community was 8 and diversity index of 0.7817. The 

community had a lower species richness and diversity than the other two communities 

(Table 1). 

3.1.4 Associating plant communities with altitude 

Results from forward selection using CCA with a Monte Carlo permutation test showed that 

altitude was significantly correlated with variation in species data (F = 4.8, p = 0.002). The 

explanatory variable (altitude) explained 10.2% of total variation in species composition. 
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Figure 2. Biplot ordination diagram from Correspondence Analyses on Mt. Meru, Tanzania. Small blue 

circles represent the plots and the environmental variable, altitude, is represented by a red arrow. 

The plots are distributed based on their maximum variation in species composition. The first number 

in each plot refers to the transect number and the following two numbers are hundred meters 

altitude where the plot was positioned (E.g., "1_16" means first transect plot positioned at sixteen 

hundred meter altitude). Community 1, 2 and 3 are Bersama abyssinica- Vepris simplicifolia, Hagenia 

abyssinica-Hypericum revolutum and Erica arborea woody plant community respectively. 
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Table 1. Characteristics of woodland plant communities identified from figure 2, including total number of 

individuals, altitude (m), species richness (sum of all plots), species diversity (average of all plots), number 

of plots, dominant species (≥ 50% in all plots), highly abundant species (< 50 ≥ 20% in all plots) and other 

species from Mt. Meru, Tanzania. 

 Bersama abyssinica- 

Vepris simplicifolia  

Hagenia abyssinica- 

Hypericum revolutum 

Erica arborea  

Total individuals 

Altitude, m 

     246 

    1600 - 2400 

    134 

    2800 - 3200 

    67 

   2600 and 3400 

Species richness      24 9 8 

Species diversity 

Number of plots 

1.1272 

    24 

0.9775 

     13 

 

0.7817 

    7 

Dominant species - 

 

     - Erica arborea (55%) 

Abundant species Bersama abyssinica 

(21.5%) 

Vepris simplicifolia  

(20.1%) 

Hypericum revolutum 

(23.9%) 

Hagenia abyssinica 

(22.4%) 

 

- 

Other species Albizia petersiana 

Casearia battiscombei 

Croton macrostachyus 

Dodonea viscosa 

Ekebergia capensis 

Euclea divinorum 

Juniperus procera 

Lepidotrichilia volkensii 

Lippia javanica 

Myrtus sp 

Nuxia congesta 

Olea africana 

Olea capensis 

Peddiea fischeri 

Podocarpus milanjianus 

Rauvolfia caffra 

Syzygium guineense 

Ritiginia spp 

Tabernaemontana 

ventricosa 

Trichilia emetica 

Turraea robusta 

Xymalos monospora 
 

Agauria 

saticifolia 

Bersama 

abyssinica 

Crotalaria 

agatiflora 

Erica aborea 

Podocarpus 

africana 

Podocarpus 

milanjianus 

Stoebe 

kilimandscharica 
 

  Agauria saticifolia 

Hagenia abyssinica 

Juniperus procera 

Hypericum revolutum 

Myrsine africana 

Stoebe 

kilimandscharica 

Erica exelsa 
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3.2 Species richness, diversity, canopy cover and tree 
height  

Species richness showed a significant relation with altitude, where species richness decreased with 

increasing altitude (Z = 2.68, dF = 43, p < 0.001, R
2
 = 0.28). with slope -0.0004 ± 0.00014 

(Estimate ± standard error on the log scale) (Figure 3 show the back transformed estimates). 

Similar to species richness, woody plant species diversity decreased with increasing altitude, (F1,39 = 

5.3, p = 0.0002, R
2
= 0.278) with slope -0.0003 ± 0.00007 (Estimate ± standard error). Without 

outliers (F1,42 = 16.18, p = 0.027, R
2
 = 0.120) with slope -0.00016 ± 0.00007(Estimate ± standard 

error) (Figure 4). 

