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PART I. INTRODUCTION 

Forest ecosystems play important role in stabilizing the atmospheric greenhouse gas 

concentrations and thus mitigate climate change mainly through its role in global carbon cycle. 

Temperate ecosystem is relatively well studied, although ecosystems in the tropics is quite 

uninvestigated, especially those in Africa, which also play a great role in global carbon cycle.  

 

The focus of this project is the measurement of photosynthesis and gas exchange of some tree 

species with the aim to provide data usable in climate models. The study is linked to an ongoing 

collaboration between the University of Gothenburg and the National University of Rwanda 

where the carbon flow between atmosphere, plants and soil is studied. 

1.1. Forests in the world 

Forests occupy almost 4 billion hectares representing 30% of the total area of the world (FAO, 

2005, 2007). Forests are resources that people depend on for their livelihood and are source of 

fuel wood, wood for furniture, fodder and pharmaceutical products, and are used for ornamental 

purposes. Forests provide environmental benefits, for example the conservation of soil, amenity 

and climate amelioration (Sand, 2005). 

 

The photosynthesis is the most important process that allows plants to grow. The process occurs 

in leaves when they intercept light and take up CO2 from the outside air. From CO2, water and by 

the help of light absorbing pigment, the chlorophyll, plants manufacture glucose and oxygen, 

basic molecules used by the cell in energy production and respiration. Animals also need those 

molecules to survive (Sand, 2005). 

 

Nowadays, the response of terrestrial vegetation to a globally changing environment is the 

concern to predictions of future levels of atmospheric CO2 (Lewis et al., 2009). The current 

observed atmospheric changes are mainly correlated with anthropogenic activities which favour 

the increase of atmospheric greenhouse gases. The estimations revealed that CO2 alone 
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represents 60% of the total global warming potential of well-mixed anthropogenic greenhouse 

gases. Thus, scientific research proves that the current climate changes are a consequence of the 

increase of green house gases (Chambers & Silver, 2004). In the line of this issue, Laurence 

(2004) demonstrated how forest deforestation and fragmentation can accelerate climate change, 

both locally by modifying microclimate, regionally by enhancing surface warming and perhaps 

suppressing precipitation, and globally by turning forest carbon stocks into atmospheric CO2. 

 

It has been realized that a great part of the climate status results from plants and atmosphere 

interactions, especially through photosynthesis and respiration. Changing the composition of the 

atmosphere will affect all aspects of plant life and, in turn, the plants will give feed back to the 

atmosphere and climate again, through these interactions. Also, the transpiration of plants 

regulates both the local and regional hydrologic balance. The interactions between plants and 

atmosphere are important in models to foresee the climate and stability in ecosystems in the 

future and during changed condition (Körner, 2003). 

 

1.2. Tropical rainforest 

 

Tropical forests play a non-negligible role in the global carbon balance because they contain 

about half of the carbon present as biomass in the world’s terrestrial ecosystems (Carswell et al., 

2000; Lewis, 2009). They cover nearly 17.6 × 108 hectares of the earth’s surface which 

represents 59% of the world’s forested area (Carswell et al., 2000). Tropical Forests have the 

considerable richness in biodiversity because they contain about 70% of the world’s plants and 

animals, 70% of the world’s vascular plants, 30% of all birds and > 90% of all invertebrates 

(Sand, 2005). 

 

Tropical Forests are located around the equator where the climate is warm to hot. Frosts are 

absent throughout the whole year. The main climatic factor that distinguishes forest types in the 

tropics is the length and severity of the dry season. When distance is increasing from the equator, 



9 

 

rainfall becomes seasonal and forests need to be able to resist progressively longer dry periods 

(Sand, 2005). 

 

In highly weathered soils typical of tropical forests, nitrogen (N) is relatively abundant and 

phosphorous (P) is the most commonly limiting element to net primary productivity (NPP). This 

is because P is supplied primarily through the weathering of parent material, whereas N 

accumulates through biological processes (McGill and Cole 1981; Lüttge, 2008 in Gårdesten, 

2009). 

 

1.3. Forest plantation 

Forest plantations have become common landscapes across many parts of the world. For instance 

in 2000, forest plantations occupied 116 Mha (million hectare) in Asia, 32 Mha in Europe, 28 

Mha in America and 8 Mha in Africa. In East African countries, the largest forest plantations are 

found in Sudan (641 000 ha), Rwanda (261 000 ha) and Kenya (231 000 ha) (Nsabimana et al., 

2008). In tropical regions, forest plantations play important economic and environmental roles 

such as the supply of fuelwood, charcoal, fodder, sticks and building materials, to restore 

degraded lands, to control soil erosion or to serve as buffer zones around roads and areas of 

natural forests, and are important in reducing atmospheric CO2 concentrations by increasing 

carbon sequestration in tree biomass and soils (Nsabimana, 2008). 

