
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

INTERUNIVERSITY PROGRAMME 

IN 

PHYSICAL LAND RESOURCES 

 

Ghent University 

Vrije Universiteit Brussel 

Belgium 

 

 

Carbon dynamics in maize - Faidherbia albida agroforestry systems 

in Zambia 

Promoter(s) : 

Prof. Dr. Ir. De Neve Stefaan 

 

Tutor:  

Yengwe Jones (MSc) 

 

 

Tutor(s) : 

 

«Promotor_1» 

«Promotor_2» 

 

Master dissertation submitted in partial 

fulfillment of the requirements for the degree of 

Master of Science in Physical Land Resources 

 

by : Chipatela Muyembe Floyd 

 

Academic Year : 2015-2016 

 

                                                                               

  

I C E 



i 
 

This is an unpublished M.Sc dissertation and is not prepared for further distribution. The 

author and the promoter give the permission to use this Master dissertation for consultation 

and to copy parts of it for personal use. Every other use is subject to the copyright laws, more 

specifically the source must be extensively specified when using results from this Master 

dissertation. 

 

 Gent, August 2016 

  

The Promoter(s), The Author, 

 

 

Prof. Dr. Ir. De Neve Stefaan 

 

 

Chipatela Muyembe Floyd 

  

  

  

  

  

  

  

  

  

  

  

  

  

 

 



ii 
 

Acknowledgement 

The success of this dissertation is a result of the support and encouragements from the various 

people and organizations to whom I shall forever remain indebted. Many thanks for their 

contributions!  

My promoter and tutor have been a great source of mentorship, through their helpful criticism 

and advice, encouragement and support throughout my research. I would like to sincerely 

thank my promoter Professor Stefaan De Neve for giving me an opportunity to do the 

research under his supervision. I appreciate that amidst his busy schedules, he still made time 

to ensure that I was progressing in the right direction and at the right pace. I would also like to 

acknowledge the great support, valuable comments and guidance from my tutor, Jones 

Yengwe (MSc). Just like my promoter, Jones has been with me on my research starting from 

data collection until completion of the write-up, I will forever be grateful to him. Thank you 

too to Professor Steven Sleutel, whose experience with C dynamics models broadened my 

understanding of the subject.  

I would also like to give my thanks to the Belgian people through VLIR-UOS for awarding 

me a scholarship and giving me a chance to study at Ghent University. I will forever remain 

indebted to the Belgian people and live to remember the wonderful times I have spent in 

Ghent. Many thanks to the organizers of the program “Physical Land Resources” through the 

course Coordinator Pieter Powels, the program was the perfect suit for me.  

I would also like to acknowledge the help of the PhD students and Lab technicians who were 

present in the section of Soil and Nutrient Management during the time of my research. Many 

thanks for the help received from my colleagues, Joseph Okello, Heleen Deroo, Niranjan 

Phuyal, Straton Edward and Shakila Thilakarathna whom I we shared the same laboratory at 

the time of my research. To the rest of my classmates in the program Physical Land 

Resources, thank you all. 

Thank you to my employer, Ministry of Agriculture and Livestocks, through Zambia 

Agricultural Research Institute for granting me a full study leave to further my studies. In 

particular, I wish to thank my superiors, Mr. Chrisanty Chama, Mr. Shadreck Bwembya and 

Mr. Rodgers Kabiti for their support with literature review. 

My heartfelt gratitude goes to the almighty Jehovah for his unfailing love and protection in 

my life. I would like to appreciate the constant support and encouragement from my love, 

Kasapo Musonda, whose endless love has been a source of strength throughout my studies. 

May I acknowledge all those that gave me direct and indirect advice, suggestions, 

encouragements and moral support. The opinions presented here are all my own responsibility 

and so are the mistakes, errors of facts and interpretation. All efforts of other researchers used 

in my work are acknowledged in the text. 

  



iii 
 

Table of contents 

Acknowledgement ................................................................................................................................. ii 

Table of contents ................................................................................................................................... iii 

Abbreviations and Acronyms ............................................................................................................... v 

Abstract ................................................................................................................................................. vi 

1.0. Introduction .................................................................................................................................... 1 

1.1. Background .................................................................................................................................. 1 

1.2. Statement of Problem ................................................................................................................... 4 

1.3. Objectives of the study ................................................................................................................. 5 

1.4. Research Hypotheses .................................................................................................................... 5 

2.1. Agro-forestry in Zambia ............................................................................................................... 6 

2.2. The Botany of Faidherbia albida .................................................................................................. 8 

2.3. Effects of Faidherbia albida on the soil ....................................................................................... 8 

2.4. Microbial Biomass and Enzymatic Activities as Soil Quality Indicators ................................... 11 

2.5. Carbon Dynamics from SOM and EOM .................................................................................... 13 

2.6. Stable carbon isotopes signature in the soil ................................................................................ 15 

3.0. Materials and Methods ................................................................................................................ 17 

3.1.2. Selection of tree replicates ................................................................................................... 19 

3.1.3. Soil sampling ....................................................................................................................... 19 

3.1.4. Sampling for maize residue and F. albida litter .................................................................. 21 

3.2. Laboratory analyses .................................................................................................................... 22 

3.2.1. General soil properties ......................................................................................................... 22 

3.2.2. Carbon mineralization experiment ...................................................................................... 22 

3.3. Soil biochemical and microbial analyses ................................................................................... 24 

3.3.1. Microbial biomass carbon (MBC) ....................................................................................... 24 

3.3.2. Enzyme analyses ................................................................................................................. 25 

3.3.3. Stable Carbon Isotopes analysis .......................................................................................... 26 

3.4. Carbon Mineralization and Modeling ........................................................................................ 26 

3.4.1. Temperature normalization model ...................................................................................... 26 

3.4.2. Mineralization kinetic model ............................................................................................... 27 

3.5. Statistical analysis ...................................................................................................................... 27 

3.6. Notations and symbols ............................................................................................................... 28 

4.0. Results ........................................................................................................................................... 29 

4.1. Chemical properties of the soils and plant materials .................................................................. 29 

4.2. Stability of carbon under maize – Faidherbia albida systems ................................................... 30 

4.2.1. Carbon mineralization from unamended soils – Long-term canopy effect ......................... 30 



iv 
 

4.2.2. Carbon mineralization from amended soils – short term litter effect .................................. 30 

4.2.3. Effect of soil texture and age of F. albida trees on carbon mineralization ......................... 35 

4.2.3.1. Effect of soil texture on carbon mineralization ................................................................ 35 

4.2.3.2. Effect of age of F. albida trees on carbon mineralization ................................................ 36 

4.2.4. Carbon mineralization kinetics – model fit ......................................................................... 36 

4.3. Soil organic carbon sources under maize – F. albida systems ................................................... 38 

4.4. Effects of maize – F. albida systems on soil quality .................................................................. 40 

4.4.1. Microbial biomass carbon ................................................................................................... 40 

4.4.1.1. MBC in unamended soils - Long-term canopy effect .................................................. 40 

4.4.1.2. MBC in amended soils – Short-term litter effect.......................................................... 41 

4.4.1.3. Effects of soil texture and age of F. albida trees on MBC ............................................ 42 

4.4.2. Enzymes Activity ................................................................................................................ 43 

4.4.2.1. Dehydrogenase activity ................................................................................................ 43 

4.4.2.1.1. Dehydrogenase activity in unamended soils – Long-term canopy effect .............. 44 

4.4.2.1.2. Dehydrogenase activity in amended soils – Short-term litter effect ...................... 45 

4.4.2.1.3.Effects of soil texture and age of F. albida trees on DHA ..................................... 46 

4.4.2.2. β-glucosaminidase Activity .......................................................................................... 47 

4.4.2.2.1. β-glucosaminidase activity in unamended soils – Long-term canopy effect ......... 47 

4.4.2.2.2. β-glucosaminidase activity in amended soils – Short-term litter effect ................ 49 

4.4.2.2.3. Effect of soil texture and age of F. albida trees on β-glucosaminidase activity.... 50 

4.4.2.3. β-glucosidase Activity .................................................................................................. 51 

4.4.2.3.1. β-glucosidase activity in unamended soils – Long-term canopy effect ................. 51 

4.4.2.3.2. β-glucosidase activity in amended soils – Short-term litter effect ........................ 52 

4.4.2.3.3. Effect of soil texture and age of F. albida trees on β-glucosidase activity ........... 53 

4.5. Correlation between cumulative mineralizable carbon and enzymes activity ............................ 54 

5.0. Discussion ...................................................................................................................................... 56 

5.1. Soil properties............................................................................................................................. 56 

5.2. Stability of carbon under maize – Faidherbia albida system .................................................... 56 

5.3. Short and long term effects of maize – Faidherbia albida systems on soil quality ................... 59 

5.3.1 Microbial biomass carbon .................................................................................................... 59 

5.4. Enzymatic Activity ..................................................................................................................... 60 

5.4. Sources of SOC under maize – Faidherbia albida systems ....................................................... 61 

6.0. Conclusion and Recommendations ............................................................................................. 64 

References ............................................................................................................................................ 66 

Appendix .............................................................................................................................................. 76 

  



v 
 

Abbreviations and Acronyms  

ANOVA  Analysis of variance 

C   Carbon 

C/N   Carbon to nitrogen ratio 

CA   Conservation Agriculture 

CFU   Conservation farming unit 

cm   centimeters 

DHA   Dehydrogenase activty 

g   grams 

GART   Golden Valley Agriculture Research Trust 

GPS   Geographical positioning system 

kg   Kilograms 

m   meters 

MBC   Microbial biomass carbon 

NPK   Nitrogen, Phosphorus and Potassium  

OC   Organic carbon 

SOC   Soil organic carbon  

SOM   Soil organic matter 

TOC   Total organic carbon 

TukeyHSD  Tukey’s honestly significant differences test 

V-PDB   Vienna Pee Dee Belemnite  

WFPS   Water filled pore spaces 

δ    natural abundance 

 

 
  



vi 
 

Abstract 

Soil organic matter (SOM) is a major determinant of carbon and nutrient cycling in the 

biosphere: it is the main nutrient source for plant growth and contributes to soil quality. Leaf 

litter from indigenous agroforestry tree species is a source of nutrients and organic matter 

when it decomposes and, could contribute to replenish soil fertility and soil organic carbon 

(SOC) stocks. Faidherbia albida is one such agroforestry tree species which can be used to 

maximize the contribution of organic matter to SOC and ensure future soil productivity and 

agricultural sustainability. 

This study evaluated the dynamics of soil carbon under maize grown inside and outside the 

canopy of F. albida trees and looked at the long-term OC contribution by F. albida litter from 

varying tree ages by looking at the δ 
13

C signal in the soils. The study investigated the 

stability of OC from F. albida and maize and the effect of soil texture on the stability of 

derived carbon. In addition, the study also investigated the short and long-term effects of 

residue addition on enzymatic activity evolution and microbial biomass carbon. Soil samples 

and plant materials were collected from 6 study sites with varying ages of F. albida trees and 

different soil texture, located in Chisamba, Monze, Kafue and Chongwe districts of Zambia. 

The sites falls under region IIa of the agro-ecological regions of Zambia which receives 

annual rainfall of between 800-1000mm. 

The two organic materials used in our experiments had two pools of carbon i.e. the faster 

(labile) and the slower (recalcitrant) pools whose mineralization kinetics conformed to the 

parallel and zero order carbon dynamics model. The study has also established that F. albida 

litter and maize residue have comparable potential to contribute to SOC stocks and stimulate 

the growth of soil microbial community which can subsequently increase the activity of soil 

enzymes.  

More carbon was mineralized from unamended soils under F. albida tree canopies compared 

to outside the tree canopies. Carbon mineralization, and the activities of C-cycle enzymes 

were higher for sites with sandy loam soils than sites with clayey soils, while age of F. albida 

tree did not have a significant effect on them. The study gave clear insights that use of F. 

albida trees in agro-forestry has potential to support more intensified and sustainable 

agriculture among smallholder farmers in Zambia. 
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1.0. Introduction  

Land degradation and soil fertility or nutrient depletion  are considered as the major threats to 

food security and natural resource conservation in Sub-Saharan Africa. Africa loses an 

estimated US$4 billion per year due to soil nutrient mining (Bationo et al. 2006). Continued 

nutrient mining as a result of competing uses for crop residues for livestock fodder, or 

household fuel has by far lead to the exacerbation of the problem of loss of important soil 

nutrients. Nutrient replacement using mineral fertilizers is a limited option for many 

smallholder farming households of the region. Sub-Saharan Africa region  has the lowest 

mineral fertilizer application rates in the world i.e. eight kilograms per hectare and 

correspondingly much lower crop yields than achieved in other developing regions (Morris et 

al. 2007). In Southern Africa, the decline in soil fertility has lead to a significant decline in 

crop yields, an increase in food insecurity, food aid and environmental degradation 

(Mafongoya et al. 2006). 

There is therefore an urgent need to develop strategies that empower farmers economically 

and promote sustainable agricultural intensification using efficient, effective and affordable 

agricultural technologies. Akinnifesi et al. (2010) notes that use of agro-forestry (or fertilizer 

trees) systems offers an innovation for mitigating the declining fertility status of the soil 

especially suited for resource constrained farmers. Fertilizer tree systems add biologically 

fixed nitrogen and other agriculturally important nutrients to the soils. This is done in a way 

that compliments the crops grown in association with the trees. Other environmental benefits 

of agro-forestry include improvement of water dynamics (Phiri et al. 2003), and increased 

activity of soil biota (Sileshi and Mafongoya, 2006). 

1.1. Background 

Soil organic matter (SOM) is a major determinant of carbon and nutrient cycling in the 

biosphere: it is the main nutrient source for plant growth and contributes to soil quality (soil 

structure, resistance to erosion) (Herrick and Wander, 1997). The accumulation of organic 

matter in soil results from the activity of the soil biota: plants ensure the supply of organic 

matter while soil fauna and microorganisms transform it. Leaf litter from indigenous 

agroforestry tree species is a source of nutrients and organic matter when it decomposes and, 

could contribute to replenish soil fertility and soil organic carbon (SOC) stocks. 

(Gnankambary et al. 2008). Faidherbia albida (F. albida) is one such agroforestry tree 
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species which can be used to maximize the contribution of organic matter to SOC and ensure 

future soil productivity and agricultural sustainability. 

The use of this fertilizer tree species (F. albida) has been documented in semi-arid Africa, 

north and south of the equator, from southern Algeria to Transvaal and from the Atlantic to 

the Indian Ocean (Kirmse and Norton, 1984). F. albida is a tree species indigenous to semi-

arid regions of Africa that reportedly substantially increases maize (Zea mays) yields in its 

immediate vicinity. Research on the positive effects of F. albida began in the 1970s and 

findings of many researchers have revealed important differences under and outside the cover 

of F. albida, notably in terms of soil fertility, microclimate, and crop yields. For example: the 

percentages of total nitrogen and carbon are twice as high under F. albida than outside its 

cover, biological activity is two to five times greater under F. albida than outside its cover 

and on lands with average millet yields of around 500 kg ha
-1

, the yields approach 1000 kg ha
-

1
 at the limits of F. albida foliage and can attain 1700 kg ha

-1
 near the tree trunks 

(Bonkoungou, 1992). 

F. albida is widely distributed in the southern half of Zambia particularly the semi-arid valley 

areas. It is locally known as Musangu and is increasingly being appreciated by smallholder 

farmers for its fertilizing effects on crops grown under its canopy and for its nutritious pods 

that serve as fodder during the dry season. In southern Zambia, F. albida is widely used in 

indigenous maize farming systems and the practice has apparently increased over the past two 

decades. The annual litter-fall under mature trees of F. albida adds significant amounts of 

nitrogen to the topsoil right at the start of the growing season (Wahl and Bland, 2013). The F. 

albida tree has been promoted in agroforestry due to its characteristic reverse phenology 

which allows satisfactory production of crops under a full stand of the tree species. The leaves 

are shed at the onset of the rainy season which significantly reduces the shade cast beneath the 

trees and reduces competition for water, light and nutrients with associated crops grown 

during the rainy season (Woods, 1992).  

In Zambia, Conservation agriculture has led to the development of an integrated agro-forestry 

production system in which trees and shrubs play a vital role in crop production. Conservation 

Agriculture (CA) promoters contend that integrating F. albida trees into CA systems based on 

the three principles of minimum tillage, diversified crop rotations and permanent soil surface 

cover enhances the soil improving benefits of CA. F. albida not only fix nitrogen, it also 

returns other nutrients to the soil and increases SOM content through the shedding of its 
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nutrient-rich leaves and the subsequent decomposition of its leaf litter at the onset of rains 

(Saka et al. 1994). The SOM addition through litter fall is an important alternative to the SOM 

from crop residues which in most cases are removed from the fields after harvest and put to 

alternative uses e.g. animal folder (Umar et al. 2013) or in some cases swept by seasonal fires. 

A stand of F. albida allows more intensified farming without the need for a fallow period. 

Beneath this tree, crops, especially cereals, produce good harvests (Bonkoungou, 1992). 

Incorporation of F. albida into smallholder CA systems has been promoted in Zambia for 

more than 10 years. The Conservation Farming Unit (CFU) has been encouraging farmers to 

plant at a density of 100 trees per hectare as a long term means of boosting soil fertility. F. 

albida trees have an extensive tap root system which develops rapidly and taps groundwater 

at large depths and brings up nutrients from deeper soil layers to surface layers which are 

within the reach of the crop roots (Woods, 1992). It has been claimed that the nutrient-rich 

leaves collected under F. albida tree canopies can supply the equivalent of 300 kg ha
-1

 

nitrogen and 30 kg ha
-1

 of phosphorus per year (Dancette and Poulin, 1969), which presents a 

valuable asset for the many farmers who cannot afford to buy these nutrients in form of 

mineral fertilizers. Supplements of soil nitrogen are thus possible under F. albida canopy 

through release of nitrogen from decomposing roots and nodules. Therefore, F. albida reduces 

the requirements of externally procured mineral fertilizers. Combining F. albida with the 

three CA principles supplemented by locally adapted agronomic practices such as dry season 

land preparation and micro-dosing and banding fertilizer application is regarded as being able 

to improve crop yields and farmers’ incomes, and to redress the soil fertility decline 

associated with farming as conventionally practiced by smallholders in Zambia (Umar et al. 

2013). 

