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ABSTRACT 
 

This research was conducted from February to July 2010 at the Arboretum of Ruhande 

and compared photosynthetic activity between exotic and native tree species, aiming to 

enhance the understanding of photosynthetic activity and forest productivity, and provide 

data used in climate models predicting the impact of climate change on ecosystem 

productivity. The measurements on photosynthesis were assessed on leaf level using 

LICOR 6400 and the productivity was measured at diameter at breast height (DBH, 1.30 

m). Five tree species were assessed for the study, including the exotic species Eucalyptus. 

maculata and dominant native tree species Podocarpus falcatus, Entandrophragma 

excelsum, Polyscias fulva, and Carapa grandiflora.  Eucalyptus maculata showed the 

highest rates of photosynthetic capacity. There were also differences in photosynthetic 

activity of native tree species.  The growth rate of tree species showed negative 

correlation between age and basal area which means that the growth rate decreased with 

species age. The productivity was greatest in the P. falcatus and P. fulva species and was 

negatively correlated to photosynthetic activity. Analysis of leaf nitrogen (N) content 

showed that N limited the photosynthetic activity of trees. 

 

Key words: Photosynthetic activity; Exotic and native tree species; Forest productivity; 

Nutrient contents; Arboretum of Ruhande
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CHAPTER I. INTRODUCTION 
 

1.1 GENERAL OVERVIEW  
 

Atmospheric carbon dioxide (CO2) has increased in the last centuries. During the period of 

glaciations, atmospheric CO2 was 180 ppm and increased to 280 ppm during the industrial 

revolution and to over 385 ppm in 2008, and the rate of rising was about 1.5 ppm per year. These 

increases in atmospheric CO2 concentration are higher than it was observed at any time during 

the past 420,000 years. The increases in greenhouse gases are major cause of global warming 

which is predicted to be between 2�6 ºC warmer in 100 years (Hulme et al., 2005; Nsabimana, 

2009). Land use changes are the major source of greenhouse gases in the tropics (Laurence et al., 

1997).   

 

Photosynthetic activity by plant contributes to recapture CO2 from atmosphere and the rate of 

photosynthetic CO2 uptake by leaves is not yet CO2-saturated (Körner, 2003). The small shift in 

the ratio between photosynthesis and respiration affect greatly the rate of accumulation of 

atmospheric CO2. The photosynthesis responds differently to CO2 concentration at different 

temperature. This is primarily due to competitive carboxylation and oxygenation reaction 

catalysed by Rubisco enzyme. The raise of temperature tends to inhibit the photosynthetic rate 

(Clark et al., 2003) 

 

Nutrient availability interacts with plant responses to elevated CO2 in the moist tropical where 

soils are highly weathered with low inputs of primary minerals. Growth of tropical plant 

increased under high nutrient availability and elevated CO2, but not when soil nutrient 

availability resembled field conditions (Sanchez, 1976). In temperate ecosystems, low N 

availability limits net primary productivity (NPP) and has the potential to inhibit the growth 

responses to CO2 fertilization (Finzi et al., 2002). In highly weathered soils typical of tropical 

forests, N is relatively abundant and P is the most commonly limiting nutrients to potential 

growth responses under elevated CO2, although its influence on the photosynthesis is rarely 

investigated in tropical forests (Meir et al., 2007).  Nitrogen plays a role in the photosynthetic 

apparatus, as Rubisco and cytochrome contain much of it. The tree species allocate nitrogen 
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resources within the canopy to maximize photosynthetic capacity where most photosynthetic 

photo flux density (PPFD) is intercepted (Carswell et al., 1999). There is a linear relationship 

between the Farquhar et al. (1980) model and nitrogen in temperate tree species grown in 

ambient or elevated CO2 concentrations. This relationship depends on the enzyme of Rubisco, 

which is the key to the carboxylation.  In ecosystems where N is the limiting nutrient, N is 

expected to strongly influence Vcmax (Meir et al., 2007). 

 

The growth of plants depends on photosynthesis, arguably the chemical reaction that 

manufactures the basic substance from which virtually all living organisms are constructed. It 

responds differently to CO2 concentration at different temperatures and it is due to competitive 

carboxylation and oxygenation reaction catalyzed by Rubisco (Farquhar et al., 1980). CO2 reacts 

with water to form carbohydrate and oxygen in the leaves during the day and the opposite 

reaction to photosynthesis is respiration which occurs nighttime.  

 

The stomata controls, both CO2 that enters the leaf for photosynthesis and water that is 

evaporated from the leaf. They may close during the day to conserve water if the plant senses 

low water content in the soil, or high temperature and low humidity in the atmosphere. The 

consequence of closing stomata to conserve soil water is a reduction in the rate of photosynthesis 

and therefore growth. The forests require light and warm temperatures. They need an adequate 

supply of water, nutrients and oxygen from the soil (Steven et al., 2000). The CO2 exchange in 

the leaves is influenced by environmental conditions: temperature, CO2 concentration, light 

intensity, humidity, and oxygen concentration. It is asked on what rate the stomata assimilates 

the CO2 and on how CO2 fixation and photorespiration by Rubisco influence the CO2 

concentrating system, and it is used as a tool for making quantitative links between leaf 

biochemistry and gas exchange kinetics or framework for fitting to data, and then extrapolating 

(Berry et al., 1978). 

