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Foreword

Kenya Forestry Research Institute (KEFRI) is a state corporation mandated to: Conduct
research in forestry and allied natural resources; Disseminate research findings; and Establish
partnerships with relevant institutions and organizations. To fulfil this mandate, KEFRI
undertakes various activities including holding of scientific conferences whose main aim is to
share research results for evaluation or application by stakeholders. The 5" KEFRI Scientific
Conference was held from 17" to 19" April 2018. The Conference was organized to bring
together key actors in forestry research and development in Kenya and the region, to discuss
recent advances in forestry research and technology in the face of: climate change; increased
demand for forestry products and services; and increasing environmental degradation.

The theme of the Conference was ‘Contribution of Forestry Research to Sustainable
Development’ with six sub-themes namely: Forest Productivity and Improvement;
Biodiversity and Environment Management; Socio-Economics, Policy and Governance;
Forest Products Development; Information and Knowledge Management; and Partnerships,
Networks and Resource Mobilization. Consistent with the sub-themes, the Conference in its
deliberations also discussed advances in forestry research and technology in the context of the
Government Big Four agenda namely: Food security, Manufacturing, Affordable housing and
Universal health care. Proceedings of the Conference succinctly present technologies and
information in forestry and allied natural resources that have been generated through research,
and how they can be leveraged to deliver the Government Big Four agenda. Although the
Conference Proceedings highlight major milestones that have been achieved in forestry
research, it is clear that many challenges facing forestry development in the country require to
be addressed, necessitating increased investment in forestry research in terms of human and
capital endowments. KEFRI will however continue to work with all stakeholders including
forestry managers, tree growers, wood processors, and farmers, to ensure that the technologies
are widely adopted to impact on forestry development and the Government Big Four agenda,
to enhance socio-economic transformative changes in the country.

KEFRI is grateful to the Government of Kenya which provided the bulk of the resources used
in organizing and holding the Conference, and producing the Proceedings. KEFRI also
recognizes contribution of its Partners who continue to support the Institute with funds to
undertake research whose results were presented in the Conference. | wish to also take this
opportunity to appreciate the Conference Organizing Committee, keynote speakers, session
chairs, rapporteurs, presenters of various papers, participants and all other persons who in one
way or another contributed to the making the Conference a success.

"

——

Jane W. Njuguna (PhD)
Ag. Director, Kenya Forestry Research Institute
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Speech for KEFRI Board of Directors by Mr. Robinson Ng’ethe During the Opening of
5" KEFRI Scientific Conference at KEFRI Headquarters, Nairobi - Kenya, on 17"
April 2018

Cabinet Secretary Ministry of Environment and Forestry, Mr. Keriako Tobiko

Chief Administrative Secretary Ministry of Environemt and Forestry, Hon. Mohammed Elmi
My Colleagues in the Board

Representative of the Chief Conservator of Forests

Founding Director of KEFRI, Dr. Jeff Odera

Second Director of KEFRI, Dr. Paul Konuche

Distinguished Guests

All protocols observed

On behalf of the KEFRI Board of Directors and my own behalf, 1 would like to welcome you
to this Conference. It gives me great pleasure to be part of this forum which gives the country
a chance to evaluate the incremental gains achieved in forestry research in the past decade.

Forests and forest products touch every part of our lives. Forestry research, therefore, remains
a core priority area for the country. KEFRI is mandated to: Conduct research in forestry and
allied natural resources; Disseminate research findings; and Establish partnerships and
cooperate with other research organizations and institutions of higher learning in joint
research and training. In fulfilling its mandate, KEFRI supports implementation of the
Ministry of Environment and Forestry agenda on protection, conservation and development of
environment and natural resources for sustainable development. To achieve its mandate,
KEFRI operations are guided by five-year strategic plans. The current Strategic Plan 2013 —
2018 is aligned to Vision 2030, Constitution of Kenya 2010, the National Forest Programme
(2016-2030) and other relevent national policies, as well as regional and international
initiaves.

Distinguished Guests Ladies and Gentlemen

The Institute in the current strategic plan is implementing its research agenda through five
thematic areas namely: Forestry Productivity and Improvement; Forest Biodiversity and
Environment Management; Socio-economics, Policy and Governance; Forest Products
Development; and Technical Support Services. The Institute has decentralized its research
activities into eco-regional and national programmes, which cover the country taking into
account uniqueness of each eco-region, natural resource challenges and socio-economic and
livelihood status of local communities.

We are grateful that the Government finances about 80 percent of KEFRIs research and
development budget. We also recognize that we have received additional financial support
from both local and international partners. | particularly would like to recognize the Japan
International Cooperation Agency (JICA), a long term partner in technical cooperation and
Third Country Training Programme, European Union (EU), which is supporting the WaTER



Towers Programme, World Bank Kenya supporting Kenya Coast Development Project
(KCDP), Adaptation Fund, and Green Economy Partnership (GEP), among others that | may
not have mentioned - please consider it included.

Distinguished Guests Ladies and Gentlemen,

KEFRI is ISO 9001:2015 QMS certified. The standard ensures that the Institute conforms to
international standards of environmental management, timely delivery of quality products and
services, as well as meet legal and statutory obligations.

Finally, 1 wish to urge KEFRI scientists to keep up the excellent research work and continue
disseminating research findings and technologies to the stakeholders.

Thank you
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Speech by the Acting Director KEFRI, Dr. Jane Njuguna During the Opening
Ceremony of the 5™ KEFRI Scientific Conference at KEFRI Headquarters, Nairobi -
Kenya, 17" April 2018

Cabinet Secretary Ministry for Environment and Forestry, Mr. KeriakoTobiko

Chief Administrative Secretary Ministry of Environemt and Forestry Hon. Mohammed Elmi
Chairman of KEFRI Board of Directors

Members of KEFRI Board of Directors

Representatives from CABI, EU, NaFFORI

Former KEFRI Directors

Conference Participants

Distinguished Guests

Ladies and Gentlemen

On behalf of the Conference Organizing Committee and my own behalf, | feel honoured to
welcome you to the 5th KEFRI Scientific Conference.

The Conference brings together professionals from the forestry sector, research institutions,
national authorities, county governments, institutions of higher learning, key representatives
of multilateral organizations, private sector and tree growers among others, to exchange
scientific knowledge relevant to forestry and allied natural resources for socio- economic
development.

Distinguished Ladies and Gentlemen

The mandate of KEFRI is to: develop technologies, innovations and information in forestry
and allied natural resources; Disseminate information; and Establish and strengthen strategic
linkages and partnerships and corporate with other research organizations and institutions of
higher learning in joint research and training to promote socio-economic development.

This Conference therefore will present past and prevailing research initiatives undertaken by
KEFRI and collaborating institutions towards achieving sustainable management and
conservation of the country’s forest resources and allied natural resources. Among the key
issues the participants will deliberate on are: the contribution of forestry science to sustainable
management of natural resources, forestry value chain and forestry issues to address the
Government Big Four agenda of Increasing food security, Manufacturing, Universal health
care, Affordable housing; and of course employment for the youth.

We have amongst us young scientists who are increasingly becoming key players in forestry
sector. Beside scientists, we also recognize the Kenya Forest Service, Kenya Agricultural and
Livestock Research Organization, Kenya Marine and Fisheries Research Institute, NetFund,
CIFOR, BioIN, Kenya Plant Health Inspectorate Service, European Union, JICA, Institutions
of higher learning, the private sector, tree growers and other partners and collaborators
represented here. These clients and collaborators contribute positively to environmental
conservation through tree planting and other activities.
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In welcoming you to KEFRI, I would like to inform you that the Institute remains committed
to its vision of being a centre of excellence in forestry research in the region. The current 5"
Strategic Plan is structured into five thematic areas that include: Forest Productivity and
Improvement; Forest Biodiversity and Environment Management, Socio-economics, Policy
and Governance; Forest Products Development; and Technical Support Services.

Research implementation is undertaken in five Eco-region research programmes and 1
national research programme with the main centres at: Gede, Kitui Muguga, Londiani,
Maseno andKarura respectively; sub-centres at Nyeri, Kakamega, Turbo, Turkana, Kibwezi;
and field centres at Kuja River, Ramogi, Marigat, Bura, Lamu, Wundanyi, and Migori.

Ladies and Gentlemen,

Various papers will be presented during the Conference, of which we expect increased
awareness of research findings and opportunities in forestry development. We also believe
that linkages among all sectors in forestry development will be strengthened. | am confident
that the 5th KEFRI Scientific Conference will disseminate important findings for immediate
application in the development of forestry and related resources in our country and the region.

Finally, I sincerely thank the Ministry of Environment and Forestry for continued support
through timely release of funds for research and operations. Additional support to hold this
Conference has been received from the National Research Fund and | take this opportunity to
express our appreciation for their generous contribution.

With these remarks, | once again welcome you all to this Conference and | look forward to
fruitful discussions.

Thank you
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Opening Speech by the Cabinet Secretary Ministry of Environment and Forestry, Mr.
KeriakoTobiko (MBS, SC) During the Opening Ceremony of 5" KEFRI Scientific
Conference at KEFRI Headquarters, Nairobi - Kenya, 17" April 2018

Chief Administrative Secretary Ministry of Environment and Forestry, Hon. Mohammed EImi
The Chairman KEFRI Board of Directors

Members of KEFRI Board of Directors

Acting Director KEFRI

Former Directors of KEFRI, Dr. Jeff Odera and Dr. Paul Konuche

Representatives of EU, JICA and other partners,

Scientists gathered here

Ladies and Gentlemen

Hamjambo, Hamjambo Tena, Tukopamoja, tukifanya nini? Tukifanya kazi.

Scientists, employees, and government officials belong to different worlds, but today we are
united by one common goal. | am extremely pleased to be invited to participate at this
auspicious occasion of the 5" KEFRI Scientific Conference. | most sincerely thank the
organizers for the invitation. | am informed that KEFRI is expected to hold a Scientific
Conference after every 4 years. | note that the last one was held in 2008 at this venue. |
appreciate that the failure to adhere to the schedule was due to the challenge of resources.

This county, and probably other developing countries have this tragedy where scientists in
Public Service retire at 55 to 60 years of age, when their knowledge has just ripened. This is
demonstrated by the energy and vigour we have witnessed in Dr. Odera who retired as KEFRI
Director over twenty years ago. No doubt, Dr. Odera is not an isolated case, as there are many
others. When we ignore these distinguished scientists, there are many organizations and
countries that quickly engage them to serve outside the country and we would then complain
of brain drain. We need to think seriously about the premature retirement of our best scientific
brains at 55 to 60 years of age. Nonetheless, nothing has prohibited the Ministry from forming
a panel of distinguished personnel both local and international to be occasionally consulted.
Another critical matter that we should look through is personnel succession planning and
management. When, | look around in my Ministry and other institutions in Public Service
there is a huge gap. The top cadres are heavy and | do not have enough experienced staff to
succeed those retiring in the near future. So there is need for personnel succession planning
and management.

The 5" KEFRI Scientific Conference theme, “Contribution of Forestry Research to
Sustainable Development” is both topical and timely, and most opportune, as we are aware of
what this country is going through pertaining to forestry and environmental conservation. The
economic blue print, Kenya Vision 2030, now running into its third implementation phase,
outlines broadly the expected outputs of environment management including forestry and
biodiversity. We are looking at you, the scientists to assist us in meeting government



development agenda by providing technologies and information for achieving the targets of
Kenya Vision 2030 and the Government Big Four agenda namely: Food security, Universal
health care, Manufacturing, and Affordable housing.

Last week, | attended an international forum on climate change and one of the issues
discussed was the implementation of nationally determined contributions (NDCs). All the
countries, about 170 presented their NDCs. The total cumulative effect of all those NDCs
would reduce the global average temperature by at most 3°C, because, as you all know
continued increase in temperature would lead to calamity, resulting in extinction of some of
the species and will threaten human life. The global target of NDCs is 1.5°C and | am hoping
that adoption of presentations and proceedings of this Conference will contribute to achieving
this target.

Now coming back home, all of us know that our Constitution threshold for forest cover is
10%, which is internationally prescribed. We are informed that our forest cover is 7.2 %. Is it
true or not? | am raising this because the country lacks empirical data. There is therefore need
to provide data of our country’s forest resources. The data would be the benchmark to
determine if the country will meet the target of 10% forest cover by year 2030. However, we
should not wait to achieve the target by 2030 as the Leadership (The President and The
Deputy President) has decreed that we achieve the target by the year 2022. We must therefore
plan how to achieve the target within the time frame. The decision is political and we must
implement it. Again, our Government has isolated the Government Big Four development
agenda, namely food security, universal health care, manufacturing and affordable housing. |
believe the persons gathered here will provide scientific input towards attainment of the
agenda. Therefore, at the end of the Conference, | urge KEFRI to review the deliberations and
the papers presented to isolate technologies and information that will immediately start
contributing to the development of the Government Big Four agenda. The Conference
Proceedings should also be published and distributed as soon as possible in order to benefit
consumers of information.

Ladies and Gentlemen

| have a reason to stay here throughout the Conference and in particular to isolate
technologies and information that supports the Government Big four development agenda, but
I will not be able to because of urgent matters that | have to attend to. However, my humble
request is that the Conference participants ensure that they have planted at least 200 trees
before they leave, as a good gesture to support the ongoing tree planting activities in the
country.

Ladies and Gentlemen

| thank you all and the Conference Organizing Committee for inviting me to preside over this
gracious occasion. It is now my pleasure to formally declare this 5™ KEFRI Scientific
Conference officially opened and again, thank you all very much.
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Executive Summary

The National Forest Programme (2016-2030) has set the agenda for the development and
coordination of forestry sector to meet the needs of Kenyans based on the Constitutional
values and principles of Vision 2030, with the aim of moving the country to a middle-income
industrial status. It is within this framework that the 5™ KEFRI Scientific Conference was
held to bring forward the recently developed technologies and innovations, as well as
information to contribute to sustainable forestry development. The theme of Conference was
“Contribution of Forestry Research to Sustainable Development” and the objective was to
provide a platform for exchange of scientific knowledge and technologies relevant to forestry
and allied natural resources. The Conference covered the following themes: Forest
Productivity and Improvement; Forest Biodiversity and Environment Management; Socio-
economics, Policy and Governance; Forest Products Development; Information and
Knowledge Management; and Partnerships, Networks and Resource Mobilization. Key
challenges that may hamper the development of forestry sector were also identified and
discussed.

Forestry Sector plays a vital role in sociO-economic development, supports agriculture,
tourism and energy sectors, and is crucial in mitigation against climate change. To enhance
these roles, more effort is required specifically in the management and conservation of forests
and allied natural resources, to secure a clean and healthy environment and increase the
county’s forest cover to at least 10 percent of the total land area by 2022. Among the key
issues the participants discussed were the contribution of forestry research to gross domestic
product, environment and policy issues to address the Government’s initiative of increasing
employment opportunities for the youth and the Big Four agenda of food security,
manufacturing, universal health and affordable housing.

The Conference was attended by 224 participants from 29 organizations comprising of
researchers, dons, managers, policy makers, farmers, students and many other stakeholders in
the forestry sector. During the Conference, a total of 62 oral papers and 18 posters were
presented, the contents of which elucidate technologies, innovations and information for
enhancing development of forests and allied natural resources, the environment and
livelihoods. The key topics covered were on conservation and rehabilitation of degraded
forests, especially the major water towers; establishment and enhancement of productivity in
forest plantations; sustainable utilization of forest resources, and initiatives to support climate
change adaptation and mitigation. Technologies and information to support conservation of
threatened species including Sandalwood (Osyris lanceolata), and other species valued for
commercial timber, woodfuel and medicine, as well asthe safe movement of germplasm were
also presented.

The Conference was held when uncertainties about the future of Kenyas forests were of great
concern. Key among the challenges is the decreasing forest cover aggravated by illegal
logging and encroachment for settlement and developmental initiatives. The increasing

XX



incidences of disease and pest outbreaks is also worrying, while the continued depletion of
forests is leading to catastrophic environmental issues including soil erosion, flooding,
desertification, water shortage and poor water quality. It has also resulted in conflicts and
untold suffering that threaten the very survival of life. In addition, there are global concerns
resulting from loss of biodiversity, and increased carbon emissions. These issues present great
challenges to the scientific community, consumers and policy makers and are expected to
guarantee safer and sustainable resource utilization.

The wide perspective for the future research and forestry was set by a Keynote paper by Dr.
Jeff A. Odera, Founding Director of KEFRI and the Opening Speech by Cabinet Secretary,
Ministry of Environment and Forestry, Mr. Keriako Tobiko. The presentations emphasized
the need for a deeper understanding of research processes to be more inclusive and the
Government Big Four agenda as the basis for setting development targets, hence the need for
effective dissemination of research outputs based on strong partnerships. The participants
unanimously took more time to reflect on the bigger picture on policy directions to shape
Government Development Plans from the year 2018 to 2022.

To increase scientific research output, it was evident from the Conference that there is need to
encourage multi-disciplinary research guided by good management, guard intellectual
property rights, conduct regular monitoring and evaluation and field research audits on overall
performance. This would include tracer studies on technology adoption and performance. It is
imperative that scientists should revisit the production and dissemination of forest technical
and management orders to facilitate adoption of technologies. There should be a deliberate
effort to promote development and use of research protocols to enhance replication and up-
scaling of successful achievements of research.

The Conference was informed that conservation of biodiversity and environmental
management will mainly be achieved through ecosystem based monitoring with participatory
planning. The buffering effect of farm forestry and social forestry technologies in biodiversity
conservation and management were also emphasized, which leads to increased tree products
and services, thus releasing pressure on natural forests. The two types of forestry can
gradually provide biomass energy and other products for domestic and industrial uses. Such
technologies through research moderation should be replicated in other agro-ecological zones,
especially in arid and semi-arid areas. Research in riparian and mangrove vegetation should
also be prioritized with respect to regulatory services they provide, hence making a
contribution to the blue economy. Gender roles and socio-economic status should be taken
into considerations for balanced development.

The main issues discussed in the area of forest productivity and tree improvement revolved
around quality seed production, certification, distribution and marketing. The Conference was
informed that there is a growing demand for certified seed for the establishment of industrial
plantations and other planted forests. Research in the improvement of indigenous tree species
was also highlighted with emphasis on continuous monitoring of trials and permanent sample
plots (PSPs). The establishment of seed stands and seed orchards for quality seed production
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was stressed as a key mandate for KEFRI that requires revamping through research in tree
genetics, breeding and biotechnology. Similarly, the forest seed production systems also
require strengthening on quality seed collection, processing, storage and distribution. It was
noted that such improvement will involve acquisition and maintenance of seed production
equipment. Regional Research Programmes should be mandated to distribute seeds to meet
the growing demand. KEFRI was also challenged to move forward and enhance distribution
of quality tree seeds through private sector, but must take charge of certification of forest seed
and licensing of suppliers.

During discussions on Forest Products and Development, it become clear that there is need for
more research on alternative green energy sources and efficiency in energy production and
use. Further research should be directed to timber processing and bamboo research for
housing, manufacturing and food security, and the underutilized indigenous fruit trees and
medicinal plants that will enhance food security and universal health care. Most of these can
be linked to the great potential that lies in undestanding indigenous knowledge systems
especially with respect to non-wood forest products. It is imperative that the contribution of
forestry through regulatory services is studied to determine the total value of forestry
enterprises to the national economy. There is need to develop equitable Payment for
Ecosystem Services (PES) schemes to fit with Intergovernental Panel on Climate Change
(IPCC) guidelines for trade in ecosystem services derived from conservation efforts. This can
be extended to rehabilitation of degraded mangrove areas for carbon emission capture, and
highlight the need for forestry research and subsequently, budgetary support.

Involvement of many stakeholders in the forestry sector activities was identified as key to
creating synergies in research in cross cutting themes such as socioeconomics, policy,
governance and climate change. The approach will lead to integration of Indigenous
Knowledge Systems in the formulation of ecosystem management plans, land tenure and
property rights, which will assist to unlock the potential of the underutilized forestry
resources. Livelihood improvement schemes among pastoralists in Arid and Semi-Arid Lands
(ASALs) are on-going examples of such arrangements that are unlocking the potential of
forestry in marginalized areas. There is constant need to review, monitor and evaluate forest
governance at local levels through Community Forest Associations (CFAS) and other actors to
enhance capacity building for forest research and management.

Knowledge Management and Partnerships were isolated as critical steps for forestry research
management. Areas of focus include: strengthening the capacity of Counties for forestry
extension services, joint establishment of demonstrations and organization of field days,
development of efficient and effective research communication strategies, training needs
assessment, packaging of forest sector for viable investment and enacting of subsidiary
legislation for implementation of Public Private Partnerships (PPPs).
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THEME 1: FOREST PRODUCTIVITY
AND IMPROVEMENT (FPI)




Growth Performance of Second Generation Pinus maximinoi and P. tecunumanii Progeny
Trials at Turbo, Kenya

Atie W.0.*, Mbinga J., Cherono F., Omondi S., Bala P., Muchiri M.N. and Chagala-Odera E.

Author for correspondence:woatie@yahoo.com

Abstract

Pines are planted for soft wood timber, pulp, fuel wood and resin production in Kenya. In the
highlands, the common species are Pinus patula and P. radiata. Pinus patula is the most
widespread while P. radiata is rarely being planted due to attack by diseases. Therefore, in order
to broaden the pine species diversity in the higher elevation areas of Kenya, provenances-
progeny trials of Pinus maximinoi H.E. Moore and Pinus tecunumanii J.P. Perry families were
established at Turbo Forestry Research station in May, 2011. The seed were supplied by the
Central American and Mexico Coniferous Resources (CAMCORE) Cooperative in a
collaborative project between KEFRI and other partners. A total of eighteen (18) and thirty three
(33) families of P. maximinoi and P. tecunumanii, respectively were planted and are being
monitored. The test design for P. maximinoi is 5 replicates consisting 4-tree line plots, and for P.
tecunumanii is 6 replicates of 4-tree line plots. These families are being tested against local P.
patula that has adapted to the local conditions of the area. The parameters assessed are survival
rate, height, dhh and juvenile tree volume. Early establishment assessments indicate that most of
the families of both P. maximinoi and P. tecunumanii had good survival rates with a mean of
89.2 % for P. maximinoi and 78.7% for P. tecunumanii. The survival for the local P. patula
remained constant at a mean of 78.5 %. Comparing general growth 5 years after planting there
were significant differences (P<0.05) among the families of P. maximinoi in all the parameters
assessed. Family 863 of P. maximinoi had the greatest mean height of 10.7 m while family No.
691 had the lowest height growth of 8.1 m. There were no major significant differences among
the families of P. tecunumanii families at age 5 years in height, dbh and juvenile tree volume
assessed. But family No. 2358 had a better height growth of 8.7 m compared to the low height of
6.7 m attained by family No. 93. The local P. patula had a mean height of 7.8 m, diameter at
breast height of 10.13 cm and mean juvenile tree volume of 0.0157 m®. Family No. 2342 of P.
tecunumanii had the best dhb growth of 12.90 cm and juvenile volume of 0.0369 m®. It is
concluded that early growth rate of P. maximinoi and P. tecunumanii is better than that of the
widely grown P. patula in the highlands of Kenya.

Keywords: Families, Pinus maximinoi, Pinus tecunumanii, progenies



Introduction

Pinus species are some of the key commercial tree species planted for soft wood timber and pulp
production in Kenya. The most common species in the highlands are Pinus patula and P.
radiata. Planting of P. radiata have been hampered by disease attack. To broaden the pine
species in the higher elevations, Pinus maximinoi H.E. Moore, Pinus tecunumanii J.P. Perry and
other pine hybrids are being tested in a field experiment at the Turbo Forestry Research Station.

Pinus maximinoi, commonly known as thin leaf pine is found in El Salvador, Guatemala, and
Mexico at elevations of 1,500-2,400 m and is a fast-growing reaching a height of 20-40 m and
diameter at breast height (dbh) of 40 to 100 cm with a smooth bark when young (Carbajal and
McVaugh, 1992, Lopez-Upton and Donahue, 2002). The wood of P. maximinoi is soft and light;
the sapwood is pale yellowish white, and the heartwood is slightly darker (Perry, 1991). Specific
density in trials in Colombia varied from 0.32 to 0.51 and in South Africa from 0.49 to 0.50
(Kietza, 1988; Wright and Baylis, 1993; Wright and Osorio, 1993; Wright and Wessels, 1992). Its
potential uses include paper, firewood, resin extracts, and sawn timbers for roof supports and
doorways (Wright and Wessels, 1991; Dvorak et al., 2000). Due to its multiple uses and good
performance in other parts of the world, the species was identified for introduction in Kenya.

Pinus tecunumanii (syn. Pinus oocarpa var. ochoterenae Martinez; Pinus patula Schiede &
Deppe spp. tecunumanii Eguiluz & Perry) is a timber species native to Mexico and Central
America. It grows from the highlands of Chiapas and Oaxaca to Northern Nicaragua (17° to 14°
North latitude). It occurs in two separated populations in their native habitats. High altitude
group grows at 1500-2900 m and low altitude group from 500-1500 m. Mature trees of P.
tecunumanii in high altitudes can reach 55 m in height and more than 100 cm in dbh (Dvorak,
1986; Dvorak et al., 2000). Its small crown and its thick, gray, furrowed bark near the base with
thin, gray, flaky barks higher easily recognize the tree on the stem. It has a very straight stem
form, small cones borne in ones and twos on long, thin peduncles, and needles in fascicles of
mainly four (Falkenhagen, 1990). It has been cultivated in several sub-tropical parts of the world
for paper industry and cultivation trials have shown that high elevation sources are the most
productive (Dvorak, 1986). It grows well in Colombia, Venezuela, Brazil and South Africa.

Pinus tecunumanii has a yellowish wood much like some of the southern pines from the United
States. In natural stands, trees that average at least 30 years old have wood density that ranges
from 0.510 g/cm® to 0.560 g/cm® (Dvorak, 2002; Eguiluz and Zobel, 1986). In Mexico and
Central America the wood is used for sawn timber, framing, pallets, broomsticks, fuel wood, and
kindling for fires.

Trial plots were established using the above two species which are still not well adopted in
Kenyan plantations. The objective of this study is to test the suitability of various progenies of P.
maximinoi and P. tecunumanii at Turbo Forestry Research Station, Kenya.



Materials and Method

Planting materials

Seeds comprising of 42 and 41 families of P. maximinoi and P. tecunumanii of respectively were
received from CAMCORE (Central American and Mexico Coniferous Resources Cooperative)
for establishment of the trials in Kenya. The seed were pre-treated by soaking in tap water at
room temperature of 20+2°C for 24 hours before sowing. They were sawn in loosened soil
collected under pine plantation mixed with river sand at a ratio of 1:1 and covered with a thin
layer of the mixture (about 0.5 to 1.0 cm). Seeds were sown in a manner that the family numbers
could be identified separately. The sowing was done in a glass house set at room temperature of
20+2°C in Kenya Forestry Research Institute (KEFRI) headquarters - Muguga and watering done
after every two days. The seedlings were pricked out in the glass house after 3 weeks and
transplanted into 10 by 15cm tubes containing soils collected under pine plantation. The tubes
were labeled with the family numbers (provenance) to keep the identity of the seed sources. The
seedlings were then removed from the glass house after two weeks of pricking out into nursery
shade and watering was done after every two days until they were transferred for planting in
Turbo. It is important to note that not all the seeds from the different families germinated to
produce required number of seedlings needed for the trials. Therefore only families that
produced enough seedlings were included in the field trials.

Study site

Pinus maximinoi and P. tecunumanii progeny trials were established in May, 2011 at Turbo
Forestry Research in Kakamega County. The experimental site lies at 035°3" 45.62" E and 0°38"
2.265" N at an altitude of about 1859 m above sea level with a mean annual temperature of 18.3
°C. The mean annual rainfall is approximately 1500 mm and is received between the months of
May and September each year. The soils are dark brown, clay-loam with moderate drainage, pH
(Cacly) =4.4, low Org.C =1.31 % and phosphorus Pppm=6.53, nitrogen = 0.18 % and potassium
Kppm=376.3.

Land preparation and establishment

The experiments were established in a plot previously planted with Pinus patula until the year
2002 when the mature trees were clear felled. The area stayed fallow for a period of about 10
years with only natural vegetation of scattered Acacia mearnsii and bushes growing. Naturally
growing trees were uprooted and the area ploughed and harrowed using a tractor. Soil samples
were collected within the prepared plots before establishment for laboratory analysis to
determine the physical-chemical characteristics of the soil. After land preparation, seedlings of
P. maximinoi and P. tecunumanii were planted in marked plots at a pacing of 3 m x 3 m.

The experimental design varied for the two species. Pinus tecunumanii progeny (33 families +
local P. patula) were planted in 4-tree line plots and replicated six times, and each replicate



contains 30 sub-plots (entries). On the other hand, Pinus maximinoi (18 families + local P.
patula) progeny was also planted in a 4-tree line plots but with five replicates and each replicate
has 14 entries. It’s important to note that some families had less than five replicates because the
affected families had fewer seedlings during time of establishment. The local P. patula seedlings
from Turbo forest tree nursery were used as the control for both the trials. Replacement of the
dead seedlings was done within one month after planting. The trials were assessed for 5 years
and the data for the fifth year applied to compare growth performance in terms of survival
(physical counts), height and DBH (1.3 m above the ground). Stem volume for individual trees
was estimated using the following equation for juvenile trees (Ladrach and Mazuera 1978):

V = 0.00003 (DBH? * H).

Where, V is the individual tree stem volume (m®), DBH is the diameter at breast height (cm), and
H is the total tree height (m).

Table 1. Pinus maximinoi, P. tecunumanii families and P. patula planted at Turbo Forestry
Research Station, Kenya

No. P.tecumumanii families P. maximinoi families

1 Patula Patula
2 2343 862
3 125 906
4 2366 961
5 2367 865
6 9999 871
7 2355 905
8 1102 959
9 2370 958
10 2346 861
11 2345 868
12 2390 888
13 93 887
14 89 999
15 2365 886
16 2394 870
17 10 875
18 2323 863
19 2375 907
20 2344

21 9999

22 1103



No. P.tecumumanii families P. maximinoi families

23 2360
24 30
25 2342
26 26
27 193
28 2356
29 2358
30 25
31 38
32 2369
33 83
34 37
35 2350

Data analysis

The data for parameters assed were analyzed using a computer statistical package GenStat18™
edition (Payne et al., 2015). Analyses of variance (ANOVA) at the 0.05 significance level and
least significant difference (LSD) tests were calculated for height, DBH and tree volume using
the GLM procedure.

Results and Discussions

Survival

There were variations in survival within families being tested. Most of families of Pinus
maximinoi and P. tecunumanii showed good survival rate with mean of 89.2 and 78.3 %,
respectively. These figures are matching that of the local Pinus patula where the mean survival
rate was 79.1 % (Table 2 and 3).

Height, diameter at breast height (dbh) and volume

During the first four years, the variations among families were minimal especially in height
increase. But in the fifth year significant variations showed among the families of P. maximinoi
in height, dbh and juvenile tree volume. Family No.863 and 907 of P. maximinoi had the highest
mean height of 10.7 and 10.1 m respectively. While family No. 961 of the same species had the
lowest mean height of about 6.8 m (Table 2). Local P. patula, which acted as a control had a
mean height of 8.3 m. Although there were no major significant differences (P<0.05) in height
growth, dbh and juvenile tree volume among the various families of P. tecunumanii, family
N0.2358 had the best mean height growth of 8.7 m while family No. 93 had the lowest mean
height growth of 6.7 m (Table 3).