 

Forest plantations were introduced in Rwanda since 1910 for the same reasons, economic and 

environmental purposes, and they were introduced to control soil erosion and restore degraded 

lands, but also to respond to the increased demands for fuelwood, wood products and building 

materials. In Rwanda, plantations were mainly forested with exotic plant species including the 

following genera: Eucalyptus, Grevillea, Cedrella, Pinus, Cupressus and Callitris (Nsabimana, 

2008). 
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1.4. Physiological ecology of tropical plants 

Tropical tree species may exhibit particularly conservative adaptations conferring elevated 

photosynthetic capacity and more carbohydrate storing mechanisms than needed under elevated 

CO2. Tropical trees often experience several environmental and ecological stresses including 

chronically low nutrient availability, strong seasonal variability in precipitation, large diurnal 

changes in leaf temperature and plant water status, and intense competition for resources with 

other plants (Chambers and Silver, 2004). Phosphorus is the major limiting nutrient in the tropics  

(Chambers & Silver, 2004; Meir et al., 2007; Hättenschwiler et al., 2008). In tropical forests, 

different species varies their leaf longevity from month to years, with high variety in investments 

of nutrients to the leaves. The plant can allocate nitrogen in order to obtain a higher 

photosynthetic assimilation from large leaves to fragile leaves or to provide a resistant physical 

structure which leads in a lower rate of CO2 assimilation over a longer time (Gårdesten, 2009). 

 

Individual trees have both shade and sun leaves as part of the foliage is mostly shaded and part of 

the foliage is mostly exposed to the sun. The climate variability in the tropical forests makes it 

important for the plants to have different adaptations. The photosynthesis of shades leaves at 

light saturation is usually lower than that of sun leaves (Gårdesten, 2009). 

 

The classification of climax and pioneer species focuses on light, and the resource of light is 

strongly limiting in forests (Meir et al., 2007). A comparison of fast-growing pioneers and slow-

growing climax species shows that the pioneers have the characteristic of sun plants. The climax 

species show a more intermediate behavior as they can both be exposed to sun in the upper 

canopy and shaded in the lower canopy. The pioneers and the climax species regulate their gas 

exchange in different ways. The pioneers often have higher rates of the maximum photosynthesis 

than shaded plants. The shaded leaves in climax species have lower leaves (Gårdesten, 2009). 

Compared to the climax species, the pioneers have a greater stomatal conductance, supplying 

CO2 to photosynthesis at a higher rate. High stomatal conductance leads to higher gas exchange 

and growth (Gårdesten, 2009). 

 



11 

 

Nitrogen plays an important role in the photosynthetic apparatus, as Rubisco and cytochrome 

contain much of it (Meir et al., 2007). It has been suggested that tree species allocate nitrogen 

resources within the canopy to maximize photosynthetic capacity where most photosynthetic 

photon flux density (PPFD) is intercepted (Carswell et al., 2000). 

 

1.5. Objectives 

1.5.1. Main objective 

The main objective of this study was to measure photosynthesis and gas exchange of some exotic 

tree species in the Arboretum of Ruhande. This data may contribute to the estimation of the total 

amount of carbon taken up by tree plantations in Rwanda. 

 

1.5.2. Specific objectives 

 

During this study, the following specific objectives were formulated: (i) To evaluate the 

variations in photosynthesis and leaf morphology among sun and shade leaves of three exotic 

tree species; (ii) To evaluate the increase of the basal area within 2 years of our three exotic 

species as a measure of their productivity; (iii) To determine the relationship between 

productivity and photosynthesis among our three exotic species; and (iv) To assess the extent to 

which photosynthesis in these trees are limited by nitrogen (N). 
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PART II. MATERIALS AND METHODS 

 

2.1. Study site 

The study site was the Arboretum of Ruhande and the fieldwork started 28th January 2010 and 

ended 2nd May 2010. Fieldwork activities were mainly conducted during week-ends and on days 

free from school. 

 

The Arboretum of Ruhande is located in southwestern Rwanda (altitude: 1737 m; lat. 2°36´S and 

long. 29°44´E), and is a unique forestry resource inter-nationally appreciated for its fine 

collection of Eucalypts. The area was used as human settlement and multiple croplands until 

1933, when the population was displaced and the plantation was established. The Arboretum of 

Ruhande is conceived as a center that may produce ecologically adapted silvicultural species and 

provide tree seeds at a national level. It is composed of over 207 native and exotic species, 

including 143 hardwoods with 69 Eucalyptus species, 57 softwood and 3 bamboo species. This 

plantation covers a surface of 200 ha; each species is planted in plots of 50 m x 50 m. The site is 

unique as most species were replicated. Plots are intercalated by alleys about 6 m wide 

(Nsabimana, 2008). 