Microbial biomass and enzyme activities can be used to identify and assess the impacts of 

changes in agronomic practices on soil quality. The formation of soil organic matter (SOM) 

very much depends on microbial activity, whereas soil enzymes are known to be involved in 

nutrient cycling and as such, their activities can be used as potential indicators of nutrient 

cycling processes (Janu et al. 2013). Use of dehydrogenase and β-glucosidase to characterize 

soil microbial activity has proved to be of great importance to assess the resistance of OM in 

amended soils against microbial degradation (Ameloot et al. 2014). However, studies (if any) 

about the effects of farming systems and nutrient additions on enzyme activities and microbial 

processes on Zambia’s agro-ecosystems have been poorly documented and hardly published.  
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1.2. Statement of Problem 

The major threat to small and medium holder agricultural practices in Zambia is that of 

declining soil fertility which has led to poor agricultural productivity and decreased household 

food security. This problem has been exacerbated by continued nutrient mining and the high 

cost of inorganic fertilizers which is in most times unaffordable for the majority of farmers. In 

the past years, farmers used to have enough land to practice shifting cultivation, which is no 

longer the case with the current increased population. This has forced farmers to allow only 

shorter fallow periods for natural replenishment of soil nutrients, which has negatively 

impacted on soil productivity. Crop residues forms a major source of SOM on agricultural 

fields. However, this option is limited by other competing uses such as livestock feed or fuel. 

Due to high temperatures in the tropics, there is also rapid decomposition rates of OM which 

all adds to the problem of low SOM and soil fertility.  

Although use of inorganic fertilizers has great potential to increase crop yields, it does not 

provide any guarantee of sustained high productivity as it tends to compound the problems of 

loss of SOM in the case where conventional land tillage methods are used.  The use of plant 

residues can help to counteract the loss of SOM and agroforestry tree species, F. albida in 

particular can be an important source. SOC is the largest component of the global terrestrial 

carbon (C) pool, and plays an important role in the global C cycle (Piotrowska and 

Wilczewski, 2015; Lal, 2004). The SOC mineralization processes are central to the functions 

of soils in relation to feedbacks to atmospheric CO2 concentration, sustainable nutrient 

supply, soil structural stability and supporting biodiversity (Paterson and Sim, 2013). The 

SOC mineralization depends on the nature and abundance of SOC and climatic factors, in 

particular temperature and moisture, which influence SOC mineralization processes through 

their effects on microbial activity (Leir´os et al. 1999). Much of the research conducted under 

CFU in Zambia has focused on NPK supply from F. albida, and there is a need for more 

research on the potential of this agroforestry tree species to supply organic carbon (OC) and 

understanding of the dynamics of the carbon in this kind of agroecosystem. 
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1.3. Objectives of the study 

Overall Objective 

This overall objective of the study is to evaluate the soil carbon dynamics and the long-term 

carbon contribution under maize - Faidherbia albida systems in Zambia. 

Specific Objectives 

1. To evaluate the degradability / stability of carbon from F. albida litter and maize plant residue. 

2. To determine long-term organic carbon contribution by F. albida litter from varying tree ages 

and by maize plant residue. 

3. To evaluate the effect of soil texture under F. albida canopy on organic carbon stability. 

4. To establish the short and long-term effects of residue addition on enzymatic activity 

evolution and microbial biomass carbon. 

1.4. Research Hypotheses 

1. Carbon mineralization, MBC, and the activities of C-cycle enzymes are higher under 

F. albida canopy compared to outside the canopy. This hypothesis is based on the 

assumption that more carbon is expected to be mineralized from soils under canopy 

which have a high build up of SOC from litter fall and high maize biomass. Likewise, 

enzymes activity and MBC are expected to be higher under the tree canopy where 

there is abundant soil organic matter. 

2. Carbon mineralization, MBC and C-cycle enzyme activities are higher in F. albida 

amended treatments compared to maize amended treatments. This is because we 

hypothesize that F. albida litter is more easily degradable compared to maize residues 

with a much higher C/N ratio. 

3. Relative carbon mineralization, MBC and C-cycle enzymes activities are higher in 

courser textured soils due to the presence of physical and chemical SOM protection 

mechanisms in more clayey soils.  

4. The δ
13

C signal is lower in soils under F. albida canopy than outside canopy and 

varies with age of the trees making the canopy. The assumption is that there is a high 

contribution of litter in form of leaves and pods from F. albida and hence we expect 

the δ
13

C signal to be that of F. albida and the δ
13

C signature is expected to be more 

expressed under older tree canopies due to more litter contribution by older trees 

compared to younger trees.  
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2.0. Literature Review 

2.1. Agro-forestry in Zambia 

In Zambia, agroforestry practices have been part of traditional farming systems. A common 

example in Zambia is the slush and burn system (locally known as chitemene), a type of 

shifting cultivation in which trees are cut, piled and later burnt, with crops grown in the areas 

covered with ash (Chidumayo, 1987). Kwesiga et al. (1993), identified five agroforestry 

technologies commonly practiced by smallholder farmers in Zambia namely: improved 

fallows; biomass transfer; woodlots; fodder banks; and use of indigenous fruit trees. However, 

Ajayi et al. (2006), refined the improved fallow system to include fertilizer trees such as F. 

albida and renames it as the fertilizer trees system. The key agro-forestry technologies which 

have been the focus of research and practiced by farmers are fertilizer trees system and 

biomass transfer. The fertilizer trees system includes improved tree fallows and mixed inter-

cropping technologies. The concept has been to integrate nitrogen fixing trees and crops for 

soil fertility replenishment. Common plant species used in fertilizer tree systems include 

Sesbania sesban, Tephrosia spp., Gliricidia sepium and Cajanus cajan and shrubs and tree 

species such as Tithonia diversifolia and Faidherbia albida (Ajayi et al. 2006). 

The mechanisms for improved soil fertility in fertilizer tree systems are explained by the 

capacity of certain leguminous trees to fix large amounts of nitrogen from the air through 

rhizobia contained in their root nodules, and accumulate the fixed N, together with the native 

soil nutrients they draw from different soil horizons in their roots, stems branches and leaves 

as they grow, and the nutrients accumulated in tree biomass during growth. The tree biomass 

is then cut (i.e. applicable to shrubs) and the biomass is incorporated into the soil during land 

preparation. Decomposition of the tree biomass is believed to supply soil nutrients for crop 

growth for the next 2-3 seasons without adding external fertilizer (Ajayi et al. 2006).  

The principle of the improved fallows is a natural vegetation fallow system whereby land is 

deliberately abandoned for some time to allow for regeneration of trees either as coppices or 

from seeds. In Zambia, natural fallows have been a common practice among smallholder 

farmers as a way of replenishing soil fertility and improving vegetative productivity 

(Chidumayo, 1988). In some cases, improved fallows have been observed as deliberately 

planted fast-growing leguminous nitrogen-fixing woody trees or shrubs which are left to grow 

on a field for a minimum of two years for rapid replenishment of soil fertility similar to the 

observations of Böhringer (2002). Agroforestry shrubs that are common under this practice 
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include; Sesbania sesban, Tephrosia vogelii, Cajanus cajan, Gliricidia sepium and Leucaena 

leucocephala (Kwesiga et al. 2003). 

Research has shown that two-year fallows with Sesbania can yield from its biomass in the 

range of 70-100 N-kg/ha. Other field trials also show that maize yields obtained from 

fertilizer tree systems consistently reach two or more times the yields from farmers’ practice 

of continuous maize production without application of external mineral fertilizers (Phiri et al. 

2003). 

The biomass transfer system involves cutting and carrying (“transferring”) nutrient-rich 

leaves of agroforestry species (usually planted in the upland) to fertilize fields for the 

production of high value vegetable crops and an extra maize crop in the dambos during the 

dry season. Biomass transfer offers smallholder farmers the opportunity to supplement their 

incomes by growing cash crops that fetch high prices in urban markets. In this system, 

nitrogen fixing trees or shrubs are planted on a separate plot and the leaves are regularly cut 

and used to fertilize neighbouring field plots in a cut-and-carry way, especially in the dambos. 

In Eastern province of Zambia, Gliricidia sepium leaf mulches were used in combination with 

nitrogen fertilizers. In a given season, the responses to Gliricidia sepium leaf biomass were 

consistently higher than those of sole crop and mulch from other sources. It was estimated 

that yield of 3 t/ha of maize could be achieved either through application of 52 kg/ha N or 

incorporation of 3.4 t/ha (dry weight) or 15 t/ha fresh weight of Gliricidia green manure 

(Ajayi et al. 2006). 

Woodlots refer to plots of trees grown on farms, communal lands or degraded lands for fuel 

wood, but can also provide small timber and construction poles and serve to improve soil 

fertility when grown in rotation with crops. They also serve to rehabilitate degraded land and 

to eradicate perennial weeds. In woodlot systems, five to seven year old woodlot species are 

rotated with annual crops and in the initial stages, trees are intercropped with agricultural 

crops for two to three years until the canopy of the trees cannot support crop growth, then the 

trees are left to grow as a sole crop. When the trees are harvested, crops are grown, or in the 

case where land is not scarce, the trees can be grown as a sole crop (Nyadzi et al. 2003; 

Kwesiga et al. 2003). 

The utilization of crop residues left in the fields for fodder and the resulting mining of soil 

nutrients especially during the dry season has necessitated the introduction of fodder banks as 

an agroforestry technology (Kwesiga et al. 2003). A fodder bank is a plot of purposefully  
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planted and intensively managed trees.. The trees are then cut continuously for feeding 

livestock during the time of need. Suitable species include Acacia angustissima, Calliandra 

calothyrsus, Gliricidia sepium, Leucaena diversifolia, Leucaena esculenta, Leucaena pallida 

and Leucaena leucocephala (Böhringer, 2002). 

Indigenous fruits are an important source of food and income for both rural and urban families 

in Zambia. They are consumed in either fresh or processed form (Akinnifesi et al. 2004). In 

most rural communities of Zambia, indigenous fruit trees are commonly seen planted along 

boundary edges, on contours and/or around homesteads aimed to safeguard the nutritional 

security of families, similar to the situation reported in Tanzania by Böhringer, 2002. Species 

of research focus have predominantly been Uapaca kirkiana, Parinari curatellifolia, 

Strychnos cocculoides, Ziziphus mauritania, Adansonia digitata and Sclerocarya birrea. 

Vegetative propagation methods are being used to select superior clones and cultivars from 

the wild. Farmers also prioritise Vangueria infausta and Azanza garckeana for their 

nutritional requirements (Akinnifesi et al. 2006). 

2.2. The Botany of Faidherbia albida 

Faidherbia albida (syn. Acacia albida) is a unique member of the Acacieae tribe of the  

Leguminosae, Mimosoideae. It is mainly a species of the Sudanian and Sahelian zones of 

Africa, reaching into the Sahara and beyond. It is particularly well adapted to use as an 

agroforestry tree, and its ecological optimum is on sites with deep sandy soils and an annual 

rainfall of 500-1000 mm. Faidherbia albida has a characteristic of developing an extensive 

deep root system which enables it to obtain adequate moisture from the ground  water table. 

Faidherbia albida is widely distributed throughout the dry zones of tropical Africa, the 

species has the unique characteristic of shedding its foliage at the start of the rainy season, and 

of sprouting leaves in the dry season. This unexpected "inverted" phenology means that its 

presence in farmers' fields does not interfere with agriculture, and, indeed, makes it an ideal 

agroforestry tree for use in combination with crops (Woods, 1992). 

2.3. Effects of Faidherbia albida on the soil 

An informal survey to assess the impact of social forestry in some parts of the central Ethiopia 

(Modjo area), showed that F. albida is the most protected tree species. In this locality, most of 

the farmers recognize the beneficial effects of F. albida to crops. 54% of the respondents 

stated that where F. albida exists on the farm, crops perform better than in areas without the 

trees. This has been confirmed by research done in the same area by the Forestry Research 
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Center (FRC), where an increase of 43% in wheat yields was obtained near an F. albida tree 

(Laike A, 1992).  

Umar et al. (2013) established that F. albida added significant amounts of the agriculturally 

important nutrients which resource constrained households had difficulties replenishing to the 

soils through mineral fertilizer amendments because of their limited ability to purchase 

mineral fertilizers. It was concluded that F. albida improved soil fertility in farmers’ fields 

and could be promoted in smallholder CA systems in Zambia.  

Faidherbia albida is a tree species indigenous to semi-arid regions of Africa that reportedly 

substantially increases maize (Zea mays) yields in its immediate vicinity. In southern Zambia, 

F. albida is widely used in indigenous maize farming systems and the practice has apparently 

increased over the past two decades. The annual litterfall under mature trees of F. albida adds 

significant amounts of nitrogen to the topsoil right at the start of the growing season; 

furthermore, light and rainfall interception is minimized due to the tree’s open canopy. These 

conditions are favourable for maize cultivation under the tree and studies have shown that 

maize production is doubled when intercropped with F. albida (Wahl and Bland, 2013). 

Poschen (1986) investigated the effects of the presence of F. albida on farmlands on the yield 

of maize (Zea mays L.) and sorghum (Sorghum bicolor L. Moench). The study consisted of 

twenty seven plot pairs each consisting of one plot underneath the F. albida foliage cover and 

the other in the open, away from the tree. The study established a statistically significant 

increase in crop yields by 56% on average under the tree canopies compared to outside the 

canopies. This increase was measured as grain weight and grain count per cob for every plant 

grown under  the tree, indicating that the trees enhanced the fertility status of the soil. The 

leaves of F. albida have potential to increase crop production and yields under F. albida 

canopies by 30–200% compared to open fields (Wickens, 1969; Rhoades, 1995). 

The presence of F. albida in a crop field strongly influences soil organic matter status. 

Beneath the tree, there is a larger percentage of total carbon and nitrogen, and two to five 

times as much biological activity. (Soil pH is consistently higher and the cation exchange 

capacity increases notably beneath F. albida. In addition, Calcium and magnesium, which 

represent 95% of the sum of exchangeable cations, also increase considerably under F. albida  

canopy (Sail, 1992). 



10 
 

Litter drop combined with high microbiological activity in the soil (especially during the rainy 

season) apparently constitutes the main soil improving effect of F. albida. Trials set up by the 

Institut de recherches pour les huiles et oléagineux (IRHO) in 1966 in Senegal have 

demonstrated the beneficial effect of F. albida on groundnut. These effects were not obtained, 

however, with mineral fertilizers applied at levels equivalent to those provided by tree litter. 

In addition, fertilizer supplements do not considerably increase crop yields in plots already 

improved by F. albida (Sail, 1992). 

The deep-rooting capabilities of the F. albida trees play a particularly important role in 

enriching surface soil horizons by drawing up mineral elements from lower horizons. The 

reverse phenology of the trees contributes much to crop fertilization, since leaves are shed in 

the rainy season the period during which most crops are grown (Sail 1992). CFU (2006), 

notes that through leaf and pod fall, Nitrogen fixation and association with microorganisms 

and general fertility accumulation per hectare under mature canopy of F. albida is as high as 

75kg N; 27kg P2O5; 183kg CaO; 29kg MgO; 19kg K2O and 20kg S.  

Umar et al., 2011 documented findings of a research done to explore the benefits of F. albida 

on soil fertility in farmers’ fields in areas which were suitable for conservation agriculture and 

where mature stands of F. albida already existed. A study on the effects of F. albida on soils 

by testing for differences in the soil’s total nitrogen, potassium, phosphorus and organic 

carbon at increasing radial distance from the tree trunk showed a negative linear relationship 

between distance from F. albida and the aforementioned soil chemical parameters. The 

nutrient levels were 42, 25 and 31% higher (for nitrogen, potassium, and organic carbon 

respectively) under the tree canopies compared to outside canopy areas (Umar et al. 2011).  

A study conducted in Niger indicated that on a 10 cm depth basis, which represented about 

1500 tons of soil ha-1, the nutrient increases due to the presence of F. albida were equivalent 

to 300 kg nitrogen, 31 kg phosphorus as P2O5 and 24 kg Magnesium (Dougain, 1960) . In 

Malawi, on-station research has shown that mature trees of F. albida could sustain 

unfertilized maize yields of 2.5 to 4 tons ha-1, which is 200 to 400% more than the national 

averages (Umar et al. 2011). F. albida has proved to improve soil fertility, organic matter 

content, organic carbon, and organic nitrogen, available phosphorus, and exchangeable bases 

are higher in soils beneath F. albida canopy area. Significant differences are also found 

between various crop production parameters for sorghum beneath F. albida cover (higher 

yield) and away from the tree's influence (Depommier, et al. 1992). 
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2.4. Microbial Biomass and Enzymatic Activities as Soil Quality Indicators 

The value of microbial biomass carbon (MBC) expressed as a percentage of SOC gives an 

estimation of the quantities of nutrients in the microbial biomass, substrate availability and 

organic matter dynamics in soil and is a useful soil quality indicator which allows the soils 

with different organic matter content to be compared (Yusuf et al. 2009). Growing a catch 

crop after the main crop and incorporation of its residue has potential to increase microbial 

biomass and enzyme activities and can be recommended as a promising technique to increase 

the biological activity of the soil (Piotrowska and Wilczewski, 2015). 

Soil microbial biomass, which is the living part of soil organic matter, works as a transient 

nutrient sink and is responsible for the decomposition and transformation of organic materials, 

which are mostly derived from above- and below-ground plant residues (Ananyeva et al. 

1999). The size of this pool can be measured as the C contained in the microbial biomass, 

which has been considered to be a sensitive indicator of soil disturbance and organic matter 

turnover (Jorge-Mardomingo et al. 2013). The MBC usually constitutes 1%–7% of total SOC 

and it is amongst the most labile C pool in the soil (Sparling, 1992). The most common 

method to evaluate microbial activity in soil is based on the measurement of CO2 evolved 

from soil as a consequence of microbial respiration (S´anchez-Monedero et al. 2008). Soil 

microbial respiration is a direct indicator of microbial activity and indirectly reflects the 

availability of organic materials (Tejada et al. 2006). 

Soil enzyme activities are useful indicators of soil quality and therefore understanding of the 

in-situ enzyme activities could help clarify the fate of SOM; for example, extracellular 

enzymes, produced by soil microorganisms, perform the role of processing and recovery of 

key nutrients from detrital inputs and accumulated soil organic matter (Caldwell, 2005). β-

glucosidase is an enzyme involved in the C cycle that catalyses the conversion of 

disaccharides into glucose. β-glucosidase hence plays a role in the decomposition of 

lignocellulose. Dehydrogenase is an intracellular enzyme participating in the processes of 

oxidative phosphorylation of microorganisms and is thus linked with microbial respiratory 

processes. It is often used as measure for microbial activity (Alef and Nannipieri, 1995). N-

Acetyl-β-D-glucosaminidase is the enzyme that hydrolyzes N-acetyl-β-D-glucosamine 

residues from the terminal non-reducing ends of chitooligosaccharides and plays an important 

role in both C and N cycling in soils (Parham and Deng, 2000). 
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A 3-year field experiment was conducted to investigate the effect of catch crop (pea, Pisum 

sativum L.) management, i.e. on SOC, MBC and the activities of carbon (C)-cycle enzymes, 

including cellulase (Cel), β-glucosidase (Glu) and invertase (Inv). The use of catch crops 

significantly increased the MBC content and the activities of C-cycle enzymes compared to 

the control. When the catch crop was incorporated in spring, a significantly higher MBC 

content was noted in March and May compared to autumn incorporation. The spring 

incorporation of the catch crop also significantly increased the β-glucosidase activity. This 

study concluded that the application of the catch crop as a green manure could be 

recommended as a promising technique to increase the biological activity of the soil 

(Piotrowska and Wilczewski, 2015).  