Diameter at breast height in P. maximinoi families indicated two families No. 863 and 907,
which had the highest, mean height had the best dbh of 15.2 and 14.55 cm respectively and this
also translated to the best volume of 0.0737 m® for family No. 863. The local P. patula had an
average dbh of 11.14 cm and volume of 0.0285 m®. Family No. 2342 of P. tecunumanii was the
best performers in volume (0.0369 m®).

Table 2. Comparison of the mean growth of 5 year old Pinus maximinoi and P. patula at Turbo
(means were separated using Tukeys test)

Height

Families %oSurvival  (m) DBH(cm)  Volume (m°)
961 75 6.8 a 881 a 0.0136 a
862 75 6.8 a 10.17 a 0.0164 a
906 93.8 81 ab 11.20 abcd 0.0330 abc
865 80 81 ab 10.70 a 0.0312 a
Patula 79.2 83 abc 11.14 abc 0.0285 a
958 95 85 abc 11.85 abcd 0.0365 abc
870 100 85 abc 13.88 abcd 0.0504 abcd
959 75 8.8 abc 11.81 abcd 0.0307 a
886 95 8.9 abc 1248 abcd 0.0420 abcd
861 87.5 9.0 abc 13.30 abcd 0.0425 abcd
868 100 9.1 abc 11.76 abcd 0.0419 abcd
887 100 9.1 abc 11.01 ab 0.0339 abc
871 90 9.3 abc 12.18 abcd 0.0398 abc
905 100 9.5 abc 12.10 abcd 0.0423 abcd
875 95 9.7 bc 13.16 abcd 0.0499 abcd
999 95 9.8 bc 1244 abcd 0.0443 abcd
888 100 10.0 abc 13.89 abcd 0.0598 abcd
907 50 10.1 abc 1455 abcd 0.0324 ab
863 100 10.7 ¢ 15.02 hd 0.0737 bd
Mean 8.8 12.02 0.0387

LSD 1.82 2.84 0.0232
SED 0.91 1.41 0.0196

(P =0.05) <.001 0.002 <.001




Table 3. Comparisons of the mean growth of 5 years Pinus tecunumanii and P. patula planted at
Turbo, Kenya (means were separated using Tukeys test)

Families %oSurvival Height (m) DBH(cm) Volume (m3)
93 58.3 6.7 a 9.28 a 0.0188 a
125 83.3 73 a 10.73 a 0.0208 a
2367 70.8 74 a 10.80 a 0.0240 a
26 66.7 74 a 10.38 a 0.0216 a
2394 75.0 74 a 1043 a 0.0269 a
9999 83.3 75 a 1052 a 0.029 a
1102 62.5 75 a 10.93 a 0.0183 a
2365 95.8 75 a 11.38 a 0.0332 a
2345 75.0 75 a 10.20 a 0.0232 a
2366 65.0 7.7 a 1048 a 0.0177 a
2346 70.8 7.7 a 1094 a 0.0258 a
2375 70.0 7.7 a 1143 a 0.0238 a
10 91.7 7.7 a 10.83 a 0.0279 a
2370 80.0 7.7 a 1196 a 0.0280 a
37 90.0 7.7 a 10.98 a 0.0277 a
83 85.0 78 a 1093 a 0.0302 a
2343 70.0 78 a 11.06 a 0.0239 a
Patula 79.1 78 a 10.13 a 0.0157 a
2369 79.2 78 a 11.79 a 0.0343 a
1103 75.0 79 a 1159 a 0.0271 a
193 91.7 80 a 12,16 a 0.0345 a
89 87.5 80 a 1101 a 0.0238 a
30 75.0 80 a 1214 a 0.0302 a
2356 80.0 81 a 1164 a 0.0304 a
25 80.0 81 a 1199 a 0.0334 a
2323 75.0 81 a 1181 a 0.0280 a
2350 83.3 82 a 1158 a 0.0312 a
2360 75.0 83 a 11.77 a 0.0266 a
38 79.2 83 a 1221 a 0.0326 a
2342 82.1 84 a 1290 a 0.0369 a
2355 87.5 85 a 12.33 a 0.0354 a
2344 87.5 85 a 1245 a 0.0366 a
2358 75.0 8.7 a 1148 a 0.0318 a
Mean 7.816 1.135 0.0276
LSD 1.135 2.194 0.0152

(P =0.05) 0.42 0.346 0.298




After two years of establishment, P. maximinoi had a faster growth rate than P. tecunumanii
(Figurel). When dbh and volume were assessed from year 3 to year 5, P. maximinoi showed
better growth than P. tecunumanii (Figure 2 and 3). These observations are based on
experimental conditions at Turbo and may not reflect the situation in other parts of the country
where pines are planted.
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Figure 3. Mean diameter at breast height (DBH) growth of  Figure 4. Mean volume accumulation of P.
P. maximinoi and P. tecunumanii over a period of 5 years maximinoi and P. tecunumanii over a period of 5
years

Discussion

The growth performances of both the progenies of Pinus maximinoi and P. tecunumanii
compared to the local Pinus patula is remarkable and their introductions will increase the variety
of soft wood species within the Kenyan forest plantation. Since the two sets of the progeny trials
were set adjacent to one another, it show that P. maximinoi at early stages grows faster than P.
tecunumanii in the prevailing weather conditions of Turbo area. Further monitoring will reveal
the growth behaviors of the potential species and if possible considered for expansion. The



progeny tests described in this paper considered the number of tested candidates, number of
replicates (progenies) per candidate as is usually recommended (Hannrup et al., 2007). Putting
the above factors into consideration ensures sustainable genetic diversity in long-term breeding
based on balanced within family selection. Selection within-family maintains an equal
representation among parents and is an efficient strategy for forest trees (Rosvall et al., 2003).
With this strategy, genetic variance and genetic diversity are preserved in the breeding
populations.

So far the progenies of P. tecunumanii have not shown major variations in their growth pattern in
Turbo area so the choice of the families to be adopted is still wide. Meanwhile the variations
being observed in P. maximinoi progenies will guide in the selection of the suitable families for
expanded planting in Kenya.

Conclusions and Recommendations

The results showed significant differences among families, indicating that the value of selection
among families for both species was high. Due to the better performance of some of the families
of both P. maximinoi and P. tecunumanii, compared to the popularly grown P. patula. It is
recommended that Pinus maximinoi and P. tecunumanii be established in pilot plantations and
more introductions of the best performing families be introduced for large scale planting. This
will diversify pine tree species planted for softwood or pulp production as opposed to the current
reliance on Pinus patula as commercial soft wood plantation in highlands of Kenya.
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Abstract

Asexual propagation is necessary to provide known sex plants in jojoba to boost yields. An
experiment was set up to identify the most appropriate Plant Growth Regulator (PGR) and
genotype interaction for propagation of cuttings in semi- arid areas of Kenya. The experiment
was a 42 factorial laid down in a RCBD with 16 treatments replicated 3 times. The treatments
consisted of 2 factors namely: PGR and genotype and 4 levels of PGRs which were IBA,
Roothom, Anatone and the Control while those of genotypes were M1= male 1, M2= male 2,
F1= female 1 and F2= female 2. ANOVA was carried out using SAS package whereas the
significantly different treatment means were separated using DMRT at p < 0.05. The trial was
carried out for 5 months in 2013 at Wildlife works Ltd, VVoi. Results showed that Anatone x M2
interaction was the best for rooting (62.7 %) whereas IBA x M1 interaction showed the highest
performance in most of the variables measured for shoot and foliage growth. This study
recommends the use of Anatone x M2 genotype interaction for future propagation of jojoba
cuttings. However, further research is recommended on screening of a wide range of PGR X
genotype for propagation of jojoba cuttings in semi-arid areas of Kenya.

Keywords: Genotype, Plant Growth Regulator, jojoba, cuttings

Introduction

Jojoba is a high value shrub and a promising cash crop for arid and semi arid lands (ASALS)
(Ahmad, 2001; Reddy and Chikara, 2010). The plant produces nuts with 50 % of its weight as oil
which is similar to that obtained from sperm whale (Hogan and Bemis, 1983). The oil is
important in cosmetics, lubricant industry, pharmaceuticals and electronics (Undersander et al.,
1990; Ward, 2003).

The success of jojoba cultivation depends upon selection of high-yielding genotypes and their
multiplication through vegetative means (Al-Obaidi et al., 2017). Propagating jojoba by direct
seeding has genetic heterogeneity, which has raised doubts about the economic feasibility of
cultivating jojoba (Kumar et al., 2012). For vegetatively propagated plants, the ability to root is
affected by the genotype (Bashir et al. 2008; Inoti et al., 2016), cultural factors (Foster et al.,
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1984) and maturation (Ozel et al., 2006). A lot of work on vegetative propagation in semi-
hardwoods has been done especially in temperate environments but a lot more is needed in
tropical areas in order to determine the optimum requirement for jojoba cuttings in the latter
region (Bashir et al., 2001, 2013). The advantages of using asexual propagules in commercial
jojoba plantations are that they provide uniform and predictable plant growth and yield (Lee,
1988; Chaturvedi and Sharma, 1989) and can be sexed earlier before flowering.

There is a wide range of Plant Growth Regulators (PGRs) in the market and are available for use
by commercial nurseries and in horticultural farms. However, they vary greatly in their
performance when combined with various genotypes (Inoti et al, 2016). It is, therefore, of
necessity to test different PGRs such as Anatone, Rothoom and others together with specific
genotype combination in order to recommend the best for root initiation in jojoba cuttings. This
will provide a cheaper and more accessible method for vegetative propagation of jojoba for
scaling up elite plantations.

Rooting hormones in plants stimulate the formation of new root tips in stem cuttings. Two
synthetic auxins namely Indole butyric acid (IBA) and a-naphthalene acetic acid (NAA) are
mostly used, either singly or in a combination. Rooting hormones or PGRs wholly cause a
greater percentage of cuttings to root, hasten the formation of roots, induce more roots of
cuttings and increase root uniformity (Godfrey et al., 1996; Inoti et al., 2016). These are used in
different concentrations and Bashir et al. (2009) recommended up to 10 000 mgL™ for jojoba.
High concentrations of auxins promoted cell division which increased the number of roots
(Palzkill, 1988).

Bashir et al. (2008, 2009) reported effect of jojoba strain x auxin interaction to be significant for
all the root parameters. Similarly, Bashir et al. (2007) reported significant effect by interactions
of jojoba strains and growth regulator combinations on number of shoots and primary root length
in vitro. Other studies by Owais (2010) reported that rootability of pomegranate is influenced by
the interactive effect of cutting age, IBA concentration and variety whereas studies by Rogalski
et al. (2003) reported significant interaction effects between genotype and IBA concentration in
Prunus rootstocks for survival.

Bashir et al. (2009) reported two-way interaction between jojoba strains and auxins which was
significant for all the root parameters as well as for number of leaves per cutting and length and
diameter of primary shoot. PKJ-3 strain performed the best compared with PKJ-2 strain which
was the least. Interaction between auxin and their concentration significantly affected all the root
parameters except the length of the primary root.

Currently, there is low production of jojoba despite high demand mainly due to high ratio of
male to female bushes in the existing plantations since most of them were raised from seed.
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There is need to vegetatively propagate jojoba through selection of superior genotypes. An
experiment was set up with the aim of identifying the most appropriate PGR and genotype
interaction for propagation of jojoba cuttings in semi-arid areas of Kenya.

Materials and Methods

Site description

The research was conducted at Rukinga Wildlife Works Ltd, Maungu, Voi, where jojoba bushes
have been established. It is located 20 km east of Voi urban centre, Voi District, Taita Taveta
County, Coast region of Kenya. The study site lies in the semi-arid savannah which receives an
average annual rainfall of 458 mm with a bimodal pattern of distribution. Long rains are received
between March and May while the short rains are received between November and December
Temperatures range from 16-37°C with an average of 25°C with moderate relative humidity of
59 % and annual number of rainy days being 42.7 (TTDP 2008). Soils are moderately fertile with
sandy loam and gravel texture and pH of 5-7 (Thagana et al., 2003).

Experimental design and sampling techniques

The experiment was a 42 factorial laid down in a Randomized Complete Block Design (Gomez
and Gomez, 1984) with 16 treatments replicated 3 times (Table 1). The treatments consisted of 2
factors namely: PGR and genotype at 4 levels each. PGR levels were IBA, Roothom, Anatone
and Control while genotypes were male 1, male 2, female 1 and female 2.

A total of 40 stem cuttings were randomly harvested from each genotype and their combination
with the PGRs constituted a replicate. The treatment combinations per replicate were as follows:
M1l, M1R, M1A, M1C, M2Il, M2R, M2A, M2C, F1l, FIR, F1A, F1C, F2l, F2R, F2A, F2C
where M1- male 1 genotype, M2- male 2 genotype, F1- female 1 genotype, F2- female 2
genotype. On the other hand, I, R, A, C refer to: IBA, Rothoom, Anatone and Control
respectively. The treatment combinations were independently and randomly allocated to each
replicate. Each treatment consisted of 10 potted plants. This trial was carried out from April to
August 2013.

The stem cuttings were harvested at the dormant stage and each twig consisted of 5 nodes. IBA
was applied at a rate of 5000 mgL™ + 15.5 boric acid and this was put in containers where the
freshly cut twigs were quickly dipped for 10 seconds before planting in a sterilized sand
container. Roothom (with 0.6 % IBA) was applied in powder form which involved dipping the
basal freshly cut portion into the powder followed by planting.
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Table 1. Experimental layout on the effect of PGR x genotype on macro-propagation of jojoba

cuttings
REP 1 REP 2 REP 3
M21 F1A FIR
M1A M2A F2R
FIR F1C M2R
F2C M2R M1A
F21 M21 F1A
M1l F2I FIR
F1A M2C F1C
M2C M1C M2C
F1l FIR F2A
M2A M1R M21
F1C FIR F1l
M1R F2R M1C
F2A M1A M1l
F2R Fil F21
M1C F2A M2A
M2R M1l M1R

Key: Genotypes consist of male (Mland M2) and female (FI and F2) whereas plant growth regulators consist of
IBA, Roothom, Anatone and Control represented by I, R, A and C, respectively. Treatments consist of combinations
of both genotype and PGR.

On the other hand, Anatone was applied at a rate of 1000 mgL™ of water according to
manufacturers’ recommendations. This was placed in a container where the freshly cut twigs
were dipped for a period of 5 minutes and then planted in a polythene sheet tunnel. The cuttings
were left to grow for five months (Plate 1).

Three rooted cuttings were randomly sampled per treatment. The variables scored from rooted
cuttings were: survival percent, rooting percent, plant height, height of new growth, number of
shoots, internode length, leaf length, leaf width, number of leaves, single leaf area, total leaf area,
root collar diameter, number of roots, root length, fresh shoot biomass and fresh total plant
biomass.
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Plate 1. Sprouting jojoba cuttings inside a polythene sheet tunnel

Data analysis

A two-way Analysis of Variance (ANOVA) was carried out using SAS statistical package (SAS
1996) whereas the means were separated using Duncan’s multiple range test (DMRT) at p <
0.05.

Results

Effect of PGR x genotype interaction on survival and rooting of jojoba cuttings

Results showed significant interaction (p < 0.05) between PGRs and genotypes in all the
variables measured which included survival percent, rooting percent and root growth (Table 2).
The highest survival percentage was shown by Roothom x F2 interaction (93.3 %) while the
lowest was Roothom x M2 interaction (29.3 %). The former was significantly greater (p < 0.01)
than IBA x F1, IBA x M2, Roothom x F1, Roothom x M2, Anatone x M1, Control x F1,
Control x M1 and Control x M2. On the other hand, F2 interactions gave outstanding superior
performance in survival percent (87.7-93.3 %) compared with the overall mean of 64.9 %
whereas F1 genotype x PGR interactions showed the lowest rooting percent (0-4.3 %) compared
with the overall mean of 17.9 %.
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Table 2. Effect of interaction between PGRs and genotypes on the survival and rooting
percentages and root growth of jojoba cuttings

PGR x G Survival % Rooting % Root length (cm)  Number of Root collar
Interaction roots diameter

(mm)
IBA x F1 46.0cd 0.0f - - -
IBA x F2 91.7a 8.7def 19.2abc 27.3abcd 2.0ab
IBA x M1 63.0abc 37.7b 30.0a 43.0a 3.0a
IBA x M2 50.0cd 37.7b 30.3a 28.9abcd 3.2a
Roothom x F1 58.7bcd 0.0f - - -
Roothom x F2 93.3a 13.0cdef 22.3ab 29.7abc 3.7a
Roothom x M1 66.7abc 25.3bcd 12.7abc 21.8abcd 2.2ab
Roothom x M2 29.3d 21.0bcde 29.8a 39.5ab 3.3a
Anatone x F1 71.0abc 4.3ef 12.9abc 5.0cd 1.3ab
Anatone x F2 92.0a 8.7def 7.2bc 9.7cd 1.0ab
Anatone x M1 50.0cd 21.0bcde 16.8abc 28.5abcd 2.7ab
Anatone x M2 67.0abc 62.7a 28.3ab 29.7abc 2.8a
Control x F1 54.7cd 4.3ef 7.7bc 7.7cd 1.3ab
Control x F2 87.7ab 0.0f - - -
Control x M1 58.7bcd 0.7cdef 9.0abc 12.0bcd 1.8ab
Control x M2 58.3bcd 29.0bc 22.4ab 27.7abcd 3.0a
Ccv 26 56.6 72.8 77 2.2
Std Dev 24.3 18.9 14.2 18.7 1.7
P value 0.0014 <.0001 0.0073 0.0083 0.0251

Means with the same letter(s) in each column are not significantly different to each other according to DMRT at p <
0.05. G= genotype

Rooting percentage was highest for Anatone x M2 interaction (62.7 %) which was significantly
higher (p < 0001) to all the PGR x genotype interactions considered. Rooting did not occur in
IBA x FI, Roothom x F1 and also Control x F2, hence excluded from the other growth variables.
IBA x M2 interaction showed the highest root length (30.3 cm) which was significantly higher
(p < 0.01) than IBA x M1, Anatone x F2 and Control x F1 interactions. Similarly, IBA x M1
interaction showed the highest number of roots (43) which were significantly superior (p < 0.01)
to Anatone x F1, Anatone x F2 Control x F1 and Control x M1 interactions. On the other hand,
Roothom x F2 interaction showed the highest root collar diameter (3.7 mm) though not
significant compared with the other interactions while Anatone x F2 interaction showed the
lowest (1.0 mm).

All the PGR x genotype interactions were comparable in performance for survival percent,
rooting percent and root growth. However, F2 interactions gave outstanding superior
performance in survival percent compared with the other interactions. For root length, IBA x M2
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interaction gave the best results, while Anatone x M2 interaction also showed the best rooting
percent. For number of roots and root collar diameter, IBA x M1 and Roothom x F2 interactions
gave the highest values, respectively.

Effect of PGRS x genotype interactions on the shoot growth of jojoba cuttings

Significant interaction (p < 0.01) was showed by PGRs x genotypes for shoot and foliage growth
(Table 2) with the exception of IBA x FI, Roothom x F1 and Control x F2 since they did not
root. For all the shoot and foliage variables measured, IBA x M1 interaction showed the highest
growth in leaf length, number of leaves, total leaf area, height of new growth and total plant
biomass.

Leaf length for IBA x M1 interaction was significantly higher (p < 0.01) than Anatone x F1,
Anatone x F2, Control x F1 and Control x M1 interactions. IBA x M1 interaction showed
significantly higher number of leaves (21.3) relative to all the other PGR x genotype interactions.
IBA x M1 interaction showed significantly greater (p < 0.01) total leaf area (78.5 cm?) compared
with all the other PGR x genotype interactions except the Control x M2 interaction (49.9 cm?)
which was not significant. IBA x ML interaction showed significantly higher height of new
growth in cuttings (13.2 cm) compared with all the other PGR x genotype interactions except the
Anatone x M2 interaction (8.3 cm) which was not significant. IBA x M1 interaction showed
significantly higher (p < 0.01) total plant biomass (3.7 g) compared with IBA x F2 Anatone x
F1, Anatone x F2, Control x F1 and Control x M1 interactions.

For leaf width, the Control x M2 interaction gave the highest width (18 mm) which was
significantly larger than IBA x F2, Anatone x F1, Anatone x F2, Control x F1 and Control x M1
interactions. Single leaf area was highest for Anatone x M2 interaction (5.2 cm?) and was
significantly higher (p <.0001) than all the other PGR x genotype interactions except IBA x M1,
IBA x M2, Roothom x M1, Roothom x M2 and Control x M2 interactions.

Height was highest for Roothom x F2 interaction (17.6 cm) which was significantly superior (p <
0.01) compared with Anatone x F1, Anatone x F2 and Control x F1 interactions. Similarly,
internode length was highest for Anatone x M2 interaction (27.8 mm) which was significantly
higher than Anatone x F2 interaction (6 mm).
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Table 2. Effect of PGRs and genotype interactions on the shoot growth of jojoba cuttings

PGRxG Height (cm) Height of new Internode length  Total fresh plant
Interaction growth (cm) (mm) biomass (g)
IBA x F1 - - - -

IBA x F2 7.4abc 3.5bcd 13.0abc 0.7bc
IBA x M1 16.3ab 13.2a 27.7a 3.7a
IBA x M2 11.3abc 7.1bc 22.9ab 2.6ab
Roothom x - - - -

F1

Roothom x  17.6a 5.4bcd 22.3ab 3.3a
F2

Roothomx  8.labc 6.1bcd 17.3abc 1.5abc
M1

Roothomx  13.6ab 6.9bc 27.3a 2.3ab
M2

Anatone x F1 4.7bc 3.0bcd 8.0abc 1.0bc
Anatone x F2 4.7bc 1.1cd 6.0bc 0.7bc
Anatone x 14.6ab 6.6bc 16.8abc 2.0abc
M1

Anatone x 12.3ab 8.3ab 27.8a 2.7ab
M2

Control x F1 5.3bc 1.7cd 8.7abc 1.0bc
Control x F2 - - - -
Control x M1 7.3abc 4.5bcd 12.8abc 0.7bc
Control x M2 11.4abc 6.7bc 9.2abc 2.7ab
CcVv 72.6 67.8 71.8 75.3
Std Dev 77.5 4.4 12.8 15

P value 0.0108 0.0006 0.0028 0.0028

Means with the same letter(s) in each column are not significantly different to each other according to DMRT atp <
0.01. G= genotype

IBA x M1 interaction showed the highest performance in most of the variables measured for
shoot and foliage growth. Male genotypes especially M1 showed the best performance in shoot
and foliage growth compared with the female genotypes. This was clearly demonstrated in total
fresh plant biomass, leaf width, single leaf area and internode length. IBA also showed the
highest performance compared with the other PGRs in the shoot and foliage growth.

Effect of PGRS x genotype interactions on the foliage growth of jojoba cuttings

Significant interaction (p < 0.01) was showed by PGRs x genotypes foliage growth (Table 3)
with the exception of IBA x FI, Roothom x F1 and Control x F2 since they did not root. For all
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the foliage variables measured, IBA x M1 interaction showed the highest growth in leaf length,
number of leaves and total leaf area.

Leaf length for IBA x M1 interaction was significantly higher (p < 0.01) than Anatone x F1,
Anatone x F2, Control x F1 and Control x M1 interactions. IBA x M1 interaction showed
significantly higher number of leaves (21.3) relative to all the other PGR X genotype interactions.
IBA x M1 interaction showed significantly greater (p < 0.01) total leaf area (78.5 cm?) compared
with all the other PGR x genotype interactions except the Control x M2 interaction (49.9 cm?)
which was not significant.

For leaf width, the Control x M2 interaction gave the highest width (18 mm) which was
significantly larger than IBA x F2, Anatone x F1, Anatone x F2, Control x F1 and Control x M1
interactions. Single leaf area was highest for Anatone x M2 interaction (5.2 cm?) and was
significantly higher (p <.0001) than all the other PGR X genotype interactions except IBA x M1,
IBA x M2, Roothom x M1, Roothom x M2 and Control x M2 interactions.

Table 3. Effect of PGRs and genotype interactions on the foliage growth of jojoba cuttings

PGRxG Leaf length Leaf width Number of Single leaf Total leaf area
Interaction ~ (mm) (mm) leaves area (cm?) (cm?)
IBA x F1 - - - - -

IBA x F2 20.7abcd 7.0bcd 3.7bc 1.2cdef 3.5def
IBA x M1 42.5a 15.5abc 21.3a 3.8ab 78.5a
IBA x M2 28.7abc 14.6abc 9.6bc 3.6abc 33.2bcdef
Roothom x F1 - - - - -
Roothom x F2 23.7abcd 10.3abcd 9.7bc 2.0cdef 20.1bcdef
Roothomx M1 25.3abc 10.2abcd 7.3bc 3.1abcd 33.8bcdef
Roothomx M2 37.3ab 16.3ab 9.8bc 4.2ab 41.4bc
Anatone x F1  11.3cd 5.7cd 3.3bc 1.3cdef 12.7cdef
Anatone x F2  5.0cd 2.0d 2.7bc 0.3ef 2.7ef
Anatone x M1 28.3abc 9.5abcd 10.0bc 2.6bcde 37.0bcde
Anatone x M2 40.7a 17.9a 7.4bc 5.2a 38.7bcd
Control x F1  8.7cd 2.3d 3.0bc 0.7def 6.3cdef
Control x F2 - - - - -

Control x M1 13.3bcd 6.7bcd 6.0bc 1.1cdef 9.6cdef
Control x M2 39.8a 18.0a 11.3b 4.2ab 49.9ab
CVv 62.4 63.1 79.6 63.7 80

Std Dev 18.1 7.7 6.9 2 26.9

P value 0.0003 0.0002 0.0023 <.0001 0.0002

Means with the same letter(s) in each column are not significantly different to each other according to DMRT at p <
0.01. G= genotype
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IBA x M1 interaction showed the highest performance in most of the variables measured for
foliage growth. Male genotypes especially M1 showed the best performance in foliage growth
compared with the female genotypes. This was clearly demonstrated in leaf width and single leaf
area. IBA also showed the highest performance compared with the other PGRs in the foliage
growth.

Discussion

Anatone x M2 interaction was the best for rooting (62.7 %) and was significantly higher relative
to all the interactions. All the PGR x genotype interactions showed significant differences
relative to the control in all the variables measured with the exception of root collar diameter and
internode length. However, there are limited studies on auxin x genotype interactions in jojoba
and other semi-hardwoods in the tropics.

This study is consistent with the work by Bashir et al. (2008) who reported effect of jojoba strain
X auxin interaction to be significant for all the root parameters as well as for number of leaves,
length and diameter of primary shoot. Strain x auxin concentration was also significantly
different for diameter of primary root, number of leaves and shoot length. Similarly, Bashir et al.
(2007) reported significant effect by interactions of jojoba strains and growth regulator
combinations on number of shoots and primary root length in vitro.

Other studies by Owais (2010) reported that rootability of pomegranate is influenced by the
interactive effect of cutting age, IBA concentration and variety. Significant interaction effect was
observed in rooting percent, number of roots and weight of roots. Further work by Ansari (2013)
and Sarrou et al. (2014) reported significant interaction effect between time of cutting collection,
media, auxin and cutting thickness on rooting characteristics in pomegranate. Sarrou et al. (2014)
observed that melatonin can be substituted for IBA to produce rooting. Studies by Rogalski et al.
(2003) reported significant interaction effects between genotype and IBA concentration in
Prunus rootstocks for survival which corroborates with the present study. Khattab et al. (2014)
showed significant effect on rooting due to interaction between auxin, cutting date and wounding
in jojoba cuttings which was consistent with a study reported by Hegazi et al. (2010) on olive
cultivars. Further research by Bashir et al. (2013) reported significant differences between jojoba
genotypes when combined with IBA which is in agreement with this study.

Hasanuzzaman et al. (2007) noted significant effect between genotypes and synthetic hormones
(Milstim and litosen) interaction in Capsicum annum for number of leaves which is consistent
with the findings of this study. However, they found that height and number of branches were
not significant which was contradictory to the current findings. Similarly, work by Kesari et al.
(2010) contradicted this study by stating that interaction among auxins, genotypes and month of
collection had no significant effect on root induction and differentiation in Pongamia pinnata.
Some bacteria such as those belonging to the genus Agrobacterium and rhizobia release auxin
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and can have positive effect on rooting of cuttings (Sezai et al., 2003). Dodd et al. (2010)
reported interaction between bacteria isolates and apple rootstock genotype which resulted in
elongation of roots. Similar results were reported by Gosal et al. (2010).

Conclusion

Anatone x M2 interaction was the best for rooting (62.7 %) and was significantly higher relative
to all the interactions. Similarly, all the PGRs (IBA, Anatone and Roothom) x genotype
interaction showed superior performance relative to the control in all the variables measured with
the exception of root collar diameter and internode length.

Recommendations

Propagation of jojoba cuttings using Anatone x M2 interaction is recommended by this study.
However, there are more prospects for further interaction studies between various PGRs and
female genotypes in order to get the best combination for scaling up production in ASALS.
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Abstract

Seed are a main source of planting material and medium of germplasm exchange. However,
Seed-borne pathogens of trees reduce seed germination rate and longevity in storage; cause
deformation and decay of seeds; and affect seedling vigour. Limited research has been
conducted in Kenya on prevention and control of seed borne diseases of forest tree species
compared to agricultural crops. This study was undertaken to identify and determine seed borne
fungi associated with seed lots of provenances of Grevillea robusta, Moringa oleifera and
Dalbergia melanoxylon stored at the Kenya Forestry Seed Centre. Three methods of assaying
seed borne fungi were used: agar plate, filter paper and blotter sheet. 400 seeds of each of the
provenances were surface sterilized and another set of non-surface sterilized were sown on
blotter in four replicates. Two hundred seeds were surface sterilized and another set of non-
surface sterilized were sown on filter paper in 20 replicates. Four hundred seeds of each species
were surface sterilized and another set of non-surface sterilized were plated on malt extract agar
in 40 petri dishes. Seed health testing using the agar plate method detected a large number of
storage and field fungi that included: Phoma sp, Nectria sp, Fusarium sp, Cladosporium sp.,
Pestalotia sp., Botryosphaeria sp., Aspergillus sp., Rhizoctonia sp., Monilia sp., Altenaria sp.and
Mycelia sterilia. The seed of Dalbergia melanoxylon was heavily infested (96%) with Fusarium
sp. Many of the isolated field fungi are potential pathogens of seed and seedlings of the species
they were isolated from especially during storage and in the nursery. These observations
indicate that seed of the three tree species obtained from the Kenya Forestry Seed Centre
harbored a range of seed borne fungi. Further studies need to be undertaken on other tree species
prone to fungal attack during germination tests.