 

The electron transport, photosynthesis carbon cycle, triose phosphate limited RuBP regeneration. 

The enzyme and electron carriers control the leaf photosynthesis. Rubisco would have to be fully 

active in order to achieve the rate of photosynthesis with sub-saturating CO2, its inactivation is 

due to the high temperature effect on Rubisco activase (Sharkey et al., 2007). 
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1.2 MOTIVATIONS, TOPIC INTEREST, AND OBJECTIVES 
 

While temperate areas are relatively well studied, this knowledge is missing in tropical 

ecosystems, especially in Africa and the research focusing on the response of the growth to 

changes in atmospheric chemistry and climate is not sufficient (Chambers et al., 2004). Tropical 

ecosystems are important, as a local source to the people and play a role in the global energy 

budget, and in global carbon cycle, where they stored 45% of terrestrial carbon (Bonan, 2008). 

There is a need of enhanced understanding of tropical ecosystems physiology and global climate 

change.  The interactions between plants and atmosphere are important in models to foresee the 

climate and stability in ecosystems in the future and during changed land use or environmental 

conditions both on global and regional scale. This study may contribute to above-mentioned 

knowledge gaps, and intended to measure plants photosynthetic activity of some exotic and 

native tree species at the Arboretum of Ruhande. The aim of this research was to compare 

photosynthetic activity between and exotic tree species at the Arboretum of Ruhande. The 

specific objectives were to: (i) Determine and compare the photosynthetic capacity of tree 

species (ii) Determine the difference between sun and shade leaves (iii) Measure the productivity 

of the forest and (iv) Determine the limiting nutrients for photosynthetic activity and the major 

questions were: (a) May exotic species have a higher photosynthetic activity in comparison to 

native tree species? (b) May the sun and shade leaf be morphologically different? (c) May 

productivity of tree species be correlated to the photosynthetic capacity? (d) Could Nitrogen be a 

strong limiting nutrient for photosynthetic capacity? 
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CHAPTER  II. MATERIALS AND METHODS 
 

2.1 Site 
 
The Arboretum of Ruhande is located at lat. 2°36´S and long. 29°44´E in Southern Province, 

nearby the National University of Rwanda (NUR) at 2 km from the Butare city and its altitude 

ranges between 1638–1737 m. The Arboretum of Ruhande is a unique forestry resource 

internationally appreciated for its fine collection of Eucalyptus species (Burren, 1995; Stanga et 

al., 1991). The area was used as human settlement and multiple croplands until 1933, thereafter 

the population was displaced and the plantation was established. It works as an area for research 

and education purposes, but also supplies trees seeds at national level (Nsabimana, 2009). 

 

The Arboretum of Ruhande contains 203 different tree species belonging to 36 families 

including: (i) 30 families containing 143 hardwood species of which 126 are exotic species and 

17 indigenous species forming 13 families, 69 being Eucalyptus species; (ii) 5 families contain 

57 softwoods of which 2 are indigenous; (iii) one family of Poaceae with 3 bamboo species of 

which 2 are indigenous. Some families of lichens, mosses, fungi and ferns have been found here 

(Nsabimana et al., 2008). 

 

The small animals hosted here include: gazelles, birds, snakes, insects, bats and unidentified 

monkey with white and black fur.  C. aethiops is described as endangered species against the 

surrounding people through their feeding on crop (Girinshuti, 2007).  

This plantation covers a surface of 200 ha, divided into 529 numbered plots (Appendix II) of 

which 454 plots are planted with introduced tree species. Each species is planted in a plot of 50 x 

50 m. The site is unique as most species were replicated. Plots are intercalated by alleys of about 

6 m wide and all plots were yearly managed by clearing the ground vegetation and undesirable 

shrubs and regrowth and periodic thinning and harvesting (Nsabimana et al., 2008). 

The mean annual precipitation is 1232 mm and average temperature is 19º C. Two rainy seasons 

alternate with dry seasons: the heavy rainy season extending from March to May and the mild 

rain from October to December. The two dry seasons occur one from January to February and 
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the other from June to September (Nsabimana, 2009). The soil type in the area is classified to the 

group of ferrasol morphologically characterized by a dark colored horizon which has in general a 

depth of 70-120 cm (ISAR, 1987).  

 

This study selected four dominant native species: E. exelsum, C. grandiflora, P. fulva and P. 

falcatus.  These Africa tropical mountain trees were listed as species with highest relative density 

of diameter at breast height of �  30 cm. The study also selected E. maculata, as a fast-growing 

exotic species, introduced from Australia, commonly used in agro forestry worldwide and 

occuping 65% of the planted forest in Rwanda (FAO, 2009; Nsabimana, 2009). The plots of the 

forest stands were randomly distributed and replicated three times, although for C. grandiflora 

only two plots were available. In total, 14 plots were used for photosynthetic measurements 

(Appendix V). 