 

The climate in the region is tropical humid, the average annual temperature is 19.6°C and the 

mean annual precipitation is 1232 mm. The rainfall has a bimodal pattern: the heavy rainy season 

extending from March to May and the mild rain from October to December. The two rainfall 

seasons alternate with two dry seasons, one from January to February and the other from June to 

September. The soil is classified as a Ferralsols according to FAO, formed from the parent 

material of schists and granites mixed with mica schist and quartzite (Nsabimana, 2008). During 

wet season the average of air relative humidity lies between 77 and 86% and during dry seasons 

it ranges between 59 and 65% (Nsabimana, 2008).  

 

2.2. Selected species 

The species studied were Pinus patula, Cedrela serrata and Eucalyptus maculata, and are exotic 

tree species. The fast-growing exotic species of Eucalyptus maculata (Family of Myrtaceae) was 
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introduced from Australia and commonly used in agro forestry worldwide. Eucalyptus species 

occupy 65% of the planted forest in Rwanda (Nsabimana, 2008). Three plots (6, 446 and 458) of 

Eucalyptus maculata were used. 

Pinus patula (Family of Pinaceae) is native to Mexico where its range is limited and disjointed. 

P. patula plantations are concentrated in eastern, central and southern Africa, which together 

account for over 95% of the total area planted with this species (FAO, 2001). Three plots (410, 

92 and 211) of P. patula were used. 

Cedrela serrata (Family of Meliaceae) is native to India, Indonesia, Myanmar and Sri Lanka, 

and had been exported to Kenya, Malawi, Nepal, Rwanda and Uganda where it is considered as 

exotic species. Its biophysical limits are: Altitude: 1 200-2 400 m, mean annual temperature: 5-

45°C; mean annual rainfall: 1250 to 2500 mm; Soil type: requires well-drained soils (Anon, 

1986). Three plots (36, 111 and 112) of C. serrata were used. 

 

2.3. Gas exchange measurements 

Leaf gas exchange measurements were made at the sites using the LI-6400XT, which is a 

portable gas analyzer (LI-COR Inc., Lincoln, NE, USA) (Figs. 1 and 2). The gas analyzer has 

two non-dispersive infrared gas analyzers and the infrared radiation passes through a chopping 

filter wheel and into the sample analyzer detector. The instrument measurements give no delays 

when measuring and it’s possible to measure the absolute concentrations of both CO2 and H20. 

The instrument is robust and reliable even in tough conditions but a preparation check-list of the 

most important sensors and functions of the instrument was made every day before measuring. 

 

Figure 1. LI 6400  instrument measuring an 

Eucalyptus maculata  leaf.  
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Two branches, approximately about the size of 2 m, were cut down by a professional tree 

climber from the canopy, one from sun canopy position and another from shaded area. Two sun 

leaves and two shade leaves of each branch were measured. The leaves were in good conditions 

and not damaged. 

 

While measuring, there were some exceptions according to each species due to morphological 

differences of leaves (Appendix I). For Pinus patula, leaves are needle-like, and were measured 

by pulling down the leaf temperature sensor so the needles did not touch it. Ten needles were 

used and mounted parallel to each other, without shading each other. Then, the width (the widest 

side of the needles) of all 10 needles was measured and calculated the total width of all needles 

which enabled the calculation of the area inside the chamber and then entered it into the LI6400 

leaf chamber.  

 

Measurements were only conducted if the value of the conductance was over 0.05 µmol m-1 s-1. 

Vapor pressure deficit (VPD) was < 1.5. Relative humidity (RH) was checked during the entire 

measurement, and must not go over 85% for better measurements. The photosynthesis was 

measured at a temperature of 27° C. Depending on the value of conductance and its stability;  

AnCi curves with somewhat different CO2 concentrations were made. Some data points were 

excluded due to falling conductance at high CO2 concentrations. 

 

In particular, our measurements concerned only two kinds of response measurements which are 

Ci response and light response. During the Ci response measurement we ran “AnCi curve” at 

different concentrations of CO2 (CO2 = 400 µmol mol-1, 0 µmol mol-1, 60 µmol mol-1, 125 µmol 

mol-1, 225 µmol mol-1, 300 µmol mol-1, 400 µmol mol-1, 800 µmol mol-1, 1200 µmol mol-1, 1600 

µmol mol-1, 2000 µmol mol-1). During this measurement, PAR (Photosynthetically Active 

Radiation) was fixed at 1800µmol m-2 s-1. 