Keywords: Seed borne, pathogens, mycoflora, seeds, tree species, Kenya Forestry Seed Centre.
Introduction

Seeds are regarded as a highly effective means for transporting plant pathogens over long
distances. However, when compared to seed-borne disease problems of agricultural crops,
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limited research has been undertaken on forest tree species and in the development of disease
prevention and control practices. Various fungal species are commonly associated with seeds of
many tree species including both pathogens and saprophytes. Several species of fungi which are
generally considered as saprophytes behave as pathogens under conducive moisture and
temperature causing injury to the seed or seed coat. These conditions favour growth and increase
the physiological and vulnerability of tree cones and fruits, seeds, and subsequently seedlings to
infection (Mittal et al., 1990). Seed-borne pathogens of trees reduce seed germination rate and
longevity in storage; cause deformation and decay of seeds; and affect seedling vigour
(Sutherland et al., 2002). It is important to undertake seed health testing since existence of
pathogens on seeds may transfer diseases to ensuing crops. Seed health of Moringa oleifera,
Dalbergia melanoxylon and Grevillea robusta were undertaken to determine the existence of
pathogenic fungi on the seedlots. Grevillea robusta which is native to Eastern Australia is widely
planted in high and medium potential zones. It is common on farms in the Central Highlands of
Kenya, and used for timber, poles, posts and fuelwood. It is also used as bee forage, fodder,
mulch,as well as for soil conservation and windbreak. Grevillea robusta has been reported to be
infected with Botrysphaera stem canker (Njuguna et al., 2011).

Moringa oleifera has been naturalized and widely planted in Semi-arid areas and at the Kenyan
Coast. The species has several uses that include food, fodder, edible oil from seeds, water
purification, and medicine. Preliminary studies on seed and soil borne pathogenic fungi of this
species have been undertaken by Riad et al. (2014).

Dalbergia melanoxylon is an endangered indigenous species occurring in dry deciduous
woodlands, coastal bushland and wooded grassland. Its wood is very hard, durable, termite
resistant and of high value. It is also used as medicine,, fodder, mulch and green manure
(Omondi et al., 2002). Little is known of its pathogens.

In many parts of the world, testing tree germplasm for seed borne diseases is an integral part of
routine inspection for seed quality. Seed health testing at the KEFRI seed centre is not
undertaken as part of routine seed laboratory tests. This study was undertaken on the three tree
species: G. robusta, M. oleifera and Dalbergia melanoxylon to determine presence of seed
borne pathogens.

Materials and Methods

Seeds were sampled from two seedlots each of Grevillea robusta (Laikipia and Loitoktok),
Moringa oleifera (Ramisi and Ramogi), and Dalbergia melanoxylon (Kibwezi and lkanga) at
KEFRI Seed Centre. Seed surface fungi were assessed on the three species by the standard
blotter technique (ISTA 1985). Four hundred seeds of each of the two provenances were surface
sterilized (SS) with 5% sodium hypochlorite solution for 10 minutes, rinsed four times with
distilled water. A second set of 400 non surface sterilized (NSS) control seeds were sown on
blotter sheets in germination boxes in 4 replicates of 100 seeds each.
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Two hundred seeds of each seedlot were surface sterilized (SS) as above. A second set of 200
non surface sterilized (NSS) control seeds were sown on filter paper on petri dishes in 20
replicates of 10 seeds each. The seeds were incubated for 10 days at 25°C in seed germinator
and thereafter assessed and the number of infected seed and types of emerging fungi recorded.

Agar plate method (ISTA 1993) was used to detect seed borne fungi. Malt extract agar (MEA)
medium was used for assessing seed borne fungi by the Agar plate method. Four hundred seeds
of each seedlot were surface sterilized with 5% sodium hypochlorite solution for ten minutes,
washed with sterile distilled water, blotted dry and plated on MEA medium. Four seeds were
plated on MEA medium on each of the 100 plates and incubated for 8 days. Fungal colonies
developing from the seeds were isolated, purified and identified. ldentification of the seed-borne
fungi was undertaken up to the generic level or species level in certain cases and the percentage
occurrence of the fungi deduced.

Results

Moringa oleifera

A range of fungi comprising 9 fungal genera together with sterile mycelium were detected on
seeds of two seedlots of Moringa oleifera (Table 1).

Table 1. Percent fungal occurrence on Surface Sterilized (SS ) and Non surface sterilized (NSS
) seeds of M. oleifera from 2 seedlots on different media

Seedlot Moringa oleifera Ramisi Moringa oleifera Ramogi

Media Blotter sheet Filter Agar Blotter sheet Filter Agar
Fungi genera SS NSS SS NSS SS NSS SS NSS
Fusarium 05 4.25 7 55 112 225 - 35 - 12.2
Botryosphaeria - - - - 746 - - - - -
Alternaria - - - - 249 - - - - 3.65
Aspergillus 12 6325 95 68 597 3225 725 235 89 348
Rhizopus 7 325 125 265 57 1725 275 205 11 572
Phoma - - - - 6.97 - - - - 3.99
Cladosporium - - - - - - - - - 1.24
Penicillium - - 05 - - 0.25 - - - 2.73
Sterilemycelium - - - - 3.48 - - - - -
Nigrospora - - - - 2.74 - - - - -
Total 19.5 100 29.5 100 46 52 100 475 100 34.9

Among the two seedlots, the Ramisi seeddlot harboured more fungi than the Ramogi seedlot.
Among the storage fungi, Asperpegillus sp and Penicillium sp were the dominant ones. The
incidence of these fungi was dominant on blotter and filter paper incubation compared to Agar
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plate method. The occurrence of field fungi like Fusarium sp, Botrosphaeria sp, Alternaria sp,
Cladosporium sp and Phoma sp were mainly isolated by the Agar plate method. The seedlot
from Ramogi recorded a lower percentage of field fungi on Agar plate method compared to those
from Ramisi. As expected the fungal genera, their frequency of occurrence as well as percentage
of infestation were more on non-surface sterilized seeds from both seedlots.

Grevillea robusta
A range of fungi comprising 12 fungal genera were detected on seeds of two seedlots of
Grevillea robusta (Table 2).

Table 2. Percentage fungal occurrence on Surface Sterilized (SS) and Non surface sterilized
(NSS) seeds of G. robusta from 2 provenances on different media

Tree species Grevillea robusta (Loitokitok) Grevillea robusta (Laikipia)
Media Blotter sheet Filter Agar Blotter sheet Filter Agar

Fungigenera SS NSS SS NSS SS NSS SS NSS
Fusarium - - - - 0.25 - - - - -
Botryosphaeria - - - - - - - - - 0.25
Alternaria - - - - - - - - - 1
Aspergillus 43 9325 375 100 6.5 025 7275 855 100 -
Rhizopus 9.3 575 - - - 20.3 275 - 14 -
Phoma - - - - 2.25 - - - - 10
Cladosporium - - - - 175 - - - - 1.75
Penicillium 05 - 15 - 45 - - 2 12 8.5
Rot fungus - - - - 05 - - - - 0.25
Monilia - - - - 0.25 - - - - 0.5
Nectria - - - - - - - - - 0.5
Rhizoctonia - - - - - - - - - 0.25
Pestalotia - - - - - - - - - 0.25
Total 53 99 39 100 16.3 20.5 100.25 875 126 233

Among the two seedlots, the Laikipia seedlot harboured more fungi than the Loitoktok
provenance. Among the storage moulds, Aspergillus sp, Rhizopus sp and Penicillium sp were the
predominant fungi on blotter and filter paper test. Among the field recorded on seed of the two
provenances on Agar medium, Phoma sp was dominant (10%) Other field fungi including
Pestalotia sp, Rhizoctonia sp, Nectria sp, Monilia sp, Botryosphaeria sp, and Fusarium sp were
less dominant (1%) on the Agar plate method. The provenance from Loitoktok recorded lower
incidence of field fungi in the Agar plate method compared to the Laikipia one.
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Dalbergia melanoxylon
Seven genera of fungi were detected on seed of the two provenances of D. melanoxylon (Table
3)

Table 3. Percent fungal occurrence on Surface Sterilized (SS) and Non surface sterilized (NSS)
seeds of D. melanoxylon from 2 seedlots on different media

Tree species Dalbergia melanoxylon (Kibwezi Dalbergia melanoxylon (Ikanga)

Media Blotter sheet Filter Agar Blotter sheet Filter Agar
Fungi genera SS NSS SS NSS SS NSS SS NSS

Fusarium 41.75 61 31 66 965 6175 7725 735 745 958
Botryosphaeria - - - - 1.25 - - - - 2.24
Alternaria - - - - - - - - - 0.75
Aspergillus 6.25 1325 1 12 - 35 425 05 05 -
Rhizopus 1 0.75 05 0.75 2 6 - 35 -
Nectria - - - - 0.75 - - - - -
Pestalotia - - - - 0.25 - - - - -
Total 49 75 32 785 995 6725 875 74 785 988

Both seed lots of the two provenances from Kibwezi and lkanga had storage moulds that
included Aspergillus sp and Rhizopus sp. The incidence of these storage fungi was dominant in
non-surface sterilized seed on blotter and filter paper compared to the agar medium. Occurrence
of field fungi was dominated by Fusarium sp which occurred on up to 96% of the seed assayed
on agar medium. Lower percentages of this fungus were encountered on blotter sheet and filter
paper. Other field fungi encountered on the two provenances of D. melonoxylon included
Botryosphaeria sp, Alternaria sp, Nectria sp and Pestalotia sp. Both provenances of this species
were heavily infested with Fusarium sp.

Discussion

This study showed that several genera of both storage and field fungi existed on or in the seeds.
Seedlots of Grevillea robusta, Moringa oleifera and Dalbergia melanoxylon assayed were all
found to harbour several storage and field fungi in diverse magnitudes. The storage fungi that
comprised of the genera Aspergillus and Penicillium were dominant on non-surface sterilized
seed of Grevillea robusta and Moringa oleifera in blotter/filter paper tests. Their presence on
Agar medium after surface sterilization was minimal. Their main effect is seed viability under
prolonged storage (Sutherland et al., 2002)

Field fungi isolated from seed of provenances of the three species included potential pathogens
that included Fusarium sp, Botryosphaeria sp, Altenaria sp, Phoma sp, Rhizoctonia sp,
Pestalotia sp. Grevillea robusta and Moringa oleifera had mild infestation from the field fungi.
Seed of the two provenances of Dalbergia melanoxylon tested were heavily infected with the
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field fungus Fusarium under all test conditions (96% of seed tested). Seeds of Dalbergia sissoo,
a closely related species from India, have been shown to harbor a range of storage and field fungi
(Tiwari and Sharma,1980)

Conclusion

Stored seedlots of two provenances each of Grevillea robusta, Moringa oleifera and Dalbergia
melanoxylon were found to habour a range of storage and field fungi. The intensity of infection
varied with the seed lots and provenances for Moringa oleifera and Grevillea robusta. The
blotter/filter technique mainly yielded storage fungi. Most field fungi were isolated by the Agar
plated method. Dalbergia melanoxylon was heavily infested by Fusarium sp. This study has
revealed that the three species harbor seed borne mycoflora. Further studies should be
undertaken on other species prone to fungal attack during germination tests.
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Abstract

East African Sandalwood (Osyris lanceolata) is highly valued in the manufacturing of perfumery
and medicinal products, and there is need for its domestication. Seed storage behavior was
determined as the information is important in planning and implementing the species planting
programmes and conservation strategies. Fresh seed and seed dried to moisture content of 7 %
were placed in airtight plastic vials and stored at ambient temperature, constant temperature of
20 °C, and in a cold room set at -20 °C. At 0, 3, 9, 12 and 24 months of storage, seeds were
subjected to a germination test. At months zero, dried seeds had scored better in mean parameter
values for germination capacity (G), mean germination time (MT) and germination value (GV)
than fresh seeds Germination capacity of seed stored fresh dropped rapidly by month 3 in all the
storage environments from 69 % to mean G of between 0 and 16 % making it inconsequential to
test for storability. Germination capacity of dried seed dropped gradually in all the storage
environments from the initial G of 85 %. Dried seed stored at ambient and constant temperature
registered G of over 70 % in 3 months and over 60 % at 3 to 9 months. By 24 months, the G
dropped drastically to 21 % for seed stored at ambient and constant temperature and to 29 % for
seed stored in cold room. There was significant difference in G, GV and MT (p<0.01) depending
on the period of storage. The results indicate that Sandalwood is neither a classical recalcitrant
nor orthodox and may be classified as intermediate seed storage behaviour but withstanding
drying to low moisture content.

Keywords: Osyris lanceolata, seed storage, recalcitrant, intermediate, orthodox, seed moisture
content

Introduction

East African Sandalwood (Osyris lanceolata Hochst. & Steud.) Is in the family Santalaceae and
is a dioecious evergreen tree that grows up to a height of 6 meters. The species has a wide
ecological distribution in eastern and southern Africa. It grows in diverse locations including
rocky sites, along dry forest margins, evergreen bushlands, grasslands and thickets at an altitude
range of 900 to 2550 m above sea level (Beentje, 1994). The species grows naturally as a
parasite through root attachments on other trees such as Dodonea viscosa, Searsia natalensis,
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and Carissa spinarum (Mwang’ingo et al., 2005). Due to overexploitation to meet international
demand for its perfumery and medicinal products, O. lanceolata (Osyris) has been listed as an
endangered species in eastern Africa and its populations in the region are protected under the
Convention on International Trade in Endangered Species (CITES) Appendix Il (USF&WS,
2013).

The method for propagating Osyris through seed has been developed to help in domestication
and mass planting of the species, which will subsequently ease pressure on the few remaining
wild populations (Kamondo et al., 2012). However, information on how long seeds of Osyris
will remain viable after collection is lacking, although this is important in planning and
implementing planting programmes of the species.

Seeds of plants fall under three different seed storage behaviour; orthodox, recalcitrant and
intermediate (Hong et al., 1997). Orthodox seeds can be dried to 5 % moisture content and stored
for hundreds of years in airtight (hermetic) containers at -20 °C. Even at room temperature, these
seeds will store for up to one year without significant loss of viability. Recalcitrant seeds do not
withstand drying, and therefore can only be stored for short periods of up to 3 months, at high
moisture content. Attempts to store recalcitrant seeds at below 0 °C, result in ice formation and
freezing injury, which Kill the seeds. Chilling injury could also occur even at relatively high
temperatures of 10 to 15 °C. Intermediate seed storage behaviour is in between the orthodox and
recalcitrant categories. Although the seeds withstand some form of drying, they do not tolerate
extreme drying. In some cases, such seeds will store long if dried to moisture content of 10 to 12
% in hermetic containers in cold storage. In other cases, seeds will store better at room storage
rather than below 0 °C.

Species with orthodox and to some extent intermediate seed storage behaviour offer more
flexibility in planning and implementing planting and conservation programmes. Furthermore,
orthodox seeds can be stored in genebanks for long-term conservation of the species. Planting
programmes for species with recalcitrant seeds must be more accurately planned as raising of
nursery stock must be closely synchronized with the fruiting season. Recalcitrant seeds cannot be
stored in seed banks for long-term conservation programmes.

Studies Mwang'ingo et al. (2004) suggested that Osyris seed is recalcitrant. However, Osyris
seeds dried to moisture content of about 7 % have resulted in high germination rate of over 70 %,
raising doubts on the classification of Osyris seed as recalcitrant (Nyamongo et al., 2014). The
objective of this study was therefore, to generate empirical data that will explain the seed storage
behaviour of Osyris.
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Materials and Methods

Ripe fruits were hand-picked from wild population of Osyris wild population in Kitui County
and subjected to the recommended Osyris seed handling protocol for producing best grade seed
(Kamondo et al., 2012) and used in experiment. The seedlot was then divided into two sublots
referred to hereafter as ‘fresh seed’ and ‘dry seed’. A germination test was undertaken on the
fresh seed to assess initial germination. The ‘dry seed’ sublot was dried for three days to a
moisture content of 7 % at the genebank of Kenya air-lock and a sample drawn to determine the
initial germination. Both germination tests were based on 4 replicates of 25 seeds each. A
germination test was conducted on sand in 4 germination trays with each tray as a replicate, and
placed in a non-mist propagator with each tray holding 25 seeds. A seed was considered to have
germinated immediately a germinant emerged from the sand. The number of germinated
seedlings was scored daily for a period of 80 days.

Fresh seed and Dry seed sublots were packaged into airtight plastic vials and stored at;
e Ambient conditions in Kitui Regional Research Centre on the cupboard shelf
e The Gene Bank of Kenya dry-room, which is regulated at a constant temperature of
20°C
e The Gene Bank of Kenya cold room set at -20 °C.

At 3, 9, 12 and 24 months of storage, seeds from both sublots were subjected to a germination
test using same testing environments as for the previous germination except that the number of
seeds used were reduced to 75 due to limitation of seed quintiles, and replicated in 3 germination
trays with each tray holding 25 seeds. The number of seedlings germinated was scored daily
from the day of initial germination for a period of 80 days.

Data analysis

The benchmark germination curves were superimposed on germination curves of stored seeds to
graphically show the effect of time and environment. The resultant germination curves guided
the identification of datasets that required further analysis for statistical significance. The
germination processes were compared for statistical significance using parameters associated
with seed germination. Germination capacity (G), mean germination time (MT), and germination
value (GV) and their means and variances were used to test for statistical significance. The
template published by Marli et al. (2009), was used to ensure correct calculations of mean
germination time (MT). The germination process parameters for testing significance were
calculated and analyzed as follows:

Germination capacity

Germination capacity is the proportion of a seed sample that has germinated normally in a
specified test period, usually expressed as a percentage. The differences in germination capacity
among the treatment means were tested through factorial analysis on the arcsine transformed
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germination percentages. When comparing seedlots, high germination capacity is indicative of
higher quality seedlots.

Germination value

Germination value is a composite value that combines both germination speed, which was
obtained by dividing cumulative germination percentage by number of days or specified time
interval, and total germination. The germination value was calculated according to the formula
published by Diavanshir and Porubeik (1976) as follows:

GV = (EDGs/N) x GP/10

Where:
GV is germination value,
GP is germination percentage at the end of the test period
DGs is Daily germination speed obtained by dividing the cumulative germination
percentage by the number of days since sowing
N is the total number of daily counts, starting from the date of first germination
10 is a constant.

In each germination test, germination values were calculated for each day commencing on the
day of germination to the end of the testing period of 80 days. The maximum germination value
was taken as the true germination value for the respective germination test as guided by
Diavanshir and Porubeik (1976), and was used to make comparisions of treatment effects. High
germination value denotes higher quality seed.

Mean germination time

The mean germination time is a measurement of the average length of time required for
maximum germination of a seedlot (Marli and Santana, 2006), and was expressed in days
corresponding to the same units of time used in counting germination. The mean germination
time 7 was calculated according to Marli et al., (2009), with the expression:

*.
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Where ti: time from the start of the experiment to the i observation; ni: number of seeds
germinated in the i time, and k: last time of germination (Marli et al., 2009). When comparing
two seedlots, the seedlot with lower mean germination time is indicative of higher quality seed.
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Results

Benchmark germination results

Fresh seed germinated from day 28 reaching peak germination of 69 % on day 61, while dry seed
germinated from day 21 reaching peak germination of 85 % on day 51 (Figure 1). Germination
for dry seeds, showed better mean values for germination rate (G), mean germination time (MT)
and germination value than fresh seeds (Table 1).

Vs
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Figure 1. Germination trends (means and standard error) for fresh and dry Osyris lanceolata

seeds at zero months

Table 1. Bench mark germination rate (G), mean germination time (MT), and germination value
(GV) of Osyris lanceolata seeds

Seed category Rep n G MT GV
Fresh seed 1 25 68 48.5 5.6
2 25 60 44.1 4.4
3 25 68 39.5 6.6
4 25 80 417 9.0
Means 69 434 6.4
Dry seed 1 25 92 2938 15.69
2 25 64 33.3 7.04
3 25 9% 33.7 14.36
4 25 88 313 13.66
Means 85 32.0 12.69

There was significant difference in germination capacity between fresh seed and dried seed
(Figure 1). There were also significant differences (p<0.05) in germination value between fresh
seed and dried seed at zero months (Table 2). The dried seeds showed significantly higher
(double) GV compared to fresh seed. Similarly, Mean Germination time (MT) also differed
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significantly between fresh and dried seed at zero time, but MT mean value was higher in fresh
compared with dry seed.

Table 2. Analysis of variance (ANOVA) for GV and MT for Osyris lanceolata seed sublots at
zero months

GV MT
Source of variation DF MS F DF MS F
Rep 3 13.345 244 3 3.86 0.27
Seed sublots 1 79.596 14.53* 1 260.3 18.22*
Residual 3 5.477 3 14.27

Germination trends in seed stored fresh and dried

Germination of seed stored fresh dropped rapidly over time in all the storage environments
registering germination lower than 10 %, except for seed stored in the cold room at three months,
which registered a germination of 16 % (Table 3). As germination capacity of seed stored fresh
in any of the environment was poor, the germination process of these seeds was not subjected to
any further scrutiny.

Table 3. Mean germination capacity (%) of fresh Osyris lancelota seeds stored at ambient, dry
room and in cold room conditions for 0, 3, 9, 12 and 24 months

Storage environment Omonths 3 months 9 months 12 months 24 months
Ambient 69 53 0 0 0
Dry room 69 2.7 0 0 0
Cold room 69 16.0 1.3 1.3 0

Germination of seed stored dry dropped over time in all the storage environments from the
benchmark germination of 85 %. Seed stored in the cold room registered the highest drop at each
trial period. Whereas seed stored at ambient and dry room conditions registered germination of
over 70 % in 3 months and over 60 % at 3 to 9 months, seeds stored in the cold room registered
germination of 60 % and over 56 % for the same periods. By 24 months, the germination
capacity dropped drastically to around 21 % for seed stored at ambient and dry room conditions
and 29 % for seed stored in cold room (Table 4).
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Table 4. Mean germination capacity (%) of dry seeds stored at ambient, dry room and in cold
room conditions for 0, 3, 9, 12 and 24 months

Storage environment 0 months 3 months 9 months 12 month 24 month
Ambient 85 76.0 69.3 65.3 21.3
Dry room 85 73.3 68.0 68.0 21.3
Cold room 85 60.0 56.0 50.7 29.3

At 3 months, seed stored at ambient and dry room conditions had similar mean germination time
of about 45 days, while seed stored at the cold room had a lower mean germination time of 35
days. At 9 and 12 months, the range in mean germination time narrowed among the seedlots to
no more than 5 days with the highest MT being about 33 days at dry room for 12 months and
lowest being about 29 days at ambient temperature for 9 months. At 3 and 12 months, the highest
germination value was for seeds stored at the cold room while, at 9 months, seeds stored at
ambient conditions had highest GV. Seeds stored at dry-room temperature had the lowest GV for
all the storage periods. There were significant differences in germination capacity for different
storage time (p<0.01) (Table 5). When mean separation was undertaken, it was established that
the difference in germination was between the germination at 24 months and the germination at
the rest of germination time (Table 6). There were significant differences in germination value
for different storage time. There were also differences in storage environment (p<0.01). The
storage environment marginally affected GV at different storage times (p=0.05) (Table 7).
Further analysis showed that the differences in GV was due to storage time and also due to
storage environment were mainly as a result of differences between 24 months and the rest of the
storage times (Table 8).

Table 5. Analysis of variance of germination capacity for dried Osyris lanceolata seed stored at
ambient, dry room and in cold room conditions for 0, 3, 9, 12 and 24 months

Source of variation DF MS Fpr.
Block stratum 2 268.44

Storage time (ST) 3 3925.93 <.001
Storage Environment (SE) 2 312.44 0.017
ST*SE 6 131.70 0.097
Residual 22 63.35
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Table 6. Mean separation of germination capacity of dried Osyris lanceolata seed stored for 3, 9,

12, and 24 months.

Storage time in months N Subset

1 2
24 9 24.000
12 9 61.333
9 9 64.444
3 9 69.777

Table 7. Analysis of variance of GV for dried Osyris lanceolata seed stored at ambient, dry
room and in cold room conditions for 0, 3, 9, 12 and 24 months

Source of variation DF MS F

Block stratum 2 0.3249 2.17**
Storage time (ST) 3 5.2056 34.84**
Storage Environment (SE) 2 1.4788 9.90**
ST*SE 6 0.3698 2.47*
Residual 22 0.1494

Table 8. Mean separation according to significance in effect of storage time on GV using

Tukey’s b test

Storage time (Months) N Subset

1 2
24.0 9 0.23438
12.0 9 1.72818
3.0 9 1.73012
9.0 9 1.80319

Results also indicated highly significant differences in MT for different storage time and storage
environment (p<0.01) (Table 9). There is an interaction between storage time and environment
implying storage environment influenced MT at different storage times.

Table 9. ANOVA of MT for dried Osyris lanceolata seed stored at ambient, dry room and in

cold room conditions for 0, 3, 9, 12 and 24 months

Source of variation DF MS F

Block stratum 2 23.391 3.08
Storage time (ST) 3 277.469 36.58**
Storage Environment (SE) 2 49.479 6.52**
ST*SE 6 34.600 4.56*

Residual 22 7.586
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Discussion

Benchmark germination results indicated that germination capacity of Osyris seed and
germination value improved with drying and that the seed could withstand drying to moisture
content of less than 10%. Maintenance of viability of seed with drying to moisture content of less
than 10% is characteristic of orthodox seed (McDonald, 2004). The storage experiment
established that fresh Osyris seeds, when stored rapidly lose viability. This result is inconsistent
with Mwang’ingo et al. (2004), who reported a limit of 20 % moisture content for maintenance
of seed viability for the species during seed storage, suggesting the seed to be recalcitrant.
Recalcitrant seeds are sensitive to desiccation and freezing (Berjak and Pammenter, 2004;
McDonald, 2004). Death of recalcitrant seeds due to loss of moisture is mainly attributed to the
loss of membrane integrity and nuclear disintegration (Chin, 1995)

Dried Osyris seeds maintained good germination rates, mean germination time and germination
value for the first year, even when stored in subzero temperature, but the seed viability
plummeted when tested after two years. Orthodox seed are expected to maintain viability in
storage for a long time, with true orthodox seeds known to withstand sub-freezing temperatures
for long periods, up to several decades when dried to 10 % or less moisture content (Bonner
1990, Mng’omba et al., 2007). The results therefore indicated that Sandalwood is not a true
orthodox seed.

Based on our findings, we classify Osyris lanceolata seed as intermediate seed that benefit from
drying to low temperatures and storing in either cold or ambient temperatures. Although we
classify Osyris seed as intermediate, it is noted that the behaviour of the seed is not fully in
conformity with the definition of this category of seed, as Osyris seed withstand drying to the
same levels as that used in storing of orthodox seed. According to Andrade et al. (2003),
intermediate seeds are relatively desiccation-tolerant, but will not withstand removal of water to
levels as low as orthodox seeds. These species, particularly if they are of tropical origin, may
also be chilling-sensitive, even in the desiccated state (Hong and Ellis, 1996; 1998).

Conclusions and recommendations

Sandalwood seed should be dried to moisture content of less than 10% to improve germination
capacity. As dried Osyris seed tolerate storage in ambient temperature, this makes it easy to
store, as it does not require any sophisticated storage facilities. However, the limited time of seed
storage of about one year indicated that the seed planting programmes cannot be based on storing
of large quantities of seed for a long period of time, as any seed stored for more than one year
would have low viability. Planting programmes for Sandalwood would therefore benefit by
careful estimation of annual seedling demand and matched with annual seed collection activities
that also consider the seed productivity of the seed sources. The results also show that Osyris is
not amenable to long-term seed conservation in cold rooms.
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Abstract

The winter bronze bug Thaumastocoris peregrinus, is globally a highly invasive pest of
eucalypts. The pest is currently posing a severe threat to the productivity of Africa’s eucalypts
planted forests and has been spreading in Kenya since 2009. Understanding the distribution and
ecology of invading bronze bug populations is a crucial step in designing the pest’s management
strategies. The study characterized current T. peregrinus distribution and infestation levels in
Kenya by conducting a 4-year survey in key eucalypts growing areas. Insect populations initially
proliferated within the central highlands, a second outbreak invaded the coastal region two years
after detection, and by the third year, most Kenya’s eucalypts growing areas were infested. Pest
occurrence steadily increased in the first three years, and eventually reached 70 % of infested
plots. Infestations worsened dramatically during the fourth year of observation, with the
proportion of un-infested plots dropping after one year and the proportion with more than 75 %
of infested trees increasing significantly after two years. The study presents the first account of
the invasive bronze bug expanding its non-native range in Eastern Africa. The study also
provides valuable information for implementing a classical biological control programme and
protecting East Africa’s eucalypts resources.

Keywords: Thaumastocoris peregrinus, eucalypts, forest pest, mapping, pest management,
invasion.

Introduction

Africa’s planted forests are increasingly being threatened by emerging insect pests and microbial
pathogens (Wingfield et al., 2015, Hurley et al., 2017), thus disrupting the forests’ natural
processes and ecosystem services (Boyd et al., 2013; Liebhold et al., 2017). For example, a
complex of pathogenic Botryosphaeriaceae species is causing dieback to the Australian silk oak
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Grevillea robusta in East Africa (Njuguna et al., 2011). Furthermore, Eucalyptus plantations in
Eastern African countries are under attack by a newly detected canker disease (Machua et al.,
2016), and a plethora of highly invasive herbivorous insects including non-native Blue gum
chalcid Leptocybe invasa (Hymenoptera: Eulophidae), Red gum lerp psyllid Glycaspis
brimblecombei (Hemiptera: Psyllidae), and Bronze bug Thaumastocoris peregrinus (Hemiptera:
Thaumastocoridae) (Nyeko et al., 2010; Paine et al., 2011; Hurley et al., 2016). The proliferation
and impact of these organisms could frustrate the overall benefits of major agroforestry and
forestry programmes in Sub-Saharan Africa.

Eucalyptus spp. is widely grown in East Africa for firewood, poles and various products due to
its fast growth and tolerance to environmental stresses (Oballa et al., 2010; Langat et al., 2015).
Its cultivation has helped reduce production of wood energy from natural forests and provides
income for smallholder farmers, thus contributing to mitigating deforestation and reducing
poverty in marginal lands (Louppe and Depommier, 2010). Eucalyptus spp. Have been
commonly grown across Kenya’s agro-climatic zones since the early 1990’s, when technical
advances in selection, breeding, and propagation of planting material were made available
(Wingfield et al., 2008). The most widely cultivated species are Eucalyptus camaldulensis, E.
globulus, E. saligna, E. regnans, E. grandis, and several E. grandis x E. camaldulensis hybrid
clones including GC10, GC522 and GC15 (Oballa et al., 2010). About 150,000 ha of over 40
Eucalyptus species and hybrid clones are currently grown in the country (Otieno et al., 2009;
Oballa et al., 2010).

The bronze bug Thaumastocoris peregrinus Carpintero and Dellapé (Hemiptera:
Thaumastocoridae) is a highly invasive, phloem-feeding insect pest of Eucalyptus spp. that has
successfully invaded the world’s major growing areas of this tree, from temperate to tropical,
subtropical and arid regions. Native to Southwestern Australia, the insect is currently spreading
as a non-native invasive in Africa, South America, Europe and New Zealand (Carpintero and
Dellapé, 2006; Nadel et al., 2010; Noack et al., 2011; Laudonia and Sasso, 2012; Nadel and
Noack, 2012; Garcia et al., 2013). Following its first detection in the African continent in 2003
in Gauteng Province, South Africa, the insect initially proliferated locally, but then spread
northwards reaching Zimbabwe (2007), Malawi (2008), Tanzania (2009), Kenya (2009) and
Uganda (2010) (Nadel et al., 2010, Montemayor et al., 2015). The bronze bug was detected in
Kenya in November 2009, infesting a newly planted E. grandis plot in Kajiado county (Mutitu,
unpublished data).