 Woody plant canopy cover decreased with increasing altitude (F1,42 = 47.44,  p < 0.001, R
2
 = 0.530) 

with slope -0.077 ± 0.01115 (Estimate ± standard error) (Figure 5). Without outliers (F1,40 = 82.44, 

p < 0.001, R
2
 = 0.673) with slope -0.059 ± 0.0065 (Estimate ± standard error). Tree height also 

decreased with increasing altitude (F1,42 = 96.55, p < 0.001, R
2
 = 0.697) with slope -0.003 ± 

0.0003(Estimate ± standard error) (Figure 6)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 21 

 

Figure 3. The relationship between altitude (m.a.s.l, = x axis) on Mt. Meru, Tanzania 
and woody plant species richness per plot, the fitted line based on back-
transformed estimates from a generalized linear model. 

 

Figure 4. The relationship between altitude (m.a.s.l. = x axis) on Mt. Meru, Tanzania 
and Shannon-Weiner index of tree diversity per plot, the fitted line based on a 
linear model. 
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Figure 5. The relationship between altitude (m.a.s.l. = x axis) on Mt. Meru, Tanzania 
and sum canopy cover per plot measured in meter squared (m2), the fitted line 
based on a linear model. 

 

Figure 6. The relationship between altitude (m.a.s.l. = x axis) on Mt. Meru, Tanzania 
and average tree height in meters per plot, the fitted line based on a linear model. 
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4. DISCUSSION 

This study identified three distinct vegetation communities distributed at different altitudes 

along the eastern part of Mt. Meru. This confirmed my prediction that woody plant 

community composition changes distinctly with altitude, and documents the presence of 

vegetation zones as it was described by Hedberg (1951) and not vegetation continuum as 

claimed by Hamilton (1975). The results also support my predictions that species richness, 

species diversity, tree height, and canopy cover decrease with increasing altitude.   

4.1 Woody plant communities of Mount Meru 

I identified three woody plant communities in the study area; Bersama abyssinica-Vepris 

simplicifolia woodland, Hagenia abyssinica-Hypericum revolutum woodland and Erica 

arborea shrubland communities. I called the Erica arborea community a shrubland since it 

fits well the definition of a shrubland as Erica arborea is a multiple stems plant with a 

relatively shorter height of 1 to 4 m (La Mantia et al. 2007). The identified woody plant 

communities varied distinctly in species composition and with altitude. The communities 

identified in this study, correspond to the ericaceous zone (at 2600 and 3400 m) and the two 

woodland communities correspond to the montane zone (between 1600 and 3200 m) which 

is slightly different from the observation of Hedberg (1951) and Bussmann (2006) from the 

same mountain. This will be discussed under each community below.  

4.1.1 Bersama abyssinica - Vepris simplicifolia 

This community was located at the lower altitude of the study area between 1600 and 2400 

m.a.s.l. The community lies within the montane forest of the study area as observed by 

Lundgren and Lundgren (1972). The tree species which I observed in this community were 

relatively tall and broad-leaved compared to the other two communities. This is the same as 

the observation made by Kitayama and Aiba (2002) and Hedberg (1951), they observed that 

the montane forest, particularly the lower montane forest belt is distinctly characterized by 

great numbers of broad-leaved evergreen trees. Tall trees and broad leaves are probably due 

to light competition adaptations. The occurrence of the two highly abundant species 

Bersama abyssinica and Verpis simplicifolia shows that the community is within the 

montane forest zone as Dharani (2002) describes in her book, "Trees and shrubs of East 
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Africa". She observed that these two species were distributed in wet and dry mountain forest 

of Tropical East Africa. The community had a higher species richness and diversity index 

than the other two communities. This may be because the community is found in the lower 

altitude of the study area and species richness and diversity decreases with increasing 

altitude. Bersama abyssinica is a broadleaved tree or shrub growing between 2 - 18 m tall. It 

is found in wet and dry montane and riparian forests, glades and forest-glade edges at 

altitudes between 1200 - 2400 m (Dharani 2002). Vepris simplicifolia is an evergreen tree 

species of East Africa which at maturity reaches the height of 4 - 10 m. It is widespread in 

both dry and wet forest  at altitudes from 300 - 2300 m (Dharani 2002). I found the species 

within the same altitude as observed by Dharani (2002). All species which occurred in this 

community are indigenous to East Africa. 