 

2.2 Methods 
 
Two branches, approximately about the size of 2 m were cut down from the tree canopy, each 

from canopy sun position and another from shade position. From the branches, two leaves in 

good conditions and not damaged were taken for measurements. Photosynthetic activity was 

measured on sun and shade leaves of selected species using LI-6400 Portable Photosynthesis 

System (LICOR, Inc. Lincoln, NE) (Fig. 1). After the measurements (Appendix III), data of Net 

Photosynthesis (An) and CO2 intercellular of leaf (Ci) were used to model the maximum rate of 

the carboxylation, and the maximum rate of the electron transport using the A-Ci equations in the 

literature. Two sun leaves and two shade leaves of each tree from each plot were measured for 

subsequent measurements of leaf dry weight, nitrogen contents. Measurements were only 

conducted if the value of stomatal conductance was over 0.05 � mol m-1 s-1. Vapor Pressure 

Deficit was not allowed to be over 2.0. Relative Humidity was checked during the entire 

measurement. The temperature of 27°C was more suitable. Depending on the value of 

conductance and its stability, A-Ci curves with somewhat different CO2 were made. Some data 

points were excluded due to falling stomatal conductance. 
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Figure 1. LICOR-6400 Portable Photosynthesis System measuring photosynthetic activity on 
leaves of Carapa grandiflora.  
 

Morphological measurements were also taken as leaf characterization (Appendix IV) after 

measuring the photosynthesis capacity.  The measurements parameters included leaf length from 

the base to tip and leaf width at its widest part were measured by ruler, the SPAD value 

(surrogate for chlorophyll content) was determined by SPAD meter and the thickness was 

measured with the caliper.  

 

In the circle of 10 m radius in each plot, the diameter at breast height (DBH) of each tree was 

measured using Specific Compact. Depending on the stem form, the DBH was measured two 

time or more. Biomass was estimated from DBH measurements of trees using allometric 

equations and biomass per tree increases with the diameter (Brown et al. 1989).  The tree basal 

area (TBA) was calculated as:  

TBA = � r2 = 3.14 x (DBH/200)2 

The data measured in 2008 were received from Dr. Donat Nsabimana and were compared to 

those measured in 2010. 

 

The photosynthesis is limited by either the maximum rate of carboxylation or the maximum 

RuBP regeneration limited, parameters that indicate internal biological limitations on 

photosynthetic capacity (Sharkey et al., 2007). Linear regression methods were used to estimate 

carboxylation, electron transport and dark respiration rate from A-Ci curves when Ci �  150� mol 

mol–1, consistent with substrate limitations (Rubisco and CO2) inhibiting photosynthesis. The 

limiting factors can either be the amount of Rubisco enzyme, the RuBp-generation or trios 

phosphate limitation. This fitting model with the parameters of Carboxylation efficiency (Jmax), 
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Triose Phosphate Utilization (TPU), Respiration in darkness (Rd) and Stomatal conductance 

(gm), requires pair of data of net CO2 assimilation (An) and Intracellular CO2 of the leaf (Ci). 

The amount of Rubisco is usually the limiting factor when CO2 level is low and the RuBp-

generation when the CO2 level is higher (Gärdenstein, 2009). 

 

The leaf nitrogen (N) contents were determined through analysis in laboratory and were given on 

expressed in dry mass and as well as leaf area basis (g/m-2). The leaf mass area ratio (LMA) was 

also calculated. The N concentration was measured by gas chromatography.  

 

The computer was used to analyze the results: Microsoft excel was used for making tables and 

graphics. Statistical analysis was performed using SPSS statistical package 16.0 versions for 

Windows XP. One-way ANOVA was used for comparisons of means and variance. Pearson 

correlation analysis was used to examine the relationship between different photosynthetic 

parameters. 
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CHAPTER III. RESULTS  
 

3.1 Leaf Morphological Parameters 

3.1.1 Length 
 
The sun and shade leaves were significantly different in all species. Eucalyptus maculata showed 

the difference with the E. excelsum and with P. falcatus in the sun leaves (P = 0.02). In the group 

of native species, C. grandiflora was highly different to P. falcatus (P = 0.001) and P. fulva (P = 

0.048). The P. falcatus was significantly different to P. fulva (P = 0.01) and E. excelsum (P = 

0.01). There was a significant difference between P. fulva and E. excelsum. (P = 0.02). In the 

shade leaves, Eucalyptus maculata showed the difference with other native species except P. 

fulva. Carapa grandiflora showed difference to other native species, except E. excelsum. P. 

facatus was highly different with E. excelsum (P = 0.0001) and with P. fulva (P = 0.021). E. 

excelsum and P. fulva were different (P = 0.04).  

 

3.1.2 Width 
 
For all species, there was a difference between sun and shade leaves. The E. maculata showed 

difference with native species in sun and shade leaves. C. grandiflora and P. fulva did not show 

difference for the sun leaves. For the shade leaves, the difference was absent between Carapa 

grandiflora and P. fulva, between C. grandiflora and E. excelsum and between E. excelsum and 

P. fulva.  

3.1.3 Thickness 
 
The sun leaves and the shade leaves were different for all species. In the sun leaves and shade 

leaves, Eucalyptus showed the difference with P. fulva only. Other native did not show the 

difference with it. In the sun leaves for the native group, Polyscias fulva differed with E. 

excelsum (P = 0.024) and C. grandiflora (P = 0.029).  
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3.1.4 Dry weight 
 
For all species, there were no difference in the sun leaves but the shade leaves were different. In 

the sun leaves, the exotic species was highly significantly different with C. grandiflora (P = 

0.001) and with E. excelsum (P = 0.0001) but for the shade leaves, no difference has been 

observed between any other native. In the group of native, the difference has been observed 

between C. grandiflora and E. excelsum (P = 0.005) for the sun leaves. In the shade leaves, P. 

falcatus differed with C. grandiflora (P = 0.022) and E. excelsum (P = 0.001). The sun and the 

shade leaves of C. grandiflora and of E. excelsum were different (P = 0.012). 