Thaumastocoris peregrinus feeds on leaves and twigs of over 30 Eucalyptus species and hybrids,
(Noack et al., 2011; Nadel et al., 2012), causing the foliage to turn reddish-yellow and yellow-
brown as the infestation progresses (Jacobs and Neser 2005; Wilcken et al., 2008; 2010; Soliman
et al., 2012). Bronze bugs are gregarious, with nymphs and adults visible on host foliage. Highly
infested trees drop their leaves, thus reducing tree growth and eventually triggering mortality
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(Noack and Rose, 2007; Nadel et al., 2010; Soliman et al., 2012). High reproductive potential,
short life cycle, and the ability to cling on surfaces tenaciously due to enlarged apical tibial
appendices contribute to T. peregrinus dispersal ability and invasiveness (Carpintero and
Dellapé, 2006; Noack et al., 2011).

The management of bronze bug outbreaks is challenging, as the use of neonicotinoid insecticides
IS not sustainable at large scale and host resistance is still marginally explored (Noack et al.,
2007; Noack et al., 2011; Mutitu et al., 2013). Recently, the egg parasitoid Cleruchoides
noackae Lin and Huber (Hymenoptera: Mymaridae) has been identified in T. peregrinus native
range and evaluated for classical biological control. The wasp was released in South Africa,
Chile and Brazil and its impact is being assessed (Mutitu et al., 2013; Souza et al., 2016).

Bronze bug outbreaks pose a serious threat to the productivity and overall sustainability of
eucalypts cultivation in Kenya, and may represent a destabilizing factor for the economic
development of rural communities. Understanding the distribution and occurrence of invading T.
peregrinus populations in the country is a crucial step in developing appropriate management
strategies, including biological control. In light of this, a study was undertaken to (a) characterize
current T. peregrinus occurrence in the major eucalypts growing areas in Kenya, and (b) assess
local pest incidence levels over the 4 year period following first detection in the country.

Materials and methods

Annual survey were conducted from 2010 to 2013 to assess bronze bug infestations on E.
camaldulensis, E. grandis and E. urophylla and associated hybrid clones in Western, Rift Valley,
Central, South Eastern and Coastal regions of Kenya. One to six year old Eucalyptus woodlots
were selected and two linear transects of 25 trees per woodlot conducted, one on the windward
edge and the other running across the woodlot. Geographic coordinates, elevation, tree species
and age for each woodlot were also recorded. Geo-referred survey data were managed with ESRI
Arc GIS, version 10.5 to prepare maps.A total of 287 woodlots were sampled; 95 in 2010, 24 in
2011, 79 in 2012, and 89 in 2013. Trees were assessed for presence of all life stages of the insect
by inspecting foliage about 2 metres from the ground. Bronze bug presence were determined and
plots categorized in four incidence classes: absent (0 % infested trees), low (0.1 to 35 %),
moderate (35.1 to 75 %), and high (>75 % infested trees).

Analysis of Variance (PROC MIXED SAS Version 12.1) was used to test differences in plot-
level bronze bug occurrence and incidence classes over time. Pest presence and incidence class
data were Arcsine transformed to meet normality assumptions.

Results

Following the initial infestation detected in Kajiado County in November 2009, bronze bug
populations began spreading within the Central Highlands and reached Western and Coastal
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region by 2011. A second invasion front was detected in the coastal region in 2011, and the
invasion progressed northwards, colonizing Kenya’s major eucalypts growing areas the
following year (Fig. 1). Pest occurrence dramatically increased from 2 % in 2010 to 54 % in
2011, eventually levelling-off to approximately 70 % of infested plots in 2012 (Figure 2).
Similarly, pest incidence increased in 2011, two years after initial detection, with highly infested
plots increasing from 0 % to 8 % in 2011, and reaching over 20 % in 2012 (Figure 3). The
highest levels of incidence were detected within central highlands and western regions, while the
coastal region showed low and moderate infestations (Figure 1).
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Figure 1. Occurrence, distribution and incidence levels of T. peregrinus in Kenya from 2010-
2013. Pest incidence classes: absent (0 % infested trees), low (0.1-35 %), moderate (=
intermediate) (35.1-75 %), high (>75 %).

46



100 1
” P <0.001 ‘ c
S 80 A ¢
o
T 60 -
4]
Q
£ 40 -

20 A a

() +—— r

1 2 3 4

Year following detection

Figure 2. Occurrence of T. peregrinus in Kenya in the four years following detection (2010 to
2013). Means followed by the same letter do not differ significantly (o = 0.05).
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Figure 3. Variation of incidence levels of T. peregrinus in Kenya in the four years following

detection (2010 to 2013). Pest incidence classes: absent (0 % infested trees), low (0.1 to
35 %), moderate (= intermediate) (35.1 to 75 %), high (>75%).
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Discussion

This study presents the first detailed description of T. peregrinus occurrence in Kenya and
reveals the invasion progression of a destructive herbivorous insect, expanding its invasive range
in planted forests in Kenya. The insect reached most major eucalypts growing areas in the
country within four years of introduction, and the severity of infestations is progressively
increasing. Considering that Kenya and Tanzania were the first East African countries to be
invaded by the insect after detection in Southern Africa (Nadel et al., 2010, Montemayor et al.,
2015), it can be hypothesized that the introduction in Kenya may have been accidental through
plant material, or due to natural spread from undetected infestations in neighbouring countries
such as Tanzania or Uganda, that served as “bridgeheads” (Lombaert et al., 2010; Garnas et al.,
2012; Hurley et al., 2016).

After its arrival in central-southern Kenya, the invasion progressed mostly in the Central
Highlands and western regions, but an additional invasion front was observed in 2010 on the
southern coastal area. This illustrates that T. peregrinus is invading Africa according to a
stratified dispersal model, with long range aided by wind, animals and human activities, and
short distance movement due to active dispersal, and is expected to expand further (Nadel et al.,
2010; Montemayor et al., 2015). In addition, the nearly continuous distribution of the host across
Kenyan landscapes facilitated population proliferation and resulted in quick invasion.

The rapid spread observed in Kenya is comparable to the approximately three years required by
T. peregrinus to invade South Africa after first reports in 2003 (Jacobs and Nesser, 2005; Nadel
et al., 2010). Other non-native insect pests have been reported to colonize African landscapes
following a similar pattern, including the Mediterranean pine engraver beetle Orthotomicus
erosus (Coleptera: Curculionidae) and Sirex woodwasp Sirex noctilio (Hymenoptera: Siricidae)
affecting pine resources in South Africa; and the blue gum chalcid L. invasa colonizing
Eucalyptus spp. (Tribe and Cillié, 2004; Garnas et al., 2012, Hurley et al., 2016). In particular,
the bronze bug colonized Kenya according to a dispersal pattern comparable to the one shown by
the blue gum chalcid, with both active and passive dispersal allowing short and long distal
movement, thus resulting in a very rapid colonization of eucalypts resources and fast population
build-up (Mutitu et al., 2007; Nyeko et al., 2009; Zheng et al., 2014).

The invasion history of these destructive non-native pests and the arrival of T. peregrinus in East
Africa only six years after detection in South Africa also highlight the challenge in implementing
quarantine regulations with equal effectiveness in different countries across the continent, and
globally (Garnas et al., 2012; Nadel et al., 2014; Hurley et al., 2016). The availability of
eucalypts hosts across Africa will also enhance the pest invasiveness, and populations of bronze
bug. Species with similar host range such as the blue gum chalcid are expected to spread further
throughout the continent. Therefore, a regional strategy is urgently required to coordinate
monitoring and management efforts (Garnas et al., 2012, Wingfield et al., 2015).
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The knowledge on pest distribution and severity generated in this study will be essential for
continuing surveys to assess impact on eucalypts productivity, and for implementing pest
awareness campaigns. Furthermore, this information will be used as baseline for activating
locally appropriate management responses, and in particular for developing classical biological
control programs such as the one based on the egg parasitoid Cleruchoides noackae (Nadel et al.,
2012; Mutitu et al., 2013). A detailed map of T. peregrinus occurrence and infestation severity
will allow the planning of effective biocontrol releases.

In light of this, these findings should be followed by additional studies aimed to evaluate T.
peregrinus population dynamics and seasonal abundance in Kenya (Nadel et al., 2014) and the
role of Eucalypts cultivars in modulating both pest and parasitoid performance.
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Abstract

Avocado (Persea americana, Lauraceae) is an important economic crop in Kenya grown for
domestic and export market. Pollinators are essential for fruit production, and are managed in
developed countries, which is not so in Kenya. This study was carried out to determine diversity
and activity density of avocado flower visiting insects in farmers’ fields at Kandara, Murang’a
County. Twelve farms were randomly selected for the study. In each farm, five mature avocado
trees were selected. A minimum distance of about 10 m and 200 m was maintained from tree to
tree and farm to farm, respectively. Data collection started when 10 % or more of the plants had
started to bloom for three blooming seasons. Observations were done for 10 minutes in every
tree in each farm, weekly throughout the blooming period, under good weather conditions
between 0900 h and 1700 h. Data included the flower visitors’ identity and their numbers per
species. Data was analyzed using Shannon-Wiener index. Various insects visited avocado
flowers. They included Hymenopterans (91.43 %), Dipterans (8.35 %), Lepidopterans (0.17 %)
and Coleopterans (0.06 %). Honeybees had the highest activity density (87.31 %), blow flies (5.3
%), hoverflies (3.05 %) and wasps (2.71 %) of the flower visitors. The pollination diversity
index and evenness were 0.25 and 0.11 respectively. The findings are important in pollinators’
conservation, monitoring and management. The study confirmed that honeybees are important
avocado flower visitors. We recommended that beehives be placed in avocado orchards for
increased pollination, to improve avocado yields.

Keywords: Activity density, blooming period, diversity, evenness, pollination

Introduction

Avocado (Persea americana) is an important crop in many tropical and subtropical regions
around the world (Knight, 2002). It is one of the oily fruits grown in Kenya for the fresh market
and oil production. Hass and Fuerte are the two major commercial varieties of avocado grown in
Kandara, Muranga County for both consumption and export. Avocado farming has improved the
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livelihoods of the local farmers in Kandara through creation of employment opportunities
especially through contract farming (Mwambi et al., 2013).

In countries such as lIsrael, California and South Africa, pollination is classified as a major
limiting factor of avocado production (Ish-Am, 2005; Ish-Am and Lahav, 2011), and therefore,
considerations are put in place for its management. However, managed pollination using honey
bees does not completely address avocado pollination provision in these countries (Vithanage,
1990; Ish-Am and Eisikowitch, 1998; Gazit and Degani, 2002).

Wide diversity of insects is reported to contribute to higher avocado yields (Balam et al., 2012).
Some of these insects include honey bees (Apis mellifera L.), flies (Chrysomya megacephala),
native wasps (Brachygastra mellifica), stingless bees (Apidae, Meliponinae), the Bombus spp.
and even thrips (Gazit and Degani, 2002; Wysoki et al., 2002; Can-Alonzo et al., 2005; Afik et
al., 2006; Gazit and Ish-Am, 2006; Ish-Am and Lahav, 2011; Balam et al., 2012). Diversity of
pollinating insects is credited for effective pollination provision, possibly through increased
competition for floral resources and complementary role (Gikungu, 2006; Greenleaf and
Kremen, 2007; Carvalheiro et al., 2011).

Increasing or maintaining high pollinator diversity is known to enhance yield quantity and
stability by improving the pollination efficiency of honey bees (Greenleaf and Kremen, 2006)
and reduce the risk of pollination failure due to climate change (Rader et al., 2013; Bartomeus et
al., 2013), or environmental disturbances such as extreme weather events (Brittain et al., 2012).
Non-bee pollinators including flies, beetles, moths, butterflies, wasps, ants, birds, and bats,
among others perform 25-50 % of the total number of flower visits (Rader et al., 2016).

This study was carried out to assess diversity and abundance of the flower visiting insects on
avocado.

Materials and Methods

This study was carried out in farmers’ fields at Kandara (36°51°E, 37°7°48”E and 0°47°24”S,
0°58°12”S) in Murang’a County. Twelve farms were randomly selected in Kawendo area which
is in Upper Midland 2 (UM2) agro-ecological zone of Kandara and leads in production of
avocado for export. A total of five mature avocado trees (variety Hass) were randomly selected
in each farm where a minimum distance of about 10 m and 200 m was maintained from tree to
tree and farm-to-farm, respectively. Data in all the farms and trees were collected for three
flowering seasons between September 2015 and October 2016. On each tree, observations were
done for about 10 minutes in every farm, weekly throughout the blooming period. Data collected
included identity of flower visitor and number of individuals observed per each visiting per
species. The observations were done only under good weather conditions: temperature of 15°C
and above, low wind velocity, no rain, and dry vegetation (Westphal et al., 2008) between 0900
h and 1700 h. Data collection was done from the onset of the main blooming period, that is,
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when 10 % or more of the plants had started to bloom. Diversity index was calculated by - [ Pi
In Pi] where P; is the proportion of each species in the sample and InP; = natural logarithm of this
proportion. Evenness was determined by diversity index divided by In(N); where N is the
number different insect species.

Data on the insect species visiting avocado flowers and number of each species were collected
and entered into excel data sheets for analysis. Tables on pollinator abundance and diversity
were created and data were analyzed using Shannon - Weiner Index for species richness and
evenness.

Results

The results showed that various insects visited the avocado flowers. These included:
Hymenopterans (91.43 %), Dipterans (8.35 %), Lepidopterans (0.17 %) and Coleopterans (0.06
%). Activity densities for honeybees (87.31 %), blow flies (5.30 %), hoverflies (3.05 %) and
wasps (2.71 %) were documented as the four major avocado flower visitors in Kandara. Others
included ants (0.73 %), Meliponula bees (0.45 %), Halictus bees (0.23 %), butterflies (0.16 %)
and beetles (0.06 %).

Table 1. Avocado flower visitors’ diversity and abundance for 3 seasons in Kandara, Murang’a

County
Order Species/common name Tota! %
observations

Hymenoptera  Apis mellifera (Honey bee) 1548 87.31
Diptera Chrysomya putoria (Blow fly) 94 5.3
Diptera Eristalis tenax (Hoverfly) 54 3.05
Hymenoptera  Polistes’/Ammophila sp. (Wasp) 48 2.71
Hymenoptera  Iridomyrmex reburrus (Ant) 13 0.73
Hymenoptera  Meliponula ferruginea (Meliponula bee) 8 0.45
Hymenoptera  Halictus species (Sweat bee) 4 0.23
Lepidoptera Drypta ruficollis (Butterfly) 3 0.16
Coleoptera Colias electo L. (Formicoma beetle) 1 0.06
Total 1773 100

Among the nine species observed on avocado flowers in Kandara, two species were in order
Diptera and five species in the order Hymenoptera. Individuals from these two orders contributed
to over 99 % of the flower visitors’ abundances. Others included one species each in orders
Lepidoptera and Coleoptera. The pollination diversity index and evenness were 0.25 and 0.11
respectively which were very low (Table 2).
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Table 2. Diversity index and evenness of the avocado flower visitors in Kandara, Murang’a

County
' Common Total. No . . (P, * InP)

Species name combined(Ni) Pi In Pi

Apis mellifera Honeybee 1548 0.873096 -0.05894 0.051459

Chrysomya putoria Blow fly 94 0.053017 -1.27558 0.067628

Eristalis tenax Hoverfly 54 0.030457 -1.51631 0.046182

PolistessAmmophila sp.  Wasp 48 0.027073 -1.56747 0.042436

Iridomyrmex reburrus Ant 13 0.007332 -2.13477 0.015653
Meliponula

Meliponula ferruginea  bee 8 0.004512 -2.34562 0.010584

Halictus species Sweat bees 4 0.002256 -2.64665 0.005971

Colias electo L. Butterfly 3 0.001692 -2.77159 0.00469
Formicoma

Drypta ruficollis beetle 1 0.000564 -3.24871 0.001832

1773 1 0.246434

A diversity index is a quantitative measure that reflects how many different types (such as
species) are there in a dataset (a community), and simultaneously takes into account how evenly
the basic entities (such as individuals) are distributed among those types. Typical values are
generally between 1.5 and 3.5 in most ecological studies, and the index is rarely greater than 4.
The Shannon index (H) increases as both the richness and the evenness of the community
increase. It is another index that is commonly used to characterize species diversity in a
community. It accounts for both abundance and evenness of the species present. Evenness
assumes a value between 0 and 1 with 1 being complete evenness.

Discussion

Several insects were found visiting avocado flowers in Kandara. These included Honeybees,
house flies, hoverflies, wasps, ants, stingless bees (Meliponula sp. and Halictus sp.), butterflies
and beetles. This is in agreement with other findings that avocado pollination is effected by
insects from different taxa (Gazit and Degani, 2002; Wysoki et al., 2002; Can-Alonzo et al.,
2005; Afik et al., 2006; Gazit and Ish-Am, 2006; Ish-Am and Lahav, 2011; Balam et al., 2012; )
and flower pollination is effected by different insect species (Klein et al., 2007). Honey bees
were the most active insects observed visiting the avocado flowers during the study period. Such
observations were made by Gazit and Degani (2002), Ish-Am (2005) and Ish-Am and Lahav
(2011) that honey bees are the main pollinators in most agricultural landscapes.
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Conclusion and Recommendations

This study confirmed that honey bees are important visitors of avocado flowers. blow flies,
hoverflies and wasps could also be effective pollinators especially when honey bees’ visitation is
low. Based on the evidence, it is recommended that beehives be placed in avocado orchards for
increased pollination, to improve avocado yields. We also recommend that pollen load studies
for each main species observed visiting avocado flowers be determined to differentiate the
avocado flower visitors from pollinators since not all flower visitors are pollinators. This,
combined with visitation rates, will form an understanding of the most efficient and effective
pollinator of avocado in Kandara. There is need to conserve the natural habitats for non-managed
flower visitors, that may be useful when honeybees are not available due to either decreasing
populations or their inability to visit avocado flowers when more desirable flowering plants are
in season and are more competitive than avocado flowers. In addition to honey bee hives,
stingless bees could be domesticated and hives brought into the farms for substituting and
complementing the honey bees when they are unable to visit avocado flowers. Continuous
monitoring of avocado flower visitors’ populations within Kandara and the whole of Kenya is
necessary. This will help in understanding the pollinators’ stability and dependency for even
other crops in Kenya. These will be useful for the purposes of pollination management planning
and policy formulations.
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Abstract

Declining soil fertility and Striga hermonthica (Del) Benth infestation are serious threats to
sustainable maize production in western Kenya. Appropriate soil fertility regimes are therefore
critical for Striga management and improved maize productivity. This study investigated the
feasibility of using sole organics or their combinations with urea on striga infestation and maize
productivity on a Ferralsol in western Kenya. Urea and Calliandra or maize stover were
combined in a way so as to supply nitrogen at 75 kg ha™ from both sources in 0:0, 100:0, 80:20,
60:40, 40:60, 20:80, 0:100 ratios. A randomized complete block design (RCBD) with 12
treatments replicated four times was used with maize hybrid (WS 502) as a test crop. A control
treatment where no nutrient inputs were applied was included. Calliandra (45 kg N ha™)
combined with urea 30 kg N ha™) and maize stover at 15 kg N ha™) combined with urea 60 kg N
ha™ had consistently lower striga infestation compared to all other treatments. These treatments
reduced striga probably due to the combined effects of suicidal germination of the Striga seed
and increasing inorganic (N) in the soil which has a negative effect on striga. The highest maize
grain yield (3.0 t ha®) was obtained in the plots where maize stover (30 kg N ha™) was
combined with urea (45 kg N ha™) followed by Calliandra (45 kg N ha™) combined with urea 30
kg N ha™) with 2.7 t ha. The two treatments increased maize grain yields by 42 and 28 %
respectively against sole urea and 114 % and 92 % against the control. This could be attributed to
higher nutrient levels especially nitrogen that was availed for maize growth. Combination of
organic and inorganic nutrient sources likely resulted into synergy and improved conservation
and synchronization of nutrient release and crop demand, leading to increased fertilizer use
efficiency and higher yields. The control and sole maize stover (75 kg N ha™) had the lowest
yields across all the seasons. However, supplementation of maize stover with 15, 30 and 45 kg N
ha™ urea increased maize grain yields by 36, 50 and 93 % respectively. Economic evaluation
should however be done to determine economic feasibility of the tested technologies before they
are recommended to farmers for adoption.
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Introduction

Striga parasistism of cereal crops is one of the major biological constraints to attaining food
production self sufficiency in small scale farming systems in sub-Saharan Africa (Esilaba and
Ransom, 1997). The build up of Striga hermonthica (Del) Benth. is associated with declining
soil fertility resulting from continuous-intensive cropping patterns without adequate fertilizer
inputs (Tittonell et al., 2005; Vanlauwe et al., 2008), a common phenomenon in densely
populated farming systems of western Kenya (Vanlauwe et al., 2006). There are about 23 species
of striga in Africa, of which Striga hermonthica (Del.) Benth., commonly known as striga, is the
most socio-economically important constraint in cereal cultivation in eastern Africa (Gethi et al.,
2005). Striga weeds are known to cause crop yield losses of between 20 and 100 % for maize
(Kim et al., 2002; Midega et al., 2017;Vanlauwe et al., 2008) and 20-50 % in sorghum
(Lendzemo et al., 2005; Midega et al., 2017) although 100 % yield loss is not uncommon. Striga
infests about 217,000 hectatres (about 15 % of the arable land) in the Lake Victoria basin of
Kenya (CEPA, 2004), causing annual crop losses estimated at $53 million (Woomer and Savala,
2009). This profound vyield loss necessitates the identification of management systems that
increase and maintain adequate levels of soil fertility while at the same time reducing the striga
weed infestation. The management of striga in Kenya has been constrained by the abundant seed
production and the soil seed bank of striga plants, longevity of the seed bank, mode of parasitism
and lack of capacity, knowledge and resources by small-scale farmers to control the weed.

Several processes for the action of Nitrogen on Striga have been investigated by scientists. The
potential of nitrogen (N) fertilizers to suppress striga has been demonstrated in western Kenya
farming systems (Esilaba et al., 2000; Gacheru and Rao, 2001). Unfortunately, inorganic nutrient
applications by most smallholder farmers is constrained by a limited capacity to apply sufficient
quantities to improve soil N supply for the crops and suppress striga weeds. Alternatively,
organic inputs such as crop residues and foliar biomass from trees and shrubs commonly found
in the farm landscapes could be used as sources of nitrogen for crop production and striga weed
control (Niang et al., 1996). However the sole use of organic sources of N for crop production is
not a practical option, due to limited quantities available, their low N contents, and the high
labour demand and opportunity costs for transportation, application and competitive uses such as
fodder for livestock and firewood (Jama et al., 2000).

There is therefore increased interest in devising efficient ways of combining organic inputs and
commercial fertilizers in order to improve soil properties and increase overall farm productivity
(Nziguheba et al., 2004; Vanlauwe et al., 2001). One of the approaches is the increased use of
organic resources in combination with mineral fertilizers in an integrated nutrient management
strategy (Vanlauwe et al., 2002). Although the beneficial effects of combined organic and
inorganic sources on soil fertility, crop yields and maintenance of soil organic matter have
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repeatedly been shown in field trials (Nandwa, 2003; Vanlauwe et al., 2002) the appropriate
rates of organic and inorganic sources in the combinations are still not well established
(Vanlauwe et al., 2002). The following study hypothesized that soil striga incidence was
associated with soil nitrogen availability, and that maize productivity was linked to striga
incidence, soil N availability and their management. The objective of this study was therefore to
assess the effect of applying organic residues solely or in combination with urea on striga
infestation and maize yield under small-scale farming conditions in western Kenya.

Materials and Methods

Experimental site
This study was conducted at Nyabeda (N 0° 08°, E 34° 24°) in Siaya District of western Kenya.

The area is classified as a midland with an altitude of approximately 1330 m above sea level
(Jaetzold and Schimdt ,1983). The rainfall distribution pattern is bimodal, allowing two cropping
seasons a year with the long rains starting from March and ending in July, and the short rains
commencing from August and ending in November, with an annual mean of 1800 mm (Figure
1). Mean annual temperature ranges between 22°C and 24°C. The soils are clayey, reddish, deep
and well drained and are classified as Ferralsols (Kandiudalfic Eutrudox), (Jaetzold and Schimdt,

1983).
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Figure 1. Rainfall at Nyabeda in 2007 to 2009

Soil sampling and analysis

Prior to the establishment of the trial, soil samples (0-15 cm) were collected from nine points in
each plot and thoroughly mixed to form a composite sample. The composite sample was air
dried, sieved to pass through a 2 mm sieve, then analysed for pH (1:2.5 water) according to
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McLean (1965), organic carbon by Walkey and Black sulphuric acid-dichromate digestion
followed by back titration with ferrous ammonium sulphate (Nelson and Sommers, 1982). The
total N was determined by the Kjedhal method (Anderson and Ingram, 1993). The basic cations
(Ca, Mg, K and Na) of the soil were extracted using ammonium acetate at pH 7 followed by
determination of exchangeable Ca and Mg using atomic absorption spectrophotometry, and
exchangeable K by flame photometry (Anderson and Ingram, 1993). The particle size
distribution was determined by the Bouyoucos hydrometer method.

The soils chemical and physical properties sampled from the top 0-15 cm had the following
characteristics; pH=4.9, total soil organic carbon 2.33 kg™, total soil N=0.23 g kg®, Olsen
P=2.75 mg kg, exchangeable Ca=7.95 cmol. kg, exchangeable Mg=4.78 cmol. kg,
exchangeable potassium=0.05 cmol. kg™, exchangeable Na=0.40 cmol. kg™ clay=23%, silt=14
% and sand =63 %. The soils in this area had critically low levels of P hence the need for
application of 40 kg P ha™. Nitrogen levels were also low mainly attributed to continuous
cultivation without adequate replenishment.

Experimental design, establishment and management

The experiment was laid out in a randomized complete block design (RCBD) with twelve
treatments replicated four times. Treatments consisted of two organic sources of N (maize stover
and residues of Calliandra calothyrus Messn.) and urea as the inorganic mineral source of N.
Treatments were combined in the following ratios i.e 0:0, 100:0, 80:20, 60:40, 40:60, 20:80, and
0:100 so as to supply a total of 75 kg N ha™ per treatment except the control i.e treatment 0:0
where no N inputs were applied (Table 2). Maize stover was obtained from neighbouring farms
and Calliandra from an established demonstration plot within the area. In each season before
their use, a sub sample of each organic input was anayzed for N content to determine the quantity
to be applied. The plant residues were then weighed, chopped and incorported into the soil at a
depth of 15 cm during land preparation in all seasons. Phosphorus (P) and potassium (K) were
uniformly applied to each plot of 6 m x 6 m at the rate of 40 kg P and 20 kg K ha™ as triple super
phosphate and muriate of potash respectively at the beginning of each season. One day after
treatment application, maize variety WH502 was planted at a spacing of 75 cm between rows
and 25 cm within rows. Two seeds were planted per hill and thinned to one seedling per hill two
weeks after emergence (WAE) to give a total maize population of 53,333 plants ha™. Weeding
was done at three and eight weeks after planting. In the appropriate treatments, urea was applied
in splits with one third being applied at planting while the rest was applied as a topdress six
weeks later.

Soil mineral N determination

Top soil (0-15 cm) samples from the different treatments were collected for mineral N (NH*4 and
NOj3’) determination at 4, 8, 10 and 12 weeks after organic residue and urea incorporation at each
site. Samples were collected from nine points within each plot (0-15 cm) using augers and mixed
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to form composite samples. Samples were put into air-tight polythene bags and stored at 4 'C
prior to extraction of mineral N. At the time of extraction, twenty five grams of soil sample was
placed in an oven at 105 °C for 24 hours to determine soil moisture content at the time of
sampling. For inorganic N (NH;" and NO3") determination, 20 g of field moist stored soil was
extracted with 100 ml of 2 M KCI by shaking for 1 hr at 150 rotations min™ thereafter filtered
through pre-washed Whatman No.5 paper. Nitrate nitrogen (NO'3-N) was determined after
reduction with cadmium (Dorich and Nelson, 1984). Ammonium (NH";-N) in the extract was
determined by the salicylate-hypochlorite colorimetric method (Anderson and Ingram, 1993).
The sum of inorganic ammonium-N and inorganic nitrate-N constituted the total inorganic
nitrogen.

Striga count and collection in the field

Data was collected on day of first Striga appearance and the maximum number of striga shoots
that emerged in the field were counted in the six middle rows (4.5 m*6 m) at 2 week intervals
starting from the sixth week after crop emergence, and converted to the number of striga plants

m?.

Determination of total biomass

Maize grain and stover were harvested at physiological maturity from a net plot of 16 m? after
leaving two rows of maize on each side of the plot and one metre from each to minimize the
edge effect. Total ear and stover fresh weights were detemined. Ear and stover were sub
sampled, weighed, and oven dried to constant weight at 65 C. They were then separated into
grains and cobs and the total dry matter of grains, cobs and the stover determined.

Statistical analysis

Data of striga infestation was transformed by natural logarithim to eliminate heterogeneity before
analysis and normalize the data. Analysis of variance (ANOVA) on the data to determine the
effects of treatments on striga incidence and maize grain yield were done using Genstat 16 for
windows (Release 8.1). A regression analysis was carried out to determine the relationship
between striga incidence and maize grain yield. The treatment differences of striga incidence
were tested on the transformed values using the Least Significant Difference (LSD) test at 5 %
probability.

Results

Soil mineral nitrogen

Soil mineral N showed significant differences between treatments (p<0.01) at 4 and 12 WAP.
There was a general increase in soil N from 4 to 8 WAP followed by a decrease to 12 WAP
(Figure 2). Maize stover applied at 30 kg N ha™ combined with urea at 45 kg N ha™ gave the
highest mineral N of 56 and 59 kg N ha™ at 4 and 8 WAP respectively. The same treatment
increased soil mineral N above the control by 24 and 20 kg N ha™ (on average, representing 74-
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50%) at 4 and 8 WAP respectively. At 12 WAP Calliandra applied at 15 kg N ha™ combined
with urea at 60 Kg N ha™ gave the highest mineral N (51.4 kg N ha™). The same treatment
increased soil mineral N by 18 % compared to the control. Treatments with over 45 kg N ha™ of
maize stover had lower levels of mineral N at 4 and 12 WAP (Figure 2).
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Figure 2. Total soil inorganic nitrogen at 0-15 cm soil depth sampled at different periods during
2007 at Nyabeda. The error bars are LSD (0.05) at 4WAP (first error bar), BWAP
(second error bar) and 12WAP (third error bar) within season

During the 2007 short rain season, significant treatment effects (p<0.001) were observed at 8 and
12 WAP respectively (Table 1). There was a general reduction in soil mineral N levels from 4 to
12 WAP. At 8 WAP, maize stover applied at 30 kg N ha™* combined with urea at 45 kg N ha™
and Calliandra applied at 45 kg N ha™ combined with urea at 30 kg N ha™ the highest mineral N
of 39.8 and 35.8 kg N ha™ respectively. The same treatments increased soil mineral N by 34 %
and 36 % compared to the control. At 12 WAP, maize stover applied at 45 kg N ha™ combined
with urea at 30 kg N ha™ and Calliandra applied at 75 kg N ha™ had the highest mineral N of
26.7 and 25.9 kg N ha™ respectively. The same treatments increased soil mineral N by 100% and
96% compared to the control. Maize stover applied at 60 and 75 kg N ha™ depressed soil mineral
N compared to the control. Soil mineral N levels were generally higher in the long rain season
compared to the short rain season (Table 1).
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Striga emergence

Seasonal trends in striga incidence over the period of study are summarized in Table 1. There
were highly significant (p<0.001) differences between seasons. Except for 2007 SR, (p<0.001)
effects of treatments on striga counts were not significant in all other seasons. The highest striga
densities (115 plants m™) were observed in sole maize stover (75 kg N ha) and maize stover
applied at 60 kg N ha™* combined with urea at 15 kg N ha™) (114 plants m®). The two treatments
had significantly higher striga counts than all other treatments. Averaged over five seasons,
striga density was higher in the control and in treatments receiving more than 80 % of N from
maize stover (Table 1). In 2007 and 2008, striga emergence was higher during long rains than the
short rain seasons.