Other species I observed in this community includes Podocarpus milanjianus, Olea 

capensis, Ekebergia capensis, Juniperus procera and Lepidotrichilia volkensii. These 

species were also observed by Hedberg (1951). The species had changed names from 

Hedberg (1951) identification, Olea hochstetteri, Ekebergia rueppelina, Trichilia volkensii 

to Olea capensis, Ekebergia capensis and Lepidotrichilia volkensii respectively. 

 

4.1.2 Hagenia abyssinica-Hypericum revolutum  

This community was composed of two highly abundant species, Hagenia abyssinica and 

Hypericum revolutum. The community was found in the upper montane forest between 2800 

and 3200 m.a.s.l, below the ericaceous zone. This result is inconsistent with Hedberg (1951) 

who found no such distinct zone in eastern slopes of Mt. Meru. He found this zone only on 

the western slopes between 2550 and 3050 m, where Hagenia abyssinica seems to be the 

dominant forest tree throughout the belt. The vegetation change with time since Hedberg 

(1951) can be explained by climate change which cause local extinction (Cahill et al. 2012), 

or by other natural processes such as competition and browsing pressure. The area was 

upgraded to  National Park in 1960, leading to high protection and management and 

therefore lower human impact on vegetation 

 

This community was found in the upper montane forest belt, which is typically characterized 

by trees with twisted trunks, lower rainfall than the moist montane zone and presence of 

Eleusine jaegeri as understory grass (Niemelä & Pellikka 2004). Observation of Hagenia 

abyssinica between 2800 and 3200 m.a.s.l altitude is consistent with Dharani's (2002) 
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observations that the species occupies an altitude between 2400 and 3250 m in tropical 

mountains of East Africa. Hagenia abyssinica is a light-requiring species and therefore does 

not regenerate under dense canopy. It is usually dominant in the higher montane forest where 

light is not a problem (Hamilton 1982). The observation of Hamilton (1982) is also 

consistent with my results, since the species was found in upper montane forest where light 

is plentiful. The species was found together with Hypericum revolutum, an indigenous shrub 

or small tree that grows between 1 and 10 m high. It occurs in the upper montane forest at 

between 2100 and 3250 m.a.s.l  (Dharani 2002). The plant species is a characteristic of 

afromontane vegetation adapted by its small height and narrow leaves.  

The species Dendrosenecio meruensis, an endemic species of Mt. Meru, is normally found 

within this altitude belt, but I did not find it in any of my study plots.  

 

Montane forest composition varies considerably with rainfall and can be quite different on 

different sides of the same mountain at the same altitude (Hedberg 1951). Hedberg (1951) 

classified montane forest zone into three belts: montane rain forest belt, bamboo zone and 

Hagenia-Hypericum zone. In my results I did not find bamboo zone on the eastern slopes, 

This is also in accordance with the observation of Hedberg (1951), who found no distinct 

zone of montane rain forest and bamboo zone between 1700 and 2700 m.a.s.l on the eastern 

slope, although the bamboo zone is present on the southern slope. The absence of a bamboo 

zone in the eastern slope but presence of the southern slope can be explained by differences 

in rainfall at the same altitude at different sides of the mountain (Hedberg 1951).   

 

4.1.3  Erica arborea shrubland community.  

This community was highly dominated by Erica arborea, an evergreen indigenous multi-

stemmed shrub with a typical height between 1 and 4 m and needle like leaves in whorls of 3 

or 4 (Wesche, Miehe & Kaeppeli 2000). My results show that the community occupied two 

altitudes, the mid altitude at 2600 m, and in the ericaceous zone at the highest altitude (3400 

m). This may be explained by previous forest fires in the area. 

Erica arborea is generally considered to be a pyrophyte (Mutch 1970; Valbuena & Vera 

2002), a fire dependent species. This species can tolerate heat to 120
o
C,  demonstrating that 

its seedbank  survives after fire (Mutch 1970). Despite this, observations from Mesléard and 

Lepart (1991) showed that the species’ germination is not influenced by fire. Inability of this 
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species to reseed after forest fire suggests that the relatively high temperature tolerance of 

seeds is not necessary an adaptation to fire (Mesléard & Lepart 1991). Light is a requirement 

for seed germination and survival (Mesléard & Lepart 1991). However fires favour their 

survival by preventing establishment of other woody species and opening up sites for 

germination (Mesléard & Lepart 1991; Valbuena & Vera 2002).  