Microbial and enzyme activities play a central role in cycling of C, N and other nutrients as 

well as sensitivity to change. A study was conducted in Kilimanjaro, Tanzania to investigate 

the effects of land use and nutrient additions on enzyme activities and microbial processes in 

the soil by addition of glucose and nutrients (N and P) to soils from natural and agricultural 

ecosystems. The study monitored the microbial biomass and activities of β-glucosidase, 

cellobiohydrolase, chitinase and phosphatase in an incubation experiment of at least 60 days. 

The study revealed a higher microbial biomass content and enzyme activities in soils under 

natural vegetation compared to corresponding agricultural soils (Mganga et al. 2015). 

Legume cover cropping has been demonstrated as an efficient strategy to improve soil fertility 

through N fixation the benefits of which can be optimized by selecting the best legume cover 

species and termination method. A study conducted in southern USA to evaluate the 

suitability of several legume cover crops and termination methods for organic transition based 

on soil microbial properties and processes revealed that, flail mowing significantly increased 

soil microbial biomass C by ~17%, C mineralization by ~25%, N mineralization by ~16%, 

and nitrification potential by ~36%, 12 weeks after cover crop termination compared to 

disking and spraying. However, cover cropping only stimulated nitrification potential, but not 

C and N mineralization. Furthermore, the activities of soil enzymes (exoglucanase, β-

glucosidase, and β-glucosaminidase) appeared to be more responsive to cover types than to 

termination methods. This study concluded that that legume species even with small 

differences in C-to-N ratio and lignin and cellulose contents could have varied effects on soil 

microbial properties and processes (Shangtao et al. 2014).  
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2.5. Carbon Dynamics from SOM and EOM 

In the context of global change, the main quality of interest of an organic material added to 

soil is the amount of stable organic carbon (C) that it contains. Ideally, the amount of stable 

organic C should be determined from long-term laboratory incubations lasting one year, at a 

temperature comparable to the average temperature under field conditions. However, such 

long incubations are often impracticable and therefore estimates are often based on short-term 

incubations. It is however possible to extrapolate measurements of the short-term incubations 

to estimate the long-term results using theoretical models of C mineralization that can be 

fitted to the data. These models are generally in the form of zero order, first order and second 

order kinetics or a combination of either one or two of them. Several investigators have 

compared different kinetic models to describe observed C mineralization in soil, Sleutel, et al. 

(2005) compared the ability of mineralization models to extrapolate from incubation data, the 

stable organic C in different organic materials and concluded that; for all organic materials 

used in this study, the second order model gave the most accurate results i.e. within 3% of 

measured values. 

The amount of CO2–C released from organic materials in soil has been shown to depend on 

the material used. Laboratory experiments were conducted to evaluate organic C 

mineralization of various organic materials added to soils at a rate of 9 g organic C kg-1 soil 

in lowa, USA. Crop residues of corn (Zea mays L.), soybean, sorghum, and alfalfa were used. 

The soil-organic material mixtures were aerobically incubated at 20±2°C for 30 days. The 

results of the experiment showed that, in general, the amounts of CO2-C released increased 

rapidly initially, but the pattern differed among the organic materials used. The amounts of 

CO2 evolved (expressed as percent OC) ranged from 27% for corn to 58% for alfalfa. The 

CO2 evolution data conformed well to a first-order kinetic model. Potentially, readily 

mineralizable organic C values and first-order rate constants (k) of the organic matter-treated 

soils ranged from 1.422 g C kg-1 soil with a k value of 0.0784 day-1 to 6.253 g C kg-1 soil 

with a k value of 0.0300 day-1 (Ajwa and Tabatabai, 1994). 

Another study was conducted to evaluate the organic C mineralization rate of seven different 

organic wastes which had undergone varying composting times and added to the soil was 

conducted. The organic waste mixtures were prepared with sewage sludges, animal manures, 

city refuse and industrial and plant residues. A calcareous silt loam soil was used with the 

compost mixtures applied at the rate of 200 mg per 10 g soil in a 70 days incubation 

experiments conducted at 28 
o
C. Results of the experiment showed that carbon mineralization 
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decreased as the composting time lengthened with the lowest values of C mineralization 

observed for the mature samples, and only a compost which had not attained an advanced 

degree of maturation gave results higher than 25% of TOC. The carbon mineralization 

conformed to a combined first and zero-order kinetic model in most of the samples, implying 

that the organic C of the composting wastes was made up of two organic pools of differing 

degrees of stability (Bernal et al. 1998).  

Soil aggregation and soil organic carbon (SOC) mineralization are affected by soil properties, 

microbes and litter input, all of which vary with changes in temperature, precipitation and 

vegetations. Juan et al. (2015) found positive corrections among potential mineralizable 

carbon, microbial biomass carbon and SOC. Incubation studies under constant temperature 

and water content are useful techniques for investigating biodegradation of SOC and soil 

physicochemical parameters that may influence SOC mineralization. Turnover coefficient k, 

which represents the turnover rates of C, is positively correlated with proportions of macro-

aggregates and negatively correlated with proportions of micro-aggregates (Juan et al. 2015). 

Another  study investigated the effects of crop straw amendments on CO2 emissions from a 

forest soil  using a 22-day incubation experiment. Five types of crop straw (winter wheat, rice, 

maize, soybean, and peanut) were used in the experiment and the soil without straw added as 

control. Three application rates i.e. 0.6, 1.2, and 2.4 g were used for each straw type. Results 

of this study showed that the basal soil CO2 emission, i.e. SOC mineralization in the control, 

was significantly lower than the CO2 emission from straw-amended soils. The study also 

observed that for any given straw type, soil CO2 emission was significantly and positively 

correlated with the amount of straw inputs with decomposition coefficients of winter wheat, 

rice, maize, soybean, and peanut straws, of 0.275 ± 0.003, 0.593 ± 0.018, 0.895 ± 0.031, 

0.890 ± 0.000, and 1.344 ± 0.039 mg g−1 per gram straw, respectively (Shutao et al. 2015). 

Temperature is an important determinant of SOC mineralization rates. A 56-day incubation 

experiment was conducted to investigate the effects of constant and variable temperatures on 

SOC mineralization on three different soils collected from a karst region in western Guizhou 

Province, southwestern China. These soils were incubated at three constant temperatures (15, 

20 and 25 
o
C) and cyclically fluctuating temperatures (diurnal cycle between 15 and 25 

o
C). 

The results showed that the cumulative SOC mineralization was restricted by temperature 

range. The SOC mineralization responses to the fluctuating temperatures were different 

among the three soils. Compared to incubations at a constant temperature of 20 
o
C, significant 
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decreases and increases in cumulative SOC mineralization value were found in the soils 

incubated at fluctuating temperatures. The results revealed that at fluctuating temperatures, 

soils incubated at a lower temperatures had a significantly lower SOC mineralization 

intensity. Moreover, the warmer temperatures might improve the ability of soil microbes to 

decompose the recalcitrant SOC fraction, and cyclical fluctuations in temperature could 

influence SOC mineralization through changing the labile SOC pool size and the 

mineralization rate of the recalcitrant SOC in soils (Ci et al. 2015).  

2.6. Stable carbon isotopes signature in the soil  

Soil organic carbon content and composition in agro-ecosystems reflects the history of the 

management. It is composed of SOC derived from natural vegetation, and from SOC derived 

from agricultural crops and all types of organic inputs. In agro-ecosystems where vegetation 

has changed from plants with the C3 photosynthetic pathway to C4 pathway or vice versa, 

changes in the natural abundance of 
13

C in soil organic matter over time can be used to 

identify sources of organic C in soil (Bernoux et al. 1998). The natural abundance (δ) of 
13

C is 

expressed as parts per mill (‰) relative to the international standards Vienna Pee Dee 

Belemnite (V-PDB), where δ
13

C=[(Rsample - Rstandard)/Rstandard]x 1000 (‰), and R is the molar 

ratio of 
13

C/
12

C.There is a large difference in the degree of discrimination of stable carbon 

isotopes between C3 and C4 plants, several studies have been conducted on the assumption 

that carbon retains the carbon isotopic signature of its photosynthetic pathway during later 

stages of decomposition in soil and sediments. Results of long-term incubation experiments 

and natural 
13

C-labelling of C3 and C4-derived SOC collected from different environments in 

Australia  established that the active pool of SOC (or Active Soil Organic Carbon) derived 

from C4 plants decomposes at over twice the rate of the total pool of ASOC (Wynn and Bird, 

2007). 

The stable carbon isotope composition of plants is known to differ with the type of 

photosynthetic pathway employed. Most trees species using C3 photosynthetic pathway 

(Calvin cycle), incorporate less 13C than do plants with a C4 photosynthetic pathway. The C3 

- type plants have δ13
C values close to -26 ‰, whereas C4 - type plants present δ13

C values 

close to -12 ‰ (Balesdent et al. 1987). Different studies have suggested that δ13
C values of 

SOM reflect the isotopic values of associated plant litter inputs with high fidelity under 

conditions of vegetation stability after correcting for anthropogenic alterations of atmospheric 

CO2 signals (Tieszen and Boutton, 1989; Balesdent et al. 1993; Kingston et al. 1994).  
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Mineralization of soil organic matter and associated processes (e.g. humus formation in soils) 

results only in a slight variation of 
13

C abundance, usually with very narrow range of δ13
C 

values in most soils.  In soil environments, only a slight 
13

C enrichment is observed from the 

top to the bottom of these soil profiles; deeper horizons are 2 to 3 ‰richer in 
13

C than top 

soil. Enrichment of the deeper horizons with 
13

C can be explained by : i) microbial respiration 

and soil organic matter degradation by micro-organisms may involve a isotope fractionation 

depleting respired CO2 in 
13

C whereas derived microbial products become 
13

C - enriched; ii) 

differential mineralization rate of soil organic matter components presenting intermolecular 

isotope variations (for example, lipids components are 
13

Cdepleted, while carboxyl groups are 

13
C-enriched); faster mineralization of 

13
C - poorer components can explain such a 

13
C 

enrichment with depth; and iii) decrease in the δ13
C of atmospheric CO2 and vegetation with 

time in the past (Balesdent et al. 1987).  

Stable carbon isotope analysis is a widespread tool to analyse biochemical processes in soils. 

Benner et al. (1987) and Ågren et al. (1996), observed that metabolic fractionation in plants 

produces slowly decomposing or recalcitrant substances like lignin which are low in 
13

C. 

However, decomposers in the soil preferentially use 
12

C for respiration which leads to an 

enrichment of 
13

C in the remaining soil organic matter, resulting in an increased δ13
C signal in 

the upper part of the profile to a certain depth. 
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3.0. Materials and Methods 

3.1.1. Description of study sites  

The soil and litter / residue sampling campaign was conducted in August 2015. Soil samples 

and plant litter were collected from six sites namely; M35, M11, SH, CH35, GT8 and GT15 

located situated in Central, Lusaka and Southern Provinces of Zambia. These sites are 

currently also used for the similar purpose for ongoing research for academicians and the 

Golden Valley Agriculture Trust (GART) centre which hosts Zambia’s major experimental 

plots for conservation agriculture and agroforestry. The GPS coordinates for the location of 

the sites are presented in table 1.  

The M35 and M11 sites are located in Monze district in southern province of Zambia, about 

194 km south of Lusaka (Lusaka is Zambia’s capital city). These sites lie opposite across each 

other on the slopes of a perennial stream and have the same soil texture class i.e. sandy loam. 

The ages of the F. albida trees at the two sites are >35 and 11 years respectively. Monze 

district is characterized by much warmer conditions with annual average maximum 

temperature exceeding 31.5
o
C. The two sites have been mono-cropped with maize as a main 

cropp and in some patches intercropped with legume crops such as cowpea and beans. The 

farmers in this area practice mixing farming i.e. grow crops and raise cattle / goats and hence 

the sites are also used as grazing grounds during offseason. The Shimabala site (SH) is 

situated in Kafue District, which is found some 50 km south of Lusaka. This site form one of 

the experimental field for conservation agriculture and a well scheduled crop rotation is 

practiced on it. The age of the F. albida trees at the SH site is >9 years. Annual average 

temperature in Kafue is typical of that of Lusaka, i.e. 29.0
o
C. 

The GT8 and GT15 sites are situated at GART located in Chisamba district in Central 

Province of Zambia, lying about 60 km north of Lusaka and positioned opposite across each 

other separated by the main high way (T2) Road. Chisamba has annual average maximum 

temperature of 29.5
o
C. These sites represents Zambia’s important trials for CA and 

agroforestry and as such a well scheduled crop rotation as summarized in table 1 is followed. 

The sites hosts F. albida trees with canopy age of 8 and 15 years. Lastly, the CH35 / CH13 

sites comprises a single site differentiated by the ages of the F. albida tree canopies, i.e. >35 

and >13 years respectively. These sites are located in Chongwe district which falls under 

Lusaka province about 76 km east of Lusaka city. 
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The six study sites fall under region IIa of the agro-ecological regions of Zambia which 

receives annual rainfall of between 800-1000mm. The climate of region IIa and Zambia in 

general is defined by a uni-modal rain season which usually lasts from November to April, 

followed by a cool and dry season lasting from May to August and a hot and dry season 

between September and November (GRZ, 2007). Major soils comprising agro-ecological 

region II include Haplic Lixisols, Haplic Luvisols, Haplic Acrisols (FAO, 1973). These soils 

are naturally productive and well suited for growth of sorghum, maize, groundnuts, cow peas 

and a range of cash crops including tobacco, sunflower, irrigated wheat, soybean and 

horticultural crops.  

 

 

Figure 1: agro-ecological regions in Zambia 
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3.1.2. Selection of tree replicates 

Three F.albida trees were selected and treated as replicates for every site. Trees were selected 

based on canopy size (visual / personal assessment) and diameter at breast height. As earlier 

mentioned, the tree ages varied from site to site, but the tree age was the same for the same 

site. The breast height circumference was taken at 1.35m using a measuring tape. Breast 

height circumferences used for the different sites are summarized in table 1. Precautions were 

taken so as to ensure selection of trees with canopies wide enough to permit several soil 

sampling points per tree. Trees with overlapping canopies were not selected so as not to 

introduce experimental errors. Generally, the cropping history was uniform within the site, but 

different from site to site. However, extra care was also taken to ensure selection of tree 

canopies with same cropping history. The ages of the trees were provided by owners of the 

fields in which the trees were found.  

3.1.3. Soil sampling 

Bulk soil samples 

Three composite samples were taken from every site. Several subsamples (5 – 7 sampling 

points) were randomly taken from every tree canopy and eventually mixed to form a 

composite sample for each particular tree (replicate). Similarly, three bulk samples were taken 

from the fields without F.albida trees which were in all cases adjacent to the fields with F. 

albida trees, but lying at least 10m away from the closest tree. The sub-samples were taken at 

0-20cm depth with a soil auger. Assessments for presence of cow dung and termite moulds 

under the sampled F. albida trees and outside areas was done at all times. 

Sampling for Isotopes analysis 

Soil samples for analysis of 
13

C and 
12

C isotopes were also collected from the same sites and 

replicates and in the similar way of sampling described for the bulk samples, but augering was 

done with a semi-cylinder auger to enable segregation of soil into four depths i.e. 0-5cm, 5-

10cm, 10-15cm and 15-20cm. 
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Plate 1: 15 years old Faidherbia albida trees at GART in Chisamba 

 
Plate 2: 13 years old Faidherbia albida trees in Chongwe 
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Table 1: location and history of the sites 

Site GPS 

Coordinates 

Soil textural 

Class 

Age of F. 

albida trees 

Site cropping 

history 

Trees’ Breast 

height 

circumferences 

(m) - Mean 

GART 8 S 14° 57’ 

E 028° 06’ 

Clay 8 years Mono –cropped 

with maize for a 

long period of 

time 

0.75 

GART 15 S 14° 57’ 

E 028° 06’ 

Clay >15 years Maize – Cotton – 

Cowpea - Maize 

1.19 

Chongwe 13 S 15° 22’ 

E 028° 46’ 

Clay Loam >13 years Mono-cropped 

with Maize for a 

long period of 

time 

1.02 

Chongwe 35 S 15° 22’ 

E 028° 46’ 

Clay >35 years Mono-cropped 

with Maize for a 

long period of 

time 

2.54 

Shimabala  S 15° 39’ 

E 028° 14’ 

Clay >9 years Groundnuts – 

Maize – Soya 

beans-Maize 

1.29 

Monze 11 S 16° 15’ 

E 027° 33’ 

Sandy Loam 11 years Mono-cropped 

with Maize for a 

long period of 

time 

1.21 

Monze 35 S 16° 15’ 

E 027° 33’ 

Sandy Loam >30 years Mono-cropped 

with Maize for a 

long period of 

time 

2.65 

 

3.1.4. Sampling for maize residue and F. albida litter 

Dry maize stover (leaves and stalks) were collected concurrently with the soil sampling. For 

every site, stover that had remained on the fields after harvest was randomly picked and 

mixed to form a composite sample. At the same time, F. albida litter was also plucked from 

the trees selected for soil sampling and also mixed to make a composite sample. The maize 

residue was already dry at the time of harvest while F. albida litter was harvested fresh and 

had to be sun dried for 3 weeks.  
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3.2. Laboratory analyses 

3.2.1. General soil properties 

Determination of general soil properties was carried out on air-dried and sieved (2 mm) soil. 

pH-KCl was measured in 1N KCl extracts (soil:KCl ratio of 1:2.5) while pH-H2O was 

measured in distilled water at 1:5 soil:water ratio. Total C and N contents were measured with 

a Variomax CNS elemental analyzer (Elementar GmbH, Hanau, Germany) applying the 

Dumas method. Since pH-KCl values were slightly acidic to acidic (less than 6), free 

carbonates were assumed not to be present and total carbon contents were considered 

equivalent to organic carbon contents. The texture of the soils from respective sites was 

determined using the hydrometer method. Mineral N was determined as nitrates on 10 g moist 

pre-incubated soil (pre-incubated at 19
o
C) with 1 M KCl in a 1:5 extraction ratio. 

3.2.2. Carbon mineralization experiment  

The soils used in the experiment were air dried and kept at normal room temperature. Bulk 

soil samples were manually homogenized and pre-incubated for 1 week in a dark room at 

19
o
C at 50% water filled pore spaces (WFPS) and at a uniform bulk density of approximately 

1.4 g/cm
3
. All visible coarse fragments, including roots and stones, were removed by hand 

before pre-incubation. The soil was not sieved so as to minimize the disturbance to the 

microbial biomass. Mineral N was added to some soils at the start of incubation to ensure that 

decomposition would not be limited by N availability, we made sure that all soils would 

contain at least 20 mg NO3 -N /kg dry soil by addition of appropriate amounts of KNO3 

solution.  