During the light response we ran “Light curve” at different levels of PAR (Photosynthetically 

Active Radiation) (100 µmol m-2 s-1, 75 µmol m-2 s-1, 50 µmol m-2 s-1, 25 µmol m-2 s-1, 0 µmol m-2 

s1). During this measurement, CO2 was fixed at 400 µmol mol-1. 
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2.4. Leaf physical and chemical measurements 

 

Other data from the leaf were collected after photosynthetic measurement. Thickness, length and 

width of the leaf were noted and a proxy of the content of the chlorophyll (SPAD) was measured 

by the chlorophyll meter SPAD-502 (Minolta corporation, Ltd., Osaka, Japan). Five leaf discs of 

known area from the leaves of E. maculata and C. serrata and ten needles from P. patula were 

sampled. The leaf material was dried at 70º C in the oven, thereafter weighed on a balance before 

grounding. The grounded leaf samples were taken to Sweden in Ependorf tubes for further 

analyzes of the N content. The N content in the leaves were determined through laboratory 

analysis using gas chromatography and were expressed on a dry mass basis as well as leaf area 

basis. The leaf mass area ratio (LMA) was also calculated (g/cm-2). Leaf N concentrations were 

related to photosynthetic parameters A270 and A540 using linear regression.  

 

2.5. Productivity assessment 

One of the data needed while studying productivity is the diameter at breast height (DBH) of 

targeted tree species (Coops et al., 1997). Thus, during our field data collection we measured tree 

DBH which helped to do the calculations of basal area for all three exotic species. Referring to 

the plots which were measured by Donat Nsabimana and Göran Wallin, we measured again the 

DBH for us to assess the growth rate within two years, and made a comparison between basal 

area and the photosynthetic capacity of the correspondent tree species in order to determine the 

correlation between the two parameters. From the center of a plot, we made a circle of 10 m of 

radius where all marked trees were measured. By having basal area of 2008 and 2010, we took 

the difference from the two years divided by 2 years and obtain the productivity index. 

 

2.6. Data analysis 

The following photosynthetic parameters were calculated:  

• Photosynthesis at an intercellular CO2 concentration (Ci) of 270 parts per million (ppm), 

where the carboxylation is typically limiting (A270). 
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• Photosynthesis at Ci of 540 ppm, where the RuBP-Regeneration is typically limiting 

(A540) 

• The carboxylation efficiency (CE), being the initial slope of the relationship between 

photosynthesis and Ci, determined in the Ci range, being the Ci values inferior to 150 

µmol mol-1. 

• The quantum yield (QY), being the initial slope of the relationship between 

photosynthesis and photosynthetically active radiation (PAR), determined in the PAR 

range of 25-75 µmol m-2 s-1. 

• Respiration in darkness (Rd), being the mean net photosynthesis (An) when PAR inside the 

leaf is equal to 0 µmol m-2 s-1.  

 

In order to make the calculation of the five parameters above, three data variables were used: An, 

Ci and PAR. The amount and activity of Rubisco is usually the limiting factor when CO2 level is 

low and the RuBp-generation when the CO2 level is higher. Using a non-linear relationship curve 

fitting model (polynomial equation) in Excel you can minimize the differences between the 

observed photosynthesis and the predicted one and the model is an important tool to see changes 

of An due to environmental changes. 

 

2.7. Statistical analysis 

By using SPSS software, three types of statistical analysis were used: In order to test the 

difference that could be between the sun and shade leaves on the same tree we used the statistical 

test called “Paired Samples T-test” which compares two dependent means; In order to test the 

relationship among sun or shade leaves of different species we used the statistical test called 

“One-way ANOVA (Analysis of Variance)” which compares multiple independent means; In 

order to analyze the dependence of A270 and A540 on leaf nutrient N concentration we used the 

“coefficient of determination” which determines at which point the regression equation is 

adapted to describe the distribution of points and “the coefficient of correlation” which 

quantifies the intensity and the direction of the relation which exists between two variables. 
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PART III. RESULTS 

 

3.1 Photosynthetic parameters 

3.1.1 Carboxylation limited photosynthesis (A270) 

  

A comparison of sun leaves from different species and that of shade leaves for  (where the 

carboxylation is limiting the photosynthesis) was not significant (P > 0.05) (Figure 2; Table 1). 