The seed of Erica arborea weighs 1.3 × 10
-3

 kg, and lacks aerial dispersal structures. 

Therefore, it can be carried by wind only a short distances (Mesléard & Lepart 1991). Due to 

its low weight, the seed is mostly dispersed by birds (Mesléard & Lepart 1991). I therefore 

suggest that occurrence of Erica arborea in open patches at the mid altitude (2600 m) was 

probably influenced by forest fires which opened space for seedling of Erica arborea and 

birds could be the ones who dispersed the seed through droppings. 

The occurrence of the ericaceous community in different altitudes is inconsistent with 

Hedberg (1951), who observed the community only in higher altitude between 3100 and 

3600 m. This significant upward shift of the community from 3100 to 3400 m.a.s.l could the 

result of climate change. The ericaceous zone appears in different altitudes between different 

East African mountains, due to difference in climatic factors, edaphic divergences and forest 

fires caused by man (Hedberg 1951). E.g. in Mt. Elgon the ericaceous zone was found 

between 3200 and 3550 m, in Mt. Kenya between 3400 and 3600 m (Hedberg 1951) and  

between  3250 and 4000 m in Mt. Kilimanjaro (Hemp 2002).  

Other species I observed in this community include Erica excelsa and Hypericum revolutum, 

also observed by Hedberg (1951). Hedberg (1951) called the species  Philippia excelsa and 

Hypericum leucoptychodes but currently they have been renamed to Erica excelsa and 

Hypericum revolutum respectively (Dharani 2002). I also found Agauria saticifolia and 

Stoebe kilimandscharica in this community, which were not mentioned by Hedberg (1951). 

This community had low species richness and diversity compared to the other two 

communities. That few species are adapted to high altitude, can probably be explained by 

edaphic monotony and stressful climate with high temperatures during the day and about 

freezing temperatures at night.  



 27 

4.2 Species richness and diversity 

My results showed that both species richness and diversity decreased with increasing 

altitude. This might be explained by reduced  precipitation, atmospheric pressure, soil 

quality and productivity with altitude (Rahbek 1995). Barry (2008) stated that for tropical 

mountains, precipitation above the cloud zone decreases with altitude. Since I started my 

transects at 1600 m (within the cloud zone, between 1200 and 2500 m) characterized by high 

precipitation (Stadtmüller 1987), It is probably one of the reasons I found decreased species 

richness and diversity with increasing altitude. This is because few species are adapted to 

high altitude dry areas (Körner 2004). 

 

Atmospheric pressure decreases by approximately 1.1% for every 100 m gain in altitude 

(Körner 2007), slightly varying with temperature and humidity. The decrease in atmospheric 

pressure has a significant effect on gas exchange in plants. Oxygen and carbon dioxide 

partial pressure is approximately 21% lower at 2,000 m.a.s.l than at sea level. This will 

therefore reduce the rate at which carbon dioxide diffuses in the leaf (Arp 1991). For this 

reason, species richness and diversity may decrease with altitude as few species are adapted 

to low partial pressure of respiratory gases. 

 

Decreased temperature, humidity and precipitation with altitude, will affect soil nutrient 

concentration and soil pH (Saeed et al. 2014). In turn, this will decrease soil productivity 

along altitudinal gradients resulting in high productivity at low altitudes and decreased 

productivity with increasing altitude. Decreased productivity with increasing altitude results 

in higher species richness and diversity of plants at low compared to high altitudes (Körner 

2000).  

 

Tanner, Vitousek and Cuevas (1998) reported that soil nitrogen and phosphorus 

concentrations decrease with altitude and can lead to reduced plant species richness at high 

altitudes compared to low altitudes. During field surveys in the study area, I observed fairly 

course texture of the soil with a high percentage of sand and less fine material at high 

altitudes of above 3,000 m and much fine textured soil with high humus accumulation at low 

altitudes around 1,600 to 2,400 m.a.s.l. These observations are similar to the observations of 

soil texture in Lundgren and Lundgren (1972). Soil texture could also explain the high 

species richness and diversity at low altitudes compared with at high altitudes. Humus is 
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very essential in soil as it increases water holding capacity (Senn & Kingman 1973). 