3.1.5 SPAD (surrogate in chlorophyll content)  
 
The sun leaves and the shade leaves were different in all species. For the sun leaves or shade 

leaves Eucalyptus differs with Carapa grandiflora and Podocarpus falcatus. In the group of 

native species, Polyscias fulva differed with Podocarpus falcatus (P = 0.018) and with C. 

grandiflora (P = 0.005) for the sun leaves.  

3.1.6 Correlation between different leaf morphological parameters 
In morphological parameters, a positive relationship was observed between length and width 

(Fig 2; r = 0.82). No other parameters showed significant correlations, but the coincidence of 

thickness, dry weigh and chlorophyll content has to be mentioned. None of the parameters 

showed any correlation with forest age. 

y = 0.3999x - 0.9711
R2 = 0.6705
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Figure 2. Correlation between length (cm) and width (mm) of leaves used in this study 
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3.2 Leaf photosynthetic parameters 
 
The exotic and native tree species showed a significant difference in photosynthetic activities by 

comparing their A270, and Rd but no significant difference for their CE, A540, and Qy for all 

species. 

 

3.2.1 Carboxylation efficiency (CE)  
 
All tree species did not show a difference for their Jmax. The exotic species had a higher value of 

photosynthetic rate for Jmax (0.083 ± 0.03 � mol m-2 s-1) while that of native tree species ranged 

between 0.034 ± 0.01 - 0.068 ± 0.04 � mol m-2 s-1 (Fig. 3). Comparing the sun leaves only or the 

shade leaves in all tree species, there were no difference but the significant difference appeared 

when both sun and shade leaves were compared in all species (P = 0.015). In the group of native 

species, E. excelsum and P. fulva were significantly different in their shade leaves (P = 0.043). 

The sun and shade leaves for E. excelsum and for E. maculata were significantly different (P = 

0.03 and P = 0.023 respectively). 
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Figure 3.  Maximum rate of C.e (� mol m-2 s-1) of the species in Arboretum of Ruhande.  
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3.2.2 Carboxylation limiting (A270) 
 
The exotic species had a higher value of photosynthetic rate of carboxylation limiting at 17.5 ± 

7.33 � mol m-2 s-1 and the native tree species had the values ranging between 5.6 ± 1.3 - 12.10 ± 

4.38 � mol m-2 s-1 (Fig. 4). There were a significant difference of A270 in all tree species (P = 

0.014. The sun and shade leaves in all species differed (P = 0.013). In the group of native, P. 

fulva species differed with P. falcatus and with E. excelsum for their shade leaves (P = 0.024 and 

P = 0.033 respectively). The sun and shade leaves for E. excelsum and for E. maculata had 

significant differences (P = 0.022 and P = 0.019 respectively). 
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Figure 4. Maximum rate of A270 (� mol m-2 s-1) of the species in Arboretum of Ruhande 

 

3.2.3 RuBP Regeneration limited (A540) 
 

The native species had the lower photosynthetic values for A540 ranging between 14.86 ± 4.16 – 

27.54 ± 9.64 � mol m-2 s-1 while the Eucalyptus maculata had the highest value of 39.96 ± 15.73 

� mol m-2 (Fig. 5).   The sun and shade leaves in all species did not differ. The shade leaves 

differed between P. fulva and P. falcatus (P = 0.049) and between P. fulva and E. excelsum (P = 

0.04). The sun and shade leaves for E. excelsum and for Eucalyptus maculata had significant 

differences (P = 0.026 and P = 0.021 respectively). 
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Figure 5. Maximum rate of A540 (� mol m-2 s-1) of the species in the Arboretum of Ruhande.  

 

3.2.4 Quantum Yield (Qy) 
 

The Quantum yield was higher in the exotic species Eucalyptus maculata (0.049 ± 0.007 CO2 

photo-1) than in the native species (0.0196 ± 0.014 - 0.0396 ± 0.021 CO2 photo-1) (Fig. 6). There 

was also no difference between sun and shade leaves in all species. In sun leaves, E. maculata 

had significant difference with native species except P. fulva. There was no difference between 

shade leaves of different species.  
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Figure 6. Maximum rate of Qy (CO2 photo-1) of the species in the Arboretum of Ruhande 
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3.2.5 Respiration in dark (Rd) 
 
The exotic photosynthetic value in darkness (Rd) was higher for the E. maculata (2.01 ± 0.23 

� mol m-2 s-1) than that of native species (0.41 ± 0.296 - 1.96 ± 0.89 � mol m-2 s-1) (Fig. 7). The 

difference in all tree species was significant (P = 0.006) and in all shade leaves (P = 0.014) but 

no difference in the sun leaves. The difference between sun and shade leaves of all species was 

highly significant (P = 0.0001). In the shade or in the sun leaves, Eucalyptus had significant 

difference to other native species, except P. falcatus (P > 0.05). The sun and shade leaf of E. 

excelsum were significantly different (P = 0.026). 
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Figure 7. Maximum rate of Rd (� mol m-2 s-1) of the species in the Arboretum of Ruhande 

 

3.2.6 Correlation between different photosynthetic parameters 
 
The correlation between quantum yield and Rd was r = 0.4645 and between A270 and Rd, r = 

0.4038 (Fig. 8), meanwhile the independence of some photosynthetic parameters in Arboretum. 