Table 1. Effect of combined use organic residues and urea on striga counts (m?) at Nyabeda,
western Kenya (values in brackets are transformed values of striga incidence logio(x+1)

Treatments Seasons

LR2007 SR2007 LR2008 SR2008 LR2009

Plants m™

Control 118 (2.07) 57 (1.76) 19 (1.28) 4 (0.60) 11 (1.04)
75CC+0U 146 (2.16) 45 (1.65) 13 (1.11) 4 (0.60) 9 (0.95)
60CC+15U 128 (2.11) 65 (1.81) 16 (1.20) 7 (0.85) 14 (1.15)
45CC+30U 117 (2.07) 29 (1.46) 10 (1.0) 4 (0.60) 12 (1.08)
30CC+45U 100 (2.0) 55 (1.74) 12 (1.08) 3(0.48) 11 (1.04)
15CC+60U 105 (2.02) 38 (1.58) 13 (1.11) 4 (0.60) 8 (0.90)
75MS+0U 89 (1.95) 115 (2.06) 15 (1.18) 3(0.48) 15 (1.18)
60MS+15U 141 (2.15) 114 (2.06) 16 (1.20) 7 (0.85) 15 (1.18)
45MS+30U 44 (1.64) 49 (1.69) 6 (0.78) 3(0.48) 9 (0.95)
30MS+45U 68 (1.83) 37 (1.57) 9 (0.95) 5 (0.70) 8 (0.90)
15MS+60U 154 (2.19) 40 (1.60) 8 (0.90) 4 (0.60) 14 (1.15)
75U 126 (2.10) 49 (1.69) 11 (1.04) 4 (0.60) 9 (0.95)
Mean 111(1.96)a 58(1.68)b 13(1.01)c 4(0.67)d 11(1.01)c
P Level treat 0.44(0.18) <0.001(0.003) 0.74(0.15) 0.59(0.76) 0.57(0.35)
LSD (0.05) ns 38(0.29) ns ns ns
Cv 8.2 8.8 9.3 15.1 19.8
P season <0.001

LR=long rainy season, SR=short rainy season, CC=Calliandra, MS =maize stover, U=urea

Higher levels of soil N availability at 12 WAP were associated with lower levels of striga
incidence. A linear regresion of soil N and striga incidence (Figure 3) showed that at lower N
levels (10-20 kg N ha™), the striga levels during the LR 2007 season tended to exceed 100 plants
per m?, however, they declined to 40 plants m? when soil N levels approached 30 kg N ha™. The
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striga levels declined with increasing N levels in the SR 2007 season, though the incidence was
lower in this season compared to the preceding season.
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Figure 3. Relationship between soil-available N and striga incidence in western Kenya

Effect of organic and inorganic treatments on maize productivity

Total above ground biomass for different treatments across the five seasons are presented in
(Table 2). Total biomass yields were significantly affected by treatments (p=0.05) in the long
rainy seasons only. Overall, maize stover applied at 30 kg N ha™ plus urea at 45 kg N ha™ and
Calliandra applied at 45 kg N ha™ plus urea at 30 kg N ha™ gave the highest mean yields of 8.3
and 7.9 t ha’ respectively. The two treatments out yielded the control by 89 and 80 %
respectively. The lowest yields were observed in sole maize stover and the control with 5.2 and
4.4 t ha™ respectively. Above ground biomass yields during 2008 SR were the lowest among the
five seasons of study.
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Table 2. Effect of organic and inorganic treatments on maize biomass yield (2007-2009) at
Nyabeda in western Kenya

Treatments Seasons
2007 LR 2007 SR 2008 LR 2008 SR 2009 LR
Above ground biomass (t ha)

Control 3.9 6.0 2.4 3.3 6.6
75CC+0U 6.4 1.7 7.1 4.6 9.7
60CC+15U 4.2 9.3 5.0 3.3 8.2
45CC+30U 10.5 8.2 7.3 4.3 9.3
30CC+45U 8.3 9.3 5.9 4.4 9.0
15CC+60U 5.4 6.6 5.8 4.5 7.7
75MS+0U 3.4 8.0 2.8 3.7 8.0
60MS+15U 7.7 9.5 5.2 4.1 8.0
45MS+30U 6.3 8.2 5.2 4.9 10.4
30MS+45U 11.7 9.7 5.3 4.8 10.1
15MS+60U 7.3 6.9 6.7 4.2 7.5
75U 7.4 7.3 5.2 4.3 7.0
Mean 6.9 8.1 5.2 4.2 8.5
P level (Treatment) 0.002 NS <0.001 NS 0.046
P level (Covariate) 0.049 0.030 <0.001 0.248 0.607
LSD .05 3.96 4.27 1.71 1.44 2.4
CV% 22.7 26.1 18.8 6.1 13.3

Maize grain yields were significantly affected by treatments (p < 0.05). Overall, maize stover
applied at 30 kg N ha™ plus urea (45 kg N ha™) and Calliandra applied at 45 kg N ha™ plus urea
(30 kg N ha™) gave the highest mean yields of 3.0 and 2.7 t ha™* respectively (Table 3). The two
treatments increased grain yields by 114 % and 92 % against the control and by 42 and 28 %
against sole urea treatment. The control and sole maize stover consistently gave the lowest yields
across all the seasons. However, supplementation of maize stover with 15, 30 and 45 kg N ha™
urea increased maize grain yields by 36, 50 and 93 % respectively. Similar to the above biomass
yields, maize grain yields were the lowest during 2008 SR and ranged between 0.8 t ha™
(control) and 1.4 t ha™ in Calliandra (30 kg N ha™) combined with urea (45 kg N ha) (Table 3).
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Table 3. Effect of organic and inorganic treatments on maize grain yield (2007-2009) at
Nyabeda in western Kenya

Treatments Seasons
2007 LR 2007 SR 2008 LR 2008 SR 2009 LR
Grain yields (t ha™)

Control 1.2 1.4 0.9 0.8 2.6
75CC+0U 1.9 1.9 3.1 1.2 3.6
60CC+15U 15 2.5 2.3 11 3.5
45CC+30U 3.5 2.4 3.0 1.1 3.7
30CC+45U 2.6 3.0 2.4 1.4 3.7
15CC+60U 1.8 1.7 2.8 1.3 3.0
75MS+0U 1.0 2.3 1.0 1.2 3.1
60MS+15U 2.2 2.7 1.6 1.3 3.4
45MS+30U 2.0 2.2 2.3 1.3 4.1
30MS+45U 4.5 2.9 2.3 14 4.0
15MS+60U 2.6 1.9 3.2 1.4 2.7
75U 2.5 2.0 2.3 1.0 2.6
Mean 2.3 2.2 2.3 1.2 3.3
P level (Treatment) 0.013 NS <0.001 NS 0.038
P level (Covariate) 0.016 0.013 0.002 0.109 0.638

‘LR’, ‘SR’, mean ‘long rainy season’, and ‘short rainy season’, respectively, CC=Calliandra, MS =maize stover,
U=urea, NS= non-significant

Relationship between striga density and maize grain yield

Striga had negative effects on total biomass which in turn influenced maize grain yields. Maize
yields generally decreased with increasing striga infestation, however, the negative linear
relationship between maize yield and striga population was only significant in the first three
seasons of 2007 LR, 2007 SR and 2008 LR (Figure 2). Regressions of maize parameters on
striga revealed stronger negative effects of striga on total biomass and grain yield under stover
applications compared to Calliandra in 2008 LR season.
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Figure 4. Relationship between striga density, total maize biomass and maize grain yield. ‘LR’,
‘SR’, means ‘long rainy season’, and ‘short rainy season’, respectively. ns = not
significant
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Discussion

Soil mineral N dynamics

The different patterns observed in the amounts of soil inorganic N at the different sampling times
was attributed to differences in rainfall patterns, decomposition rates and N release patterns of
the two plant residues (Calliandra and maize stover) used in the study and the proportion in
which two were combined with urea. The increase in mineral N from 4-8 WAP could be
attributed to N release through mineralization and N added as urea at 6 WAP as topdressing.
Reduction of soil inorganic N from 8 WAP to 12 WAP was mainly attributed to decrease in
mineralization, N uptake by plants coupled with N denitrification, immobilization and leaching
(Greenland, 1958); leaching can result in appreciable loss of topsoil NO’; (Poss and Saragoni,
1992). The loss through leaching was more likely due to high amounts of rainfall received during
this period (Figure 1). Such phenomenon was reported by Thornton et al. (1995) who estimated
40 to 50 % of the mineralized N being lost under high rainfall environments through leaching
and Myers et al. (1997) who noted that leaching of mineral N in the soil increased as the rainfall
amount increased. However reduction in soil inorganic N noted in 2007 short rain season is most
likely attributed to low and unreliable rainfall that was received in that season (Figure 1; Figure
3). Soil moisture plays an important role in decomposition, N release and movement in the soil.
The difference between the amounts of inorganic N between the two seasons may be related to
the previous seasons rainfall and crop yield. The consistently higher amounts of mineral N under
maize stover combined with urea in the ratio of 40:60 at 4 to 8 WAP could be attributed to the
higher proportion of urea applied at planting. This early and consistent supply of N is important
for crop development (Serrem, 2006). This may therefore explain the higher yields realized
under these treatments. Low levels of mineral N in plots with high levels maize stover could be
attributed to slower rates of decomposition and N release. Low quality organic materials such as
maize stover with high C/N ratio (70) take long to decompose and release N for plant uptake
(Gachengo et al., 1999). According to Palm et al. (2001), addition of organic materials with a
total N content of 1.5 % can trigger N immobilization in soil. The maize stover that was applied
in this study had a total N content of 0.65 %, which was below the critical level suggested by
Palm et al. (2001). The benefits of such residues to the crop may be through the long term
buildup of N rather than the direct use of N from the decomposing residues (Palm, 1995).

Effect of soil amendments on striga emergence

The consistently lower striga infestation under maize stover applied at (30 kg N ha™) plus urea
(45 kg N ha*) and Calliandra (45 kg N ha™) plus urea (30 kg N ha™) could be attributed to higher
nutrient levels more so nitrogen (mineral N) that was provided by these treatments. A number of
studies have reported a decrease in striga infestation and an increase in crop yields with
application of high levels of N (Esilaba et al., 2000; Gacheru and Rao, 2001; Kiwia et al., 2009).
It is however important to note that mechanisms responsible for the reduced striga infestation
and damage to host plants due to nitrogen are not fully understood (Van Mourik, 2007). Many
scientists however, attribute the effect of nitrogen to delayed germination, reduced radicle
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elongation, reduced stimulant production and reduction of seeds response to the stimulants
(Hassan et al., 2009). The higher striga densities in the control and sole maize stover treatments
could be attributed to low N levels mainly as a result of immobilization. Host plants produced in
environments that are low in N produce higher levels of the striga stimulant leading to higher
striga germination (Cechin and Press, 1993).

Higher striga incidences in the long rainy seasons compared to shorter rain seasons could be
attributed to better conditions for striga seed conditioning (i.e physiological preparation) of striga
seeds for germination. Rainfall distribution was more uniform during the long rains and this
resulted in more consistent conditioning while during the short rains, there was always a dry
period in between September and main rains for crop development in November. Alternating
moist and dry conditions could easily make conditioning seeds become dormant again
(Odhiambo, 1998).

Effect of treatments on maize productivity

The higher maize yields recorded in treatments where maize stover was applied at 30 kg N ha™
plus urea 45 kg N ha™ or Calliandra (45 kg N ha™ plus urea 30 kg N ha™ was attributed to higher
amounts of nutrients especially nitrogen that was availed by these inputs. This is an indication
that integrated use of organic and inorganic nutrient sources of N is advantageous over the use of
inorganic fertilizer alone. Integration of inorganic and organic nutrient inputs could therefore be
considered as a better option in increasing fertilizer use efficiency and providing a more balanced
supply of nutrients. Several earlier studies have demonstrated that the use of organics could
enhance efficiency of chemical fertilizers (Dudal, 2002; Mucheru et al., 2006; Mugwe, 2007).
Vanlauwe et al. (2002) reported that combination of organic and inorganic nutrient sources
results into synergy and improved conservation and synchronization of nutrient release and crop
demand, leading to increased fertilizer use efficiency and higher yields.

The low vyields obtained when maize stover was applied to supply N at higher rates is attributed
to immobilization of N by the maize stover. The maize stover had a C:N ratio of 65 which is way
above the minimum threshold of < 20 that is required for mineralization to occur. In addition, the
stover was high in lignin and polyphenol content which are likely to have exacerbated the
immobilization (Delve et al., 2001) and the maize growing in these treatments therefore suffered
deficiency. Combining the maize stover with urea at high rates reduced the C:N ratio to lower
than 20 and affected mineralization which overcame the N deficiency. In addition, the low yields
in sole maize stover treatments could also be attributed to high levels of striga infestation under
these treatments (Table 1). Reduction in crop yields realized from striga infestation result from a
series of physiological changes in the host plants following striga parasitism. These include
weakening of the host, wounding of its outer root tissues and absorption of moisture,
photosynthates and minerals (Tenebe and Kamara, 2002). Apart from parasitism, striga impairs
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photosynthetic efficiency (Stewart et al., 1991) and exerts toxic or phytotoxic effects (Gurney et
al., 2006).

Calliandra on the other hand had a high N content (3%) and low C:N ratio (15:1) hence would be
expected to mineralize even without the addition of a readily soluble source of N such as urea if
other factors were constant. However, due to its high polyphenol (14%) and lignin contents
(25%) the rate of mineralization is likely to have been slowed down when applied alone without
urea. According to Palm et al. (2001) organic materials with a polyphenol content of > 4 % and
lignin content of > 16 % will immobilize N and have therefore to be supplemented with
inorganic N fertilizers. Hence addition of urea even in modest amounts to Calliandra was enough
to overcome the deleterious effects of these compounds and enabled mineralization to occur at
faster rates to provide enough N for the maize and therefore the high yields in the Calliandra/urea
combinations. The generally good response to urea when sole-applied (75 kg N ha™) was
expected since this site was N deficient and urea provided N in readily available form.

However, the slight superiority of the treatments where urea was integrated with Calliandra is
attributed to synergistic effects often observed when appropriate organic and inorganic sources
of nutrients are combined. For example, organic materials confer other advantages e.g. moisture
retention, provision of micronutrients and alleviation of mineral toxicities (Opala et al., 2007).

The relatively low maize grain yields in 2007 and 2008 short rainy seasons could be attributed to
the low and unevenly distributed precipitation that was received in the two seasons, respectively.
The precipitation received during the 2007 SR (Sep—Nov) totaled 355 mm and most of it (86 %)
was recorded in the first eight weeks of the season (Figure 1). During the 2008 SR season a total
of 800 mm was recorded with 70 % of the rain received within the first eight weeks of the season
and low during the later part of the season coinciding with maize reproductive phase. The low
and poorly distributed rainfall could have reduced the availability of nutrients such as N to the
maize plants because soil moisture content influences N mineralization and subsequent and N
uptake and hence maize growth (Soon et al., 2001).

Conclusion and recommendation

Maize stover (30 kg N ha™) applied in combination with urea (45 kg N ha™) or Calliandra (45 kg
N ha) applied with urea (30 kg N ha™), gave the highest grain yields and had the lowest striga
incidences. Combining organic and inorganic N resulted in synergistic effects, particularly in
drier moisture stressed growing seasons. This synergy and other extra benefits of organic
materials should be exploited by smallholder poor farmers. Economic evaluation should however
be done to determine economic feasibility of the tested technologies before they are
recommended to farmers for adoption. Maize stover tended to encourage striga infestation and
depress yields when applied in large quantities likely due to immobilization of nitrogen. This is
the likely reason why farmers prefer to burn it. However, due to its importance in maintaining
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soil organic matter, it should be retained in the field and urea applied at higher rates to overcome
N immobilization where it is economically feasible.

Acknowledgements
We are grateful to Evan Tambwa for managing field experiments. Financial support for this
study was provided by Kenya Forestry Research Institute (KEFRI).

References

Ahonsi, M., Berner, D., Emechebea, A. and Lagoke, S. (2004). Effects of ALS-inhibitor
herbicides crop sequence and fertilization on natural soil suppressiveness to Striga.
Agriculture Ecosystems and Environment 104:453-463.

Anderson, J.M. and Ingram, J.S.I. (1993). Tropical Soil Biology and Fertility. A Handbook of
Methods. Wallingford: CAB International. Cambridge Economic Policy Associates
(CEPA). (2004). Business Plan: Striga control in Africa. London, UK.

Cechin, I. and Press, M .C. (1993). Nitrogen relations of the sorghum-Striga hermonthica host
parasite association. Growth and photosynthesis. Plant, Cell and Environment 16:
237-241.

Delve, R., Cadisch, G., Tanner, J.C., Thorpe, W. J. and Giller, K.E. (2001). Implications of
livestock feeding management on soil fertility in smallholder farming systems of
sub-Saharan Africa. Agriculture, Ecosystems and Environment 84:227-243.

Dudal, R. (2002). Forty years of soil fertility work in sub-Saharan Africa. In: B. Vanlauwe, J.
Diels, N. Sanginga, and R. Merckx, eds., Integrated plant nutrient management in
sub Saharan Africa: From concept to practice, Wallingford, UK: CAB International,
pp 7-21.

Esilaba, A.O. and Ransom, J.K. (1997). Striga in eastern and central African countries: A
literature review. Technical Report Series No. 1. Nairobi: African Highland
Initiative-ICRAF.

Esilaba, A., Reda, F., Bayu, W., Woldewahid, G. and Zemichael, B. (2000). Integrated nutrient
management strategies for soil fertility improvement and Striga control in northern
Ethiopia. African Crop Science Journal 8: 403-410.

Gachengo C.N., Palm C.A., Jama B. and Otieno C. 1999. Tithonia and senna green manures and
inorganic fertilizers as phosphorus sources for maize in Western Kenya. Agrofor.
Syst. 44: 21-36.

Gacheru, E. and Rao, M.R. (2001). Managing Striga infestation on maize using organic and
inorganic nutrient sources in western Kenya. International Journal of Pest
Management 47: 233-239.

Gethi, J.G., Smith, M.E., Mitchell, S.E. and Kresovich, S. (2005). Genetic diversity of Striga
hermonthica and Striga asiatica populations in Kenya. Weed Research 45: 64-73.

Greenland, D.J. (1958) Nitrate fluctuations in tropical soils. J Agr Sci 50:82-92

74



Gurney, A.l., Slate, J., Press, M.C. and Scholes, J.D. (2006). A novel form of resistance in rice to
angiosperm parasite Striga hermonthica. New Phytologist 169:199-208.

Hassan, M.M., Abdelgain, E.M. and Babiker A.G.T. (2009). Potential Bacterial Strains and
Nitrogen in reduction of Striga hermonthica (Del.) Benth. Infesting sorghum.
America Eurasian Journal of Sustainable Agriculture 3(1): 1-9.

Jaetzold, R. and Schmidt, M. (1983). Farm Management Handbooks of Kenya. Vol Il, Part B;
Western parts of Kenya. Nairobi, Kenya.

Jama, B., Palm, C.A., Buresh, R.J., Niang, A., Nziguheba, G. and Amadalo, B. (2000). Tithonia
diversifolia as a green manure for soil fertility improvement in western Kenya. A
Review. Agroforestry Systems 49: 201-221.

Kanampiu, F.K., Ransom, J.K., Friesen, D. and Gressel, J. (2002). Imazapyr and Pyrithiobac
movement in soil and from maize seed coat to control Striga in legume intercropping.
Crop Protection 21:611-619.

Kim, S.K., Adetimirin, V.O. C. T. and Dossou, R. (2002). Yield losses in maize due to Striga
hermonthica in West and Central Africa. International Journal of Pest Management
48:211-217.

Kiwia, A., Imo, M., Jama, B. and Okalebo, J.R. (2009). Coppicing improved fallows are
profitable for maize production in Striga infested soils of western Kenya.
Agroforestry Systems 76:455-465.

Lendzemo, V.W., Kuyper, T.W., Kropff, M.J. and Ast, A. van. (2005). Field inoculation with
arbuscular mycorrhizal fungi reduces Striga hermonthica performance on cereal
crops and has the potential to contribute to integrated Striga management. Field
Crops Research 91: 51-61.

Midega, C.A.O., Wasonga, C.J., Hooper, A.M., Pickett, J.A. and Khan, Z.R. (2017). Drought-
tolerant Desmodium species effectively suppress parasitic striga weed and improve
cereal grain yields in western Kenya. Crop Protection 98 : 94-101.

Mucheru-Muna, M., Mugendi, D., Kungu, J.B., Mugwe, J.N. and Bationo, A.(2007). Effects of
organic and inorganic fertilizer inputs on maize yields and soil chemical properties in
a maize cropping system in Meru south District, Kenya. Agroforestry Systems
69:189-197.

Mugwe, J.N., Mugendi, D., Kungu, J.B. and Mucheru, M.M. (2007). Effects of plant biomass,
manure and inorganic fertilizer on maize yield in the central highlands of Kenya.
African Crop Science Journal 15(3):111-126.

Myers RIJK Van Noordwijk M & Vityakon P 1997. Synchrony of Nutrient Release and Plant
Demand: Plant Litter Quality, Soil Environment and Farmer Management Options.
In: Driven by Nature: plant litter quality and decomposition, eds. G Cadisch and K
Giller, CAB International Wallingford UK pp 215 — 229.

Nandwa, S.M. (2003). Perspectives on Soil Fertility in Africa. In: M.P. Gicheru, A. Bationo,
M.A. Bekunda, H.C. Goma, P.L. Mafongoya, D.N. Mugendi, H.M. Murwira, S.M.
Nandwa, P. Nyathi, and M.J. Swift, eds., Soil Fertility management in Africa: a

75



regional perspective. Nairobi: Academic Science Publishers (ASP) and Tropical Soil
Biology and Fertility of CIAT.

Niang, A., Amadalo, B., Gathumbi, S. and Obonyo, C. (1996). Maize yield response to green
manure application from selected shrubs and tree species in western Kenya: a
preliminary assessment. In: J.O. Mugah, ed., People and Institutional Participation in
Agroforestry for Sustainable Development. Muguga, Nairobi, Kenya: Kenya
Forestry Research Institute, pp 350-358.

Odhiambo, D.G. (1998). Studies on witch weed Striga hermonthica (Del Benth) seeds longevity
and maize (Zea mays L.) productivity under different management systems in Kenya.
PhD Thesis, University of Reading, UK.

Opala, P.A., Jama, B.A., Othieno, C.O. and Okalebo, J.R. (2007). Effect of phosphate fertilizer
application methods and nitrogen on maize yields in western Kenya. An agronomic
and economic evaluation. Experimental Agriculture. 43:477-487.

Palm, C.A., Gachengo, C.N., Dalve, R.J., Cadisch, G. and Giller, K.E. (2001). Organic inputs for
soil fertility management in tropical agroecostystems: application, of an organic
resource data base. Agriculture, Ecosystems and Environment 83: 27-42.

Palm, C.A. (1995).Contributions of Agroforestry trees to nutrient requirements of inter cropped
plants. Agrofor. Syst., 30: 105-124.

Poss, R. and Saragoni, H. (1992). Leaching of nitrate, calcium and magnesium under maize
cultivation on an oxisol in Togo. Fertilizer Research 33:123-133.

Soon, Y.K., Clayton, G.W. and Rice, W.A. (2001). Tillage and previous crop effects on
dynamics of nitrogen in wheat soil system. Agronomy Journal 93:842-849.

Serrem, C.K. (2006). Estimating grain yield of 10 Mexican hybrid maize by using primordial
leaf area at the seedling stage in a green house environment. PhD Thesis, Collegio de
postgraduado Chapingo, Mexico

Stewart, G. R., Press, M.C., Graves, J.D., Nour, J.J. and Wylde, A. (1991). A physiological
characterization of the host—parasite association between sorghum bicolor and Striga
hermonthica and its implication for Striga control. In: S. K. Kim, ed., Combating
Striga in Africa. Ibadan, Nigeria: International Institute of Tropical agriculture, pp.
48-54.

Thornton PK, Saku AR, Singh U, Kumwenda JD, Brink JE, Dent J. 1995. Application of a maize
crop simulation model in the central region of Malawi. Experimental Agriculture 31:
213:226.

Tittonell, P., Vanlauwe, B., Leffelar, P.A., Lowe, E. and Giller, K.E. (2005). Exploring diversity
in soil fertility management of smallholder farms in western Kenya. I. heterogeneity
at regional and farm scale. Agriculture, Ecosystems and Environment 110: 149-165.

Vanlauwe, B., Diels, J., Aihou, K., lwuafor, E.N.O., Lyasse, O., Sanginga, N. and Merckx, R.
(2002). Direct interactions between N fertilizer and organic matter: Evidence from
trials with *> N-labelled fertilizers. In: B. Vanlauwe ,J. Diels, N. Sanginga, and R.

76



Merckx, eds., Integrated plant and nutrient management in sub-Saharan Africa: From
Concept to Practice. Wallingford, UK: CAB International, pp. 173-184.

Vanlauwe, B., Aihou, K., Aman, S., Iwuafor, E.N.O., Tossah, B.K., Diels J., Sanginga N.,
Merckx R. and Deckers, J. (2001). Maize yield as affected by organic inputs and urea
in West African moist Savanna. Agronomy Journal. 93:1191-1199.

Vanlauwe, B., Tittonell, P. and Mukalama, J. (2006). Within farm soil fertility gradients affect
response of maize to fertilizer application in western Kenya. Nutrient cycling in
Agroecosystems 76: 171-182.

Vanlauwe, B., Kanampiu, F., Odhiambo, G.D., De Groote, H., Wadhams, L.J. and Khan, Z.R.
(2008). Integrated management of Striga hermonthica, stemborers, and declining soil
fertility in western Kenya. Field Crops Research 107. 102-115.

Woomer, P.L. and Savala, C.E.N. (2009). Mobilizing Striga control technologies in Kenya.
African Crop Science Conference Proceedings 9: 677-681.

77



Influence of Agricultural Lime Application with Inorganic Fertilizers on Soil pH and
Maize Yields in Western Kenya

Mbakaya D*., Ayaga G*., Muyekho F.N% and Serrem C.}

'Kenya Agricultural and Livestock Research Organization
2Masinde Muliro University of Science of Technology
University of Eldoret

Abstract

Stakeholders in agriculture are in agreement that improved farm productivity is the main entry
point for breaking rural poverty and food insecurity in Sub-Saharan Africa (SSA).
Approximately 90 % of inhabitants of western Kenya an equivalent to one eighth of the Kenyan
population, are smallholder farmers living on less than US$ 1 a day and facing 3-5 hunger
months in a year. Soil related challenges especially low soil fertility, in particular deficiencies in
phosphorus and nitrogen compounded by medium to high soil acidity have led to low crop
production from the potential of 4-6 tons ha™ to less than 1 ton ha™. Majority of western Kenya
smallholder farmers know the benefits of using fertilizers, but fertilizers are not affordable to
most of them. As opposed to fertilizers, very few farmers understand the consequences of acidic
soils and their management for enhanced crop response to key nutrients as the concept of soil pH
is largely unknown among farmers. Due to these challenges, crop yields are low, hunger levels
are high and poverty indices continue to increase in the region. This situation could be reversed
if the productivity of smallholder farms is improved. However, the most agronomic advice by
Agricultural Extension workers is based on guidelines which advocate for commercial fertilizer
without other soil amendments like liming. A study that aimed at demonstrating the proper use of
lime and fertilizer to increase maize crop yield was conducted for four consecutive seasons (2009
short rains to 2011 long rains season) in Kakamega and Siaya counties to evaluate the effects of
lime combined with fertilizers. The design of the study was a randomized complete block
(RCBD) with four treatments; Lime, Lime + DAP, Lime + Mavuno and control with maize as a
test crop. Results showed improvement of soil pH from 4.91 to 5.23 0.32 difference, available
phosphorus from 1.88 to 7.88 ppm, maize yield frm 0.9 to 4.99 t ha™ and demand for fertilizer
and lime by farmers from agro-dealers increased from one in 2009 to eight by the end of 2011.
Although the project only demonstrated lime use on maize crop, lessons learnt from increased
maize yield motivated farmers to apply lime on other crops such as sugarcane, banana, sweet
potatoes and bean fields. It was observed that there was significant difference between control
and two other treatments except lime (p < 0.5). It was also noted that, overall farmers rating of
technologies based on maize yields at harvest was Mavuno + lime first followed by lime + DAP
then lime alone and control last. The study therefore, recommends that liming technology with
Mavuno fertilizer be adopted in similar acidic soils in western Kenya in order to ameliorate soil
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acidity, improve food security and enhance economic growth and livelihoods of smallholder
farmers. The study also recommends that more research be conducted to come out with optimum
rates, times and methods of lime application with nutrients inputs.

Introduction

Stakeholders in agriculture are in agreement that improved farm productivity is the main entry
point for breaking rural poverty and food insecurity in Sub-Saharan Africa (SSA) (Sachs, 2005;
Denning et al., 2009). Approximately 90 % of inhabitants of western Kenya, who make up one
eighth of the Kenya’s population, are smallholder farmers living on less than US$ 1 a day and
facing 3-5 months of hunger in a year. Soil related challenges have often reduced crop
production from the potential 4-6 tons ha™ to approximately 1 ton ha™ (Sileshi et al., 2010). This
productivity gap is linked to low soil fertility, in particular, phosphorus and nitrogen deficiencies,
compounded by medium to high soil acidity in some locations (Okalebo et al., 2005).

Although majority of western Kenya smallholder farmers know the benefits of using fertilizers,
the cost is prohibitive to most of them. However, very few farmers understand the consequences
of acidic soils and their management for enhanced crop response to key nutrients (Kanyanjua et
al., 2004). Due to these challenges, crop yields are low, hunger levels are high and poverty
indices continue to increase in the region. This situation could be reversed if the productivity of
smallholder farms is improved. Western Kenya region has two cropping seasons in a year and
can, be productive if farmers are supported with the right agronomic information, inputs and
markets.

This paper presents details of how Kenya Agricultural and Livestock Research Organization
(KALRO) through the support of Alliance for Green Revolution in Africa (AGRA) developed
innovative interventions that have contributed to widespread recognition and use of fertilizer and
lime in Kakamega and Siaya counties of western Kenya. The study inspired farmers, private
companies and commercial banks enthusiasm, enabling them to work together in a sustainable
private public partnership (PPP) model. The implications of such interventions on maize crop
yield and household wealth as well as challenges and required policy interventions are also
presented.