Therefore, soil at lower altitudes with high humus accumulation has high water holding 

capacity and this decreases with increasing altitude. Soils with high humus accumulation 

may therefore support high species richness and diversity at low altitude since plants require 

nutrients and moisture to survive (Huston 1980). Humus decreases with decreases in 

moisture and temperatures along altitudinal gradients (Hedberg 1964). In addition, at low 

altitudes of East African mountain forests have a high biodiversity of soil microorganisms 

and earthworms which are essential for soil formation (Körner 2004). Diversity of soil 

microorganisms and earthworms decreased with altitude (Körner 2004). Therefore, low 

diversity of earthworms and soil-microbes and shallow soil may also contribute to low 

species richness and diversity of plants at higher altitudes.  

 

The eastern slope of Mt. Meru falls within Arusha National Park. Due to strong rules and 

regulations of the park, there is no human impact on vegetation through deforestation, 

agriculture or settlements. Hence, the area sustains a high species diversity and richness in 

low altitudes of the mountain. This is quite different from other East African mountains such 

as Mt. Kilimanjaro where the hump shaped species distribution is probably influenced by 

human impact at the low altitude of the mountain where population is increasing from day to 

day, and demand of land for agriculture and settlement is increasing (Soini 2005). 

 

It is believed that a decrease in species richness with altitude in terrestrial environments is a 

phenomenon which is almost as widespread as a decrease with latitude (Michael, Townsend 

& Harper 1990). Therefore altitudinal and latitudinal species richness gradients mirror each 

other (Stevens 1992). However, they differ in climete due to the day climate with altitude 

(Hedberg 1951) and seasonal with latitude. A decrease in species richness and diversity with 

altitude fits well with the general acceptance that lowland tropical rainforest has the richest 

biota on earth (Erwin 1988).  
 

4.3 Tree height variation with altitude 

I found that tree height decreased with altitude, which is consistent with the findings of 

Moser (2008) in South Ecuador and Lieberman et al. (1996) in Costa Rica. Among the 

possible causes for this decline is a combination of solar radiation, temperature, soil quality, 
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wind speed, and precipitation. Solar radiation is essential for plant survival through 

photosynthesis (Gómez et al. 1998), and it increases with altitude (Barry 2008). Trees at low 

altitude where density is high, grow tall as an adaptation to light competition with 

neighboring trees (Givnish 1988). Trees at high altitude, where competition for light is not a 

problem, are shorter (Givnish 1988).  

 

Wind speed together with soil quality also affect tree height. Strong winds cause swaying of 

trees and striding of their roots. This movement will disturb root-soil contact, lessening 

water absorption and increasing of water stress (Nicoll & Ray 1996). Since wind speed 

increases with altitude, at high altitude where it is windy, trees are adapted to be shorter, 

otherwise they may break or fall over from wind. Nicoll and Ray (1996) explained how a 

low tree reduces the risk of the breakage in high wind.  

 

At low altitude soil is deep which enhances anchoring of tall trees compared to the higher 

altitude with shallow soil (Clark, Palmer & Clark 1999). During field data collection; I did 

not observe plant species with buttress or prop roots in the low altitude of the study area.  

These structures provide mechanical support particularly for large trees on shallow soil. This 

suggests that the soil was deep in the low altitude of the study area than in the high. 

Temperature, atmospheric pressure and precipitation affect soil formation processes 

(weathering) (Jenny 1994), and the weathering process is high when these factors are high 

(Jenny 1994). Thus, at low altitudes with high temperatures, atmospheric pressures and 

precipitation, we expect more intense weathering processes which result in deep soil that can 

support taller trees. However, at high altitude with low temperatures, atmospheric pressures 

and precipitation we expect shallow soil which supports short trees. Height of the tree is 

related to upward water transport (Medina 1983). Therefore, at high altitudes, trees may also 

adapt to be short due to lack of enough water in the shallow soil (Medina 1983).  