Other photosynthetic parameters were not correlated.  
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Figure 8. Correlation between Rd and A270 and between Rd and Qy 

 

3.3 Productivity of the Arboretum of Ruhande 
 
The increase in DBH between 2008 and 2010 was observed. The growth rate was consistently 

higher in native species including P. falcatus, E. excelsum and P. fulva (Fig. 9a, b), although 

there was no correlation either between age and DBH or between age and basal area which can 

explain what can cause difference in growth rate between species. 
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Figure 9. Comparison of the 2008 basal area and 2010 basal area and the comparison of the 
2008 DBH  and the 2010 DBH 
 

 
The regression correlation (r = - 0.83) showed a negative correlation between age and difference 

of basal area. This means that the growth rates decreases with forest age. There was a negative 

correlation when comparing the forest productivity and photosynthetic capacity (r = - 0.629), 

suggesting that the photosynthetic activity tends to decrease when the productivity is increasing 

(Fig. 10a, b)  
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Figure 10.  Correlations between productivity (BA/ha) and Photosynthesis activity at A270 ppm 
and at A540 ppm 
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3.4 Leaf nitrogen content 
 
The scatter plots did not show correlation between N-area and A270  (r = 0.16) and no correlation  

between N-area and A540 ( r = 0.28). But there was a little difference of Nitrogen content for sun 

and shade leaves (Fig. 11; Appendix VI). The N-area value was higher in P. falcatus (3.78 ± 1.01 

g m-2) but lower in the C.  grandiflora (1.76 ± 0.4g m-2) and in the exotic species, it ranged 

between 2.39 ± 0.11  and 3.07 ± 0.21 g m-2 
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Figure 11.  Nitrogen content of sun and shade leaves for different species 
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CHAPTER IV. DISCUSSION  

 

4.1 Leaf photosynthetic parameters 
 
Plant photosynthesis activity is limited for species in tropical rainforest and especially in Africa. 

In addition, little is known about CO2 effects on the growth and development of large trees. The 

results showed the values which were not far from the reported range from an earlier study in 

African tropical forests (Meir et. al 2007). Photosynthetic activity varied considerably between 

species, position of the leaves in the canopy, and leaf nitrogen content at the Arboretum of 

Ruhande. The fast growing tree species tended to have higher rate of photosynthetic capacity, 

indicating its physiological adaptations to the environmental conditions (Riikonem, 2003). Neelu 

et al (2002) attributed higher photosynthetic capacity to the higher irradiance for the exotic 

species. Photosynthetic activity also decline with forest age this may results from the fact that 

forest age increases with tree canopy, and consequently the sunlight penetration to the lower part 

of the canopy decline, which results in lower production efficiency of shades leaves. 

 

There were differences in the group of native species (P. fulva, P. falcatus, E. excelsum) for the 

A270 and for A540 and for the sun and shade leaves, which may be explained by their differences 

in the canopy structure, making differences in light penetration. For instance, E. excelsum had 

the fully closed canopy inside the plot compared to P. fulva which grew in more open gaps. The 

big open gaps facilitate light penetrate into the crown canopy (Laurence et al., 1997). P. fulva 

and P. falcatus are native and are adapted to disturbances. The gaps of bigger trees make them 

possible for fast-growth. Another potential explanation is that P. falcatus was fruited, which may 

reduce photosynthetic capacity. 

 

The sun leaves had higher photosynthetic activity in comparison to that of shade leaves, which 

may result from changes in structure such as increasing size of chloroplast, leaf thickness, and 

dry matter content (Makino et al., 1994). 
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4.2 Leaf morphological parameters 
 
Plant leaves vary widely in morphological traits, which may also indicate variations in leaf 

chemistry, causing differences in ecosystem processes such as decomposition and nutrient 

cycling (Hättenschwiler et al., 2005). It was also noted that the wide leaf anatomical changes 

were due to mesophyll and palisade layers. Palisade layer is reduced in shade leaves and thin 

leaves produce high value of specific leaf area. The shade leaves tend to be larger, as a result 

they have greater boundary layer resistance and all lower leaves of a plant have these shade 

characteristics (Fitter et al., 1989)  

 

4.3 Forest productivity 
 
A positive increase was observed from the 2010 DBH in comparison to that in 2008, as well as 

the basal area data. The negative correlation between age and basal area explained that the 

growth rate decreases with tree age. In addition, the negative correlations between productivity 

and A270 and between productivity and A540 explain that the photosynthesis decreases with tree 

age (Neelu et al., 2002). 