The values of the photosynthetic rate at  for sun leaves ranged between 11.67 µmol m-2 s-1 

and 17.51 µmol m-2 s-1 and values for the shade leaves ranged between 6.45 µmol.m-2.s-1and 10.2 

µmol.m-2 s-1. The lowest value for the sun leaves corresponds to Cedrela serrata leaves and the 

highest to the Eucalyptus maculata leaves. For shade leaves, the lowest value corresponds to the 

Cedrela serrata leaves, whereas the highest value corresponds also to the Eucalyptus maculata 

leaves. Comparing sun and shade leaves for the same species, significant difference (P < 0.05) 

was found for Cedrela serrata and Eucalyptus maculata, whereas for Pinus patula, no 

significant difference (P > 0.05) was found (Fig. 2; Table 1). 

 

 

Figure 2. The carboxylation limited photosynthesis (A 270) in sun and shade leaves of the 

exotic tree species Cedrela serrata (Cs), Pinus patula (Pp) and Eucalyptus maculata 

(Em). Error bars represent the standard error. 
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Table 1. P-values among the three exotic species and between the sun and shade leaves of each 

species in A270 where P < 0.05 represents that the difference is significant. Species symbols: Cs 

(Cedrella serrata), Pp (Pinus patula) and Em (Eucalyptus maculata). 

Leaf ID Cs (Sun) Pp (Sun) Em (Sun) Cs (Shade) Pp (Shade) Em (Shade) 

Cs (Sun)   0.866 0.094 0.002     

Pp (Sun) 0.866   0.285   0.11   

E m (Sun) 0.094 0.108       0.015 

Cs (Shade) 0.002       0.091 0.154 

Pp (Shade)   0.11   0.091   0.653 

Em (Shade)     0.015 0.154 0.653   

 

3.1.2 RuBP-Regeneration limited photosynthesis (A540) 

A comparison of sun leaves of different species and that of shade leaves among the three exotic 

species in  (where the RuBP-Regeneration is limiting the photosynthesis), shows that they 

were not significantly different (P > 0.05) except for the shade leaves of Cedrela serrata and 

Pinus patula where the difference was significant (P < 0.05) (Figure 3). The values of the 

photosynthetic rate at  for sun leaves ranged between 26.82 µmol m-2 s-1 and 39.91 µmol m-2 

s-1 and values for the shade leaves ranged between 15.12 µmol m-2 s-1 and 24.1 µmol m-2 s-1. The 

lowest value for the sun leaves corresponds to Cedrela serrata leaves and the highest to the 

Eucalyptus maculata leaves. For shade leaves, the lowest value corresponds to the Cedrela 

serrata leaves, whereas the highest value corresponds also to the Eucalyptus maculata leaves. 

The comparison between sun and shade leaves of the same species showed that there was no 

significant difference (P > 0.05) for Pinus patula, whereas, a significant difference (P < 0.05) 

was found between sun and shade leaves for Eucalyptus maculata and Cedrela serrata (Fig. 3; 

Table 2). 
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Table 2. P-values among three exotic species and between the sun and shade leaves of each 

species in A540 where P < 0.05 represents that the difference is significant. 

Leaf ID Cs (Sun) Pp (Sun) Em (Sun) Cs (Shade) Pp (Shade) Em (Shade) 

Cs (Sun)   0.49 0.084 0.002     

Pp (Sun 0.49   0.139   0.121   

Em (Sun) 0.084 0.139       0.017 

Cs (Shade) 0.002       0.041 0.118 

Pp (Shade)   0.121   0.041   0.817 

Em (Shade)     0.017 0.118 0.817   

 

 

Figure 3. RuBP regeneration limited photosynthesis (A540) in sun and shade 

leaves of the exotic tree species Cedrela serrata (Cs), Pinus patula (Pp) and 

Eucalyptus maculata (Em). Error bars represent the standard error. 



20 

 

3.1.3 Carboxylation efficiency (CE) 

A comparison of carboxylation efficiency for the sun leaves of different species and that of shade 

leaves shows that the difference among the three exotic species was not significant (P > 0.05) 

except for the shade leaves of Cedrela serrata and Pinus patula (Figure 4). But for the 

comparison between sun and shade leaves of the same species, it was found that there was a 

significant difference (P < 0.05) for Eucalyptus maculata and Cedrela serrata. No significant 

difference (P > 0.05) was found between sun and shade leaves for Pinus patula (Fig. 4; Table 3). 

 

 

 

Table 3. P-values among the three exotic species and between the sun and shade leaves of each 

species individually in CE where P < 0.05 represents that the difference is significant. 