Material and Methods

Site characteristics

The study areas were: Malava (UM1) in Kakamega County and Ugenya (LM2) in Siaya County
which are part of Lake Victoria basin. The sites receive an average annual rainfall of between
1,200 and 1800 mm (Table 1), distributed into two distinct seasons, the long rains from mid-
March to July and short rains from September to December. The Malava soils are more acidic
than Ugenya soils, but generally soil acidity and low soil fertility are important challenges to
crop yield improvement in the two Sub Counties (Okalebo et al., 2005). Maize is the most
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dominant food crop, planted in over 80 % of land devoted to food crops. In Malava, sugarcane is
widely grown as a cash crop. Other crops such as sweet potatoes, bananas, soybeans, climbing
beans and groundnuts are also grown, but the land area and time devoted to their production is
limited.

Table 1. General soil and climatological characteristics of Malava and Ugenya Sub-Counties, in

Kenya
Sub County pH o P (ppm) Organic-C  Soil textural Annual average
(%) class rainfall (mm)
Malava 4.0-5.8 1.7-12 0.9-2.0 Sandy loam 1300-1750
Ugenya 55-6.4 1495 0.7-1.0 Sandy clay 1200-1400
loam
Approach

The study aimed at demonstrating proper use of lime with fertilizer to increase maize crop yield
using a value chain approach over a 3-year period from 2009-2011. The study started with 90
mother demonstration sites, followed by promotion of the best bet technologies for widespread
uptake through an input, information, finance and market farmer support system.

Treatments in the mother demonstration sites included: lime 26 % CaO (2.0 t ha™*), Diamonium
phosphate 18 % N and 46 % P (20 kg P ha™), Mavuno® (20 kg P ha™), lime (2.0 t ha') + DAP
(20 kg P hal) and, lime (2.0 t ha') + Mavuno (20 kg P ha™), and the conventional farmers
practice (FP) as a control. For all lime plots, lime was applied before planting slightly prior to the
short rains of 2009. Both Mavuno and DAP were applied at planting in each of the three seasons.
The Mavuno plots were top dressed with Mavuno top-dress fertilizer, while DAP plots were top
dressed with CAN as per the fertilizer recommendations. Data on maize yield and soil
characteristics were collected and analyzed using analysis of variance (ANOVA).

Farmers and other stakeholders were exposed to technology performances through
demonstrations and a series of field days that allowed all participants to evaluate the performance
of each technology during various stages of crop growth. The field days brought together
stakeholders that included farmer groups, individual farmers, financial institutions, agro-dealers,
seed companies, fertilizer and lime manufacturers, scientists, extension agents and development
partners; with an intention of creating a good working relationship between stakeholders in the
entire production value chain. To reach those who did not attend field days, similar information
was packaged and disseminated through radio stations, Television and brochures. To encourage
sustainable and widespread adoption beyond the project period, fertilizer and lime packs were
provided freely during the short rains of 2010 to 5,000 farmers to try on approximately half an
acre. Further, these farmers were trained on proper use of fertilizer and lime application and were

Mavuno -(10% N; 26% P; 10% K; 4% Sulphur; 8% calcium and 4% magnesium)
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influenced to train other interested farmers. In subsequent seasons, farmers were encouraged to
buy fertilizer and lime at study subsidized rate from agro-dealers who had been financially
supported by the study to stock lime, fertilizer and improved seeds to ensure input availability to
the farmers. Through observation of crop performance and interactions with other stakeholders,
the lime, seed and fertilizer companies and agro-dealers were convinced about existence of
profitable business opportunity and started doing business with farmers. KALRO and AGRA
also undertook monitoring and evaluation missions.

Results and Discussion

Fertilizer and lime use improved

Fertilizer and lime demand increased, leading to development of profitable fertilizer and lime
business opportunities for agro-dealers. This led to an increase in the number of lime and
fertilizer stocking agro-dealers from one in 2008 to eight by the end of 2011 (Table 2). The few
lime stocking agro-dealers prior to 2009 were a result of low demand, but that changed as
farmers awareness on importance of liming acid soils, and capacity to apply it was improved.

On-farm fertilizer use in the study sites increased from a 2008/2009 baseline of 584 tons per year
to 3,078 tons per year (Table 2) by the end of 2011. While the demand for lime in study sites
was only 74 tons per year at initiation of the project, three years into the project, lime demand
increased to 28,500 tons per year. Consequently, the area under lime increased from 75 ha to
15,476 ha, , within that same period.

Although the study demonstrated lime use on maize crop, lessons learnt from the demonstration
motivated farmers to try lime on other crops such as sugarcane, bananas, sweet potatoes and
bean fields and the results were positive. They reported a 3 folds increase from 4 to 12 tons ha™
in sugarcane yields when lime was incorporated into production of sugarcane. From zero use of
lime on sugarcane in 2009, by the end of 2011, approximately 2,800 ha of sugarcane fields were
limed at planting. Upon noticing the positive impact of fertilizer-lime combination, West Kenya
Butali Sugar Company started widespread promotion of the use of lime in sugarcane production
with a target of reaching over 30,000 contracted sugarcane farmers. In the same areas,
approximately 6,500 ha of acidic maize fields were put under lime by the end of 2011. In
addition to lime and fertilizer, use of improved maize seeds increased by 300 %.

Through a smart subsidy system and negotiations between study implementers with fertilizer and
lime manufacturers, the price of lime and fertilizer decreased by up to 20 %. In addition, through
AGRA, the financier of the study Equity Bank, acted as a credit guarantee, and reduced the cost
of credit advanced to farmers from 19 % to 10 %, through a program that is commonly referred
to as Kilimo Biashara - agriculture for business. In addition, six village saving groups were
formed during the period of the study to enable farmers to pool resources to enable them buy
fertilizer and lime in bulk, and therefore benefit from economies of scale, advance credit to
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members and to vet credit-worthy members for bank credits. As a result, a significant number of
farmers from within the study sites and beyond have been able to access credits and purchase
fertilizer, lime and improved seeds for use in their farms and the enthusiasm of all the
stakeholders has continued to grow.

Table 2.0verall number of agro- dealers, uptake of improved seeds, fertilizers and lime and land
area under fertilizer and lime in study sites over the study period

Variable 2008 2010 2012 % Change
2008-2012
Number of agro- dealers 1 2 8 500
Improved seeds access by farmers (tons) 105 708 1,706 300
Fertilizer access by farmers (tons) 584 1,356 3,078 400
Lime access by farmers (tons) 74 6,000 28,500 >1000
Areas under fertilizer (ha) 4,672 8,580 26,664 470
Area under lime (ha) 75 3,768 15,476 >1000

Soils health and crop yield improved

Liming increased soil pH by approximately 0.5 in each site (Figure 1). Inclusion of lime, as a soil
amendment, increased maize crop yield by between 200 and 300 kg ha™. Although such yield
response may appear small, farmers were nevertheless excited by this increase, especially in
plots that previously yielded almost nothing. Part of this excitement was also associated with
observed Striga hermonthica reduction in limed plots. Striga infestation causes maize yield
losses upto 100 % in highly-infested fields in the region (Vanlauwe et al., 2008). In the case of
this study, the striga counts were lower by approximately 57 % in limed plots relative to unlimed
control plots.

; : I s>
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Figure 1. Effect of lime on soil pH across 90 demonstration farms in Malava in Kakamega and
Ugenya in Siaya Counties
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A combination of lime and fertilizer increased maize yield by more than 300 % relative to the
farmers’ practice in the demonstration sites (Figure 2). This indicates that by use of a
combination of fertilizer and lime, significant improvement can be made on maize crop yield and
food security situation in western Kenya (Figure 3).
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Figure 2. Effect of fertilizer and lime on maize crop in 2009/2011 period in Malava and Ugenya
Sub-Counties. The data represent means from 90 demonstration farms for the period
between 2009 and 2011.

Implications of improved production on household food security and incomes

Most of the farmers selected fertilizer + lime as the best bet technologies to adopt on their farms.
Seasonal yields for each of the two sites are presented in Table 2. Application of a combination
of lime and fertilizer increased annual on-farm maize yield from 1.3 tons ha™ to 6.1 tons ha™ in
Kakamega and from 1.8 tons ha™ to 6.4 tons ha™ in Siaya (Table 2). The maize yield increase
attributable to lime and fertilizer was more than 300 %. Additionally, putting into consideration
that the average household farm size in western Kenya is 0.5 ha, then by application of
recommended rates of fertilizer and lime, a household would produce an annual average maize
yield of 6.1 tons per year in Kakamega and 6.4 tons per year in Siaya.

Table 2. Seasonal and annual on farm maize yield in fertilizer + lime and farmer practice plots
for the 2010/2011 period in Malava and Ugenya Sub Counties

Kakamega Siaya Kakamega Siaya

Fertilizer+ Lime (tons ha™) Farmer practice (tons ha™)
Long rains 3.3 3.4 0.8 1.2
Short rains 2.8 3.0 0.5 0.6

Annual total 6.1 6.4 1.3 1.8

83



A household of 5.5 persons feed on approximately 1 ton of food per year (Denning et al., 2009).
By adoption of recommended fertilizer rate + lime, an average western Kenya household of 6
persons (GOK, 2010) could therefore produce sufficient maize for consumption (1 ton per year),
and remain with a surplus of 2.1 tons tons peryear valued at approximately US$ 795 for sale.
Financial returns to fertilizer + lime over the farmers practice with maize crop stood at US$ 815
/ha/year and the fertilizer + lime application was financially attractive, with a benefit-cost ratio
of 2.2. By definition, an intervention is financially attractive when its benefit-cost ratio is more
than 2, implying returns of US$ 2 per every US$ 1 that is invested (Kaizzi et al., 2011).

Beans planted with fertilizer and lime in Ugenya Agro-dealer shop in Kabras, Malava Sub-
County western Kenya
Figure 3. Maize and beans planted with and without lime and fertilizer and agro dealer shop in

Malava

Implications for a food secure western Kenya region

Out of the planned 30,000 farmers to be reached initially, the study managed to reach 20,000
farmers with information on fertilizer and lime at a cost of US$ 500,000 within a three year
period. This implies that approximately US$ 25 was used to reach each farmer. With a
smallholder farmer population of 5 million in the area, approximately US$ 125 million would be
required to reach the entire western Kenya farming population. Further calculations indicate that
on average, it costed approximately US$ 87 to produce 1 ton of maize with fertilizer and lime.
This little investments in fertilizer and lime increased maize yields several folds in this area that
is endowed with good rainfall and growing conditions for crops, but the area is unfortunately
food insecure.
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Policy implications

Policy interventions are necessary to achieve widespread adoption of fertilizer and lime use in
order to increase crop Yyield, reduce food insecurity and boost income of rural poor in western
Kenya. With good agricultural input policies, the resulting increased surplus produce from
western Kenya could also improve food availability in the neighboring lesser productive arid and
semi-arid regions (ASALS), which are characterized by frequent droughts and famines.

The effectiveness of extension services is limited by low extension worker-farmer ratio of
1:4000, and inadequate budgetary allocation to the line ministries in addition to poor training.
Irrespective of technology development by research teams, farmers are often unaware of such
technologies. For example, the technologies that were promoted by this study may have existed
before, but their adoption was low partly due to ineffective dissemination. There is therefore a
need for a targeted agricultural policy to address; capacity issues of extension workers, increase
number of extension workers, and increase budgetary allocation to line ministries.

The crop yield increased significantly from 1.3 tons ha™ to 6.1 tons ha™ in Kakamega and from
1.8 tons ha™ to 6.4 tons ha™ in Siaya (as a result of lime with fertilizer use. However, the
recommended 50 kg P ha™ costs between US$ 90 and US$ 105 ha™. Over 80 % of smallholder
western Kenya farmers cannot afford sufficient fertilizer at this cost, in addition to lime and
improved seeds (Ariga et al., 2008). There is an urgent need for a policy that improves farmers’
capacity to purchase farm inputs either through “smart subsidies’” or reduction of cost of credits
for farmers. Sachs et al., (2004) noted that a temporary investment by governments, state
corporations, donors and private sectors for a few years can enable poor populations to
permanently escape the poverty traps.

The market for surplus produce is often either lacking or the farm gate prices are too low
especially immediately after crop harvest when farmers need to sell the produce to raise money
to buy inputs for the next season. There is a need for policies that can buffer farmers against
negative price variability. Such a policy would make agriculture a profitable business and
possibly reduce rural-urban migration of agricultural labor. Rural urban migration is currently
blamed on the lack of adequate labor for agricultural activities.

Lessons learnt

A number of lessons were learnt from this study. These were: i). Improving crop productivity on
acidic soils of western Kenya and other areas with similar conditions requires a combination of
inputs, including lime, inorganic materials, coupled with improved crop varieties and appropriate
agronomic practices, ii) The inorganic fertilizers and lime are important for optimal agricultural
production in acidic prone soils as lime corrects soil acidity while inorganic fertilizer add
nutrients, iii) The combination of various dissemination techniques and approaches such as
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participatory on-farm demonstrations, farmer field days, farmer exchange visits, and linking
farmers with agro dealers have enabled a large number of farmers to learn and adopt soil liming,
iv) The interaction of multiple stakeholders is crucial for enhancing information access, input
availability, input financing and marketing in order to encourage uptake and adoption of liming
technology.

Conclusion

Application of lime alone will increase soil pH, but will not significantly improve maize yield
without addition of organic fertilizers. In this study, application of lime alone did not
significantly increase maize yield, but the effect was close to farmers’ practice. This finding
concurs with early studies elsewhere in Africa. Data obtained from liming experiments in other
parts of Africa have shown that addition of lime alone is insufficient to rehabilitate poor or
depleted soils. Further, increased use of inorganic fertilizers alone can exacerbate soil acidity
problem. As a result, the combination of lime and inorganic fertilizers has been observed to be
the most efficient technique of addressing the problem of soil acidity and enhancing soil fertility.
This can further be supported by the use of improved germplasm that is tolerant to acid soils.
Thus, establishment of a clear system of support and policy is likely to address a significant
proportion of western Kenya households from food insecurity and poverty trap. It is possible to
build a private-public partnership that addresses agriculture as a comprehensive system, thereby
creating gains for all the stakeholders.

Recommendation

It is recommended that before applying lime, soil sampling, analysis, interpretation and
recommendation should be done. Also site morphological and characterization be carried out to
better understand the soil health of the area. Findings of this study recommends that smallholder
farmers in acid soils of western Kenya and any other areas of the country that have similar soil
acidity problems, adopt combined use of lime with inorganic fertilizers and improved maize seed
for the economic growth and profitability from the increased maize yield in targeted acid soils in
western Kenya.
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Abstract

Globally, over 90% of tree species are propagated through seed and raised as seedlings. Other
propagation materials include cuttings, wildings, grafts, tissue culture and air-layering. Since
seed is the main source of planting material and medium of tree germplasm exchange, it is also
the major source of disease and pest introduction in new localities worldwide. Seed microflora
usually comprises of fungi, bacteria and to lesser extent viruses, and can be external or internally
seed borne. Some tree nurseries have reported over 80% losses to seed related diseases.

There has been an increase in tree diseases and pest incidences affecting the main plantation and
agroforestry tree species in Kenya. Most pathogens are transmitted through seeds and cuttings
while endophytes are transmitted through healthy looking host materials. For example, four
major diseases and pests of eucalypts are reported to be on the increase within Africa. Their
invasions are closely related to the continuous importation of Eucalyptus clones which have been
traced to South Africa, Latin America and Australia. The future of local landraces of eucalypts
are therefore unpredictable unless suitable biocontrol agents are introduced soon. In similar
circumstances, the Dothistroma needle blight has almost stopped the growth of Pinus radiata in
East Africa. The latent pathogen group; Botrosphaeriaceae is reported to be spreading fast on the
popular Grevillea robusta and other tree species in Kenya.

Tree germplasm production and exchange unlike the food crops faces phytosanitary challenges
that include inadequate sources of high genetic quality, low seed production due to unpredictable
flowering patterns, uncontrolled movement of live germplasm and forest products, inadequate
enforcement of the relevant legislations on tree seed trade, inadequate formal quarantine
standards especially for indigenous tree seeds and inability to trace the origin of seeds within
E.Africa. In addition, inadequate tree seed testing facilities and poor formal distribution networks
of forestry seed contributes significantly to the challenges in undertaking phytosanitary
measures. Efforts and investments should therefore be made to ensure that stakeholders access
high quality tree germplasm to guarantee sustainability of our forest resources. This paper

88


mailto:jnjuguna@kefri.org

therefore aims to create awareness on the status, challenges and opportunities that exist to ensure
that phytosanitary measures are instituted for clean germplasm exchange.

Key words: Tree germplasm, exchange, pathogen and pest introductions, phytosanitary
challenges, clean germplasm exchange

Introduction

The production, improvement, conservation and research on tree germplasm are major flagship
projects at the Kenya Forestry Research Institute (KEFRI). The main goal of the institute is to
meet the increasing demand of high quality germplasm for plantation and on-farm tree species
locally, regionally and internationally. It is important to note that there has been a gradual
decline in tree seed production in the last ten years (KEFRI Seed Report unpublished). This has
been attributed to unpredictable flowering patterns due to changing climatic patterns resulting in
reduction in seed production.

Over 90% of the tree species are propagated through seed which are raised as seedlings. Other
types of propagation include grafts, cuttings and tissue culture to a lesser extent. In order to meet
the increasing demand for high quality seed sources, KEFRI started to establish seed sources
from 2010. To date the Institute has established and maintained approximately 1200 hectares of
seed sources out of which 230 hectares comprise the highly demanded tree species for
plantations and agroforestry that include; Cupressus lusitanica, Pinus patula, Eucalyptus
grandis, E. urophylla, E. camaldulensis, Grevillea robusta, Tectona grandis, Vitex keniensis,
Casuarina equisetifolia, C. jughuniana, Markhamia lutea, Gmelina arborea, Melia volkensii,
Acacia tortilis, Terminalia brownii, T. spinosa, T. Kilimandcharisca, and Pine hybrids. The
Institute is currently establishing seed sources for the endangered such as Osyris lanceolata
among others.

Forest germplasm is complex and consists of two types; orthodox and non-orthodox or
recalcitrant seeds. Examples of recalcitrant seeds include Azadirachta indica, Vitex keniensis,
Warbugia ugandensis, Prunus africana among others. Orthodox seeds can be maintained for a
long duration without deterioration under ambient conditions while recalcitrant seeds have short
duration viability and are easily attacked by fungal diseases due to their pulpy nature. Forest tree
seeds vary greatly in size, shape and texture.

Seed is the main medium of germplasm exchange worldwide. Therefore it is also the main means
of disease and pest introduction in new localities worldwide resulting in non-native pest and
disease invasion (Liebhold et al., 2012). This paper explores the context phytosanitary
challenges facing exchange of forest /tree germplasm and the efforts being put in place to
mitigate some of the challenges and the way forward to ensure exchange of healthy tree
germplasm in Kenya.
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Seed Pathology

Microflora affecting seeds are mostly fungi, bacteria and to lesser extent, viruses. Seed infections
can be (i) Internally seed borne where pathogen attacks the seed coat, endosperm and embryo,
(if) Externally seed borne where pathogens are externally carried over on seeds and or (iii)
Surface contaminants where fungal fruit bodies or spores occur on the surface of seeds.

Seed infections result in (i) Poor germination from the effects of fungi that cause pre and post
emergent damping off, (ii) Weak seedlings or reduced seedling growth vigour, (iii) Seed rots,
leaf diseases such as spots, blights shoot tip deaths and sometimes whole seedling deaths which
are reported to account to >80 % losses in tree nurseries (iv) Loss in market value of seeds and
(v) Production of toxic chemicals that are harmful to humans and animals. Seed-borne micro-
organisms include pathogens causing plant disease in the field and also during storage.

Trends in forest pathogens in Kenya

Tree diseases have been on the increase in Kenya.. The first major disease reported in Kenya are
exotic pathogen, Dothistroma pini needle blight which had a catastrophic effect on Pinus radiata
in East Africa (Odera and Arap Sang, 1980) and slowed down its plantingfrom the 1970s till
now. Intensified research however shows that there may be some tolerant P. radiata genotypes in
Timboroa, Kenya which could be exploited for plantation establishment (Mbinga, 2002).

Other introduced tree diseases include Armillaria heimii Pegler [Armillariella elegans (R. Heim)
J.B. Taylor, J.E. Hawkins & McLaren; [Clitocybe elegans R. Heim., which causes root rots on
many species of both broadleaves and conifers. It causes economic damage on Pinus patula.
Another Armillaria species, Armillaria mellea (Vahl) P. Kumm., [Agaricus melleus Vahl; or
Agaricus sulphureus Weinm.;] also causes root rot disease on many species of plants in Kenya.

Endophytes are also transmitted through seeds. For example an emerging group of pathogens
falling in the Botryosphaeriaceae are spreading fast in Kenya. The Botryosphaeriaceae have been
identified as important pathogens on the popular agroforestry tree species-Grevillea robusta. It is
also widespread in multipurpose tree species that include Melia volkensii, Senna siamea and
Azadirachta indica (Njuguna et al., 2011; Njuguna, 2011). The Botrosphaeriaceae have also
been proved to be seed-borne and also pathogenic on Montane Forest species; Prunus africana
(Gure, 2005).

Likewise various diseases comprising of the Botryosphaeriaceae and the closely related
Teratosphaeriaceae are reported to be on the increase on the genus Eucalyptus within Africa.
Recent studies clearly indicate that in Kenya, these fungal pathogens are closely related to the
importation of Eucalyptus clones and can be phylogenetically traced to fungi affecting the genus
in South Africa, Latin America and Australia (Machua et al., 2016).
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Trends in forest pests in Kenya

Forest pests have also had catastrophic effects in Kenya since the 1960s. It is reported that most
of the forest pests in Kenya have been accidentally introduced in Kenya with severe impacts to
forest plantations (FAO, 2005). For example, Cinara pinivora Wilson, an aphid attacking Pinus
species is not a native. It was introduced into Kenya and it is a threat to pine plantations in Kenya
(Maina, 2005). The aphid attacks pine seedlings causing defoliation and mortality of affected
plants. The good news is that the pest can be kept under control by insect predators belonging to
Coccinellidae, Syrphidae, Chrysophidae, Staphilidae, Dermaptera and some Heteroptera
(Penteado, 1995). Another non-native pest to several species of Pinus is the Eulachnus rileyi
Williams [Lachnus rileyi Williams] commonly known as the pine needle aphid. Heavy
infestation causes leaf fall and stunted growth of seedlings.

The genus Cuppressus has been attacked by an exotic forest pest is Cinara cupressivora Watson
& Voegtlin, belonging to the order Hemiptera: Aphididae, commonly known as giant cypress
aphid or cypress aphid. The aphid is known to attack conifers including, Cupressus spp.;
Juniperus spp.; Thuja spp.; among others. The pest was first identified in Malawi in 1986 and
quickly spread within East and southern Africa causing significant damage of dieback and total
tree death. It arrived in Kenya in 1990 (Ciesla, 1991). However biological control agent Pauesia
juniperorum was introduced in Kenya and has since significantly controlled the cypress aphid
(Day et al., 2003)., The most affected species was Cupressus macrocarpa and Cupressus
lusitanica. Non-native pests of economic importance have been reported on Eucalyptus species
in Kenya as shown in Table 1.

Table 1. Examples of non-native forest pests on Eucalyptus sp. in Kenya

Pest Arrival and Status Remarks

Glycaspis brimblecombei Moore  October 2014 from South Africa and is No action yet

(Eucalyptus red lerp gum spreading fast. The wind is a major agent

psyllid) in spread.

Thamaustocoris peregrinus Identified in Nov. 2009) widespread and Biological control

Carpintero et Dellape spreads fast via weed. is available

(Eucalyptus Winter Bronze bug) (Mutitu et al.,
2013)

Leptocybe invasa Fisher & La Widespread in East Africa. It is known to ~ Biological control

Salle (Blue Gum Chalcid) have moved from Kisumu to Malindiina  is available

day by road. (Nyeko, 2010)
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Pest Arrival and Status Remarks

Gonipterus sculletus Gyllenhal Identified in 1926, widespread on Biological
(Eucalyptus snout beetle) Eucalyptus clones. It is reported that a control?
wrong parasitoid (Anafe nitens) was
released in 1930s hence the constant re-
emergence.

In addition, the growth of Leucaena leucocephala a promising agroforestry tree species in Kenya
was seriously hampered by the introduction of the pest Heteropsylla cubana Crawford
[Heteropsylla incisa, (Sulc.)], commonly known as Leucaena psyllid. The pest also attacks
Albizia spp.; Mimosa spp.; Samanea saman. The pest was reported in Kenya in 1992 (Reynolds
and Bimbuzi, 1992).

Phytosanitary Challenges Affecting Tree Germplasm Exchange

According to Article V.2a of the IPPC (1997): "Inspection and other related activities leading to
issuance of phytosanitary certificates shall be carried out only by or under the authority of an
official of national plant protection organization. The issuance of phytosanitary certificates shall
be carried out by public officers who are technically qualified and duly authorized by the official
national plant protection organization to act on its behalf and under its control with such
knowledge and information available to those officers that the authorities of importing
contracting parties may accept the phytosanitary certificates with confidence as dependable
documents." (See also ISPM Pub. No. 7: Export certification system). In Kenya, Phytosanitary
certificates are issued by the Kenya Plant Health Inspectorate Service (KEPHIS).

The Seeds and Plant Varieties Act, CAP 326, Revised Edition 2012 [1991] further requires that
all plant and animal products designated for export or import undergo specific tests to ensure that
they meet the required phytosanitary standards for safety and to reduce risks of exporting or
importing materials that may be detrimental or injurious to humans, animals and the
environment. However in most cases materials are moved or exchanged between institutions and
individuals without following the laid down procedures and regulations. Following is a summary
of the phytosanitary challenges that face exchange of tree germplasm or reproductive material in
Kenya.

a) Difficult to control movement of forest resources and forest products within and across
countries

Movement of forest resources follow movement of human. Humans easily move from one area
to another in search of livelihoods and settlement. In the process they move with everything
including products such as timber, fuel wood, packaging materials, poles and posts through (i)
Road networks that include road, rail, human, animal transport, (ii) Water transport through
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containerised shipments and package materials, (iii) Air transport and other means of transport.
These movements are difficult to control because people do not declare what they carry for fear
of losing them through confiscation by authorities. The porosity of our borders makes it even
harder to control germplasm exchange. People living along the borders easly move materials
without control. The border entry points to any country within East Africa further aid the
exchange of uninspected materials through laxity and lack of requisite human and non-human
skills.

b) Difficulties in control movement of live materials within and between countries

Most stakeholders /farmers do exchange all types of planting materials easily that include among
others; seeds, cuttings and seedlings. These have been moved even across borders for
afforestation programmes and projects. The most common and fast means of movement is
“farmer to farmer” exchange between localities and even across borders. It has been observed
that; the quality and health status of such materials is usually is not guaranteed. Liebhold et al.,
(2012) reported that live plant imports introduce live pests and diseases into new regions and are
the major pathways for the primary introductions of forest pests and pathogen invasions.. Further
the study showed that continuous imports of reproductive materials may also introduce more
virulent and or additional genotypes of a pathogen or pest thus altering its diversity and genetics.

c¢) Uncontrolled tree seed trade

Tree seed trade within East Africa is largely uncontrolled. There are inadequate legislations on
tree seed trade. Most E.African countries use agricultural regulations and Kenya is no exception.
Agricultural regulations still lack standards for control of health issues regarding tree seeds, more
so for many indigenous species The trade is also riddled with huge variations in prices of forestry
seed even of the same species in different areas within the same country. High quality tree seed
sources are also inaccessible to a greater majority of stakeholders due to poor distribution
channels of forestry seed. For example the Forestry Seed Centre (KFSC) is located at Muguga
which is far from many stakeholders. In addition packaging of forestry seed is poor within the
country due to the complex nature of forest germplasm, and that limits their distribution too.. The
current ban on sale of polythene for packing is a draw-back to the newly designed packaging
materials. It will take a while to design and test new packaging materials.

d) Inadequate traceability to source of forest germplasm

Although some sources have been selected and georeferenced, many seed sources do not have
the required documentation on the origin of the seed. This causes traceability problem hence
lowering pricing of seed.
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e) Inadequate resources to support production, storage and exchange of high quality forest
germplasm

Forest germplasm production and conservation is largely supported by funds from the exchequer
which are not adequate to support all the required processes . The current annual allocation is
Ksh 10,000,000 against a requirement of Kshs 75,000,000. There is also shortage of trained
personnel in tree seed collection, processing, testing and certification. There are also inadequate
storage facilities to meet national demand.

Mitigating the phytosanitary challenges faced in forest germplasm exchange
The Kenya Forestry Research Institute has initiated some measures to mitigate some of the
challenges. These include;

a) Production of high quality tree germplasm

KEFRI produces on average 10 tons of tree seeds comprising of about eighty tree species which
meets about 40% of national tree seed demand. Demand for tree seeds is expected to increase
from the demands of the newly launched National Forests Programme (NFP) 2016-2030 whose
major focus is expansion of commercial forestry and rehabilitation programmes. In some cases,
KEFRI also imports reproductive materials (mainly seeds) of selected tree germplasm for mainly
for research trials. The institute also produces forest reproductive materials that include grafts,
cuttings, marcots among others for research purposes. Production and conservation of high
quality tree germplasm involves selection of mother trees of identified tree species which meet
specific characteristics among them free of pests and diseases. It also involves developing
protocols to raise planting materials of difficult to propagate indigenous tree species that include
Terminalia brownii, Tectona grandis, Melia volkensii, Gmelina arborea, Markhamia lutea,
Osyris lanceolata, Ocotea usambarensis, Maesopsis eminii and Terminalia spinosa among
others.

b) Amendment of the Seeds and Plant Varieties Act 2012 to include Tree Seed Regulations
The institute is the process of proposing an amendment to the Seeds and Plant Varieties Act 2012
to include Tree Seed Regulations. The amendment will guide and facilitate the production,
conservation and trade in forest germplasm. It will also provide for guidelines on formation of a
National Tree Seed Advisory Committee (NTSAC), registration of tree seed sources and tree
seed merchants, tree seed inspection, collection, processing, sampling, testing, tree seed
importation and exportation, packaging, labelling and sealing, validity certification and quality
declaration and offences and penalties for breaking the rules stipulated under each section.

c) Ensuring tree seed traceability to source

The institute has made significant efforts towards ensuring that tree seeds going out of KEFRI
can be traced to the source. KEFRI represents Kenya in the OECD Forest Seed and Plant
Scheme as the Chair of the Tree Seed traceability committee. The institute is also currently
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working on registration and documentation of all information on available tree seed sources in
the country. Though expensive, the activity is a priority to enable the institute to trade
internationally and also for the seeds to attract better prices. Through compliance to the OECD
regulations, the institute will ensure that establishment and management of tree seed sources
meet international standards.

d) Building capacity of staff and stakeholders in forest/tree germplasm

Together with partners the institute will continue to build capacities of staff to carry out key
activities such as collection, processing, testing and distribution of high quality germplasm. The
institute is also building capacities of stakeholders in the above in addition to establishment,
management of tree nurseries and tree resources. Sensitization campaigns on the importance of
healthy materials and good forest management will be carried out countrywide through various
media and fora.

e) Seed research and technology

The institute continues to carry out research on tree seed technology. This includes generating
technologies to improve collection, processing, storage and germination of tree seeds among
others. The focus is on developing technologies for germination of indigenous tree species as
well as to establish testing standards for key species with collaborators that include OECD
members, KEPHIS, World Agroforestry Centre (ICRAF), Seed Trade Association of Kenya
(STAK), Kenya Seed Company and many other stakeholders to enhance exchange of healthy
forest germplasm. The institute is already carrying out research in collaboration with ICRAF to
develop a germplasm health quality management system (GH-QMS) for all ICRAF nurseries and
field genebanks by 2020. The project is currently focussing on developing standards for
Grevillea robusta, Moringa oleifera, Sclerocarya birrea, Adansonia digitata, Berchamia bicolor,
Vangueria rotundata among others.

f). Establishment of a Tree Seed Certification Unit

The proposed amendment to the Seeds and Plant Varieties Act 2012 also provides for the
establishment of the Tree Seed certification Unit. The unit will offer tree seed testing services
and also phytosanitary certificates for tree seeds. This will be the first of its kind in the region.
Resources to establish the unit and other tree seed activities are being mobilized from various
sources including the exchequer.

g) Monitoring of forest pests and diseases

Forest health is critical to the exchange of health tree/forest germplasm. The institute carries out
research aimed at developing pest and disease diagnostic technologies in order to improve pest
/disease management support systems and advisory services to stakeholders especially on
priority tree species. A forest health monitoring system has been put in place in all eco-regions to
improve early detection of forest pests and diseases. The health team also seeks to understand the
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role of climate change on the emergence of “new” forest pests /diseases in order to devise
appropriate management strategies.