 

4.4 Leaf nitrogen content  
 
In several studies, the N concentration of leaves has proven to be a good predictor of the net 

photosynthesis activity in woody and other C3 species, depending on the position of the leaf in 

canopy and the prevailing light conditions. But in this study, no big differences were observed in 

nitrogen content of native and exotic species.  
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CHAPTER V. CONCLUSION AND RECOMMENDATIONS 

 

5.1 Conclusion 
 
The results indicated that there were significant differences of A270 and Rd between native and 

exotic species, with exotic species dominating the native species in photosynthetic parameters. 

Considering the leaf positions in the canopy, sun leaves showed higher physiological traits in 

comparison to those of shade leaves. Photosynthetic capacity increased with canopy height, with 

sun leaves having higher photosynthetic activity in comparison to that of shade leaves. Leaves 

were also morphologically different. The productivity was negatively correlated with the 

photosynthetic activity but the growth rate decreased with increasing forest age. Nitrogen content 

did not correlate with the photosynthetic capacity.  

 

5.2 Recommendations 
 
More research is needed in other protected area of Rwanda, including (i) the relationships 

between the productivity and photosynthesis, (ii) the correlation between nitrogen content and 

photosynthesis and the description of some ecophysiological characters of Rwandan tree species, 

and (iii) the evaluation of photosynthetic activities of other exotic and native species in relation 

to climate changes. 

 
As the density of tree species inside the plots affects the productivity, it is highly recommended 

to ISAR to keep the good management of this interesting forest, stop the illegal cutting of trees 

and firewood collection.  
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APPENDIX 1. Leaf morphology and measurement of DBH 
 

                       

Leaf  of Carapa grandiflora                                   Leaf of E. excelsum 
 

                 

Leaf of P. falcatus                                          Leaf of P. fulva   
 
 

                     
 
Leaf of E. maculata                                     Author measuring  the DBH at site  
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APPENDIX II. Map of Arboretum by Stanga, 1991 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



III 
 

APPENDIX III. Leaf photosynthetic parameters 
 
 

Species Plot # ID 
leaf 

C.E. A270 A540 Q.Y. Rd 

Sun 0.0442 9.1809 21.1149 0.0308 1.19 
Sun 0.0513 10.8694 24.7204 0.0317 1.002 
Shade 0.0397 8.2017 18.9207 0.0369 0.14 
Shade 
 

0.0328 6.5754 15.4334 0.0108 0.35 

Sun 0.0373 6.8986 16.9696 0.0367 0.57 

Sun 0.0313 6.0927 14.5437 0.0239 0.977 

Shade 0.0594 10.9263 26.9643 0.0239 0.977 

11 

Shade 
 

0.0355 6.4519 16.0369 0.0239 0.659 

Sun 0.0401 8.2193 19.0463 0.0265 1.243 
Sun 0.0376 7.6785 17.8305 0.0279 1.187 
Shade 0.028 6.1101 13.6701 0.0247 0.409 

 
 
C. grandiflora 

 
 
70 

Shade 
 

0.0372 7.4084 17.4524 0.276 0.292 

Sun 0.0946 11.452 36.994 0.0357 2.643 
Sun 0.1391 15.485 53.042 0.0357 2.643 

Shade 0.0399 5.8335 16.6065 0.028 1.09 

2 

Shade 
 

0.0521 7.9529 22.0199 0.0384 1.133 

Sun 0.0463 4.877 17.378 0.0316 1.81 
Sun 0.0393 7.2334 17.8444 0.0369 0.085 

Shade 0.0324 6.0386 14.7866 0.0233 0.053 

226 

Shade 
 

0.0315 5.0999 13.6049 0.0275 0.554 

Sun 0.0464 5.2418 17.7698 0.032 2.47 
Sun 0.0408 4.7394 15.7554 0.0182 2.1 

Shade 0.0293 5.8343 13.7453 0.0333 0.754 

 
 
P. falcatus 

156 

Shade 0.021 2.7145 8.3845 0.0303 1.997 
Sun 0.0301 5.9601 14.0871 0.021 0.943 
Sun 0.047 9.8212 22.5112 0.0172 1.28 
Shade 0.0322 6.1548 14.8488 0.0081 0.644 

 
44 
 
 Shade 0.034 6.8937 16.0737 0.0099 0.443 

 
E. excelsum 
 
 
E. excelsum  Sun 0.0409 8.1103 19.1533 0.0418 1.55 



IV 
 

Sun 0.0424 8.234 19.682 0.0313 1.55 
Shade 0.036 6.9517 16.6717 0.035 0.691 

54 
 
 Shade 0.036 6.9517 16.6717 0.035 0.691 

Sun 0.0407 8.2158 19.2048 0.0249 1.26 
Sun 0.0353 6.9414 16.4724 0.0403 2 
Shade 0.0345 6.7422 16.0572 0.0127 0.458 

 
 
 
78 Shade 0.0354 6.8231 16.3811 0.0169 0.748 

 
Sun 0.0535 11.34 25.785 0.0189 0.537 

Sun 0.0326 6.6206 15.4226 0.0185 0.893 

Shade 0.0479 10.2938 23.2268 0.0469 0.316 

 
 