 

Decreases in air pressure with altitude decreases partial pressure of carbon dioxide (Arp 

1991), which may reduce growth rate of vascular plant species at high altitudes (Hedberg 

1964). A combination of these factors may result in low tree height at high altitudes 

compared with equivalent aged tree species in the low altitudes. 
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4.4 Canopy cover variation with altitude 

Canopy cover refers to the vertical projection of the tree crown that covers the ground 

(Jennings, Brown & Sheil 1999). Canopy cover is important ecologically since it provides 

microclimate for other living organisms in the ecosystems. My results showed that tree 

canopy cover decreased with increasing altitude. This is consistent with the findings of 

Girardin et al. (2014) in Bolivia, Peru and Ecuador. Among the possible causes for this 

decrease is solar radiation. Solar radiation increases with increasing altitude. Tree crown 

projections can be related to solar radiation, as discussed for tree height. At lower altitudes 

trees often develop large round crowns so they can capture as much solar radiation as 

possible for photosynthesis (Gómez et al. 1998). Tree species found in high altitudes, such 

as, Hypericum revolutum, Erica arborea and Stoebe kilimandscharica have reduced canopy 

cover and leaf size compared to lower altitude plant species such as Bersama abyssinica, 

Croton macrostachyus, Rauvolfia caffra and others. This could probably be an adaptation to 

reduce severe water loss through evapotranspiration, since solar radiation increases with 

altitude.  

 

Another possible cause for the reduced canopy cover with altitude is wind speed. Wind 

increases with altitude, this might cause canopy damage, tree falling or breaking as described 

with regards to tree height. At high altitude, where wind speed is high, trees may adapt by 

reducing their canopy, as well as their height. Due to strong winds at high altitudes, trees 

possess steeple - shaped crowns as an adaptation to reduce the canopy cover area hence, 

reduces air drag by the canopy (Ennos 1997). Species of Hypericum revolutum, Erica 

arborea and Stoebe kilimandscharica, which are found in high altitudes of Mt. Meru have 

steeple-shaped crowns as an adaption to strong winds and possibly insolation along the 

slopes. In addition, wind speed increases the rate of transpiration by removing the moisture-

laden air from around stomata openings and replacing it with dryer air (McNaughton & 

Jarvis 1983). The influence of wind on transpiration is high when humidity is low and soil 

moisture is adequate (McNaughton & Jarvis 1983). At high altitudes where it is windy, and 

thus, canopy cover may become lower to reduce the transpiration rate since the area has 

shallower soil and water availability is low.  
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4.5 Management Implications 

Arusha National Park is designed to protect natural resources. The focus is mainly on 

protection of wildlife populations rather than plant communities. This study describes plant 

community distribution in Mt. Meru and shows how species richness and diversity vary with 

altitude. My findings have shown how altitude and associated environmental parameters can 

influence species distribution, diversity, richness, tree height and canopy cover I have also 

documented the presence of many species indigenous to Eastern Africa and one endemic 

species of the area (Dendrosenecio meruensis), which highlights that Arusha National Park 

also has an important function for the protection of plants, not only wildlife. This knowledge 

may facilitate conservation of plant communities in the future. 

Since there is no study of the kind conducted in the area since Hedberg (1951), our findings 

could be used as baseline information for future studies particularly those aiming at studying 

the effect of global warming on range shifts of woody plant species. Also, this study is 

useful in developing an understanding of the global distribution and diversity patterns of 

plants since the effect of altitude on species diversity and richness mirrors that of latitudes.  

As this area (Mount Meru) is not well known and has not been well studied, I therefore 

recommend increased focus on the conservation and management of the identified plant 

communities, and invite more researchers to conduct studies in the area.  

4.6 Conclusion 

This study has demonstrably shown how increasing altitude and associated environmental 

parameters can lead to reduced species richness, diversity, tree height and canopy cover on a 

tropical mountain in East Africa. This study also confirms the occurrence of three woody 

plant communities on Mt. Meru at different altitudes. This corresponds to three altitudinal 

vegetation zones as suggested by previous researchers such as Hedberg (1951) and not a 

continuum model as proposed by Hamilton (1975). However minor changes in vegetation 

composition are reported compared to Hedberg (1951), and may be the result effect of 

climate change or natural processes which have occured. 
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