After pre-incubation, organic materials (either maize residues or F. albida litter or a 

combination of the two) were incorporated to the soils at the start of the actual incubation 

experiment. The maize residue was chopped into smaller sizes comparable to the size of F. 

albida leaves to ensure uniform microbial attack when incorporated with the soil for the 

actual incubation experiment. The maize residues and F. albida litter were applied at the rates 

of 3 t/ha and 2.5 t/ha respectively. The actual amounts of residues incorporated to 260 g moist 

soil was 1.09 g for maize and 0.91 g for F. albida. The litter was thoroughly mixed with the 

moist soil.  Three treatments including a mixture of both maize and F. albida litter, F. albida 

litter alone and maize residue alone were applied to the soil collected from under the canopy 

area of F. albida trees. For soils collected from outside the canopy of F. albida trees, only the 

treatment with maize residue alone was applied. A control treatment (soil without addition of 

organic materials) was included for all soils so as to determine C mineralization from native 
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soil organic matter. Each treatment (i.e., control soil and soil amended with residues) was 

replicated three times in the experiment. 

The amended soils were then put in polythene tubes (diameter 6.8 cm) and lightly compacted 

in a vertical plane with a wooden cylinder to obtain a bulk density of approximately 1.4 

g/cm
3
. The soil tubes were then placed in air tight glass jars with an inner diameter of 10.4 cm 

and incubated under controlled environmental conditions. At the beginning of the incubation 

experiment, the water content in all soil tubes was adjusted to 50% water filled pore spaces 

(WFPS) at a total pore volume of 47% resulting from the assumption of a solid bulk density 

of 2.65 g cm
3
 (Sleutel et al., 2005). The initial weights of the soil tubes (cores) were recorded 

upon which regular moisture adjustment was based, in order to maintain the moisture content 

at 50% WFPS throughout the incubation period.  

Small glass vials, each containing 15 ml of 0.5M NaOH solution, were placed in the jars to 

trap the evolved CO2. The jars were closed with air-tight seals and incubated at an intended 

temperature of 27
o
C for 98 and 108 days. However, some logistical challenges occurred 

during the course of the incubation and this required shifting of soil samples to different 

rooms with different temperatures. The samples were incubated at 19
o
C for the first 5 days of 

incubation period and later moved to a room with 27
o
C that was occupied during these first 5 

days. Towards the end of the incubation experiments, the samples were again moved and 

incubated at 25
o
C for 14 days and finally moved back to the facility with 27

o
C for another two 

weeks before the stop of the incubation experiments. However, the differences in incubation 

temperatures were taken into account as explained under section 34.1. Carbon mineralization 

was determined by monitoring CO2 evolution as the amount of carbon dioxide trapped in the 

NaOH. Measurements were taken following a scheduled sampling interval during the 

incubation period by removing the NaOH vials and titrate with 0.2 M HCl in the presence of 

BaCl2 (Anderson, 1982). The glass jars were left open for 1hr on every sampling day to allow 

for replenishment of oxygen in the soil cores and moisture content was checked and adjusted 

to 50% WFPS. 

The C mineralization from the added plant materials was calculated by taking the difference 

with the control treatment (i.e. unamended), assuming that mineralization from soil C was not 

modified by the addition of residue (no priming effect), or that the priming effect was of the 

same order of magnitude for the various residues compared. The resulting cumulative 
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mineralizable carbon from all unamended treatments were divided by their respective SOC 

contents in order to normalize the values obtained.  

3.3. Soil biochemical and microbial analyses 

Determination of beta-glucosaminidase, dehydrogenase and beta-glucosidase activity, and 

extraction of MBC was done on moist pre-incubated soil (i.e. pre-incubated for one week at 

19°C and 50% WFPS). All values of biochemical properties were calculated based on the 

oven-dry (105 ◦C) weight of soil. All enzymes and MBC were determined at two stages 

following the experimental design i.e. at the start of the actual incubation experiments (t0) and 

at the end of incubation experiments (after >90 days) abbreviated as t-end. A comparison 

could then be made between enzymatic activity at t0 and t-end and in the same way MBC was 

compared. 

3.3.1. Microbial biomass carbon (MBC) 

MBC was determined using the fumigation-extraction technique (Vance et al., 1987). 10g of 

moist soil samples were placed in desiccators containing a beaker with about 30 mL of 

ethanol-free chloroform. Air in the desiccator was evacuated until the chloroform has boiled 

vigorously for 10-15 minutes. The tap was closed and the desiccator was covered with a black 

polythene bag to enable incubation of samples at room temperature for 24 hrs. After 

incubation the beaker which contained chloroform was removed and all remaining chloroform 

vapour was completely removed by repeated (5 times) evacuation of air. Both fumigated and 

unfumigated soil samples were then extracted with 20ml of 0.5 M K2SO4 for 1 hr and 

analyzed for soluble C (Vance et al., 1987). Extracts were stored at -18°C until analysis. 

Organic carbon contents of the extracts were determined with a TOC analyser (TOC-VCPN, 

Shimadzu Corp., Kyoto, Japan). Since not all the microbial C was extracted by K2SO4, a kEC 

factor of 0.45 was used to convert microbial C flush into MBC (Joergensen, 1996). 
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3.3.2. Enzyme analyses 

β-glucosidase 

The activity of β-glucosidase was measured by determination of the amount of p-nitrophenol 

(PNP) released from 1 g moist soil after incubation at 37 
o
C for 1 hr with the substrate p-

nitrophenyl-b-D-glucopyranoside in MUB buffer (pH 6) and Trishydroxymethyl 

aminomethane according to Tabatabai (1982). 1 gram of moist soil was weighed in glass 

vials. 4 ml Modified Universal Buffer pH 6.0 and 1 ml 25 mM p-nitrophenyl-b-D-glucoside 

were added. Soil suspensions were incubated for 1 h at 37°C. After incubation, 1 ml of 0.5 M 

CaCl2 and 4 ml Tris buffer pH 12 were added. To make concentrations of pnitrophenol (PNP) 

fit within the range of the standard series filtrates were diluted 10 times using Tris buffer pH 

10. Colour intensity of the filtrates was measured at 400 nm determined with a Cary 50 UV–

visible spectrophotometer (Varian Inc., Palo Alto, USA).  All measurements were carried out 

in triplicate with one blank. 

β-glucosaminidase 

The activity of β-glucosaminidase was measured according to the method of Parham and 

Deng (2000), which is similar to the method for β-glucosidase described above. 4 ml of 

acetate buffer pH 5.5 and 1 ml 10 mM p-nitrophenyl-N-acetyl-b-D-glucosaminide were added 

to 1 gram of moist soil. After incubating for 1 hr, 1 ml Cacl2 and 4 ml of Tris buffer pH 12 

were added to the vials containing the soil. The vials where then swirled and suspension 

filtered immediately. The colour intensity (extracted PNP) of the filtrates together with the 

PNP standards was measured at 405 nm determined with a Cary 50 UV–visible 

spectrophotometer (Varian Inc., Palo Alto, USA). All measurements were carried out in 

duplicate with one blank. 

Dehydrogenase 

Dehydrogenase activity was determined as the reduction rate of triphenyltetrazolium chloride 

(TTC) to triphenyl formazan (TPF) during a 24 h incubation as described by Casida et al. 

(1964). Five grams of fresh soil was weighed into glass vials, then 2 ml 3% TTC solution and 

2 ml of Tris buffer (pH 7.8) were added. Soil suspensions were incubated in the dark for 24 h 

at 37
o
C. After the incubation, 20 ml of methanol was added to each vial and the vials were 

shaken in the dark for 2 h with a linear shaker (at 125 rev / min). Filtrates were collected in 50 

ml volumetric flasks. To extract all the TPF produced, the remaining soil in the vials was then 
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washed twice with methanol, after which the filter papers were also washed twice. Filtrates in 

the volumetric flasks were made up to 50 ml with methanol. The colour intensity of the 

filtrates and of a TPF standard series was measured at 485 nm determined with a Cary 50 

UV–visible spectrophotometer (Varian Inc., Palo Alto, USA). All measurements were carried 

out in triplicates with one blank.  

3.3.3. Stable Carbon Isotopes analysis 

As earlier mentioned, soil samples for analysis of 
13

C/
12

C isotopes were collected at four 

depths namely; 0-5cm, 5-10cm, 10-15cm and 15-20cm. All samples were ground and 

homogenised in a vibrating ball mill (MP 400, Retsch, Germany). Stable carbon isotopes (
13

C 

and 
12

C) were determined using an elemental analyzer (ANCA-SL, PDZ Europa, UK) 

coupled to an isotope ratio mass spectrometer (20-20, SerCon, UK) following standard 

processing techniques. The natural abundance (δ) of 
13

C is expressed as parts per mill (‰) 

relative to the international standards Vienna Pee Dee Belemnite (V-PDB), where 

δ
13

C=[(Rsample - Rstandard)/Rstandard] x 1000 (‰), and R is the molar ratio of 
13

C/
12

C.   

3.4. Carbon Mineralization and Modeling 

3.4.1. Temperature normalization model 

Due to logistical challenges, soil samples were shifted to different rooms and incubated at 

different temperatures namely; 19
o
C, 25

o
C and 27

o
C as detailed in section 3.2.2. Therefore 

results of the carbon mineralization experiments had to be rescaled to a common temperature, 

in this study 27
o
C was selected (27

o
C is assumed to be the average soil temperature for the 

thesis study sites in Zambia). This was achieved by applying a temperature dependence model 

of C mineralization as formulated by De Neve et al., (1996): 

 

k(T)=kopt exp{-κ(1-T/Topt)
2
} 

 

where k(T) is the C mineralization rate at temperature T, kopt is the mineralization rate at 

optimum temperature, κ is a factor expressing the temperature sensitivity of k, and Topt is the 

optimum temperature for C mineralization. We calculated the ratio of the mineralization rates 

at temperatures T and at 27
o
C , i.e. k(T)/k(27), and multiplied the incubation time at 

temperature T by this ratio to obtain the time to which the mineralizable carbon measured at 

temperature T would correspond to if the samples were incubated at 27
o
C. 
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3.4.2. Mineralization kinetic model 

A parallel first- and zero-order kinetic model was fitted to the data to predict the potential 

mineralizable carbon for every treatment in the experiment. This model assumes that residues 

consist of an easily mineralizable pool of C that is mineralized exponentially according to 

first-order kinetics, and a more resistant fraction that is mineralized according to zero-order 

kinetics (Sleutel et al., 2005), i.e. it is assumed that the resistant fraction is not depleted 

significantly during the incubation period considered, the model is expressed by the 

differential equation below: 

  

  
         

 

which upon integration yields;                               

 

where kf is the mineralization rate constant of the easily degradable carbon pool CA,f, and ks 

is the mineralization rate constant of the resistant pool. The parameters CAf, kf and ks in the 

parallel first- and zero-order kinetic model were estimated using non-linear regression in 

SPSS 16.0 and the fits of the different regression equations to these data were evaluated by 

calculating the coefficient of determination (R
2
). 

3.5. Statistical analysis 

All the statistical analyses were performed in R x64 3.2.5 software package. The experimental 

design was factorial with 3 main factors namely; amendment, placement and time. The factor 

amendment had 4 levels; 1.- no amendment, 2.-soil + combined F. albida and maize residue, 

3.- soil + F. albida alone, 4.– soil + maize residue alone). Placement had two levels, either 

under or outside F. albida tree canopy. Finally time also had two levels, before incubation (t0) 

and after incubation (t-end), this factor was only applicable to enzyme activities and MBC. 

Analysis of variance (ANOVA) for comparing multiple groups or non-parametric equivalent 

was used to check for significant differences between means of measurements. One-way 

ANOVA was used to establish the significance of the effect of texture and tree age on the 

potential mineralizable carbon and biochemical parameters, while two-way ANOVA was 

used to test for the effect of canopy, soil texture and tree age and their interaction on 
13

C 

natural abundance. Tukey's honestly significant differences (TukeyHSD) post-hoc test was 
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used to identify specific comparison pairs where the differences were located. T-tests and 

their non-parametric counterparts were also used whenever appropriate. Correlation between 

biochemical parameters and mineralizable carbon was checked using pearson correction tests. 

All statistical significance was evaluated at P <0.05. All displayed and tabulated results 

represent arithmetic means of 3 replicates ± standard errors.  

3.6. Notations and symbols 

For the sake of clarity, only the means of triplicate results are plotted in the graphs. Site 

names are abbreviated by capital letter(s) followed by a number which denotes the age of the 

tree canopy. The terms “inside” and “under” tree canopy will be used interchangeably to refer 

to soil from under F. albida tree canopies. Unless otherwise stated; the following are the 

meanings of the abbreviations used in the graphs and tables to identify sites, age of the tree 

canopies and treatments; 

Table 2: Description of notations used for presentation of results 

Notation Description 

GT8I Soil sampled from GART with F. albida trees of 8 years of age. 

GT15I Soil sampled from GART with F. albida trees of 15 years of age. 

GTO Soil sampled from GART outside F.albida tree canopy 

SHI Soil sampled from Shimabala with F. albida trees of 9 years of age 

SHO  Soil sampled from Shimabala outside F. albida canopy 

M11I Soil sampled from Monze with F. albida trees of 11 years of age 

M11O Soil sampled from Monze outside F. albida canopy 

M35I Soil sampled from Monze with F. albida trees of 30 years of age 

M35O Soil sampled from Monze outside F. albida canopy 

CH35I Soil sampled from Chongwe with F. albida trees of 35 year of age 

CH35O Soil sampled from Chongwe outside F. albida tree canopy 

Trt1 Treatment 1:- a combined treatment of F. albida litter and maize residue which is only 

applied to soils from under F. albida canopy area 

Trt2 Treatment 2:- a treatment of F. albida litter alone, applied to soils from under F. albida 

tree canopy 

Trt3 Treatment 3:- a treatment of maize residue alone, applied to soil from under F. albida 

tree canopy. 

Trt4 Treatment 4: -a treatment of maize residue alone, applied to the soil from outside F. 

albida tree canopy 
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4.0. Results 

4.1. Chemical properties of the soils and plant materials 

 

Table 3: Concentrations of chemical properties of the soils under (I) and outside (O) F. albida tree canopy 

(mean±SE, n = 3) 

Site pH-KCl Mineral N 

(mg/kg) 

SOC 

(g/kg) 

Total N  

(%) 

C/N Ratio Soil Textural 

Class (USDA) 

GT8I 4.50 ± 0.07 2.79 ± 0.07 18.1 ± 1.32 0.12 ± 0.01 15.3 ± 0.21 Clay 

GTO 4.55 ± 0.09 2.54 ± 0.59 16.1 ± 1.36 0.12 ± 0.00 13.0 ± 0.67 Clay 

GT15I 4.34 ± 0.12 9.32 ± 1.33 17.9 ± 0.36 0.13 ± 0.01 14.3  ± 0.33 Clay 

GT15O 4.55±0.09 2.54±0.59 16.2 ± 1.36 0.12 ± 0.00 13.0 ± 0.67 Clay 

SHI 4.64±0.13 15.8±2.37 19.9 ± 0.58 0.14 ± 0.00 13.8 ± 0.29 Clay 

SHO 5.05±0.00 16.1 ± _ 15.9 ± 0.11 0.12 ± 0.00 13.2 ± 0.19 Clay 

M11I 5.89±0.38 15.2 ± 1.67 12.0 ± 2.41 0.11 ± 0.01 10.8 ± 1.12 Sandy loam 

M11O 5.29±0.03 4.87 ± _ 8.06 ± 0.15 0.08 ± 0.00 9.63 ± 0.13 Sandy loam 

M35I 5.58±0.19 15.4 ± 3.41 15.9 ± 1.53 0.13 ± 0.01 11.9 ± 0.32 Sandy loam 

M35O 5.65±0.02 12.41 ± _ 11.6 ± 0.19 0.11 ± 0.00 11.0 ± 0.15 Sandy loam 

CH35I 5.01±0.08 29.5 ± 6.81 25.9 ± 1.96 0.18 ± 0.01 14.5 ± 0.53 Clay 

CH35O 5.00±0.01 13.1 ± _ 21.4 ± 0.39 0.14 ± 0.00 15.3 ± 0.10 Clay 

 

Most sites had very low mineral N contents (< 20 mg NO3-N kg
–1

) except for CH35. The 

standard errors on mineral N for the different sites were very low, ranging from 0.07 to 7 mg / 

kg depending on the contents. Values for pH-KCl results were all less than 6 and hence we 

assumed that the soil samples did not contain significant amounts of carbonates (no inorganic 

carbon), therefore total carbon could then be assumed to be equal to SOC. All sites showed 

very low standard errors for soil pH, Total C and total N. In general, SOC and total N were 

higher under canopy than outside. Sites with clay soils had higher SOC content compared to 

the sites with sandy loam texture soils. CH35 which hosts the oldest F. albida trees for sites 

with clay soils recorded the highest SOC content and a comparatively high total N content due 

to the longer period contribution from litter fall from the trees and high yield of maize 

biomass. Relatively higher SOC and total N contents recorded in SH and GT15 sites could be 

attributed to carbon and nitrogen contributions from different crops due to the crop rotations 

as summarized in table 1. Lastly, the lower C/N ratios observed in M11 and M35 sites could 

be related to the higher turnover rates of SOM which is favoured by the soil texture (sandy 

loam) and relatively higher temperatures (as detailed in section 3.1.1) compared to other sites. 
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F. albida litter had a higher nitrogen content and hence a lower C/N ratio in comparison to the 

maize residue materials, and is therefore expected to decompose at a faster rate than the maize 

residue. The δ 
13

C signals measured for maize and F. albida litter were similar to what has 

been reported in literature for C4 and C3 plants respectively (Balesdent et al. 1987).  

Table 4: Characterization of plant litter 

Material Total C (%) Total N (%) C/N Ratio δ 
13

C (‰) 

Maize 43.82 0.338 129.71 11.60 

F. albida 47.55 2.522 18.85 28.27 

     

 

4.2. Stability of carbon under maize – Faidherbia albida systems  

4.2.1. Carbon mineralization from unamended soils – Long-term canopy effect 

More carbon was mineralized from native SOM for soils under F. albida tree canopies 

compared to soils from outside tree canopy (Figure 2) except for one site (M35). However, 

statistical tests showed that the mean cumulative mineralizable carbon for unamended soils 

from under and outside F. albida tree canopy for GT8 and GT15 sites were not significantly 

different (p, 0.18). Similarly, no significant differences were observed in the mean cumulative 

mineralizable carbon for soils from under and outside tree canopies for CH35 (p, 0.42) and 

M35 (p, 0.31) sites. The mean cumulative mineralizable carbon for unamended soils for SH 

and M11 sites was significantly higher under the tree canopy than outside the tree canopy (p, 

0.03 and 0.02 respectively).  