240 

Shade 
 

0.0545 11.6289 26.3439 0.0544 0.399 

Sun 0.0761 16.3443 36.8913 0.0613 1.27 
Sun 0.0827 17.8809 40.2099 0.0608 1.17 
Shade 0.0726 15.3174 34.9194 0.0223 0.658 

 
262 

Shade 
 

0.0629 13.47773 30.4603 0.0496 0.807 

Sun 0.0515 11.0196 24.9246 0.0414 0.734 
Sun 0.0467 9.4084 22.0174 0.0368 1.32 

Shade 0.0362 7.4765 17.2505 0.0161 0.225 

 
 
 
 
 
 
 
 
 
P. fulva 

 
268 

Shade 0.054 11.1266 25.7066 0.0067 0.0709 

Sun 0.1378 30.0471 67.2531 0.0627 2.073 

Sun 0.999 21.8727 48.8457 0.0515 1.987 
Shade 0.067 14.2978 32.3878 0.0488 2 

 
 
 
 
458 
 

Shade 0.0913 19.5555 44.2065 0.048 1.823 

Sun 0.0522 10.1487 24.2427 0.0367 2.13 
Sun 0.0835 17.7698 40.3148 0.0496 2.327 

Shade 0.0309 5.5939 13.9369 0.0353 1.683 

 
 
446 
 
 Shade 0.0401 7.4734 18.3004 0.0283 1.653 

Sun 0.0613 12.453 29.004 0.0445 1.88 
Sun 0.0637 12.8712 30.0702 0.0477 1.6733 

Shade 0.0471 8.4502 21.1672 0.0309 1.343 

 
 
 
 
 
 
 
E. maculata 

 
6 
 
 
 Shade 0.0323 5.8998 14.6208 0.0313 1.009 
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APPENDIX IV. Measured leaf morphological characteristics in this study 
 
 

 
 

species Plot 
# 

ID 
leaf 

Thickness 
(mm) 

Length 
 (cm) 

Width  
(cm) 

SPAD D.wt. 
(g) 

Area LMA g/m2 N_%dwt N_area 
(g m-2) 

Sun 0.32 17.3 6 64.6 0.182 13.57 134.0853903 1.914 2.566286 
Sun 0.28 16.1 5 56.6 0.152 13.57 111.9834029 1.871 2.094663 
Shade 0.29 26.8 8.5 75.4 0.134 13.57 98.72221042 1.888 1.864342 
Shade 0.28 28.3 9.2 72.2 0.106 13.57 78.09368885 1.767 1.379976 
Sun 0.35 22.8 7.1 65.5 0.182 

13.57 134.0853903 1.913 2.564909 
Sun 0.33 21.6 7.7 70.2 0.191 13.57 140.7159865 1.952 2.747276 
Shade 0.26 29.5 7.4 79.5 0.116 

13.57 85.46101799 2.519 2.152578 

 
 
 
 
11 

Shade 0.23 30.5 7.3 75.4 119 
13.57 87.67121673 2.597 2.27704 

sun 0.36 20.2 7.8 66.2 0.179 13.57 131.8751916 1.641 2.164035 
Sun 0.38 19.1 7.1 66 0.17 

13.57 125.1445953 1.718 2.151442 
Shade 0.3 26.2 7.9 71.6 0.115 

13.57 84.72428507 1.768 1.498083 

 
 
 
 
 
C. 
grandiflora 

 
 
70 
 
 

Shade 0.28 21.7 6.6 64 0.116 
13.57 85.46101799 1.643 1.404414 

Sun 0.43 4.8 0.4 84 0.07 
2.7 259.2592593 1.703 4.415369 

Sun 0.41 5.6 0.5 83.4 0.087 
2.85 305.2631579 1.632 4.982839 

Shade 0.33 7.2 0.65 80 0.093 
3.6 258.3333333 1.519 3.923807 

 
 
2 
 
 

Shade 0.33 6.2 0.55 76.3 0.075 
3.3 227.2727273 1.445 3.284547 

Sun 0.42 5.6 0.49 73.6 0.1 2.95 338.9830508 1.193 4.042548 
Sun 0.3 4.65 0.4 78.1 0.52 2.42 214.8760331 1.436 3.086209 
Shade 0.42 8.1 0.58 73.5 

0.108 3.5 308.5714286 1.554 4.796118 

 
 
226 
 

Shade 0.371 5.8 0.47 82.8 0.064 2.8 228.5714286 1.58 3.611259 
Sun 0.37 3.2 0.43 66.8 0.048 2.4 200 1.526 3.052272 
Sun 0.36 3.03 0.41 61.3 0.045 

2.4 187.5 1.226 2.299351 
Shade 0.456 6 

0.6 
69.8 

0.081 3.6 225 1.27 2.85644 

 
 
 
 
P. falcatus 

 
 
156 
 
 

Shade 0.463 7.75 
0.845 

70 
0.131 5.37 243.9478585 1.717 4.18844 

sun 0.333 22.6 11.2 57.2 0.215 13.5717 158.4181147 2.0787 3.29304 
sun 0.33 22.4 10.5 55.6 0.218 13.5717 160.6286 1.9915 3.19892 
shade 0.263 19.5 8.8 57.9 0.151 13.5717 111.2610945 2.48 2.75928 