Leaf ID Cs (Sun) Pp (Sun) Em (Sun) Cs (Shade) Pp (Shade) Em (Shade) 

Cs (Sun)   0.278 0.077 0.002     

Pp (Sun 0.278   0.174   0.131   

Em (Sun) 0.077 0.174       0.019 

Cs (Shade) 0.002       0.023 0.094 

Pp (Shade)   0.131   0.023   0.966 

Em (Shade)     0.019 0.094 0.966   

Figure 4. Carboxylation efficiency (CE) in the exotic tree species Cedrela 

serrata (Cs), Pinus patula (Pp) and Eucalyptus maculata (Em). Error bars 

represent the standard error. 



21 

 

 

3.1.4 Quantum yield (QY) 

A comparison of quantum yield for the sun leaves of different species and that of shade leaves 

show that the difference among species was not significant (P > 0.05) except for the sun leaves 

of Cedrela serrata and Eucalyptus maculata and sun leaves of Pinus patula and Eucalyptus 

maculata which were significantly different (P < 0.05) (Figure 5). The comparison between sun 

and shade leaves of the same species showed no significant difference (P > 0.05) for Cedrela 

serrata, whereas a significant difference (P < 0.05) was found between sun and shade leaves of 

Pinus patula and Eucalyptus maculata (Fig. 5; Table 4). 

 

 

Table 4. P-values among the three exotic species and between the sun and shade leaves of each 

species individually in QY where P < 0.05 represents that the difference is significant. 

Leaf ID Cs (Sun) Pp (Sun) Em (Sun) Cs (Shade) Pp (Shade) Em (Shade) 

Cs (Sun)   0.794 0.029 0.49     

Pp (Sun 0.794   0.022   0.03   

Em (Sun) 0.029 0.022       0.013 

Cs (Shade) 0.49       0.058 0.96 

Figure 5. Quantum yield (QY) in the exotic tree species Cedrela serrata (Cs), 

Pinus patula (Pp) and Eucalyptus maculata (Em). Error bars represent the 

standard error 



22 

 

Pp (Shade)   0.03   0.058   0.122 

Em (Shade)     0.013 0.96 0.122   

 

3.1.5 Respiration in darkness (Rd) 

A comparison of respiration in darkness for the sun leaves of three species and that of shade 

leaves, shows that the difference among species was not significant (P > 0.05) except for both 

shade and sun leaves of Cedrela serrata and Eucalyptus maculata and sun leaves of Cedrela 

serrata and Pinus patula where a significant differences were observed (P < 0.05) (Fig. 6). The 

comparison between sun and shade leaves of the same species showed no significant difference 

(P > 0.05) for Pinus patula, whereas a significant difference (P < 0.05) was found between sun 

and shade leaves of Cedrela serrata and Eucalyptus maculata (Fig. 6; Table 5). 

 

 

 

 

 

Figure 6. Respiration in darkness (Rd) of exotic tree species Cedrela serrata 

(Cs), Pinus patula (Pp) and Eucalyptus maculata (Em). Error bars represent the 

standard error 
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Table 5. P-values among three exotic species and between the sun and shade leaves of each 

species individually in Rd, where P < 0.05 represents that the difference is significant. 

Leaf ID Cs (Sun) Pp (Sun) Em (Sun) Cs (Shade) Pp (Shade) Em (Shade) 

Cs (Sun)   0.024 0.0002 0.003     

Pp (Sun 0.024   0.537   0.464   

Em (Sun) 0.0002 0.537       0.009 

Cs (Shade) 0.003       0.21 0.0001 

Pp (Shade)   0.464   0.21   0.87 

Em (Shade)     0.009 0.0001 0.87   
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3.2 Leaf properties 

3.2.1 Leaf morphology 

Five leaf morphology parameters have been recorded from our three exotic species. Those parameters are: the length, width, thickness, 

SPAD value and the leaf mass per area. For all these five leaf morphology parameters, comparisons had been made between sun and 

shade leaves for each species to see whether there may be a difference or not caused by the position canopy (Table 6). 

Table 6: Leaf morphological parameters of sun and shade leaves in three exotic tree species. 