4.2.2. Carbon mineralization from amended soils – short term litter effect 

The pattern of organic matter decomposition in the amended soils as measured by CO2 

evolution was similar in all soils, an initially fast rate was followed by a slower and eventually 

steady rate for all sites (Figures 3 - 8). The net carbon mineralized for all treatments with 

amendments was higher for sites with sandy loam soils (i.e. M35 and M11) compared to sites 

with clay soils. As expected, the combined maize and F. albida treatment resulted in more 

carbon mineralized as opposed to the treatments amended with F. albida or maize residue 

only. 
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Figure 2: Cumulative carbon mineralized from unamended soils 

 

Chongwe (CH35) 

The net mean cumulative carbon mineralized from all amendments were significantly 

different (p, 0.001). As expected, the mean cumulative mineralizable carbon was significantly 

higher in Trt1 compared to any other treatment. However, there were no significant 

differences in the mean cumulative carbon mineralized from Trt2, Trt3 and Trt4 (p-adjusted > 

0.05 in all comparisons).  

 
Figure 3: graphs of net carbon mineralization for the duration of the incubation experiments for the 

Chongwe site with >35 year old F. albida trees. 
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Shimabala (SH) 

The net mean cumulative carbon mineralized from all amendments applied to soils from SH 

site were significantly different (p < 0.001), net mean cumulative mineralizable carbon was 

significantly higher in Trt1 than in any other treatment. Net mean mineralizable carbon were 

also significantly higher in Trt3 and Trt4 than in Trt2.  

 

 

Figure 4: graphs of net carbon mineralization for the duration of the incubation experiments for 

Shimabala site with 9 year old F. albida trees. 

 

GART8 (GT8) 

The net mean mineralizable carbon was significantly higher in Trt1 than in any other 

treatment. The net mean mineralizable carbon was also significantly higher in Trt3 than Trt2 

(p-adjusted, 0.001), and more carbon was mineralized from Trt3 than Trt4 (p-adjusted, 0.01). 
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Figure 5: graphs of net carbon mineralization for the duration of the incubation experiments for the 

GART site with 8 year old F. albida trees. 

 

GART15 (GT15) 

The net mean carbon mineralized from Trt1 was significantly higher than in other treatments. 

Net cumulative mineralizable carbon in Trt3 was significantly higher than that obtained in 

Trt2 (p < 0.001). However, there were no significant differences in net mean mineralizable 

carbon between Trt4 and Trt2 and between Trt3 and Trt4 (p-adjusted, 0.12 and 0.05 

respectively). 

 

Figure 6: graphs of net carbon mineralization for the duration of the incubation experiments for the 

GART site with 15 year old F. albida trees. 
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Monze (M11 and M35) 

Net cumulative mineralizable carbon in Trt1 applied to the soil from M11 was significantly 

higher than in other treatments. Net carbon mineralized from Trt3 was significantly higher 

than carbon mineralized from Trt2 (p-adjusted, 0.03). There was no significant difference 

between the mean carbon mineralized in Trt3 and Trt4 (p-adjusted, 0.05). Similar results were 

obtained for M35 site, with Trt1 showing significantly higher mineralizable carbon than any 

other treatment. There were no significant differences between the net mean cumulative 

mineralizable carbon obtained in Trt2 and Trt3 (p-adjusted, 0.11), and between Trt3 and Trt4 

(p-adjusted, 0.94). 

 

 
Figure 7: graphs of net carbon mineralization for the duration of the incubation experiments for the 

Monze site with 11 year old F. albida trees. 
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Figure 8: graphs of net carbon mineralization for the duration of the incubation experiments for the 

Monze site with >35 year old F. albida trees. 

 

4.2.3. Effect of soil texture and age of F. albida trees on carbon mineralization  

The study sites have soils with two textural classes, namely clay and sandy loam. This section 

makes a comparison between two sites (CH35 and M35) with different soil textural classes, 

but same age of the trees making the canopy. In order to establish whether age of F.albida 

trees has an effect on the net cumulative mineralizable carbon, a comparison was also made 

between sites with the same soil texture, but different ages of tree (i.e. between M35 and 

M11, and between GT15 and GT8). 

4.2.3.1. Effect of soil texture on carbon mineralization 

The mean mineralizable carbon in unamended soils under tree canopy was significantly 

higher for M35 than CH35 (p-adjusted, 0.002), we could therefore conclude that mean 

mineralizable carbon is higher in sandy loam soils of M35 than in clay soils of CH35.  

The net mean mineralizable carbon for various amendments applied to soils from M35 and 

CH35 were significantly different. The net mean cumulative carbon mineralized in treatment 

1 applied to M35 was significantly higher than that obtained in the same treatment applied to 

the soils from CH35 (p-adjusted, 0.005). Similarly the net mean cumulative carbon 

mineralized from treatment 2 applied to the soil from M35 was significantly higher than that 

obtained from the same treatment applied to the soil from CH35 (p-adjusted, 0.027).  The net 

mean cumulative carbon mineralized from treatment 3 was also significantly higher in M35 

soils than in CH35 soils (p-adjusted, 0.015). Lastly the net mean cumulative carbon 

0 

200 

400 

600 

800 

1000 

1200 

1400 

1600 

0 20 40 60 80 100 120 

C
u

m
u

la
ti

v
e 

ca
rb

o
n

 m
in

er
al

iz
ed

 

 (
m

g
 C

/k
g
-D

S
) 

Time - days 

M35-Trt4 M35I-Trt1 M35I-Trt2 M35I-Trt3 



36 
 

mineralized from treatment 4 was significantly higher in M35 soils than in CH35 soils (p-

adjusted, 0.001). The foregoing statistical results give enough evidence to conclude that more 

net carbon was mineralized in sandy loam textured soils (M35) than in clay soils (CH35). 

4.2.3.2. Effect of age of F. albida trees on carbon mineralization  

The net mean cumulative carbon mineralized from amended soils from under tree canopies of 

GT15 and GT8 sites were not significantly different, the adjusted p-values for comparisons 

between the same treatments (e.g. Trt1 in GT8 vs Trt1 in GT15) were all larger than 0.5. 

Similarly, the net mean cumulative carbon mineralized from soils from M35 and M11 sites 

were not significantly different, p-adjusted for comparison between similar treatments were 

all greater than 0.5. We can therefore conclude that tree age does not affect the amount of 

carbon mineralized from native SOM and from added organic materials. 

4.2.4. Carbon mineralization kinetics – model fit 

The amounts of carbon mineralized from the four treatments and measured at different times 

closely followed a parallel first- and zero-order kinetic model, the model gave relatively low 

standard errors on all parameters and very high least-square correlation coefficients (R
2
) of 

0.99 and 1 in some cases. Individual model parameters can be taken as unreliable when they 

are smaller than their standard error and Sleutel et al. (2005) observed that a model can be 

considered as realistic when it results in a standard error that is not more than 50% of the 

parameter estimate value. Model results in SHI-Trt2, CH35O-Tr4 and CH35I-Trt1 resulted in 

relatively large standard errors, but they were all still smaller than 50% of their parameter 

values. In certain treatments, the model resulted in a ks value of 0, this implies that the parallel 

first- and zero-order model changed into a first-order model at some point in time as seen in 

the model equation in section 3.4.2.    
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Table 5: Results of the parameter estimation for the model for four treatments. (Values in brackets are standard errors on parameter estimates) 

Treatment CH35I 

Trt1 

CH35I 

Trt2 

CH35I 

Trt3 

CH35O 

Trt4 

SHI 

Trt1 

SHI 

Trt2 

SHI 

Trt3 

SHO 

Trt4 

M35I 

Trt1 

M35I 

Trt2 

M35I 

Trt3 

M35O 

Trt4 

CA,f  

(mg C kg
-1

 

DS) 

936.2 

(109.3) 

344.9 

(12.7) 

1074 

(481.6) 

702.7 

(210.9) 

737.1 

(39.7) 

298.352 

(6.617) 

1043 

(499.1) 

503.7 

(66.0) 

711.6 

(20.3) 

368.9 

(4.5) 

921.5 

(84.6) 

1322 

(249.3) 

Kf (day
-1

) 
0.03 

(0.003) 

0.051 

(0.002) 

0.016 

(0.005) 

0.018 

(0.004) 

0.032 

(0.002) 

0.063 

(0.002) 

0.013 

(0.004) 

0.034 

(0.005) 

0.055 

(0.002) 

0.085 

(0.002) 

0.026 

(0.002) 

0.017 

(0.002) 

ks  

(% day
-1

) 

1.87 

(0.938) 

3.23 

(0.140) 

0.00 

(2.80) 

1.24 

(1.34) 

3.28 

(0.350) 

2.57 

(0.079) 

0.00 

(2.507) 

2.17 

(0.598) 

7.42 

(0.247) 

5.72 

(0.070) 

3.44 

(0.693) 

0.00 

(1.502) 

R
2
 0.998 0.999 0.997 0.999 1.00 1.00 0.999 0.998 1.00 1.00 1.00 0.999 

 

Table 6: Results of the parameter estimation for the model for four treatments. (Values in brackets are standard errors on parameter estimates) 

Treatment M11I 

Trt1 

M11I 

Trt2 

M11I 

Trt3 

M11O 

Trt4 

GT15I 

Trt1 

GT15I 

Trt2 

GT15I 

Trt3 

GT8I 

Trt1 

GT8I 

Trt2 

GT8I 

Trt3 

GTO 

Trt4 

CA,f  

(mg C kg
-1

 

DS) 

697.913 

(21.157) 

423.361 

(11.452) 

722.984 

(60.190) 

742.755 

(121.086) 

602.005 

(26.377) 

363.66 

(8.874) 

430.332 

(45.257) 

554.415 

(20.985) 

373.23 

(8.915) 

403.408 

(24.354) 

368.811 

(46.436) 

Kf (day
-1

) 
0.059 

(0.002) 

0.076 

(0.003) 

0.032 

(0.002) 

0.021 

(0.003) 

0.054 

(0.003) 

0.065 

(0.002) 

0.038 

(0.004) 

0.054 

(0.003) 

0.065 

(0.002) 

0.039 

(0.003) 

0.028 (0.003) 

ks  

(% day
-1

) 

7.419 

(0.264) 

4.689 

(0.156) 

4.585 

(0.557) 

2.242 

(0.843) 

4.443 

(0.317) 

1.867 

(0.115) 

3.508 

(0.460) 

5.443 

(0.254) 

2.259 

(0.115) 

3.881 

(0.254) 

2.892 (0.378) 

R
2
 1.00 0.999 1.00 0.999 0.999 0.999 0.999 1.00 1.00 1.00 0.999 

 

 

 



38 
 

4.3. Soil organic carbon sources under maize – F. albida systems 

There are two main sources of SOM in agro-ecosystems, either from remains of native 

vegetation species or from crop residues which are left on the fields. The major sources of 

SOM for our study sites include crop residues and litter from F. albida leaves and pods. The 

δ13
C values obtained were all in the range between the values measured for maize and F. 

albida (i.e. 11.26 ‰ and 28.27 ‰ respectively), this gives an intuition that the observed δ13
C 

signals were a combination of the two carbon sources. The patterns of δ13
C depth profiles 

were similar for all sites regardless of whether the replicates were from under F. albida 

canopy or outside the tree canopy, with δ 
13

C being more negative in the top profiles and 

getting less negative with increasing depth. However, δ 
13

C values are more negative in the 

top profiles (0-5cm depth) for soils from under F. albida tree canopy compared to those from 

outside the tree canopy (Figure 9). Sandy Loam soils (i.e. M11 and M35 sites) have more 

negative δ 
13

C for both under and outside F. albida canopy area scenarios, especially in the 0-

10cm of the profiles. In addition, the δ 
13

C values were more negative with increasing age of 

the trees, i.e. the trend between M35 & M11, CH35 & CH13, and the trend between GT15 & 

GT8 for under canopy scenario.  

Statistical tests showed that there was no interaction effect between soil depth and tree canopy 

on the δ
13

C signal observed (p, 0.548). Similarly, no significant difference between the mean 

δ
13

C signal obtained in soils under and outside F. albida tree canopies, (p, 0.405). The effect 

of depth on the mean δ
13

C signal was statistically significant (p < 0.001 for comparisons 

between depths 0-5 cm and depth 15-20 cm and between depth 5-10 cm and depth 15-20 cm), 

i.e. δ
13

C measured at depth 15-20 cm was significantly higher than that measured at 0-5 cm 

and 5–10 cm depths. The test also showed that the mean δ
13

C signal was lower (more 

negative) for sites with older trees (comparison between M35 and M11, p-value < 0.001 and 

CH35 and CH13, p-value < 0.001). Furthermore, there was no interaction effect between tree 

age and soil depth (p, 0.205). The mean δ
13

C signal was lower (more negative) in sandy loam 

soils than in clay soils (p < 0.001).  
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Figure 9: δ 
13

C (‰ vs. VPDB) signature for soils under F. albida canopy area in relation to the isotopic 

composition of maize and F. albida litter. 

 

 

 

Figure 10: δ 
13

C (‰ vs. VPDB) signature for soils outside F. albida canopy area in relation to the isotopic 

composition of maize and F. albida litter.  
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4.4. Effects of maize – F. albida systems on soil quality 

4.4.1. Microbial biomass carbon 

Microbial biomass carbon at the end of the incubation experiments generally increased for 

amended soils and decreased in unamended soils. The trend of high MBC values under F. 

albida tree canopies was observed in both amended and unamended soils. Higher MBC 

values were recorded for treatment 3 (maize alone) under F. albida tree canopy than in 

treatment 4 (maize alone, but outside tree canopy). MBC was highest for sites with clayey 

soils CH35 and SH. The standard error of the means ranged from 0.1 - 2 mg C g
-1

-SOC and 

was lowest for soils from outside F. albida tree canopy. More MBC was measured in 

treatment 4 than treatment 3 for the GT8 and GT15 sites.  

 

Table 7: Microbial biomass carbon before and after incubation 

Treatment GT8 GT15 SH M11 M35 CH35 

Microbial biomass carbon (mg C/g SOC) from unamended soils 

before incubation 

under canopy 6.57±0.49 5.99±0.20 12.3±2.06 19.3±1.44 14.5±2.17 13.1±1.27 

outside canopy 9.91±1.91 9.91±1.91 12.6±2.19 9.78±0.67 17.4±0.99 14.40±0.19 

after incubation 

under canopy 9.44±0.42 7.61±0.69 12.7±3.77 20.4±2.93 13.6±1.79 18.7±0.37 

outside canopy 11.9±4.10 11.9±4.10 10.3±0.79 6.33±2.14 8.82±2.65 14.1±3.85 

p-value 0.17 0.09 0.88 0.002 0.08 0.29 

       

Microbial biomass carbon (mg C/kg -DS) from amended soils after incubation 

outside canopy 

maize only 290.8±7.21 290.8±7.21 223.5±6.33 104.9±12.2 163.6±32.2 269.3± 

under canopy 

maize only 197.7±7.00 175.6±27.4 189.8±15.8 250.9±48.9 277.9±8.88 286.6±69.7 

maize+F.albida 232.5±13.4 223.3±4.36 296.6±5.57 355.7±44.8 394.7±18.9 424.1±82.5 

F. albida only 235.2±4.39 222.5±11.8 248.1±13.5 333.9±66.9 311.9±7.65 431.9±58.10 

p-amendment 0.02 0.031 0.002 0.022 < 0.001 0.21 

 

4.4.1.1. MBC in unamended soils - Long-term canopy effect 

There was no significant difference in the mean MBC measured before and after incubation in 

unamended soils from both under and outside the tree canopy for M35 (p, 0.083). Similarly, 

no significant difference was established in the mean MBC measured in unamended soils 

before and after incubation, both in soils from under and outside canopy for SH site (p-value, 

0.884). There were no significant differences (p-value, 0.17) in the mean MBC measured in 

unamended soils from under and outside tree canopy before and after incubation for GT8 site. 
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Likewise, there were no significant differences in the mean MBC measured before and after 

incubation for unamended soils both from under and outside tree canopy for the GT15 site (p-

value, 0.097). 

The mean MBC measured in M11 unamended soils before incubation was significantly higher 

under than outside tree canopy (p-adjusted, 0.038). Mean MBC after incubation was also 

significantly higher in unamended soils under canopy than outside canopy (p-adjusted, 0.005). 

However, there were no significant differences between the mean MBC measured in 

unamended soils before and after incubation (p-adjusted > 0.6 in all comparisons).  

4.4.1.2. MBC in amended soils – Short-term litter effect 

Residue addition greatly increased microbial activity and subsequently microbial biomass 

carbon as observed at the end of incubation experiments. As expected, MBC was higher in 

treatment 1 (combined maize and F. albida) compared to other treatments, except for GT8 

and GT15 sites. 

Shimabala (SH) 

The mean MBC was significantly higher in Trt1 compared to Trt3 and Trt4 (p-adjusted, 0.002 

and 0.008 respectively). There was no significant difference between the mean MBC obtained 

in Trt2 and that obtained in Trt 3 (p, 0.064). Also, there were no significant differences 

between mean MBC measured in Trt1 and Trt2 (p-adjusted, 0.064), and also between Trt3 

and Trt4 (p-adjusted, 0.608). 

GART (GT8) 

The mean MBC measured in Trt3 was significantly higher than that obtained in Trt4 (p-

adjusted, 0.01). There were no significant differences established between the mean MBC 

obtained in the rest of the treatments (p-adjusted > 0.1 in all comparisons).   

GART (GT15) 

The mean MBC measured in Trt3 was significantly higher than that measured in Trt4 (p, 

0.020). There were no significant differences between comparisons of mean MBC measured 

in other treatments (p > 0.2 in all comparisons). 
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Monze (M11) 

The mean MBC was significantly higher in Trt1 than Trt4 (p-adjusted, 0.024). Mean MBC in 

Trt2 was also significantly higher than the mean MBC in Trt4 (p-adjusted, 0.037). There were 

no significant differences in the mean MBC between comparisons of other treatments (p-

adjusted > 0.2 in all comparisons). 

Monze (M35) 

There was no significant difference between mean MBC measure in Trt1 and Trt2 (p-

adjusted, 0.068) and also no significant difference in mean MBC between Trt2 and Trt3 (p-

adjusted, 0.628) was established. However, mean MBC in Trt1 was significantly higher than 

that measured in treatments 3 and 4 (p-adjusted, 0.012 and , 0.001 respectively). Mean MBC 

was higher in Trt2 than in Trt4 (p-adjusted, 0.003) and also higher in Trt3 than in Trt4 (p-

adjusted, 0.01).  

4.4.1.3. Effects of soil texture and age of F. albida trees on MBC  

Effect of soil texture on MBC 

The effect of soil texture on MBC was investigated by comparing MBC from M35 and CH35 

sites with sandy loam and clay soils respectively. There were no significant differences in the 

mean MBC in unamended soils measured before and after incubation for sites M35 and CH35 

(p, 0.125). The tests also showed that there were no significant difference in mean MBC for 

comparisons of similar treatments applied to soils from both M35 and CH35 sites (p > 0.05). 

We can therefore conclude that soil texture does not significantly influence soil microbial 

community and the amount of MBC obtained in the soils from our study sites.  