 
44 

shade 0.283 26.7 11.5 55.5 0.15 13.5717 110.524266 2.7108 2.99609 
sun 0.336 19.6 10.6 62 0.219 13.5717 161.3654284 2.1887 3.53181 
sun 0.353 25 11.6 71.1 0.207 13.5717 152.5234871 2.225 3.39365 
shade 0.315 22.2 7.7 59.1 0.153 13.5717 112.7347514 2.297 2.58952 

 
 
54 
 shade 0.315 22.2 7.7 59.1 0.153 

13.5717 112.7347514 2.297 2.58952 
sun 0.36 19 8.6 58.2 0.234 13.5717 172.417855 2.2563 3.89026 
sun 0.31 18 8 51.1 0.228 13.5717 167.9968844 2.533 4.25536 
shade 

0.24 20.9 9.1 61.7 0.155 13.5717 114.2084082 2.06 2.35269 

 
 
 
 
E. 
excelsum 

 
78 

shade 
0.24 21.8 9.2 63.3 0.154 13.5717 113.4715798 2.3498 2.66636 



VI 
 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

Species Plot 
# 

ID 
leaf 

Thickness 
(mm) 

Length 
 (cm) 

Width  
(cm) 

SPAD D.wt. 
(g) 

Area LMA g/m2 N_%dwt N_area 
(g m-2) 

Sun 0.69  14.3 6.1 50.5 0.21 
13.5717 154.7339725 2.3581 3.64878 

Sun 0.57 16.4 5.8 49.8 0.215 
13.5717 158.4181147 2.2077 3.4974 

Shade 0.41 19 8.4 47.3 0.106 
13.5717 78.10381467 1.9004 1.48428 

 
 
240 
 
 

Shade 0.42 20 9.6 49.6 0.097 
13.5717 71.4723587 2.617 1.87043 

Sun 0.46 16.6 5.5 52 0.201 13.5717 148.1025165 2.0135 2.98204 
Sun 0.43 10.6 5.6 54.5 0.219 13.5717 161.3654284 2.0047 3.23489 
Shade 

0.4 17.4 7 51.7 0.169 13.5717 124.5240064 2.2437 2.79395 

 
 
262 
 

Shade 0.567 13 5.8 54.8 0.227 7.6969 294.9238537 2.3809 7.02184 
Sun 0.53 9.8 4.2 51.3 0.113 6.15752 183.5153936 2.1049 3.86282 
Sun 

0.49 8.6 5 53.9 0.093 6.15752 151.0347929 2.7778 4.19544 
Shade 

0.37 12.5 8.7 48.4 0.175 13.5717 128.944977 2.2855 2.94704 

 
 
 
 
P. fulva 

 
 
268 
 
 

Shade 
0.38 10.3 7.3 49.3 0.147 13.5717 108.3137807 2.1952 2.3777 

Sun 0.33 11 2.4 46.9 0.108 6.637475 162.7124773 1.942 3.159736 
Sun 0.333 13.7 3.1 51.1 0.105 6.637475 158.1926862 1.734 2.743342 
Shade 0.32 14.8 3 48 0.096 6.637475 144.6333131 1.861 2.692132 

458 

Shade 0.34 15.2 3.4 48.9 0.086 6.637475 129.5673343 1.762 2.283013 
Sun 0.38 17.7 3.1 58.7 0.15 6.637475 225.9895517 1.767 3.993423 
Sun 0.3 17.2 4.3 46.1 0.084 6.637475 126.554149 2.087 2.640875 
Shade 0.25 18.2 3.4 55.7 0.092 6.637475 138.6069251 1.72 2.384268 

446 

Shade 
0.26 17.3 3.6 56 0.084 6.637475 126.554149 1.685 2.132638 

Sun 0.35 15.5 2.6 50.5 0.129 6.637475 194.3510145 1.612 3.133336 
Sun 0.32 14.8 3.5 48.9 0.119 6.637475 179.2850444 1.541 2.762052 
Shade 

0.32 19.5 3.6 59.3 0.123 6.637475 185.3114324 1.398 2.591254 

 
 
 
 
 
 
 
E. 
maculata 

6 

Shade 
0.3 17.5 3.5 60 0.105 6.637475 158.1926862 1.425 2.254809 



VII 
 

 
APPENDIX V .  Plots selected for measurements and their respective age 
Plot No Species Age 
6 E. maculata 64.86 
446   
458   
44 Entandrophragma excelsum 51.75 
54   
78   
2 Podocarpus falcatus 57.25 
156   
226   
240 Polyscias fulva 51.75 
262   
268   
 
 
 
APPENDIX VI.  N-area (gm-2) by the position canopy 
 
 
 

N-area content Height (m) 

Sun shade Sun Shade C. grandiflora 
 2.38 ± 0.25 1.76 ± 0.4  2.5 0.6 
P. falcatus 3.65 ± 1.01 3.78 ± 0.37 26.5 2.5 
E. excelsum 2.79 ± 0.12 1.98 ± 0.18 - - 
P. fulva 2.73 ± 0.36 2.6 ± 1.32 - - 
E. maculata 3.07 ± 0.21 2.39 ± 0.12 18.5 9 
 
 

 