Leaf parameters Length (cm) Width (cm) SPAD Thickness (mm) LMA (g/m
2
) 

Species Leaf ID Sun Shade Sun Shade Sun Shade Sun Shade Sun Shade 

Average 18.206 17.547 0.736 0.528 0.582 0.447 193.063 111.124 

Standard deviation 2.507 1.218 0.492 0.341 0.103 0.058 55.454 23.601 

Pinus patula P value 0.406 0.002   0.004 0.022 

Average 14.750 17.700 3.133 3.333 51.792 54.600 0.334 0.307 156.340 129.165 

Standard deviation 2.017 2.692 0.615 0.296 4.621 5.806 0.022 0.042 28.391 22.287 

Eucalyptus maculata P value 0.005 0.219 0.202 0.079 0.013 

Average 14.008 15.208 3.283 3.917 44.192 42.742 0.188 0.168 75.138 26.526 

Standard deviation 1.563 1.369 0.453 0.483 6.813 4.130 0.034 0.053 13.037 4.236 

Cedrela serrata P value 0.087 0.003 0.618 0.175 4.30626E-08 

 

 

 



25 

 

3.2.2 Comparison between sun and shade leaves in nitrogen content 

Figure (7), table (7) and table (8) below show in detail the amount of nitrogen in sun and shade 

leaves. Also they describe the comparison between sun and shade leaves for each species and the 

comparison among species. 

 

 

Figure 7. The nitrogen content in the exotic tree species Cedrela serrata (Cs), Pinus patula (Pp) 

and Eucalyptus maculata (Em). Error bars represent the standard error. 

Table 7. Nitrogen content in the exotic tree species Cedrela serrata (Cs), Pinus patula (Pp) and 

Eucalyptus maculata (Em). Comparison between sun and shade leaves for each species. 

Species     Nitrogen (g/m2) 

  Leaf ID Sun Shade 

  Average 3.26 1.64 

  

Standard 

deviation 1.06 0.45 

  P value 0.02 

Average 2.90 2.33 

Pinus patula Surface Standard 0.66 0.17 
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deviation 

Average 2.79 2.08 

Standard 

deviation 0.47 0.23 

P value 0.00049 

Eucalyptus maculata Surface 7.6969 

Average 1.82 0.89 

Standard 

deviation 0.37 0.11 

P value 1.10516E-05 

Cedrela serrata Surface 7.6969 

 

Table 8. Nitrogen content in the exotic tree species Cedrela serrata (Cs), Pinus patula (Pp) and 

Eucalyptus maculata (Em). Comparison among species. 

 

  N (g/m2) among species   

Leaf ID Sun (Pp) Sun (Em) 

Average 3.2558 2.7884 

Standard 

deviation 1.0610 0.4716 

P value 0.2067 

Surface 2.8962 7.6969 

Leaf ID Shade (Pp) Shade (Em) 

Average 1.6410 2.0807 

Standard 

deviation 0.4532 0.2273 

P value 0.0132 

Surface 2.3300 7.6969 

Leaf ID Sun (Pp) Sun (Cs) 
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Average 3.2558 1.8166 

Standard 

deviation 1.0610 0.3744 

P value 0.0006 

Surface 2.8962 7.6969 

Leaf ID Shade (Pp) Shade (Cs) 

Average 1.64098 0.88928 

Standard 

deviation 0.45316 0.11341 

P value 0.00004 

Surface 2.33000 7.69690 

Leaf ID Sun (Em) Sun (Cs) 

Average 2.78836 1.81655 

Standard 

deviation 0.47161 0.37442 

P value 0.00001 

Surface 7.69690 

Leaf ID Shade (Em) Shade (Cs) 

Average 2.0807 0.8893 

Standard 

deviation 0.2273 0.1134 

P value 9.77E-14 

Surface 7.6969 

 

3.3 Productivity 

The productivity has been evaluated basically on the basal area change between 2008 and 2010. 

The highest value of basal area change within 2 years corresponded to the Cedrela serrata 

species and lowest value corresponded to the Pinus patula (Fig.8). 
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Figure 8. Productivity. The variation of the basal area increment during 2 years, as a parameter 

of assessing the productivity among our three exotic species; Eucalyptus maculata (Em), 

Cedrela serrata (Cs) and Pinus patula (Pp). 41% equals to 2.14 m2/(ha * 2 years), 35% equals to 

1.84 m2/(ha * 2 years  and 24% equals 1.24 m2/(ha * 2 years). 

 

3.4 Correlation between nitrogen content and photosynthesis 

Photosynthesis is controlled mainly by CO2, H2O, light pigment, chlorophyll, as well as 

molecular nutrients such as nitrogen (N). However, during this study, there was no significant 

correlation between leaf nitrogen and A270 and A540. Correlation coefficient (r) was equivalent to 

0.36 between leaf N and , and 0.39 between leaf nitrogen and A540 (Figs. 9 and 10). 
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Figure 9. Scatter plot showing the correlation between nitrogen and Carboxylation-limited 

photosynthesis (A270). 