Conclusions

From the foregoing it is clear that phytosanitary challenges to tree germplasm exchange require
multi-stakeholder collaboration, establishment of partnerships and networks to ensure that
stakeholders access high quality germplasm. Mobilization of resources is therefore key to
facilitating and sustaining the mitigation activities outlined above.
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Abstract

Pines have been among the major plantation species grown in Kenya as in many parts of the
world. The narrow range of commercial plantation species, the risks associated with climate
change and the needs to improve productivity per unit area have necessitated screening of new
pine germplasm. A study was conducted to evaluate survival and early growth performance of
13 pine hybrids in Muguga and Turbo Kenya, with an objective of determining their potential for
plantation forestry. Average survival of the hybrids across the two sites at five years was 61.8 %
and varied from 26.4 % to 87.8 %. In each trial, the best-performing hybrid clones grew
significantly faster (P < 0.05) than P. patula in height and diameter at breast height. Mean
volume production for the hybrids was significantly higher in Muguga than Turbo (P <0.05, V =
0.051). Relative performance of the best hybrid clones showed consistency in ranking for growth
across the sites and analysis showed low genotype-by-environment interaction. Early selection
indicates that P. patula x P. tecunumanii (low elevation) was the best hybrid for the two sites.
The results suggest that five hybrids that performed better than the local P. patula could be used
in establishing pilot plantations in major pine plantation areas in Kenya.

Keywords: Improved productivity, growth performance, genotypes, pines, pine hybrids

Introduction

Forest cover in Kenya has been dwindling over the years, and by 1990 it had reduced to less than
1 % of the country’s land area (Wass, 1995). However, the recent estimates put the forest cover
at about 7 % of the total land mass, with approximately 77 % being held in community and
private lands. The current surge in tree cover is credited to the enhanced tree planting by small
and large scale farmers with commercial intentions. It is estimated that about 220,000 hectares
(ha) of Kenya’s forest land is under plantations, contributing to about 3.6 % of the country’s
Gross Domestic Product (GDP) (Ministry of Environment and Natural Resources, 2016). Forest
plantations, therefore, play a significant role in socio-economic development of the country, in
addition to their environmental benefits. Furthermore, forest plantations have the potential to
buffer the indigenous forests from overexploitation by providing most of the wood and non-
wood forest products required by the forest adjacent communities and other users. Despite the
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important role played by forest plantations, the area under natural forests, which are mainly
under the custody of the government, are still facing a downward trend, mainly due to
overexploitation and degradation, as demand for forest products has far outstripped the supply.
This scenario is predicted to continue into the future. A study carried out in 2013 by the Ministry
of Environment and Natural Resources indicates that in 2012, Kenya had a wood supply
potential of 31.4 million m* against a national demand of 41.7 million m?, hence a deficit of 10.3
million m* with a projected deficit of 15 million m® in 2031-2032 (Ministry of Environment and
Natural Resources, 2013). As the demand for wood and wood products increases, more
plantations are needed to bridge the gap within the shortest time possible. This calls for
identification and promotion of fast growing tree species with high survival and good quality
wood products.

Currently, forest plantation species in Kenya largely include; Eucalyptus grandis, E. saligna,
Pinus patula and Cupressus lusitanica. These species, together with Pinus radiata dominated the
forest plantation industry since early 20™ century, until recently when Eucalyptus hybrid clones
were introduced. Unfortunately, some of these species have been prone to attack by pests and
diseases, while performance of other species has been affected by climate change, thus
necessitating new introductions to diversify the plantation species. For example, Pinus patula
and P. radiata were introduced in Kenya in the early 1900s as a source of fiber for pulp and
paper industry. However, cultivation of P. radiata was discontinued due to infestation by pine
needle blight (Ivory, 1967). More recently, the attack by Cypress aphid, (Cinara cupressivora)
on C. lusitanica threatened its continued planting until a biological control agent of the pest was
introduced. In addition, survival and yield of P. patula has reduced in some of the areas
popularly planted with the species, due to the prevailing dry conditions, probably brought about
by climate change. Generally, yields of pine plantations in Kenya are much lower than those of
pine hybrids in other countries including South Africa. The need to increase wood production per
unit area has led to development of more options for sustainable improvement of the production
of forest plantations in other parts of the world (Dieters and Nikles, 1997). One of the options is
development of high yielding and fast growing hybrids. Interspecific hybrids of pines are used in
forestry across a wide geographic range including Australia (Dungey et al., 2000), USA
(Kubisiak et al., 1997), Brazil (Dieters and Nikles, 1997) and the African continent (Dvorak,
2001).

Through the international tree conservation and domestication program also known as Central
American and Mexico Coniferous Resources Cooperative (CAMCORE), a number of pine
hybrids have been developed and availed to members for trials (Leibing et al., 2009). There is
substantial information indicating that hybrids outperform pure parental species due to heterosis
in many tropical and subtropical regions (Blanco and Lambeth, 1991). The majority of hybrids
planted are generally from the first generation crosses, but the second generation or advanced
generation is often considered because it is conceptually easy to produce in an open-pollinated

99



seed orchard (Byun et al., 1989). For example, first generation of P. elliotii x P. caribaea hybrid
is used in plantation forests of Queensland, Australia (Dieters and Nikles, 1997), and these
hybrids are also being tested amongst other species combinations in China (Dungey et al., 2000).
In Zimbabwe, the main hybrids under testing are P. caribaea x P. tecunumanii and P. oocapa x
P. elliotii (Gwaze et al., 1999). Despite the low productivity of pine species in Kenya, no hybrid
has been tried for improved production. Furthermore, uncertainty regarding the effect of
potential climate change on the future commercial range of pine plantation also calls for detailed
information on survival and growth performance among the potential genotypes (Dipesh et al.,
2015).

Through collaboration with CAMCORE, 13 pine hybrids were introduced by the Kenya Forestry
Research Institute (KEFRI) for screening in Kenya. The objective of the study was to evaluate
survival and growth performance of the 13 pine hybrids on two sites: Muguga and Turbo; and to
determine their potential for plantation forestry. This paper provides a comprehensive assessment
of survival and growth performance of the 13 pine hybrids compared to a local collection of P.
patula on the two sites. The results provide insight into the potential future germplasm for
diversification and improved plantation forestry in Kenya.

Materials and Method

Site description

Pine hybrid performance trial was carried out in two sites in Kenya namely; Muguga and Turbo.
Muguga site is found at 01°12°55.1"S and 036°38°45.6"E with elevation of 2070 metres above
sea level (masl). The site receives between 350 mm and 1200 mm of rainfall with mean annual
precipitation of 980 mm and temperature of 21 °C. The soil is dark reddish brown, sandy clay
loam texture with moderate drainage. The soil is acidic (pH CaCl, = 5.1) with high amounts of
nitrogen (% N = 0.4) and potassium (Kppm = 1002.9), but low phosphorus (Pppm = 4.9). The
Turbo site lies at 0°38" 2.265” N and 035°3" 45.62" E at an altitude of about 1859 masl with a
mean annual temperature of 18.3 °C. The mean annual rainfall is approximately 1500 mm and
falls mainly between the months of May and September. The soils are dark brown, sandy clay
loam with moderate drainage, pH CaCl, = 4.4, low carbon % with C = 1.31, phosphorus (Pppm)
= 6.53, nitrogen (N) = 0.18 and potassium (Kppm) = 376.3.

Site preparation

Muguga site was formally under P. patula plantation, which was clear-felled in 2008. At the time
of land preparation, the area was covered by tall bushes of about 3 m high with a thick
undergrowth. The bushes were slashed and debris burnt. The site was then hoed by hand in
between the stumps. At Turbo, the site was also previously planted with P. patula, which was
clear-felled in 2002. The site was cultivated with agricultural crops in 2003, after which it stayed
fallow and was invaded by grass and scattered Acacia bushes until the time of this experiment.
The site was prepared by first uprooting the Acacia bushes and then ploughing with a tractor.
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Trial establishment

On both sites, the trials were established in May 2011 using 13 pine hybrids and a local
collection of P. patula as the control. Out of the 13 hybrids, 6 were represented in Muguga and
11 in Turbo (Table 1). Only five hybrids (P. patula x P. gregii, P. patula x P. oocarpa, P. patula
x P. tecunumanii (high elevation), P. patula x P. tecunumanii (low elevation) and P. tecunumanii
(high elevation) x P. oocarpa) were represented at both sites. The experimental design was 36 (6
X 6) tree plots with four replicates for Muguga and 49 (7 x 7) tree plots with three replicates for
the Turbo site. The spacing between individual trees was 3 x 3 m on both sites. Two guard rows
of P. patula were planted around the trials. The trials were assessed at five years for survival
(physical counts), height and DBH (1.3 m above the ground) growth. Stem volume for individual
trees was estimated using the following equation for juvenile trees (Ladrach and Mazuera, 1978):

V =0.00003 (DBH? * H),

Where, V is the individual tree stem volume (m®), DBH is the diameter at breast height (cm), and
H is the total tree height (m).

Table 1. List of pine hybrids used in the growth performance trials at Muguga and Turbo in

Kenya
Cod Hybrid Site
ode ybri Muguga  Turbo

Car x Ell Pinus caribaea x Pinus elliotii Y

Pat x Grs Pinus patula x Pinus greggii Y Y
Pat x Ooc Pinus patula x Pinus oocarpa Y Y
Pat x TecH Pinus patula x Pinus tecunumanii (high elevation) Y Y
Pat x TecL Pinus patula x Pinus tecunumanii (low elevation) Y Y
TecH x Ooc Pinus tecunumanii (high elevation) x Pinus oocarpa Y Y
Control Pinus patula Y Y
Car x TecL Pinus caribaea x Pinus tecunumanii (low elevation) Y
Ell x Car Pinus elliotii x Pinus caribaea Y
Ell x Tae Pinus ellliotii x Pinus taeda Y
Ell x TecH Pinus elliotii x Pinus tecunumanii (high elevation) Y
Pat x Ell Pinus patula x Pinus elliotii Y
Tecl x Car Pinus tecunumanii (low elevation) x Pinus caribaea Y

Note: Y denotes planting at the site

Data analysis

All data were analyzed using GenStat 18" edition statistical software package (Payne et al.,
2015). Analyses of Variance (ANOVA) at the 0.05 significance level and least significant
difference (LSD) tests were calculated for height, DBH and tree volume using the GLM
procedure.
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Results and Discussion

Survival

The overall survival was 63.6 % in Turbo and 64.4% in Muguga (Tables 2 and 3, respectively).
However, the survival of the hybrids varied between 22.4 % and 84.4% at Turbo and between
46.5 % and 80.6% at Muguga. Overall, the hybrids had comparable survival to P. patula
(58.5%), which is the dominant commercial pine species in the country. On either site, the
survival of P. patula x P. tecunumanii was generally high compared to P. patula despite the
differences in environmental factors such as rainfall, soil characteristics and elevation. Similar
superior survival of pine hybrids compared to P. patula and P. radiata was recently reported by
Hongwane et al. (2017). Survival rate in general is influenced by several factors, which may
include site management, especially the weeding frequency and the protection of the seedlings
from pests and diseases (Nilsson, 2012). Drought and seedling handling during planting period
also contribute significantly to the survival rate. However, for the present trial, low survival rates
in some genotypes may be attributed to poor handling and post-planting disturbances by both
human, as well as domestic and wild animals.

Growth performance at Turbo site

Similar growth trend was observed for the hybrids in both height and DBH at the Turbo site.
Both growth parameters revealed statistically significant differences (P < 0.001) among the
hybrids. These results indicate that some selection may be required in order to choose the best
genotypes for high productivity. However, the ranking in performance of the hybrids was
different for both growth traits even though the rank for the best and least performing hybrids for
the two parameters remained the same (Table 2). The highest height and DBH growth was
observed in P. patula x P. tecunumanii (low elevation) followed by P. patula x P. oocarpa. The
least height and DBH growth was realized in P. elliottii x P. tecunumanii (high elevation). For
both height and DBH growth, P. patula performance was average relative to that of the hybrids.
Similar results of superior performance of hybrids over pure species have been reported for pines
and eucalyptus across the globe (Balozi et al., 2010; Eksteen, 2012; Cappa et al., 2013). The
trees at Turbo had an average volume of 0.033 m® with a treatment range of 0.001 to 0.051 m®,
The volume production of the local P. patula was lower than the mean value and ranked 7%
compared to the hybrids. The superior performance of the hybrids may be attributed to the
effective selection and breeding program, and provides an opportunity for widening pine gene
pool in the country.
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Table 2. Mean growth comparisons of pine hybrids at Turbo Kenya

Hybrid Survival (%) Height (m) DBH (cm) Volume (m°)
Ell x TecH 22.4 2.499a 2.88a 0.001a
Ell x Tae 64.6 4.825b 6.82b 0.011b
Pat x Grs 59.2 6.485c 10.24c 0.024c
Ell x Car 77.6 6.694c 10.81cd 0.027cd
Car x TecL 68.7 7.514d 11.46d 0.031de
Pinus patula (control) 58.5 7.822de 11.31d 0.032de
Pat x Ell 38.1 7.602d 11.21d 0.033e
Tecl x Car 81.6 7.727d 11.5d 0.034e
TecH x Ooc 75.5 8.277ef 11.61d 0.036e
Pat x TecH 63.3 8.372fg 12.73e 0.043f
Pat x Ooc 69.4 8.632fg 13.26e 0.048fg
Pat x TecL 84.4 8.799g 13.55e 0.051g
Mean 63.6 7.104 10.615 0.033
LSD 0.28 0.58 0.005
SED 0.14 0.29 0.002
F-Probability (P = 0.05) <0.001 <0.001 <0.001

Note: The means were separated using Tukeys test

Growth parameters at Muguga site

A similar growth trend was found at the Muguga site as was reported for the Turbo site (Table
3). Significant differences were observed among hybrids for both height and DBH growth (P <
0.001). Just like in the Turbo site, P. patula x P. tecunumanii (low elevation) showed superior
growth in both height and DBH. However, this was followed by P. patula x P. tecunumanii (high
elevation) (Table 3), while P. patula x P. greggii hybrid showed the least growth for both height
and DBH. These parameters were significantly different from those recorded for P. patula. The
average stem volume was 0.051 m® with the treatment ranging from 0.035 to 0.084 m°. In
comparison to the six pine hybrids that were tested in this site, P. patula ranked fourth in terms
of growth and productivity. This is an indication that there is an opportunity for introduction of
the hybrids to enhance wood production in the area. However, it should be borne in mind that the
P. patula seedlings used in the present study were not raised from selected superior individual
trees. In this case, proper selection may lead to different results.
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Table 3. Mean growth comparisons of pine hybrids at Muguga Kenya

FAM Survival (%) Height (m) DBH (cm) Volume (m°)
Pat x GRs 54.9 6.93a 12.13a 0.035a
Car x Ell 54.9 7.32ab 12.55ab 0.038a
Pat x Ooc 75.6 7.76b 12.79ab 0.046b
P. patula 77.0 8.18c 13.06b 0.046b
TecH x Ooc 46.5 8.56¢d 13.49b 0.051b
Pat x TecH 61.1 8.94d 14.88c 0.063c
Pat x TecL 80.6 10.50e 15.97d 0.084d
Mean 64.4 8.32 13.45 0.051
LSD 0.270 0.520 0.007
SED 0.138 0.265 0.004
F-Probability (P = 0.05) <0.001 <0.001 <0.001

Note: The means were separated using Tukeys test

Comparison of growth parameters between Muguga and Turbo sites

Comparison of growth performance for the five hybrids that were tested on both sites showed
statistically significant differences (P < 0.001) for both site and growth parameters (Table 4).
The interaction between treatment and site was also statistically significant. Pinus patula x P.
tecunumanii hybrid was ranked first on both sites. However, there was significant difference
between the two sites. Generally, trees in Muguga had significantly higher growth performance
compared to the Turbo site. For example, trees at Turbo had an average volume of 0.037 m?,
with a mean range from 0.022 to 0.049 m® (Table 4), while at Muguga, the average volume was
0.056 m*® with individual hybrid means ranging from 0.037 to 0.085 m®. The volumes were
comparable to those reported for P. patula x P. tecunumanii hybrid trial in South Africa at age
five years (Kanzler et al., 2012). Similar results were reflected in both height and DBH
measurements. Thus, the overall site quality in Muguga including high elevation appears to
favour growth of the hybrids compared to Turbo. Based on the sample analyses, soils at Muguga
also appeared to be more fertile compared to the Turbo site, which might have promoted superior
growth of the hybrids. The average height, DBH and volume across the sites showed that P.
patula x P. tecunumanii (low elevation) ranked first, whereas P. patula x P. greggii ranked last.
At the Turbo site, however, P. patula x P. oocarpa hybrid ranked second. These results are
similar to those reported by Hodge and Dvorak (2012) which indicated a potential gain for ‘new’
species. However, P. patula which is the main pine plantation in the area ranked distant fourth,
suggesting that new pine germplasm could be introduced for improved production. Significantly
higher performance of pine hybrids against P. patula has also been reported in South Africa (Nel
et al., 2006)
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Table 4. Mean growth comparisons of pine hybrids at Turbo and Muguga, Kenya

Hybrid Muguga Turbo Combined

Height DBH Volume Height DBH Volume Height DBH Volume

Pat x GRs 7.00 1235 0.037 6.47 10.23 0.022 6.76 1156  0.031
Pat x Ooc 787 13.18 0.050 8.64 13.25 0.046 8.16 13.2 0.048
P. patula 8.21 13.14 0.046 781 1133 0.031 8.02 1247 0.040
TecHxOoc 856 1356 0.051 829 11.61 0.034 843 1284 0.044
Pat x TecH 8.94 1493 0.065 8.39 12.74 0.042 8.69 14.12  0.055
Pat x Tecl 10.55 16.11 0.085 8.81 13.56 0.049 9.82 1516 0.070

Mean 8.52 13.88 0.056 8.07 12.12 0.037 831 13.23  0.048
LSD 0.2615 0.5243 0.004
SED 0.1333 0.2673  0.002
F-Probability <0.001 <0.001 <0.001

*Units: H = m, DBH = cm, Volume = m®

Conclusions and recommendations

This is the first field experiment of pine hybrids in Kenya and the excellent early growth
performance of some of the hybrids at the two sites is encouraging. The results show that some
of the hybrids, particularly P. patula x P. tecunumanii (low elevation) and P. patula x P.
tecunumanii (high elevation) had better growth than P. patula, which is the common commercial
pine species grown in Turbo and Muguga. This indicates that pine hybrids have a great potential
for commercial forest plantation in Kenya and supports introduction of new plantation
germplasm in the country. However, additional research should be carried out before
implementing these findings because P. patula seedlings used in the trials were not from selected
superior individuals, hence performance of the species might not have reflected that of selected
local materials.

We recommend establishment of pilot plantations of P. patula x P. tecunumanii (low elevation)
and P. patula x P. tecunumanii (high elevation) in the country, and further introductions of pine
hybrids for trial in other ecological zones of the country
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Abstract

Due to increased deforestation and effects of climate change, there was a need to diversify
plantation species grown in Kenya. In addition, areas with good soil characteristics are under
food crop production, thus limiting the land available for forest plantations. Pinus kesiya is
native to Asia and grown in some African countries. The wood is used for construction, making
furniture, pulpwood and fuelwood. The species has potential to grow in poor soils. The main
objective of the study was to assess adaptability, growth performance, productivity and genetic
variation of P. kesiya provenances. Fifteen P. kesiya provenances from Philippines and 5 from
Zambia ex-Philippines were established in 2 sites with poor soils in Turbo and Nzoia in Western
Kenya. Data was collected for survival, height and diameter at breast height (DBH) up 17.6 years
of age, and subjected to Analysis of Variance. The trial in Turbo site was written off due to poor
survival. At the Nzoia site, there were highly significant differences among provenances within
years for mean survival, height, DBH and volume (p < 0.001). Mean height ranged between 19.7
and 25 m; DBH between 24 and 28 cm; volume between 31 and 47 m®ha/yr, while survival was
13 to 58 % at 17.6 years. Performance of P. kesiya in this study was good but lower than for
other countries probably due to poor soils where the trial was established. This indicates the
species could be considered as a plantation species on poor soils and in breeding programs.

Keywords: Pinus kesiya, growth performance, poor soils, provenances

Background

Pinus kesiya Royle ex Gordon is native to South East Asia (Louppe et al., 2008) but it is also
widely grown in African countries including South Africa and Malawi (Missanjo and
Matsumura, 2016). The species is fast-growing and has a wide geographical range. Pinus kesiya
has many uses such as pulpwood, timber and resin extracts (Nyunai, 2008; Lamprecht, 1990).

In 1960s and 70s, many pine species in Kenya and other pine growing countries in Africa were

affected by Diplodia die back (Arap-Sang, 1978) and Dothistroma septosporum (Barnes et al.,
2004). Pinus radiata D. Don, which was one of the most important species grown for pulpwood
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and timber, was one of the most affected (Mathu, 2011). In addition, P. patula Schiede ex
Schltdl. & Cham., another widely grown species, was also found to be susceptible to Diplodia
infection , particularly in Turbo, a site with highly variable laterite soils. This necessitated further
identification of additional plantation species.

Pinus kesiya shows good growth performance on poor and harsh sites in areas more than 1200
metres above sea level (masl) and with annual rainfall above 1700 mm (Hansen et al., 2003),
hence the need to introduce the species for trials in Kenya. Provenance trials of P. kesiya have
been established in several countries in the world (Missanjo and Matsumura, 2016; Hansen et al.,
2003; Chamshama et al. 1990). The species was first introduced into Zambia in 1950s followed
by more introductions to Brazil, Myanmar, China, Madagascar, Philippines, Thailand, Vietnam
and Zimbabwe where high survival was reported in some cases (Hansen et al. 2003). The main
objective of these trials was to explore genetic variability and adaptive traits in P. kesiya
provenances with the aim of availing quality seed sources and their conservation (Hansen et al.
2003).

A P. kesiya provenance trial was established in Kenya in 1972. Objectives of the trial were to i)
assess adaptability, growth performance and productivity for different uses, and ii) determine the
extent and pattern of genetic variation of the introduced material.

Materials and Methods

Site

The pines were planted in Turbo, which lies in western part of Kenya at 0° 38’ N and 35° 4’E.
The experiment was carried out on two sites; Nzoia and Turbo with the site characteristics as
shown in Table 1.
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Table 1. Site characteristics of Nzoia and Turbo sites

Characteristic Nzoia site Turbo site
Altitude 1,700 m asl 1,830 m asl
Rainfall 1,320 mm 1,250 mm
Soil Shallow medium clay. Likely to Very shallow dark reddish brown

be acid and deficient in Nitrogen
(N) and Phosphorus (P).
Soil less than 1 m deep

Vegetation Grassland dominated by
Hyparrhenia filipendula, Themeda
triandra with acacia; Combretum
sprouting from cut stumps

Slope Gentle N.W.

Temperature Mean annual hottest month = 29°C
Mean annual coldest month =
18°C

medium clay underlain with laterite
60cm. Moderately acid and deficient
in Caand P.

Soil 30-80 cm deep

Maize to 3m at 0.9m spacing between
rows, every third row of maize having
been removed for trees. Also some
herbs grass with wattle regeneration
Level

Mean annual hottest month = 29°C
Mean annual coldest month = 11°C

Seed sources

Twenty P. kesiya seed sources were introduced from Philippines and Zambia with fifteen and
five provenances, respectively. Details of the various provenances are given in Table 2.
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Table 2. Sources of P. kesiya provenances and other pine species grown in Nzoia and Turbo,

Kenya
Seed no. Latitude Longitude Altitude  Source
(°’N) (’E)
PK 9254 18°15° 120°51° 990-1140 llicos Norte (Lamin)
PK 9255 17°53 120° 44 760-910 llicos Norte (Mt. Semene
Blen)

PK 9256 17°33 120° 47 1220- Abra (Langangilang)
1280

PK 9258 16° 54° 120° 55 1550- Bontoc (Mt. Data)
1680

PK 9259 16° 54’ 120° 53 1950 Bontoc (Mt. Data)

PK 9261 16°51° 120° 45° 980-1130 Benguet (Lapanto)

PK 9262 16°39’ 120°51° 2160 Benguet (Kabeyan)

PK 9263 16°19° 120°51° 1160- Neuva Viscaya (Kayapa)
1310

PK 9264 16°09° 120°49° 980 Pangasinan (San Nicolas)

PK 9265 16° 06 121°06° 910-1100 Neuva Ecija (Mt. Otang)

PK 9266 16°01° 121°10° 910-1100 Neuva Ecija (Mt. Benbeu)

PK 9267 16°00° 121° 08’ 60-790 Neuva Ecija (Mt.

Tilasacana)

PK 9269 15°32 120°07° 910-1130 Zambales (Coto mine)

PK 9270 15°32’ 120°07° 610-760 Zambales (Coto mine)

PK 9271 16°30° 120° 50° 1520- Benguet (Bokod)
2130

PK 9533 Zambia, Chichele 1280 Vietnam origin

PK 9548 Zambia, Samfya Philippines origin

PK 0568 Zambia, Samfya Philippines origin

PK 0574 Zambia, Chati 1200 Madagascar origin

PK 0591 Zambia, Chichele 1280 Vietnam origin

P. radiata Kitiri, Kenya 2400 Cpt. 12.A Collected 1969

P. caribaea var. Bahamensis 69 (7296) 3 Andros Island

P. oocarpa NSB.14 910 Guatemala

Note: PK denotes Pinus kesiya
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Experimental design and layout

Planting was done at a spacing of 2.5 m x 2.5 m for Nzoia site and 2.7 m x 2.7 m for Turbo site.
Balanced lattice design was used with three and six replications for Turbo and Nzoia sites,
respectively. The plots were 5 x 5 trees, with the centre 3 x 3 being assessed.

Assessment and data analysis

Height was assessed periodically for 17 years, while DBH was assessed from 5 to 17.6 years.
Analysis of Variance (ANOVA) was used to compare the means for height, DBH and volume for
P. kesiya in this trial while Kaplan-Meier procedure was used to compare tree survival over time.
Tree volume was calculated using the formula:

Tree volume (m®) = [(DBH/200)? x 3.142 x height]/ 3

Mean annual increment (MAI) was calculated by dividing volume by age and periodic annual
increment (PAI) by dividing the volume between successive times by successive time periods.
Analysis of Variance was calculated using unbalanced design in Genstat Statistical Package
version 15 (Payne et al., 2014).

Results

Although the trials were established in two sites; Turbo and Nzoia, trees in the Turbo trial were
initially damaged due to rats and later affected by heavy mortality in all provenances and species
except P. radiata within the first year of planting. The trial was hence written off. Results
presented are therefore for Nzoia site only.

Survival

Generally, the whole trial had a low average survival rate of 37 % over the entire growth period
although different provenances showed varied performance: for instance, PK 9269 had moderate
survival rates with a mean of 58.7% followed closely by Chichele with 57.1 % while the lowest
survival was observed for PK9262 and PK9265 with 20.4 % and 13 %, respectively. There were
high significant differences between the provenances and over time (p=0.000) using Log Rank,
Breslow and Tarone-Ware, all for comparing equality of survival distributions. Survival at Nzoia
site was high for most provenances at 2.8 years of above 50 % except for PK9262 and PK9265
with 22.2 % and 25.9 %, respectively (Figure 1). At 5.6 years, survival rate for the whole trial
was 54 %, down from the initial 71 % at age 2.8 years. Provenance 9264 and PK 9269 had the
highest survival of 72.2 %, followed by PK 9548 and Chichele of 70.4 % each, while the lowest
survival was recorded for PK 9265 (22%) (Figure 1). The total survival reduced to 43 % at 10.4
years and further to 39 % by age 17.6 years. Chichele and PK 9269 provenances had the highest
survival at both ages above 55 %, while PK 9265 was lowest with less than 20 % (Figure 1).
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Figure 1. Cumulative probability survival rates for P. kesiya provenances over time in Nzoia
Kenya

Height

There were high significant differences for height growth among provenances within all the
years (p < 001), except at age 7.4 years, where there were no significant differences (Table 3). At
age 2.8 years, PK 9263 showed highest height of 2.4 m followed closely by PK 9548 at 2.39 m,
while the lowest was PK 9259 (Table 3). At age 5.6 years, PK 9263 still showed the highest
mean height of 7.73 m, followed by PK 9269 of 7.50 m, with the lowest as Chichele with 6.25
m. At age 10.4 years, the difference between highest and lowest mean height had increased to 2.4
m with the highest as PK 9263 with 15.67m and the lowest as PK9262. The best performance at
17.6 years was observed for PK 9263 with 24.59 m followed closely by Chati, while lowest was
still PK 9262 with 4.9 m less (Table 3).

Diameter at Breast Height

In general, DBH showed significant differences among provenances (p < 0.001 and p < 0.05)
within all ages except at age 10.4 years, where there were no significance differences (Table 4).
Chati showed the highest mean DBH at age 5.6 years of 12.04 cm followed by PK 9263. At age
7.4 years, Chati provenance continued to hold the top position followed by PK 9271, through to
age 10.4 years, while PK 9259 still showed the least performance at age 7.4 years (Table 4).
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Diameter at breast height at age 17.6 years was highest for PK 9267 with 28.80 cm followed by

PK 9265 (Table 4).