Effect of age of F. albida trees on MBC 

In order to investigate the effect of tree (canopy) age, we compared MBC from soils with 

same texture, but different tree ages. We selected the pairs, GT8 and GT15 and M35 and M11 

sites. The test showed that tree age had no significant effect on the mean MBC measured in 

unamended soils from M35 and M11 sites (p-adjusted > 0.2). Similarly, there was no 

significant difference between the mean MBC measured in unamended soils from GT15 and 

GT8 sites (p, 0.2).  

There were no significant differences in the mean MBC measured in similar treatments 

applied to soils from GT15 and GT8 sites, (p, 0.068). Similarly, there were no significant 
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differences between the mean MBC measured in similar treatments applied to the soils under 

tree canopies from M35 and M11 sites (p-value, 0.198). Therefore, tree or canopy age had no 

profound effect on the MBC measured in the soils from our study sites. 

4.4.2. Enzymes Activity 

The general trend of enzymes activity for dehydrogenase, β-glucosidase and β-

glucosaminidase from all the sites considered under this study, is similar to what is observed 

for microbial biomass carbon, i.e. the activity is relatively higher for soils under the F. albida 

canopy and compared to outside the tree canopies. Unlike the case with microbial biomass 

carbon, texture is not seen to influence the enzymatic activity on any of the sites. The standard 

error on the means of enzyme activities is very small in most cases.  

4.4.2.1. Dehydrogenase activity 

A clear increase in dehydrogenase activity (DHA) in all sites was observed at the end of 

incubation experiments. Comparisons between the enzyme’s activities at the start (t0) and at 

the end (t-end) of the incubation experiments show that, dehydrogenase activity was triggered 

by the incubation and addition of organic materials.  

Table 8: Dehydrogenase activity before and after incubation 

Treatment GT8 GT15 SH M11 M35 CH35 

Dehydrogenase Activity (µg TPF * g-1 DS * 24h-1) from unamended soils 

before incubation 

under canopy 0.53±0.02 0.21±0.11 0.39±0.15 0.89±0.31 1.07±0.2 0.7±0.24 

outside canopy 0.45±0.05 0.45±0.05 0.87±0.11 0.08±0.01 1.37±0.11 0.81±0.1 

after incubation 

under canopy 1.25±0.32 0.52±0.28 0.52±0.24 9.21±4.20 5.87±2.32 3.09±0.70 

outside canopy 0.87±0.66 0.86±0.66 1.44±0.14 0.17±0.01 2.19±0.02 2.24±0.25 

p-value 0.45 0.65 0.009 0.016 0.065 0.007 

  

Dehydrogenase Activity (µg TPF * g-1 DS * 24h-1) from amended soils after incubation 

outside canopy 

maize only 2.14±1.66 2.14±1.66 2.35±0.16 0.47±0.12 2.79±0.16 2.32±0.28 

under canopy 

maize only 3.77±0.60 1.12±0.64 0.80±0.29 10.96±2.57 13.73±0.48 4.22±0.55 

maize+F.albida 4.56±1.28 1.61±0.69 0.71±0.35 16.58±3.45 20.67±0.58 3.98±0.80 

F. albida only 2.76±0.68 0.97±0.47 0.66±0.24 16.45±4.94 15.73±1.09 3.46±0.49 

p-amendment 0.49 0.83 0.005 0.026 < 0.001 0.77 
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4.4.2.1.1. Dehydrogenase activity in unamended soils – Long-term canopy effect 

 

Chongwe (CH35) 

There were no significant difference between the mean DHA measured in unamended soil 

from in and outside tree canopy before and after incubation for CH35 site (p-adjusted, 0.997 

and 0.460 respectively). Mean DHA activity for unamended soil under canopy was 

significantly higher after than before incubation (p-adjusted, 0.011). Similarly the mean DHA 

for unamended soil outside canopy was significantly higher after than before incubation (p-

adjusted, 0.014).  

Shimabala (SH) 

There was no significant difference between mean DHA before incubation for unamended 

soils from in and outside canopy (p, 0.249). There was no significant difference between 

mean DHA measured before and after incubation for unamended soils from under tree canopy 

(p, 0.951). The mean DHA after incubation was significantly higher in unamended soil under 

canopy than outside canopy (adjusted p-value, 0.019).  

GART (GT8 and GT15) 

The means of DHA in unamended soils (in and outside canopy) for site GT8, both before and 

after incubation were not significantly different (p, 0.45). There were no significant 

differences in the mean DHA between unamended soils from in and outside canopy and both 

before and after incubation for site GT15 (p, 0.65).  

Monze (M11) 

There was no significant differences between the mean DHA measured in unamended soil 

under and outside canopy before incubation (p, 0.1). The mean DHA measured before 

incubation in unamended soils from under canopy was not significantly different from that 

obtained after incubation (p > 0.1), whereas the means DHA measured after incubation in 

unamended soil outside canopy was significant higher than what was obtained before 

incubation (p, 0.002).  

Monze (M35) 

There were no significant differences in the mean DHA measured in unamended soils from in 

and outside canopy and both before and after incubation (p, 0.065).  
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4.4.2.1.2. Dehydrogenase activity in amended soils – Short-term litter effect 

Chongwe (CH35) 

There were no significant differences in the mean MBC obtained in all treatments for the 

CH35 site (p, 0.160). 

Shimabala (SH) 

There were no significant differences in the mean DHA measured in all treatments applied to 

the soil under canopy, however, the mean DHA in Trt1, Trt2 and Trt3 were significantly 

higher than the mean DHA measured in Trt4. Mean DHA was significantly higher in Trt1 

than in Trt4 (p-value, 0.01) and significant higher in Trt2 than in Trt4 (p-value, 0.008). Lastly, 

the mean DHA was also higher in Trt3 than in Trt4 (p-value, 0.014). 

GART (GT8 and GT15) 

There were no significant differences in the mean DHA activities measured in amended soils 

for both GT15 and GT8 sites (p, 0.83 and 0.49 respectively). 

Monze (M11) 

The mean DHA measured in Trt1 and Trt2 were significantly higher than the mean DHA 

measured in Trt4 (p-adjusted, 0.034 and 0.035 respectively. There were no significant 

differences in mean DHA measured in Trt1, Trt2 and Trt3 (p-adjusted > 0.6 for all 

comparisons). Similarly mean DHA in treatment 3 was not significantly different from mean 

DHA obtained in Trt4 (p, 0.185). 

Monze (M35) 

The mean DHA measured in Trt1 was higher than the mean in any other treatment (p-

adjusted, 0.05 in all comparisons). There was no significant difference between mean DHA in 

Trt2 and Trt3 (p-adjusted, 0.223). The mean DHA measured in Trt2 and Trt3 were 

significantly higher than the mean DHA obtained in Trt4 (p-adjusted < 0.001 for both). 
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4.4.2.1.3.Effects of soil texture and age of F. albida trees on DHA 

Effect of soil texture on DHA 

Comparisons between mean DHA measured in M35 and CH35 soils showed that there was no 

significant difference between mean DHA measured in unamended soils (under tree canopy) 

before incubation (p, 0.4). Similarly, there was no significant difference between mean DHA 

obtained after incubation in M35 and CH35 soils, (p-value, 0.7). Lastly, there was no 

significant difference in mean DHA for unamended soils from outside canopy (p, 1). 

The mean DHA activity for treatment 1 was significantly higher in M35 soils than in CH35, 

(p-adjusted < 0.001). The mean DHA activity for Trt2 and Trt3 were also significantly higher 

in soils from M35 than in soils from CH35, (p-adjusted < 0.001 for both). On the contrary, 

there was no significant difference between mean DHA measured in treatment 4 for M35 and 

CH35 sites, (p-adjusted > 0.05). We can therefore conclude with one exception (Trt4), that 

DHA was higher (for amended soils) in sandy loam than in clay soils. 

Effect of tree age on DHA 

There was no significant difference between mean DHA obtained in unamended soils before 

incubation for GT8 and GT15 sites (p, 0.1). Similarly, there was no significant difference in 

the mean DHA measured before incubation in soils from M35 and M11 sites, (p, 0.4). There 

were no significant differences in the mean DHA measured after incubation in unamended 

soils from M35 and M11, (p, 0.4), and in soils from GT15 and GT8, (p, 0.2).  

There were no significant differences in the mean DHA measured in similar treatments 

applied to soils of GT5 and GT8 sites (p-adjusted, 0.143, 0.585 and 0.217 for Trt1, Trt2 and 

Trt3 respectively). Similarly, there were no significant differences in the mean DHA obtained 

for same treatments applied to soils from M35 and M11 sites (p, 0.289). The statistical tests 

have given enough evidence that age trees has no significant effect on DHA measured in the 

soils from our study sites. 
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4.4.2.2. β-glucosaminidase Activity 

The activity of β-glucosaminidase activity in unamended soils generally decreased at the end 

of the experiment. However, a fair increase in β-glucosaminidase activity was recorded in 

amended soils of some sites (i.e. GT8, GT15, M11 and M35) especially in treatments 1 and 2.  

Table 9: β-glucosaminidase activity before and after incubation experiments 

Treatment GT8 GT15 SH M11 M35 CH35 

Glucosaminidase Activity (mg pNP * kg-1 DS * h-1) from unamended soils 

before incubation 

under canopy 44.3±4.57 41.3±4.18 88.8±9.11 82.2±8.37 65.9±4.49 86.3±4.05 

outside canopy 54.4±2.56 54.4±2.56 66.8±2.08 76.0±13.4 82.9±2.64 53.1±6.37 

after incubation 

under canopy 28.9±1.99 19.0±4.47 40.5±1.25 60.7±11.5 49.0±3.77 25.9±9.49 

outside canopy 30.2±4.78 30.2±4.78 27.3±0.94 16.6±2.94 33.4±4.02 23.9±2.43 

p-value (canopy) 0.002 0.001 < 0.001 0.006 < 0.001 < 0.001 

  

Glucosaminidase Activity (mg pNP * kg-1 DS * h-1) from amended soils after incubation 

outside canopy 

maize only 56.5±15.52 56.5±15.5 43.6±3.49 24.9±2.68 63.1±5.96 46.9±4.87 

under canopy 

maize only 59.7±3.64 42.4±4.97 65.5±7.40 58.5±7.04 60.6±3.30 49.9±3.70 

maize+F.albida 95.1±7.50 73.4±11.9 79.0±5.13 98.0±9.77 106.8±8.09 76.3±12.1 

F. albida only 47.4±7.29 51.7±3.92 64.4±2.96 90.9±7.00 79.3±5.20 57.7±7.56 

p-amendment 0.018 0.195 0.007 < 0.001 0.002 0.102 

 

4.4.2.2.1. β-glucosaminidase activity in unamended soils – Long-term canopy effect  

Chongwe (CH35) 

We compared the mean β-glucosaminidase activity in unamended soils both from in and 

outside canopy for site CH35. The mean β-glucosaminidase activity before incubation was 

significantly higher in soils from under tree canopy than in soils outside canopy (p-adjusted, 

0.022). The mean β-glucosaminidase activity measured before incubation for soil under 

canopy was significantly higher than the activity measured after incubation (p-adjusted, 

0.001). Similarly, the mean β-glucosaminidase activity measured before incubation for soils 

outside canopy was also significantly higher than the mean activity measured after incubation 

(p-adjusted, 0.04). There was no significant difference in the mean β-glucosaminidase 

measured in and outside canopy after incubation (p-adjusted, 0.995).  
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Shimabala (SH) 

The mean β-glucosaminidase activity in unamended soils before incubation was significantly 

higher under canopy compared to outside canopy (p-adjusted, 0.044). The mean β-

glucosaminidase activity measured before incubation for soil under canopy was significantly 

higher than the activity obtained after incubation (p-adjusted < 0.001). similarly, mean β-

glucosaminidase activity for soil outside canopy was higher before than after incubation (p-

adjusted, 0.002). There was no significant difference between the mean β-glucosaminidase 

activity for soil under and outside canopy after incubation (p-adjusted, 0.27).  

GART (GT8)  

There was no significant difference between the mean β-glucosaminidase activity for 

unamended soil from in and outside canopy measured before incubation (p-adjusted, 0.237) 

and after incubation (p-adjusted, 0.993). The mean β-glucosaminidase activity in unamended 

soil outside canopy was higher before than after incubation (p-adjusted, 0.005). There were no 

significant differences in the mean β-glucosaminidase activity measured before and after 

incubation for soil under canopy, (p, 0.050).  

GART (GT15) 

There were no significant differences in the mean β-glucosaminidase activity measured in 

unamended soils in and outside canopy area before and after incubation (p-adjusted, 0.152 

and 0.249). The mean β-glucosaminidase activity measured in unamended soil in and outside 

canopy was higher before than after incubation (p-adjusted, 0.014 and 0.009 for soils from in 

and outside canopy respectively).  

Monze (M11) 

There were no significant differences in mean β-glucosaminidase activity between soils from 

in and outside canopy both before and after incubation (p-adjusted, 0.967 and 0.052 

respectively). The mean β-glucosaminidase activity in unamended soils outside canopy was 

significantly higher before than after incubation (p-adjusted, 0.011).   

Monze (M35) 

There were no significant differences between the mean β-glucosaminidase measured in 

unamended soils in and outside canopy and both before and after incubation (p-adjusted > 
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0.05 both before and after incubation). The mean β-glucosaminidase activity for unamended 

soils outside canopy was higher before than after incubation (p-adjusted < 0.001).  

4.4.2.2.2. β-glucosaminidase activity in amended soils – Short-term litter effect 

Chongwe (CH35) 

There were no significant differences in the mean β-glucosaminidase activity in the amended 

soils after incubation (p-adjusted, 0.102). 

Shimabala (SH) 

The mean β-glucosaminidase activity measured in Trt1 was significantly higher than that of 

Trt4 (p-adjusted, 0.005). There were no significant differences in the mean β-glucosaminidase 

activity measured in other treatments (p-adjusted > 0.05 in all comparisons). 

GART (GT8) 

The mean β-glucosaminidase activity was significantly higher in Trt1 than in Trt2 and Trt4. 

(p-adjusted, 0.016 and 0.047 respectively). There were no significant differences in the mean 

β-glucosaminidase activity measured in other treatments (p-adjusted > 0.06). 

GART (GT15) 

There were no significant differences in the mean β-glucosaminidase activity measured in all 

treatments (p-value, 0.195). 

Monze (M11) 

The mean β-glucosaminidase activity was significantly higher in Trt1 than in Trt3 and Trt4 

(p-adjusted, 0.018 and < 0.001 respectively). There was no significant difference between 

mean β-glucosaminidase activity measured in Trt1 and Trt 2 (p-adjusted, 0.89). The mean β-

glucosaminidase activity was significantly higher in Trt3 than in Trt4 (p-adjusted, 0.04) and 

significantly higher in Trt 2 than in Trt3 and Trt4 (p-adjusted, 0.048 and 0.001 respectively). 

Monze (M35) 

The mean β-glucosaminidase activity measured in treatment 1 was significantly higher than 

the activity in other treatments (p-adjusted, < 0.05 for all comparisons). There were no 

significant difference in the mean β-glucosaminidase measured in other treatments (p-adjusted 

> 0.1 for all comparisons). 
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4.4.2.2.3. Effect of soil texture and age of F. albida trees on β-glucosaminidase activity  

Effect of soil texture on β-glucosaminidase activity 

The mean β-glucosaminidase activity for unamended soils measured before incubation was 

significantly higher in clayey soils from CH35 than in sandy loam soils from M35, (p, 0.03). 

The mean β-glucosaminidase activities measured after incubation in unamended soils from 

M35 (both in and outside canopy) were not significantly different from the mean activity 

measured in the soil from CH35 (p, 0.2). The mean β-glucosaminidase activity for all 

treatments in amended soils was significantly higher in M35 than CH35 soils (p, 0.002). 

Effect of tree age on β-glucosaminidase activity  

Comparisons in β-glucosaminidase activity in soils from under canopies of different tree ages 

were done. There was no significant difference between the mean β-glucosaminidase 

activities measured before and after incubation in unamended soils (under canopy) from 

GT15 and GT8 sites, (p, 0.4 and 0.2 for before and after incubation respectively) and similarly 

there was no significant difference established in the mean β-glucosaminidase activity for 

unamended soils from M35 and M11 sites both before and after incubation (p, 0.2 and 0.7 

respectively). The mean β-glucosaminidase activity measured in similar treatments applied to 

soils of GT15 and GT8 were not significantly different, (p > 0.3 in all comparisons). 

Similarly, there were no significant differences in the mean β-glucosaminidase activity 

measured in same treatments for M35 and M11 soils, (p > 0.5 in all comparisons). With the 

foregoing statistical results, we can conclude that age of F. albida trees did not significantly 

influence β-glucosaminidase activity measured in the soils. 
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4.4.2.3. β-glucosidase Activity 

The activity of β-glucosidase in both unamended and amended soils generally decreased at 

the end of the incubation experiments when compared to values obtained before the start of 

the experiments.  

Table 10: β-glucosidase activity before and after incubation experiments 

Treatment GT8 GT15 SH M11 M35 CH35 

β-glucosidase activity (mg pNP * kg-1 DS * h-1) from unamended soils 

before incubation 

under canopy 85.5±14.9 78.98±15.4 179.1±16.4 161.9±51.1 276.4±28.1 175.6±38.4 

outside 

canopy 

55.5±4.80 55.5±4.80 120.7±3.28 23.6±2.13 175.1±9.72 88.1±2.58 

after incubation 

under canopy 55.4±5.50 42.0±7.84 119.3±14.6

6 

129.0±24.6 175.8±14.6 84.9±39.1 

outside 

canopy 

44.2±4.50 44.2±4.50 63.2±3.31 51.4±8.97 85.3±9.31 44.2±12.1 

p-value 

canopy 

0.044 0.076 0.001 0.029 < 0.001 0.09 

 

β-glucosidase activity (mg pNP * kg-1 DS * h-1) from amended soils after incubation 

outside canopy 

maize only 66.3±4.72 66.3±4.72 84.3±5.97 75.1±19.4 93.3±3.60 53.6±9.33 

under canopy 

maize only 81.3±1.10 71.1±12.8 121.2±3.21 133.4±27.6 167.0±18.8 128.7±13.1 

maize+F.albi

da 

112.1±12.1 119.5±37.0 157.4±14.9 161.9±21.6 185.9±12.7 136.0±9.28 

F. albida only 96.1±19.1 78.6±10.1 139.5±15.7 140.6±32.6 163.7±13.5 122.8±32.3 

p-

amendments 

0.14 0.305 0.01 0.183 0.005 0.046 

 

4.4.2.3.1. β-glucosidase activity in unamended soils – Long-term canopy effect 

Chongwe (CH35) 

There were no significant differences (p, 0.09) in the mean β-glucosidase activity measured in 

unamended soils both from in and outside tree canopy and before and after incubation.  

Shimabala (SH) 

The mean β-glucosidase activity in unamended soils for SH site both from in and outside tree 

canopy and before and after incubation were significantly different (p, 0.001). The mean β-

glucosidase activities for soils under and outside canopy was higher before than after 

incubation (p-adjusted, 0.023 and 0.028 for in and outside canopy respectively).  
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GART (GT8)  

There were no significant differences in the mean β-glucosidase activity in the unamended 

soils from in and outside canopy and both before and after incubation, (p > 0.1 in all 

comparisons).  