 

Figure 10. Scatter plot showing the correlation between nitrogen and RuBP-regeneration limited  

photosynthesis (A540). 
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3.5 Correlation between productivity and photosynthesis 

The results showed no significant correlation between productivity and photosynthesis in both 

A270 and A540. In A270 the correlation coefficient (r) was equal to - 0.097, whereas in A540 the 

correlation coefficient (r) was equal to - 0.26 (Figs. 11 and 12). 

 

Figure 11. Scatter plot showing the correlation between variations of basal area (productivity 

parameter and Carboxylation-limited photosynthesis (A270). 
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Figure 12. Scatter plot showing the correlation between variations of basal area (productivity 

parameter) and RuBP-regeneration limited  photosynthesis (A540). 

3.6 Correlation between productivity and nitrogen (N) content. 

A negative correlation was found between productivity and nitrogen content for three exotic 

species studied. The correlation coefficient was equivalent to - 0.76, which is included within the 

significant interval of negative correlation (Fig. 13). 

 

Figure 13. Scatter plot showing the correlation between productivity and nitrogen (N) content. 
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PART IV. DISCUSSION 

Attempting to reduce the global increase of the atmospheric CO2 concentrations, it is important 

to know how much quantity could be stored by forest ecosystems. However, studies remain 

poorly constrained and contradictory, because of the lack of sufficient data on tropical 

ecosystems (Lewis et al., 2009). 

Comparing sun and shade leaves for photosynthetic parameters such as A270, A540, CE, QY and Rd 

it clearly appeared that sun leaves were photosynthetically more active than shade leaves. This 

can be explained that, due to the canopy position of leaves, there is a difference in physiological 

behavior. Results from nitrogen content within leaves of every species confirm this idea; This 

can be explained that, due to the canopy position of leaves, there is a difference in physiological 

behavior. Results from nitrogen content within leaves of every species confirm this idea; because 

it has been proved that trees allocate more nitrogen resources to sun leaves than to shade leaves 

within the canopy in order to maximize the photosynthetic capacity, because it is in the sun part 

of the canopy where most PPFD (photosynthetic photon flux density) is intercepted (Carswell et 

al., 2000). In addition to the difference in physiological behavior between sun and shade leaves 

due to the canopy position, it has repercussions on the leaf morphology. In order to maximize the 

interception of the radiation that manage to pass through the canopy leaves, shade leaves 

increase their length and width, in other words, they maximize their leave surface for a given leaf 

dry mass. As for sun leaves, they are thicker than shade leaves. They receive high quantity of sun 

radiation, thus they increase their photosynthetic capacity by increase the amount of Rubisco and 

nitrogen, in order to use that sun radiation efficiently. However, they are less long and wide than 

shade in order to minimize the water loss surface through transpiration. All these variations 

between sun and shade leaves are believed to depend on insolation conditions (Barbacka & 

Cittert, 1998). 

Comparison between photosynthesis and productivity shows no significant correlation among 

three exotic species. The correlation coefficients (r) in both A270 and A540 were close to zero. 

Chambers & Silver (2004) revealed that productivity is low for non-managed (without a renewal 

with fertilizers) ecosystems. Productivity was rather stimulated with addition of large amount of 

fertilizers. 
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The comparison between nitrogen and photosynthesis showed no strong correlation. We note 

also that phosphorous rather than nitrogen may be limiting in tropical ecosystem to 

photosynthesis (Meir et al., 2007, Hättenschwiler et al., 2008; Chambers & Silver, 2004), a 

possibility that will be investigated in future studies. 

 

PART V. CONCLUSIONS 

Leaf photosynthetic capacities were studied in 3 exotic species in southern Rwanda, including 

Cedrela serrata, Pinus patula and Eucalyptus maculata. Significant differences were revealed 

from sun and shade leaves at almost three species according to photosynthesis, morphological 

and nutrient parameters. Among three exotic species, Cedrela serrata showed the highest 

variation in basal area (productivity indicator) within 2 years. However, no correlation was found 

between the photosynthetic rate and the productivity among three exotic species. 

 

The comparison between nitrogen content and photosynthesis showed no strong correlation. This 

can mean that nitrogen is not a limiting nutrient to photosynthesis in tropical ecosystem. 

 

The results of this study add to a more understanding of some physiological characters in tropical 

ecosystems of Rwanda. However, more data is needed from tropical rain forest to be able to 

increase certainty of the model parameters of the photosynthesis and gas exchange to use in 

climate models. 
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Appendix 1 

 

Picture 1: Eucalyptus maculata leaf 

 

  

Picture 2: Pinus patula branch                                     Picture 3: Pinus patula leaf 

 

 

Picture 4: Cedrela serrata leaf 
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