GART (GT15)  

There were no significant differences in the mean β-glucosidase activity measured in 

unamended soils from GT15 site both before and after incubation (p, 0.076). 

Monze (M11)  

The mean β-glucosidase activity for the M11 site measured before incubation for unamended 

soils was significantly higher in soils under tree canopy than in soils outside canopy (p-

adjusted, 0.038), however, there was no significant difference in the mean β-glucosidase 

activity measured after incubation for soil from in and outside canopy, (p-adjusted, 0.297). In 

addition there were no significant differences between the mean β-glucosidase activities 

measured before and after incubation for soils from both in and outside canopy (p-adjusted > 

0.2 for both comparisons).  

Monze (M35) 

The mean β-glucosidase activity for unamended soils from M35 was higher in soils under 

canopy than outside canopy both before and after incubation (p-adjusted, 0.013 and 0.024 

respectively). The mean β-glucosidase activity in soils outside canopy was also higher before 

than after incubation (p-adjusted, 0.025). Similarly the mean activity obtained before 

incubation for soils under canopy was significantly higher than the mean obtained after 

incubation (p-adjusted 0.014). 

4.4.2.3.2. β-glucosidase activity in amended soils – Short-term litter effect 

Chongwe (CH35) 

The mean β-glucosidase activity was significantly higher in Trt1 than in Trt4 (p, 0.003. The 

mean β-glucosidase activity measured in Trt3 was significantly higher than what was obtained 

in Trt4 (p, 0.012). There were no significant differences in the mean β-glucosidase activities 

measured in Trt1, Trt2 and Trt3 (p > 0.05). 
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Shimabala (SH) 

The mean β-glucosidase activity was significantly higher in Trt1 compared to Trt4, (p-

adjusted, 0.008) and also higher in Trt2 than in Trt4 (p-adjusted, 0.035). There were no 

significant differences in the mean β-glucosidase activities measured in Trt1, Trt2 and Trt3 (p 

> 0.1 in all comparisons). 

GART (GT8)  

There were no significant differences in the mean β-glucosidase activities measured in all 

treatments after incubation (p-value, 0.14). 

GART (GT15)  

There were no significant differences established in the mean β-glucosidase activity measured 

in all treatments after incubation (p-adjusted, 0.305).  

Monze (M11)  

There were no significant differences in the mean β-glucosidase activities measured in all 

treatments after incubation (p-value, 0.183). 

Monze (M35) 

The mean β-glucosidase activity measured in Trt1, was significantly higher than the mean 

activity obtained in Trt4 (p-adjusted, 0.005).  Mean β-glucosidase activity measured in Trt2 

was also significantly higher than the mean activity obtained in Trt4 (p-adjusted, 0.024). In 

addition, The mean β-glucosidase activity in Trt3 was significantly higher than the activity in 

Trt4 (p-adjusted, 0.019). There were no significant differences in mean β-glucosidase 

activities measured in Trt1, Trt2 and Trt3, (p > 0.6 for all comparisons). 

4.4.2.3.3. Effect of soil texture and age of F. albida trees on β-glucosidase activity 

Effect of soil texture on β-glucosidase 

Comparisons showed that the mean β-glucosidase activity measured before incubation was 

significantly higher in unamended soils (outside canopy) of M35 than in soils from CH35, (p, 

0.009), however, the mean β-glucosidase activity measured in unamended soils from under 

canopy for the two sites were not significantly different (0.108).  There were no significant 

differences in the mean β-glucosidase activity measured after incubation in unamended soils 

in and outside canopy from M35 and CH35 (p, 0.2 and 0.1 for in and outside canopy 
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respectively). There were no significant differences in mean β-glucosidase activity measured 

in the same treatments applied to soils from M35 and CH35 (p > 0.4 in all comparisons). 

Effect of age F. albida tree age on β-glucosidase 

The mean β-glucosidase activities measured before incubation in unamended soils from under 

tree canopy for sites GT15 and GT8, and M35 and M11, were not significantly different (p, 

0.774 and 0.141 respectively). The mean β-glucosidase measured after incubation in soils of 

GT15 was not significantly different from the mean β-glucosidase activity measured in GT8 

soils. Similarly, the mean β-glucosidase activities measured in unamended soils of sites M35 

and M11 were not significantly different (p, 0.2 for both comparisons).  

The mean β-glucosidase activities measured in soils from GT15 and GT8 with similar 

amendments were not significantly different, (p, 0.45). Similarly, the mean β-glucosidase 

activities measured in soils from M35 and M11 with same amendments were not significant 

different (p- 0.615). Therefore, tree age had no profound influence on the mean β-glucosidase 

activity measured in soils from our study sites. 

4.5. Correlation between cumulative mineralizable carbon and enzymes activity 

The correlation among cumulative mineralizable carbon, MBC and enzymes activity at the 

end of incubation experiments was relatively high and in most cases greater than 0.5. 

Cumulative mineralizable carbon was highly correlated with MBC and β-glucosaminidase for 

all sites. Very low positive correlation and in some negative between DHA and other 

biochemical parameters were observed for SH site. Pearson correlation coefficients among the 

5 variables are summarized in table 11. 
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Table 11: correlation coefficients between Cumulative mineralized carbon and enzymes activity. 

 Cmin DHA β-glucosaminidase β-glucosidase MBC 

CH35 

Cmin 1.00 0.49 0.79 0.49 0.82 

DHA 0.49 1.00 0.54 0.78 0.44 

β-glucosaminidase 0.79 0.54 1.00 0.64 0.90 

β-glucosidase 0.49 0.78 0.64 1.00 0.56 

MBC 0.82 0.44 0.90 0.56 1.00 

SH 

Cmin 1.00 0.03 0.81 0.52 0.95 

DHA 0.03 1.00 -0.41 -0.41 0.02 

β-glucosaminidase 0.81 -0.41 1.00 0.74 0.79 

β-glucosidase 0.52 -0.41 0.74 1.00 0.58 

MBC 0.95 0.02 0.79 0.58 1.00 

GT8 

Cmin 1.00 0.64 0.83 0.73 0.89 

DHA 0.64 1.00 0.68 0.55 0.46 

β-glucosaminidase 0.83 0.68 1.00 0.73 0.61 

β-glucosidase 0.73 0.55 0.73 1.00 0.58 

MBC 0.89 0.46 0.61 0.58 1.00 

GT15 

Cmin 1.00 0.27 0.76 0.64 0.87 

DHA 0.27 1.00 0.67 0.47 0.29 

β-glucosaminidase 0.76 0.67 1.00 0.83 0.72 

β-glucosidase 0.64 0.47 0.83 1.00 0.53 

MBC 0.87 0.29 0.72 0.53 1.00 

M11 

Cmin 1.00 0.50 0.55 0.49 0.85 

DHA 0.50 1.00 0.91 0.82 0.80 

β-glucosaminidase 0.55 0.91 1.00 0.86 0.78 

β-glucosidase 0.49 0.82 0.86 1.00 0.66 

MBC 0.85 0.80 0.78 0.66 1.00 

M35 

Cmin 1.00 0.66 0.77 0.30 0.91 

DHA 0.66 1.00 0.78 0.76 0.88 

β-glucosaminidase 0.77 0.78 1.00 0.48 0.84 

β-glucosidase 0.30 0.76 0.48 1.00 0.51 

MBC 0.91 0.88 0.84 0.51 1.00 
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5.0. Discussion 

Our study has given insights on the short and long-term effects of F. albida trees on the SOC 

stocks and on biochemical parameters. The short-term effects were as a result of incubating 

soils with organic amendments and quantify the CO2 evolved as well as the enzymes activty 

and MBC. The long-term in effect was also investigated in a similar fashion, but from 

unamended soils both before and after incubation experiments in the case of enzymes activity 

and MBC. The log-term effect is the result of multi-year addition of F. albida and maize 

residue inputs on the soil. We used relative carbon mineralization to assess the quality of 

SOC.  

5.1. Soil properties  

The concentrations of SOC, percent total nitrogen and mineral nitrogen were higher under 

than outside F. albida tree canopy, this trend is similar to what is in literature about the soil 

improving benefits of F. albida (Umar et al. 2001; Depommier, et al, 1992). SOC was about 

11-33% higher under than outside tree canopy while total N was 1.6-25% higher under the 

tree canopy. F. albida is a legume tree with potential to fix nitrogen, as such the contents of 

mineral nitrogen was in some cases > 50% higher under the tree canopy. Clough and 

Skjemstad, (2000) observed that the biological stability of SOC is influenced by its chemical 

structure and the existence of various mechanisms of protection offered by  soil minerals and 

their spatial arrangement within the soil matrix. Clay soils have physical and chemical OM 

protection mechanisms, this explains why SOC contents were higher in sites with clay 

textured soils compared to sites with sandy loam soils.  

5.2. Stability of carbon under maize – Faidherbia albida system  

Carbon mineralization from SOM - Long-term canopy effect 

Higher amounts of cumulative mineralizable carbon from native soil organic matter were 

observed in unamended soils from under F. albida tree canopies compared to those from 

outside the tree canopy, this is due to the fact that soils from under canopy area receive SOM 

contribution from both F. albida litter fall and maize residues. Although statistical differences 

in the mean mineralizable carbon were not established for some sites, significantly higher 

carbon was mineralized from soils under than outside tree canopies for SH and M11. This 

observation give intuitions of the long-term contribution of F. albida litter to SOC in the 

studied sites. High SOC stocks under F. albida canopy are as a result a high maize biomass 

production compared to outside the tree canopy due to soil fertility enhancement effect of F. 

albida (Depommier, et al, 1992; Rhoades, 1995; Wahl and Bland, 2013).  
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Carbon mineralization from amended soils – Short-term litter effect  

Carbon mineralization followed a parallel first- and zero-order kinetic model in most of the 

treatments, suggesting that the organic C of the amendments used in the experiments (maize 

and F. albida) consisted of two organic carbon pools of differing degrees of stability. The 

kinetics of CO2 evolution from all treatments were well-fitted to the selected model, with 

least-square coefficients (R
2
) of 0.998 or greater in all cases. Although small differences in 

the slow C mineralization pool were observed at the end of the active phases i.e. the flattening 

phase in figures 3-8, we can still conclude that the organic matter at both stages was of a 

similar microbial stability, this observation is similar to what was observed by Zimmerman 

(2010). 

During the initial phase of litter decomposition, the principal factors determining 

decomposition kinetics are the nature of the added organic materials (i.e. lignin and N 

contents) and soil factors (Recous et al., 2008). The shape of the plots of carbon 

mineralization from F. albida amended treatments and F. albida combined with maize residue 

(treatments 1 and 2) appears much shaper at the beginning of the incubations compared to the 

shape of the plots for treatments 3 and 4 (maize alone), this clearly indicates that litter type 

had a strong influence on decomposition rates of the materials and soil CO2 emissions. The 

rapid carbon mineralization observed in F. albida amended soils could have been stimulated 

by additional N input from F. albida litter which has potential to stimulate microbial activity 

resulting in faster carbon mineralization rates (Ng et al. 2014; Zhang et al. 2012). The 

flattening of the carbon mineralization curves observed in all treatments could be explained 

by the decreased microbial biomass at the later stages of incubation which is analogous to the 

observations of Lu et al. (2014) that microbial biomass increases during the first few weeks 

after residue incorporation and subsequently decreases slowly back to the initial values.  

The low decomposition rate of maize residue translated into higher stabilization of its derived 

carbon into the soil and in a long-run a higher contribution of maize residue to the soil SOC 

stocks than F. albida, i.e. inputs of C from maize residue contributes proportionally higher 

amounts than F. albida to the long-term build up of SOC. The study showed that carbon 

mineralization from maize residue was 20% to 29% higher than that from F. albida litter for 

soils under the tree canopy, and the percentage ranged from 18% to 39% for comparison 

between treatments 3 and 4. Although the rate of carbon mineralization was faster in F. albida 

litter than in maize residue amended soils, statistical tests showed that the net cumulative 
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mineralizable carbon from the latter was in most of the sites higher than that obtained in the 

former and therefore we could not accept the hypothesis that carbon mineralization is higher 

in F. albida amended soils than in maize amended soils.  

The study has also demonstrated that the combination of F. albida litter fall and maize crop 

residue has a complimentary effect and results in comparatively higher potential to contribute 

to C storage in soils, carbon mineralization from the combined treatment of F. albida and 

maize residue was 34% to 37% higher than that from either F. albida or maize alone 

treatments, irrespective of the soil type or site.  

Effect of soil texture and age of F. albida trees on stability of organic carbon  

Soil texture had a profound effect on carbon mineralization in both amended and unamended 

soils. Statistical tests showed that cumulative mineralizable carbon was higher in unamended 

soils of M35 compared to unamended soils of CH35. This observation harmonizes with the 

lower SOC values determined in sandy loam soils compared to clay soils as seen from table 3. 

Carbon mineralization in amended soils was also evidently affected by the soil type (soil 

texture) in which the residues were incorporated. For all residue treatments and whether in 

soils from under or outside F. albida tree canopy, sandy loam soils (i.e. M35) resulted in 

significantly higher net cumulative C mineralization at the end of incubation period compared 

to the sites with clay soils (M35).  

Older trees of F. albida sheds off more litter compared to young ones and as such the former 

are capable of contributing more to SOC build-up (Umar, et al. 2013). However, our study did 

not establish any significant differences between the mean cumulative carbon mineralized 

from unamended soils from M35 and M11, and also between GT15 and GT8. We therefore 

did not have enough evidence to conclude that older trees contributes more SOM than does 

the younger trees. 
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5.3. Short and long term effects of maize – Faidherbia albida systems on soil quality 

5.3.1 Microbial biomass carbon 

Long-term canopy effect 

Microbial biomass carbon at the start of the incubation experiments was relatively higher for 

soils under F. albida tree canopies than outside the canopy area (table 7), however, no 

statistical significances were established for most sites except for M11. A comparison 

between MBC at the start and end of the experiments unamended soils showed that MBC 

decreased for most sites except GT8 and GT15, this observation is similar to the findings of 

Ross (1990) that MBC declines continuously with increasing incubation time. 

Short-term litter effect 

Microbial biomass carbon measurements taken at the end of incubation experiments showed 

that MBC increased in amended soils, the increase was as a result of organic amendments. 

According to Ng et al. (2014), soil microbial communities are regulated by both the supply of 

energy and nutrients, especially nitrogen, this maybe a more reason why the highest increase 

in MBC was recorded in treatments applied to the soils of CH35, the site which had inherently 

higher contents of mineral N than any other site. Although MBC was relatively higher in Trt1, 

there were no significant differences between the Mean MBC measured in all treatments 

applied to soils under F. albida tree canopy, with the exception of SH. MBC was significantly 

higher in Trt3 than in Trt4, this was as the result of additional effect of tree canopy. Despite 

the lack of statistical significance, Trt2 resulted in higher increase in MBC compared to Trt3 

for all sites, indicating that the chemical nature of the organic amendments affects microbial 

community composition and activity. The lower C/N ratio of F. albida explains the 

comparatively high MBC recorded in Trt1 (i.e. lower C/N ratio favors microbial growth). 

However, we did not have enough evidence to conclude that MBC was higher in soils 

amended with F. albida litter than in soils amended with maize residues as proved by 

statistical tests.  

The observed increase in MBC for all amended treatments is in harmony with the observed 

increase in enzymatic activities as noted in the section below, this is supported by the findings 

by Lu et al., (2014) that higher soil organic matter (or addition) would result in higher 

activities of functional soil enzymes and sequentially increase microbial activities and 

microbial biomass carbon.  
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The study has shown that soil texture and age of F. albida trees did not affect MBC obtained 

in the soils for all sites. The variation in MBC recorded from site to site could have been due 

to other factors which were not included in the scope of our study. For example, crop rotation 

and tillage practices (no tillage) enhances growth of microbial biomass community (Derpsch, 

2001; Balota et al. 2004). The history of our study sites (table 1) outlined different crop 

rotation for SH and GT15 sites which could stimulate the growth of microbial community.  

5.4. Enzymatic Activity 

Long-term canopy effect 

A comparison between the enzymatic activities in unamended soils before and after 

incubation showed increased activity in DHA. The study did not however establish any 

significant differences in DHA measured in soils from in and outside F. albida tree canopy for 

both before and after incubation experiments. A fair decrease in β-glucosaminidase activity in 

unamended soils was observed in all sites. Higher β-glucosaminidase activities under tree 

canopy compared to outside canopy were observed for CH35 and SH sites both before and 

after incubation. The study showed that β-glucosidase activity measured in unamended soils 

at the end of incubation experiments decreased compared to what was obtained at the start 

with exceptions of GT8 and GT15. β-glucosidase activity was generally higher under than 

outside tree canopy for most sites. The significantly lower enzyme activities observed in 

unamended soils compared to amended soils is similar to the findings of Piotrowska and 

Wilczewski (2015), that enzyme production is induced by substrate availability in residue 

amended soils. 

Short-term litter effect 

Soil enzyme production as a result of microbial metabolism is a sensitive indicator of soil 

microbial activity, thus factors influencing the latter will certainly exert control over the 

former (Zornoza et al. 2006). Addition of plant litter resulted in increased activity of DHA 

and β-glucosaminidase. The increase in enzyme activity was as a result of increase in soil 

microbial populations and the resulting increase in enzyme synthesis, since microorganisms 

are the major source of enzymes in soil as concluded by Tabatabai (1994). The amendments 

did not however stimulate the activity of β-glucosidase, this could suggest that the effect of 

exogenous organic matter on enzyme activity depends on which amendment is applied and 

which enzyme is considered, similar to the observation of Kandeler et al. (1999). Stott et al. 
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(2009) also noted that as much as organic residue addition increases enzyme activities, the 

increase is only sustained for a very short term, e.g. 20 days, and not on the longer term, as it 

is well known that the peak of decomposers’ activity occurs shortly after residue addition, 

then decreases rapidly (due to the depletion of the C source and the rapid recycling of 

microorganisms). DHA was highest in Trt1 (combined maize and F. albida) similar to the 

trend observed in the case of net cumulative mineralizable carbon. The magnitudes of 

activities for β-glucosaminidase and β-glucosidase were in most sites similar for Trt1, Trt2 

and Trt3. However, the activity of all three enzymes was higher in Trt3 than Trt4 despite them 

being both amended with maize residue alone. This clearly demonstrated the effect of F. 

albida tree canopy and similar to the findings of Stott et al. (2009) that the high organic 

matter content and good structure of the soil under F. albida tree canopy boost the activity of 

soil enzymes.  

Effect of soil texture and age of F. albida trees on enzymatic activity 

Soil texture did not have a long-term effect on DHA as seen from comparisons between the 

activity in unamended soils from M35 and CH35, however, DHA was higher in all treatments 

applied to soils from M35 compared to the activity in similar treatments in soils of CH35. 

Similarly, β-glucosaminidase activity was higher in treatments applied to M35 than CH35 

soils. There were no significance differences in β-glucosidase activity in amended soils from 

M35 and CH35. We therefore have enough evidence to conclude that DHA and β-

glucosaminidase activity were higher in sandy loam soils than in clayey soils. On the 

contrary, the study showed that the age of F. albida trees did not affect the activity of the three 

enzymes.  

5.4. Sources of SOC under maize – Faidherbia albida systems 

The stable carbon isotope composition of plants varies with the type of photosynthetic 

pathway employed with C3 plants incorporating less 
13

C than C4 plants (Balesdent et al. 

1987). There are a number of factors which might dictate the δ 
13

C signal in our study sites 

including, carbon contribution from maize residues and maize roots, contributions from F. 

albida litter fall and carbon contribution from C3 crops included in the various crop rotation 

practices as summarized in table 1. Small holder farmers are known to be mixed farmers, i.e. 

grow crops and raise domesticated animals such as cattle and goats. Therefore cow dung and 

goat excrements form another possible factor which may dictate the δ 
13

C signal in the soils 

under study. A dominance of maize litter may result in a higher (less negative) δ 
13

C signal 
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due to 
13

C enrichment of maize residue and its lower degradability. On the other hand if litter 

fall contribution from C3 F. albida tree or from C3 legume crops dominate, we expect to have 

a lower δ 
13

C signal due to their depletion in 
13

C. In the same sense, a mixed signal is 

expected from cow dung and goat excrements since they feed on a mixture of C3 and C4 

crops. 

Most of our study sites showed similar depth trends of δ 
13

C signal with very low variation, 

the standard errors on the means of δ 
13

C for all sites was very low indicating low variations 

within sites. The steeper slopes of δ 
13

C curves observed for M11 and M35 sites give evidence 

of enhanced degradation due to presence of easily degradable materials as reported by Kruger 

et al. (2014). The easily degradable materials in this case could be the litter of F. albida for 

the under canopy scenario and due to litter from residue from other C3 crops which were 

included in the crop rotation practices for samples from outside F. albida tree canopy. Benner 

et al. (1987) notes that the increase in the δ 
13

C signal with increasing depth is mostly due to 

aerobic decomposition with preferential loss of 
12

C compared to 
13

C. 

The C4 crop (maize) grown on all site has most of its roots concentrated in the depth below 

10cm, roots and root exudates dominate inputs of SOC (Cheng et al. 2006), which might also 

help to explain the increasing δ 
13

C signal with depth trend observed in figures 9 and 10. The 

trend of increasing δ
13

C value with increasing depth observed in our study is also similar to 

the findings of (Ehleringer et al. 2000) and can be related to the contribution from enriched-

13
C carbon resources, maize in this case. GT15 has a higher δ 

13
C signal (less negative values) 

than GT8, this could be due to a much higher enrichment of carbon from a comparatively 

higher maize residue produced under the older F. albida tree canopy.  

Another explanation for δ
13

C increase with soil depth in this study is that the residues from 

13
C-enriched C4 (maize) contributes more to SOC than litter from 

13
C-depleted F. albida 

because of its lower decomposition rate as seen from the carbon mineralization results. Lower 

δ
13

C signals are mostly expressed near the soil surface where there is continuous input of F. 

albida litter for under canopy scenarios. In addition, the trend in δ
13

C values versus depth 

might not only be related to the plant residue input combined with vertical transport of C 

within the soil profile, but also to the multiple pools of C with different turnover rates as 

supported by the parallel first and zero order kinetic model fitted to the results of the carbon 

mineralization experiments detailed in section 3.4.2.  
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The contrasting low δ
13

C values in the upper 0-5 cm horizons outside tree canopies where it 

was expected to have a stronger δ
13

C maize signal reflects low maize biomass production and 

also entails possible intercroppings with C3 crops and carbon enrichment from legume 

species which were included in the crop rotation practiced on the sites as summarized in table 

1. The signal may also be as a result of incorporating cow dung and goat excrements as it is a 

traditional practice of grazing these domesticated animals in crop fields after harvest. 

Mariotti and Balesdent (1990), observed a general slight 
13

C enrichment from the top to the 

bottom of their studied soil profiles; deeper horizons were 2 to 3 ‰ richer in 
13

C than top soil 

and attributed the enrichment to microbial respiration and soil organic matter degradation by 

micro-organisms which could involve a normal isotope fractionation resulting in depleting 

respired CO2 in 
13

C whereas derived microbial products become 
13

C – enriched. Soil organic 

carbon content is believed to increase with increasing age of tree canopy for any tree species. 

The δ 
13

C of SOM varies with canopy age from -14.4‰, for younger tree canopies to values 

close to -26.5‰ in the older tree canopies (Trouve et al. 1993). A similar pattern is observed 

between CH35 & CH13 and M35 & M11 sites in soils from under F. albida tree canopy, with 

lower δ
13

C signal (more negative values) for sites with older trees i.e. sites CH35 and M35. 

This implies that the older the tree canopy, the more input of 
13

C depleted materials and the 

more negative the δ 
13

C becomes. 
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6.0. Conclusion and Recommendations 

The study has shown that litter fall from F. albida mostly contributes to SOC in a short-run 

due to its rapid degradability, however, its long-run effect is comes through improved biomass 

production from maize grown under the tree canopy which in turn contributes more to the 

long-term SOC stocks. Carbon mineralization was significantly higher in unamended soils 

collected from under F. albida tree canopy than outside the tree canopy. 

The two organic materials used in our experiments had two pools of carbon i.e. the faster 

(labile) and the slower (recalcitrant) pools whose mineralization kinetics conformed to the 

parallel and zero order carbon dynamics model. Although the net cumulative carbon 

mineralization from added organic materials was higher in maize residue than in F. albida 

amended soils in most cases, the study has shown that F. albida has a similar potential to 

contribute to SOC stocks as the maize residue as the case with M35 and CH35 sites. 

Comparisons of the maize residue alone treatment applied to soil from under and outside tree 

canopy also showed a higher mineralization potential under tree canopy. In addition, soil 

texture had a profound effect on carbon mineralization, with higher mineralizable carbon 

recorded in sites with sandy loam soils compared to sites with clay soils, whereas the effect of 

age of F. albida tree could not be established. 

The study has also established that organic amendments can stimulate the growth of soil 

microbial community and subsequently increase the activity of soil enzymes. In this light, the 

study gave clear insights that the response of MBC and enzyme activities (except β-

glucosidase) depend on the quality of the added organic materials and in our study, the 

increase was higher in soils amended with F. albida than in soils with maize residue 

amendments.  

Our study was a simplification of reality, because there is a multitude of factors which may 

affect the δ 
13

C signal measured in the soil, including (next to the nature of the organic inputs) 

environmental or climatic factors and edaphic factors. Environmental factors include 

temperature and rainfall regimes in the different sites which especially influences the 

degradability of materials in different magnitudes and direction. Edaphic factors relating to 

the inherent soil quality in which the F. albida trees grew which may also affect the 
13

C 

signature in the litter and of course the soil texture whose effect has been established in the 

present study. The trend of increasing δ 
13

C with depth observed in this study was in harmony 

with the rapid carbon mineralization seen for F. albida amended soils, i.e. F. albida signal is 
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more expressed in the top horizons 0-10cm and poorly expressed deeper the profile due to its 

faster degradability compared to maize. We can therefore conclude that SOM addition 

through litter fall from F. albida trees presents an important alternative to the SOM from crop 

residues which are in most cases removed from the fields after harvest and put to alternative 

uses. Use of F. albida trees in agro-forestry has potential to support more intensified and 

sustainable agriculture among smallholder farmers in Zambia. 

Although the objectives of our study were achieved, we recommend a destructive sampling in 

future incubation studies in order to better understand MBC and enzyme activity evolution 

with time. We also recommend a quality assessment (e.g. lignin, cellulose, etc.) of the organic 

materials used in the experiments to enhance understanding of the dynamics of carbon 

mineralization from these materials.  Lastly, for a clear understanding of the isotopic signature 

of maize and F. albida in the soil, separate litter samples per tree replicate and maize residue 

per site should be collected and analyzed instead of composite (mixed) samples. In addition, 

inclusion of other influencing factors like animal droppings (which are possibly concentrated 

under F. albida tree canopies) would increase the value of the analysis. 
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Appendix 

The following tables are R outputs of the tests applied to the carbon mineralization data 

(outputs for other tests could not be included as they are too numerous and impossible to 

summarise). 

 

SH     

 Tukey multiple comparison of means 

 95% family-wise confidence level 

Fit: aov(formula=Cmin~Trt, data=sh) 

$Trt     

 diff lwr upr p-adj 

Trt2-Trt1 -489.52 -556.557 -422.483 0 

Trt3-Trt1 -269.763 -336.8 -202.726 5.9E-06 

Trt4-Trt1 -342.057 -409.094 -275.02 0.000001 

Trt3-Trt2 219.7567 152.7197 286.7936 2.75E-05 

Trt4-Trt2 147.4633 80.42639 214.5003 0.000492 

Trt4-Trt3 -72.2933 -139.33 -5.25639 0.035178 

 

 

CH35     

 Tukey multiple comparison of means 

 95% family-wise confidence level 

Fit: aov(formula=Cmin~Trt, data=ch123) 

$Trt     

 diff lwr upr p-adj 

Trt2-Trt1 -423.083 -
641.555 

-204.612 0.001169 

Trt3-Trt1 -225.973 -
444.445 

-7.5019 0.042845 

Trt4-Trt1 -375.787 -
594.258 

-157.315 0.002529 

Trt3-Trt2 197.11 -
21.3614 

415.5814 0.077783 

Trt4-Trt2 47.29667 -
171.175 

265.7681 0.89685 

Trt4-Trt3 -149.813 -
368.285 

68.6581 0.203884 
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GT8     

 Tukey multiple comparison of means 

 95% family-wise confidence level 

Fit: aov(formula=Cmin~Trt, data=gt80) 

$Trt     

 diff lwr upr p-adj 

Trt2-Trt1 -476.753 -558.257 -395.25 9E-07 

Trt3-Trt1 -300.98 -382.483 -219.477 2.52E-05 

Trt4-Trt1 -428.328 -519.452 -337.205 4.9E-06 

Trt3-Trt2 175.7733 94.26999 257.2767 0.000816 

Trt4-Trt2 48.425 -42.6985 139.5485 0.364607 

Trt4-Trt3 -127.348 -218.472 -36.2248 0.010002 

 

GT15     

 Tukey multiple comparison of means 

 95% family-wise confidence level 

Fit: aov(formula=Cmin~Trt, data=gt) 

$Trt     

 diff lwr upr p-adj 

Trt2-Trt1 -482.417 -590.02 -374.813 6.8E-06 

Trt3-Trt1 -266.733 -374.337 -159.13 0.000341 

Trt4-Trt1 -386.588 -506.893 -266.284 6.34E-05 

Trt3-Trt2 215.6833 108.0797 323.287 0.001277 

Trt4-Trt2 95.82833 -24.4762 216.1329 0.120651 

Trt4-Trt3 -119.855 -240.16 0.449518 0.050805 

 

M11     

 Tukey multiple comparison of means 

 95% family-wise confidence level 

Fit: aov(formula=Cmin~Trt, data=m11) 

$Trt     

 diff lwr upr p-adj 

Trt2-Trt1 -
533.337 

-
770.045 

-
296.629 

0.000417 

Trt3-Trt1 -
272.077 

-
508.785 

-
35.3687 

0.025685 

Trt4-Trt1 -
509.587 

-
746.295 

-
272.879 

0.000571 

Trt3-Trt2 261.26 24.552 497.968 0.031432 

Trt4-Trt2 23.75 -
212.958 

260.458 0.987674 

Trt4-Trt3 -237.51 -
474.218 

-0.802 0.049243 
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M35     

 Tukey multiple comparison of means 

 95% family-wise confidence level 

Fit: aov(formula=Cmin~Trt, data=m11) 

$Trt     

 diff lwr upr p-adj 

Trt2-Trt1 -490.65 -758.28 -223.02 0.001677 

Trt3-Trt1 -270.523 -
538.153 

-2.89344 0.047624 

Trt4-Trt1 -317.197 -
584.827 

-49.5668 0.021958 

Trt3-Trt2 220.1267 -
47.5032 

487.7566 0.111464 

Trt4-Trt2 173.4533 -
94.1766 

441.0832 0.239305 

Trt4-Trt3 -46.6733 -
314.303 

220.9566 0.941597 

 

Effect of soil texture on carbon mineralized 

Unammeded soils - Texture effect 

 Tukey multiple comparison of means 

 95% family-wise confidence level 

     

Fit: aov(formula=Cmin~Trt,data=dx) 

     

$Trt     

 diff lwr upr p-adj 

CH35O-C-CH35I-C -2.55 -17.4541 12.35411 0.944539 

M35I-SL-CH35I-C 25.92333 11.01922 40.82744 0.002356 

M35O-SL-CH35I-C 32.98 18.07589 47.88411 0.000472 

M35I-SL-CH35O-C 28.47333 13.56922 43.37744 0.001279 

M35O-SL-CH35O-C 35.53 20.62589 50.43411 0.000281 

M35O-SL-M35I-SL 7.056667 -7.84744 21.96078 0.471721 
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ammeded soils - Texture effect 

 Tukey multiple comparison of means 

 95% family-wise confidence level 

Fit: aov(formula=Cmin~Trt,data=dx1) 

$Trt     

 diff lwr upr p-adj 

CH35I-C2-CH35I-C1 -423.083 -687.192 -158.974 0.000901 

CH35I-C3-CH35I-C1 -225.973 -490.082 38.13565 0.123563 

CH35I-C4-CH35I-C1 -375.787 -639.896 -111.678 0.002949 

M35I-SL1-CH35I-C1 355.8767 91.76768 619.9856 0.004895 

M35I-SL2-CH35I-C1 -134.773 -398.882 129.3356 0.648465 

M35I-SL3-CH35I-C1 85.35333 -178.756 349.4623 0.943083 

M35I-SL4-CH35I-C1 38.68 -225.429 302.789 0.999444 

CH35I-C3-CH35I-C2 197.11 -66.999 461.219 0.2307 

CH35I-C4-CH35I-C2 47.29667 -216.812 311.4056 0.997997 

M35I-SL1-CH35I-C2 778.96 514.851 1043.069 5E-07 

M35I-SL2-CH35I-C2 288.31 24.20102 552.419 0.02738 

M35I-SL3-CH35I-C2 508.4367 244.3277 772.5456 0.000117 

M35I-SL4-CH35I-C2 461.7633 197.6544 725.8723 0.000351 

CH35I-C4-CH35I-C3 -149.813 -413.922 114.2956 0.531723 

M35I-SL1-CH35I-C3 581.85 317.741 845.959 2.26E-05 

M35I-SL2-CH35I-C3 91.2 -172.909 355.309 0.921899 

M35I-SL3-CH35I-C3 311.3267 47.21768 575.4356 0.015278 

M35I-SL4-CH35I-C3 264.6533 0.544351 528.7623 0.049336 

M35I-SL1-CH35I-C4 731.6633 467.5544 995.7723 1.1E-06 

M35I-SL2-CH35I-C4 241.0133 -23.0956 505.1223 0.087221 

M35I-SL3-CH35I-C4 461.14 197.031 725.249 0.000356 

M35I-SL4-CH35I-C4 414.4667 150.3577 678.5756 0.001116 

M35I-SL2-M35I-SL1 -490.65 -754.759 -226.541 0.000177 

M35I-SL3-M35I-SL1 -270.523 -534.632 -6.41435 0.042689 

M35I-SL4-M35I-SL1 -317.197 -581.306 -53.0877 0.013154 

M35I-SL3-M35I-SL2 220.1267 -43.9823 484.2356 0.140946 

M35I-SL4-M35I-SL2 173.4533 -90.6556 437.5623 0.362904 

M35I-SL4-M35I-SL3 -46.6733 -310.782 217.4356 0.998156 
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GT15vsGT8 Effect of tree age 

 Tukey multiple comparison of means 

 95% family-wise confidence level 

Fit: aov(formula=Cmin~Trt,data=gt) 

$Trt     

 diff lwr upr p-adj 

GT15I-22-GT15I-12 -482.417 -586.997 -377.836 0 

GT15I-32-GT15I-12 -266.733 -371.314 -162.153 2.15E-05 

GT8I-11-GT15I-12 41.74 -62.8406 146.3206 0.758743 

GT8I-21-GT15I-12 -435.013 -539.594 -330.433 1E-07 

GT8I-31-GT15I-12 -259.24 -363.821 -154.659 2.88E-05 

GT15I-32-GT15I-22 215.6833 111.1028 320.2639 0.000179 

GT8I-11-GT15I-22 524.1567 419.5761 628.7372 0 

GT8I-21-GT15I-22 47.40333 -57.1772 151.9839 0.657924 

GT8I-31-GT15I-22 223.1767 118.5961 327.7572 0.000129 

GT8I-11-GT15I-32 308.4733 203.8928 413.0539 4.7E-06 

GT8I-21-GT15I-32 -168.28 -272.861 -63.6994 0.001698 

GT8I-31-GT15I-32 7.493333 -97.0872 112.0739 0.999857 

GT8I-21-GT8I-11 -476.753 -581.334 -372.173 0 

GT8I-31-GT8I-11 -300.98 -405.561 -196.399 0.000006 

GT8I-31-GT8I-21 175.7733 71.19276 280.3539 0.001168 

 

M35vsM11 Effect of tree age    

 Tukey multiple comparison of means 

 95% family-wise confidence level 

Fit: aov(formula=Cmin~Trt,data=m1) 

$Trt     

 diff lwr upr p-adj 

M11I-21-M11I-11 -533.337 -838.021 -228.652 0.000817 

M11I-31-M11I-11 -272.077 -576.761 32.60779 0.090635 

M35I-12-M11I-11 39.1 -265.584 343.7845 0.997606 

M35I-22-M11I-11 -451.55 -756.234 -146.866 0.003352 

M35I-32-M11I-11 -231.423 -536.108 73.26112 0.183754 

M11I-31-M11I-21 261.26 -43.4245 565.9445 0.109915 

M35I-12-M11I-21 572.4367 267.7522 877.1211 0.00043 

M35I-22-M11I-21 81.78667 -222.898 386.4711 0.938784 

M35I-32-M11I-21 301.9133 -2.77112 606.5978 0.052623 

M35I-12-M11I-31 311.1767 6.492209 615.8611 0.044344 

M35I-22-M11I-31 -179.473 -484.158 125.2111 0.4061 

M35I-32-M11I-31 40.65333 -264.031 345.3378 0.997124 

M35I-22-M35I-12 -490.65 -795.334 -185.966 0.001687 

M35I-32-M35I-12 -270.523 -575.208 34.16112 0.093197 

M35I-32-M35I-22 220.1267 -84.5578 524.8111 0.221198 

 

 