Table 4. Performance of DBH for P. kesiya provenances over time in Nzoia, Kenya

DBH over time (cm)

Provenance 5.6 yrs 7.4 yrs 10.4 yrs 17.6 yrs
PK 9254 10.44 bcde 15.88 abc 21.08 27.42 ab
PK 9255 10.49 bcde 16.14 abc 20.53 24.00 b
PK 9256 10.39 bcde 16.27 abc 21.70 26.42 ab
PK 9258 10.61 bcde 15.00 cde 19.97 24.71 ab
PK 9259 947¢e 14.04 e 19.75 26.67 ab
PK 9261 10.85 bcd 15.80 abcd 22.08 27.58 ab
PK 9262 9.72 de 14.39 de 19.76 23.94 b
PK 9263 11.31ab 16.30 abc 21.32 25.27 ab
PK 9264 10.98 abc 16.39 abc 20.64 25.32 ab
PK 9265 10.65 bcd 15.76 bed 21.94 27.70 ab
PK 9266 11.24 abc 16.28 abc 20.82 26.37 ab
PK 9267 10.11 cde 15.96 abc 21.18 28.08 a
PK 9269 10.33 bcde 16.38 abc 20.72 26.34 ab
PK 9270 10.48 bcde 15.62 bcd 20.91 26.10 ab
PK 9271 11.10 abc 16.98 ab 21.66 26.55 ab
PK 9533 10.76 bcd 16.32 abc 21.35 26.30 ab
PK 9548 11.17 abc 16.04 abc 20.43 25.60 ab
Chati 12.04 a 17.24 a 22.09 25.89 ab
Chichele 10.14 cde 15.16 cde 19.71 23.90b
Samya 11.12 abc 16.37 abc 22.02 27.51 ab
Sig diff <0.001 <0.001 ns 0.037
SED 0.5756 0.7304 1.118 1.884
CV (%) 18.86 15.50 16.57 20.65

NB: Ranking was done using LSD at 5%

Volume

The volume had a similar trend like that for height and DBH with significant differences among
provenances across the years (p<0.01 and p<0.05) (Table 5). Volume at age 5.6 years showed
that Chati ranked highest followed by PK 9263. At age 10.4 years, Chati was still the best with
29.6 m*halyr followed closely by PK 9263, while the lowest ranking was Chichele (Table 5).
PK 9267 showed highest volume of 46.9 m*/halyr at 17.6 years followed closely by PK 9261,
while lowest were PK 9255 and Chichele (Table 5).
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Table 5. Performance of P. kesiya provenances in volume over time at Turbo site, Kenya

Volume and mean annual increment (m*/ha/yr) over time (years)

5.6 yrs 7.4yrs 10.4 yrs 17.6 yrs

Volume MAI Volume MAI Volume MAI Volume MAI

Provenance

PK 9254 578bcde  1.03 14.75ab 1.99 24.70abcd 2.36 41.37ab 2.35
PK 9255 6.19abcde 1.11 16.00ab 2.16 25.07abcd 241 31.37b 1.78
PK 9256 6.10 abcde 1.09 16.33ab 221 27.8labcd 2.67 41.25ab 234
PK 9258 6.20abcde 1.11 13.30ab  1.80 23.08 bcd 222 3287b  1.87
PK 9259 472 ¢ 0.84 1097b 148 2231d 215 36.80ab 2.09
PK 9261 6.55abcde 1.17 1521ab 2.06 28.90 abc 278 46.40a 2.64
PK 9262 4.83 de 0.86 12.83ab 173 22.83cd 220 3258b 1.85
PK 9263 7.85ab 140 17.09ab 231 29.23ab 281 3827ab 217
PK 9264 7.08abcd 126 16.84ab 228 25.22abcd 243 38.33ab 2.18
PK 9265 6.44 abcde 1.15 15.27ab  2.06 28.96 abc 278 4129ab 235
PK 9266 7.16 abc 128 16.07ab 217 26.2l1abcd 252 38.07ab 2.16
PK 9267 571bcde 1.02 1555ab 210 27.93a 269 46.87a 2.66
PK 9269 6.34abcde 113 17.51a 237 26.83abcd 258 413lab 235
PK 9270 6.59abcde 1.18 16.03ab 2.17 27.07abcd 2.60 38.29ab 2.18

PK 9271 7.07abcd 126 17.40ab 235 28.15abcd 2.71 36.28ab 2.06
PK 9533 6.33abcde 1.13 15.71ab 212 26.64abcd 256 3898ab 221

PK 9548 7.21 abc 129 16.62ab 225 24.79abcd 238 36.76ab 2.09

Chati 8.16 a 146 1851a 250 29.62a 285 4091ab 232
Chichele 5.18 cde 093 1275ab 172 22.21d 214 3140b 1.78
Samya 6.97 abcde 1.24 16.43ab 2.22 28.72 abc 276 4046ab 2.30
Sig. diff 0.003 0.049 0.05 0.05

SED 1.14 3.24 3.08 6.36

CV (%) 47.53 68.10 37.56 47.03

NB: Ranking was done using LSD at 5%: High CV attributed to high variation in survival for the trees within the
provenances

Mean annual increment (MAI) ranged between 0.9 and 2.9 m%ha/yr (Table 5), while periodic
annual increment (PAI) was 0.9 to 6.2 m*/ha/yr for all provenances (Fig. 2). Generally, PAI
reduced over time where the highest PAI was recorded at age 7.4 years for PK 9269, followed by
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Chati of 6.2 m*/ha/yr and 5.8 m*/ha/yr, respectively (Fig. 2). At age 10.4 years, PK 9261 and PK
9265 showed the highest PAI of 4.6 m*/ha/yr, while at age 17.6 years PK 9267 ranked highest
with 2.6 m*/ha/yr followed closely by 9261 showing 2.4 m*ha/yr (Fig. 2).

u7.4yr PAI = 10.4yrPAI 17.6yr PAI

LEELLAERLLEERLLE

Figure 2. Periodic annual increment of volume of P. kesiya provenances in Nzoia, Kenya

e (m/ha/yr —

Discussion

The study generally showed highly significant differences among P. kesiya provenances in
survival and growth performance. This variation is vital for any breeding program at inception as
researchers gain access to information on best performing provenances (Johnson et al., 2001),
hence the importance of this study. There was high survival rate for most of the P. kesiya
provenances at the Nzoia site for the first 2.8 years, ranging between 60 and 95 %, indicative of
good climatic and edaphic factors observed within this period of growth. This contrasted
observations made at Turbo site, where, by six months, most of the P. kesiya provenances and
other pines in the study had been destroyed by rats, followed by heavy mortality within the year.
The results suggest that the Turbo site was not conducive for P. kesiya production. The Nzoia
site showed a drastic decline in total mean survival rates over time for all provenances from 71
% at age 2.8 years to 38 % by 17.6 years. Provenances like PK 9269 (Zambeles) and Chichele
showed consistently good survival rates over time, indicating that they were adapted to the Nzoia
site, which has very shallow soils that are moderately acid and deficient in Ca and P. The Chati
provenance ranked third in survival rates above 50% throughout the entire study period, and had
high volume growth, suggesting its economic value. Low survival was recorded for PK 9262
(Benquet - Lapanto) and 9265 (Neuva Ecija) of less than 25 % throughout the study period,
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while PK 9261 (Benquet - Kabeyan) initially had high survival, but there was drastic decline
after 5 years, indicating that these provenances may have low adaptability to Nzoia site.

The best height was observed for PK 9263 (Neuva Viscaya) followed by PK 9269 (Zambeles)
throughout the study period suggesting that they would be good candidates both for pulpwood
and timber if the DBH was also high. Chati, on the other hand, showed a high mean height at age
17.6 years indicative of its potential for timber production. These results concur with that
reported for P. kesiya provenances, where the Zambales provenance from Philippines showed the
highest mean at 18.8 m followed closely by Chati (Chamshama et al., 1999). This indicates that
these two provenances generally perform well over a wide range of sites. Mean height for P.
kesiya provenances in our study showed lower means compared to P. patula subspp.
tecunumanii and P. oocarpa in the same region where mean heights ranged between 12 m and 15
m at age 8 years, respectively (Kariuki 1998). In addition, similar P. kesiya provenances grown
in Tanzania (Chamshama et al., 1999) showed much better performance in height for all
provenances over time compared to our study, which may be due to the poor soils in Nzoia site
that are not suitable for most pine species except P. kesiya as demonstrated in this study.

Due to poor soils at Nzoia site, it was initially expected that the P. kesiya provenances tested
would attain a minimum DBH of 10 cm at age 12 years. However, the results surpassed the
expectations where DBH of all provenances at age 7.4 years was above 13 cm, which is adequate
for pulpwood production (Jones, 2016). The Chati provenance showed the best DBH between 5
and 10 years, of 12 and 22 cm, which suggests that it has potential for pulpwood production,
while at 17.6 years PK 9267 (Neuva Ecija - Mt. Benbeu), PK 9265 (Neuva Ecija - Mt. Otang),
PK 9261 (Benguet - Lapanto) and Samya showed high DBH above 27.5 cm indicating suitability
for timber production. Performance in DBH for P. kesiya from Zambia and Philippines was
comparable, indicating that Nzoia site was suited for their production. Values observed for P.
kesiya DBH were comparable to a previous study on P. patula subsp. tecunumanii and P.
oocarpa (Kariuki, 1998), indicating that P. kesiya could be used as an alternative species for
pulpwood production in this area.

High volumes were recorded with the Chati provenance ranking highest at ages between 5.6 and
10.4 years of 8.2 to 29.6 m*/halyr, respectively, which was indicative of good performance in
terms of yield at Nzoia site despite the poor soil conditions. At age 7.4 years, the best provenance
had a volume of 18 m*/ha/yr, which was much lower than a study on P. oocarpa and P. patula
with volumes of 25 to 45 m®halyr at approximately the same age on a similar site (Kariuki,
1998). At age 17 years, PK 9267 (Neuva Ecija - Tilasacana) and PK 9261 (Benquet - Lapanto)
ranked highest with 46 m*/ha/yr. These two provenances could be candidate provenances for
timber production. However, the Chichele provenance performed poorly in volume over time
indicating that it may not be of economic value when compared to other better performing
provenances in the study.
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High variability in MAI was recorded in the study, which was in line with productivity of forest
plantations which have been documented to range from 1-2 m3/ha/yr for short-term and 25-30
m3/ha/yr for medium-term rotation lengths (FAO, 2001). The MAI for volume ranked between
0.8 and 2.9 m%ha/yr and PAI 0.8 and 6.2m*/halyr over time, which was low compared to P.
kesiya provenances in Zambia that ranged between 15 and 40 m*/ha/yr at age 18 years (Louppe
et al., 2008) and for softwoods in general of 50 m*/ha/yr at ages 15 to 17 years (West, 2015).
Variability in performance has been attributed to behaviour of the species, site quality, source of
genetic material, age of plantation and silvicultural management (FAO, 2001). Low performance
of P. kesiya provenances in this study was most probably indicative of the poor soils and
adaptability to Nzoia site.

Chati and PK 9263 (Neuva vascaya - Kayapa) provenances showed good performance for DBH
and volume up to 10.4 years, while at 17.6 years, they both showed good performance in height
with Chati having a survival rate above 59% throughout the study period, while PK 9263 was
above 40%. This suggests that they are moderately adapted to the Nzoia site and of potential
economic importance mostly for pulpwood production. The Zambeles provenance (PK 9269)
showed good performance throughout the study period for all the parameters, in addition to good
survival indicating that it was adapted to Nzoia site. PK 9267 (Nuevo Ecija) and PK 9261
(Benguet) showed highest volume at 17.6 years, but the survival was low in comparison to other
provenances indicating that it could be exploited and improved further in a breeding program.
The Chichele provenance showed poor performance for most growth parameters, but survival
rates were consistently high, indicating that it was adapted to Nzoia site and its genetic
superiority should be explored in breeding programs. Chati provenance showed good
performance until 10 years, in addition to a consistently high survival throughout the study
period, thus it could be considered for pulpwood production and its genetic superiority on
adaptation to the site with poor soils should be explored further through breeding programs.

Conclusion and Recommendations

The study showed high variation in growth performance among provenances PK 9267 (Neuva
Ecija) and PK 9261 (Benguet) having potential for timber production and Chati and PK 9269
(Zambeles) for pulpwood production on the poor soils. Other provenances such as Chichele and
Chati should be used as good sources of genetic material for breeding programs due to their high
survival abilities.

The high significant differences in performance of the P. kesiya provenances in the study, was
evident of genetic variation among provenances, indicating the potential gains from a tree
breeding program of the species. However, there were no differences in performance among
provenances from natural populations in the Philippines and those from Zambia ex-Philippines,
thus any of these materials could be used in breeding programs depending on performance.
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Provenances such as Chichele, Chati, PK 9267 and PK 9269 could be exploited through breeding
programs as parental material for different uses.

Due to its ability to thrive in areas with poor soils, P. kesiya should be considered as a potential
species for sites with poor soil conditions where other species would not survive in the quest to
increase forest cover of the country and a contribute towards climate change mitigation.
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Abstract

Low soil fertility is a major biophysical root-cause of declining per capita land productivity in
Kenya. In most parts of the country, soils are deficient in nitrogen, phosphorus and in some cases
potassium. Trees are important in soil fertility enhancement as they offer an excellent
opportunity for farmers to meet nutrient demand in agricultural systems. The aim of the study
was to determine the potential of Casuarina equisetifolia and Melia volkensii on soil fertility
improvement in Kwale and Kilifi Counties, Kenya. The experiment was established on-farm in a
randomized complete block design with three treatments: Casuarina, Melia and control, eight
replicates and 20 x 20 m tree plots. Soil samples were obtained in 2013, 2014, 2015 and 2016
from depths of 0 to 20 cm, 20 to 40 cm and 40 to 60 cm and analyzed for: Soil moisture, soil
texture, pH, Electro Conductivity; soil Carbon (C), total nitrogen (N), available phosphorus (P);
Potassium (K), Calcium (Ca) and Magnesium (Mg). Data was subjected to Analysis of Variance.
Results indicated that total N was higher in C. equisetifolia and M. volkensii plots compared to
the control treatment; and total Carbon ranged from 0.19 % to 1.26 %, while P was highest in C.
equisetifolia and M. volkensii plots. There was a positive correlation between soil pH and soil P
(r*=0.1777 and 0.3201) in 2015 and 2016 respectively. The results indicated that C. equisetifolia
and M. volkensii enhanced soil fertility, which can be attributed to nitrogen fixation by Casuarina
through Frankia bacteria and nutrient cycling by Melia. The results of this study are essential for
advising farmers engaged in C. equisetifolia and M. volkensii farming and for promotion of
agroforestry using these tree species.

Key words: Soil fertility, Woodlots, Agroforestry, Casuarina, Melia

Introduction

Low soil fertility is a major factor limiting farm productivity in Kenya. In most parts of the
country, soils are often deficient in nitrogen (N), phosphorus (P) and in some cases potassium
(K). Nitrogen is known to be the most limiting nutrient in most farming systems, since it is
required by plants in large quantities. Low soil fertility has in many cases been as a result of
nutrient depletion over time due to continuous cultivation and inadequate replenishment of soil
nutrients. Soil nutrient depletion is considered the most severe bio-physical root cause of
declining per capita food production in Sub-Saharan Africa (Drechsel et al., 2001). Nutrient
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depletion in soils adversely affects soil quality and reduces crop yield, and consequently poses a
potential threat to global food security and agricultural sustainability (Tan et al., 2005).

The main factors contributing to nutrient depletion are losses of N and P through soil erosion by
wind, water, crop harvest and leaching. Nutrient losses specifically due to erosion in soils in
Africa have been reported to range from 10 to 45 kg of NPK per hectare per year (Muriu et al.,
2005, Julio and Carlos, 2006). Declining soil fertility in Kenya has led to reduced land
productivity, thus land users are being encouraged to adopt soil improvement technologies
(Muriu et al., 2005). Nutrient gains in soils in Africa are mainly through mineral fertilizer
application, organic matter mineralization, nutrient deposition by precipitation and Biological
Nitrogen Fixation (BNF). Biological Nitrogen Fixation is essential as it offers an excellent
opportunity for drawing upon the vast reserve of atmospheric nitrogen in an inexpensive and
environmentally sound manner (ICRAF, 2014). The introduction of nitrogen-fixing and highly
mycotrophic plant species is a promising way to increase soil fertility. Among nitrogen fixing
species, exotic trees such as Casuarina equisetifolia are widespread in tropical and sub-tropical
zones. These species play an important role in symbiotic relationships with mycorrhizal fungi
and Frankia bacteria. These microorganisms increase plant growth and development and also
improve nutrient availability particularly N and P for the plant host, which in return benefit from
plant carbohydrates (Kandioura et al., 2013).

Over two million hectares of C. equisetifolia plantations throughout the tropics provide several
socio-economic, environmental and ecological services. Their fast growth, adaptability to a range
of edaphic and climatic conditions, multiple end uses and the symbiotic nitrogen fixing ability,
make them a highly preferred group of trees for farmers (Diagne et al., 2013). Casuarina
equisetifolia plays a crucial role in improving soil fertility, as it is able to grow in nitrogen
deficient soils, where other plants may not thrive. The amount of N fixed by actinorhizal trees is
comparable to that fixed by legumes and their rhizobium symbionts, and can significantly
contribute to N-economy of ecosystems (Kondioura et al., 2013). The use of C. equisetifolia as a
means of replenishing N in the soil has been explored in other parts of the world due to its
nitrogen fixing capability (Santi et al., 2013). However, the amount of nutrients made available
for crop uptake and its potential to increase crop yields in an agroforestry system and in pure
stands after harvesting the trees is not known.

One of Kenya’s indigenous species, Melia volkensii, is also believed to improve soil fertility and
crop yields in agroforestry systems through nutrient recycling (Juma, 2003). Studies however
show contrasting results on its ability to increase crop yields through soil fertility enhancement.
Studies conducted in Machakos show that crop yields under M. volkensii agroforestry system
were significantly depressed (Rao et al., 1998); while reports by Mulatya et al. (2002), indicate
that M. volkensii increased maize yields and attributed this to effective NPK cycling by the
species.
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The coastal region of Kenya, where both C. equisetifolia and M. volkensii are grown is often
characterized by poor soils, which have contributed to low agricultural productivity leading to
perennial food shortages (Mwangi et al., 2010). Farmers in this region often grow maize, which
is highly vulnerable to harsh agro-ecological conditions, thus leading to massive losses. Farmers
have in the recent past started practicing agroforestry using C. equisetifolia and M. volkensii.
However, information on the potential of both C. equisetifolia and M. volkensii in improving soil
fertility in Kenya is inadequate. This research aimed at evaluating the potential of C. equisetifolia
and M. volkensii in improving soil fertility in Kwale and Kilifi Counties, Kenya.

Materials and Methods

Study sites

The study was conducted in Kwale and Kilifi counties in Kenya (Figure 1). Kwale County has a
total population of 649,931people and covers an area of 8,270.2 km? (KNBS, 2010). The
population density is 79 per km? with 74.9 % of the population living below the poverty line.
Kwale County has four major topographical features namely the coastal plain; the foot plateau,
the coastal uplands and the Nyika plateau. It has a monsoon type of climate; hot and dry from
January to April, while June to August is the coolest period of the year. Kwale County receives
bimodal type of rainfall with short rains from October to December, and the long rains from
April to June or July. The average temperature of the County is 24.2 °C and rainfall ranges
between 400mm and 1,680 mm per annum. Key agricultural activities and industries pertain to
fruit farming, where the main agricultural products are oranges, pawpaws, mangoes, and
coconuts. Mixed farming is practiced throughout the county, and it is estimated that 22 % of the
region’s income is derived from cash crop farming (CRA, 2014).

Kilifi County covers an area of 12,245.90 km?. The topography of the County is dominated by
low-range sand-stone hills, and a terrain that generally slopes towards the sea. The county has 21
forests, cumulatively covering 246 km?. The average annual rainfall ranges from 300mm in the
hinterland parts of the County to 1,300 mm along the coastal belt. Based on the 2009 Kenya
Population and Housing Census, the county had about 200,000 households and a population of
1,109,735, which accounted for 2.9 percent of the total Kenyan population (KNBS, 2010). The
average precipitation of 900 mm and mean annual temperature of 27 °C hold great potential for
agricultural development. Horticultural crops and vegetables such as chilies, brinjals, okra,
onions and tomatoes can be cultivated along the Coastal plains. Staple food crops such as maize,
rice, bananas, cow peas, green grams and beans also have potential (CRA, 2014).
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Figure 1. Map showing Kwale and Kilifi Counties in Coastal Kenya

Experimental design and Layout

The experiment was set in a Randomized Complete Block Design (RCBD) with eight replicates
for each treatment, and 20 x 20 m tree plots were established in 2013. The treatments were as
follows: Control, which was under maize crop, Casuarina planted with crops, and Melia planted
with crops.

Soil sampling

Baseline soil characterization was undertaken in 2013 with subsequent soil sampling conducted
in 2014, 2015 and 2016 following the Y sampling frame using a soil auger. Four sampling points
were randomly selected per plot and samples for each depth thoroughly mixed to form a
composite sample. Soil samples were collected from depths of 0 to 20 cm, 20 to 40 cm and 40 to
60 cm. The soil samples were stored in zip-lock bags to prevent contamination and further
changes. Core samples were also obtained at the onset of the study for bulk density
determination.
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Soil analysis

The soil samples were air dried for 24 hour and pulverized to achieve homogeneity. The soil
samples were then sieved with a 2 mm sieve to obtain a fine sample. Each soil sample was then
divided into four equal parts from which diagonal parts were retained and the other two parts
removed, referred to as quartering. This process was done several times until the successive
quartering reduced the weight of the composite sample to 0.25 kg. The samples were then placed
in zip-lock bags with clear identification. Soil samples were analyzed for the following
components using standard analysis procedures: Soil moisture was determine gravimetrically;
soil texture was by improved hydrometer method for soil particle size analyses; pH and Electro
Conductivity values with glass electrode; total nitrogen was by kjeldahl method; available
phosphorus by UV spectrophotometer method; and Potassium, Calcium and Magnesium were
determined using Atomic Absorption Spectrophotometer (Okalebo et al., 2002).

Data analysis

Data was analyzed through Analysis of Variance (ANOVA) using GenStat (Version 16.0 for
windows) at 95 % confidence level. Means were separated using the Least Significant Difference
(LSD) test. Other statistical tests: mean and standard error, were conducted using Microsoft
Excel.

Results and discussion

Baseline soil status

Table (1) shows the baseline soil status at the onset of the study in February 2013. For both sites,
the baseline data shows that the soil in the study sites was deficient in Nitrogen (<0.09 %) and
had moderate soil Carbon (<1.17 %). The soil pH ranged from slightly acidic to slightly alkaline
(6.97 to 7.07) with low Electrical Conductivity (<0.03 mS/cm). The EC of soil is influenced by
the concentration and composition of dissolved salts. Salts increase the ability of a solution to
conduct an electrical current, so a high EC value indicates a high salinity level. Generally an EC
<0.15 mS/cm will not affect plant growth (Apal, 2013). The available P concentration was low
(<2.74 ppm) with moderate Potassium concentration (< 228.05 ppm). The soil had a mean bulk
density of 1.34 g/cm®, an indication that the soils were not compacted. Soil moisture content at
the onset of the project was low (<5.4 %).

Table 1. Baseline soil status in Kwale and Kilifi Counties

Site pH E.CmS/cm %C % N P (ppm) K (ppm) BD (g/cm®)
Kwale 7.1 0.08 0.85 0.08 2.74 228.1 1.33
Kilifi 6.9 0.03 1.17 0.09 111 1321 1.34
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Effect of C. equisetifolia and M. volkensii on soil Phosphorus and Potassium

Figure 2 shows the concentration of P on plots under C. equisetifolia and M. volkensii at different
sampling periods and depth. The concentration of P decreased with depth along the soil profile.
This can be attributed to P immobility in the soil. The diffusion rate of P to the root zone is about
Y5 of an inch per year (Penstate Extension, 2013). Casuarina equisetifolia and M. volkensii
woodlots recorded the highest concentration of soil P (Fig. 2). There was gradual increase of P
from the 2013 to 2016, and concentration available increased with increasing age of the
woodlots. Casuarina equisetifolia forms symbiotic relationship with mycorrhiza fungi that
enhances P availability in the soil (Wielderholt and Johnson, 2005 and Kandioura et al., 2013).
Plots under Melia volkensii recorded the highest P concentration (Figure 2). This can be
attributed to nutrient cycling by M. volkensii (Wielderholt and Johnson, 2005).
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Figure 2. Soil Phosphorus under C. equisetifolia and M. volkensii at different sampling periods
and depth

Generally P was low in all treatments (<11 ppm). This can be attributed to high soil pH. The
form and availability of soil phosphorus is noted to be highly pH dependent and P is most
available at a pH of about 6.5 with moist and warm conditions. The soils samples used in the
study had pH above the optimal range of 6.5. There was a positive correlation between soil pH
and soil P across all treatments as illustrated in figures 3 and 4 (r?=0.1777 and 0.3201
respectively). The increase in soil P was optimum at pH range of 6 to 7 (Fig. 3 and 4).
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Figure 3. Correlation between soil pH and soil Phosphorus in 2015 at 0 to 20 cm sampling
depth, in Kenya
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Figure 4. Correlation between soil pH and soil Phosphorus in 2016 at 0 to 20 cm sampling depth

Phosphorus availability has been reported to increase in slightly acidic soils (NRCS, 2015). The
limited solubility of P relates to its tendency to form a wide range of stable minerals in soil
(McKenzie, 2003).This maximum solubility and plant availability of P at pH 6.5, declines as the
pH increases into the alkaline range. This effect of reduced P availability in alkaline soil is
driven by the reaction of P with calcium, with the lowest solubility of these calcium phosphate
minerals at about pH 8. The presence of lime in alkaline soil further reduces P availability. The
lime in calcareous soil reacts with soil solution P to form a strong calcium phosphate bond at the
surface of the lime. These alkaline and calcareous soils are common in arid and semi-arid regions
where there is little rainfall (Hopkins and Ellsworth, 2005).
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Potassium concentration was moderately high across all the treatments (Fig 5). Potassium has
been reported to be less limiting in most of the farming systems (McKenzie, 2003). Potassium
concentration increased gradually in plots under Casuarina compared to the Melia plots and
control treatments, which recorded constant values in 2014, 2015 and 2016. The gradual
increase in K in Casuarina plots could be attributed to increase in litter fall under the canopies of
C. equisetifolia (Belsky et al. 1989). The concentration was however higher in soils under M.
volkensii and this could be attributed to the ability of M. volkensii to recycle nutrients from
deeper soil layers (Mulatya et al., 2002). Similar studies by Belsky et al. (1989) have shown that
various soil fertility indices such as mineralizable N, extractable P, K, Ca, and soil microbial
biomass were elevated in soils under various tree species (Cardelus et al., 2009) . The fixation of
K and entrapment at specific sites between clay layers tends to be lower under acid conditions.
The high soil pH could have contributed to the moderate soil K at the study sites. This situation
may be due to the presence of soluble aluminum that occupies the binding sites. Liming
increases K availability, likely through the displacement of exchangeable K by Ca (McKenzie,
2003).
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Figure 5. Soil Potassium under M. volkensii and C. equisetifolia at different sampling periods
and depth

Effect of C. equisetifolia and M. volkensii on soil Nitrogen and Carbon

Total nitrogen increased gradually in the plots under C. equisetifolia and M. volkensii during the
sampling period (Figure 6). The concentration of N however, gradually declined along the soil
profile from Ocm to 40 c¢cm, but increased in the 40 to 60 cm sampling depth. This could be
attributed to the availability of soil organic matter in the topsoil, which is mineralized by soil
microorganisms to release N (Belsky et al., 1989). The elevated total N at 40 to 60 cm sampling
depth can be attributed to the leaching of soil N to deeper soil layers during the rainy season.
Total N was higher in C. equisetifolia and M. volkensii plots compared to the control treatment.
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This could be attributed to the ability of C. equisetifolia to fix N through its symbiotic
relationship with Frankia bacteria (Nambiar and Brown, 1997, Ye et al., 2012) and ability of
Melia to cycle nutrients from deep soil layers (Mulatya et al., 2002). Studies have shown that C.
equisetifolia can fix up to 95 kg N per year (Kandioura et al., 2013). The genetic make-up of
plants, plant age, physical and chemical properties of soil greatly influence the population of
Frankia bacteria to fix nitrogen (Pawlowski and Sirrenberg, 2003).

Nitrogen is available in both mineral and organic forms in the soil. Although unavailable to most
plants, large amounts of N, can be used by leguminous plants through biological N fixation. In
this biological process, nodule-forming Rhizobium and Frankia bacteria inhabit the roots of
leguminous plants and other nitrogen fixing trees like C. equisetifolia, and through a symbiotic
relationship convert atmospheric N, to a form the plant can use (Ye et al., 2012). This could
explain the variation of N content across the various treatments in the study.
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Figure 6. Soil nitrogen under C. equisetifolia and M. volkensii at different sampling periods and
depth

Soil C was low (<1.26 %) and not significantly different across the various treatments (Table 2).
However, C. equisetifolia plots recorded the highest C content of 1.26 % for top soil and 0.45 %
for sub-soil in 2014. Total C however declined in 2015 and 2016 sampling period. This can be
attributed to the dry period in 2015 to 2016, which could have hindered decomposition of leaf
litter. The concentration of soil carbon declined gradually along the soil profile. According to
Horneck et al. (2011), the amount of organic matter, which is a determinant of soil C in surface
mineral soils, can vary from less than 1 % in coarse-textured, sandy soils to more than 5 % in
fertile soils. The amount of organic C in the soil was highest at the A horizon, compared to the
lower soil horizons.
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The amount of Soil Organic Carbon (SOC) depends on soil texture, climate, vegetation, as well
as historical and current land management. Soil texture affects SOC because of the stabilizing
properties that clay has on organic matter. Soils with high clay content therefore tend to have
higher SOC than soils with low clay content under similar land use and climatic conditions.
Climate affects the amount SOC, as it is a major determinant of the rate of decomposition and
therefore the turnover time of C in soils (Milne, 2012). Trees add organic matter to the soil
system in various ways; in the form of roots, litter fall or as root exudates in the rhizosphere.
These additions are the chief substrate for a vast range of organisms involved in soil biological
activity and interactions, with important effects on soil nutrients and fertility. Trees contribute to
C accumulation in soils, which is stored in various soil horizons (Pinho et al., 2012). The ability
of soils to accumulate C is generally influenced by texture, where clay soils typically accumulate
more C than sandy soils, and some management practices that influence soil C sequestration,
particularly the use of trees in agricultural systems (Paudyal, 2003).

The mean C/N ratio across the various treatments was 10. Soil C/N ratio is a sensitive indicator
of soil quality, and is often considered as a sign of soil nitrogen mineralization capacity. High
soil C/N ratio can slow down the decomposition rate of organic matter and organic nitrogen by
limiting the soil microbial activity ability, whereas low soil C/N ratio could accelerate the
process of microbial decomposition of organic matter and nitrogen, leading to nutrient release
(Shunfeng Ge, 2013).
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Table 2. Soil Carbon under C. equisetifolia and M. volkensii at different sampling periods and depth

Treatment 0-20 cm 20-40 cm 40-60 cm
2014 2015 2016 2014 2015 2016 2014 2015 2016
Control 0.90£0.156" 0.37+0.018" 0.36+0.054" 0.57+0.101° 0.26+0.039° 0.26+0.044% 0.59+0.093% 0.20+0.032° 0.27+0.028°
Casuarina 1.26+0.202* 0.28+0.003* 0.38+0.074° 0.84+0.148% 0.23+0.045? 0.21+0.066° 0.45+0.118% 0.19+0.043% 0.29+0.042°
Melia 1.01+0.184% 0.38+0.033* 0.39+0.03% 0.73+0.124% 0.27+0.026° 0.26+0.036° 0.81+0.117% 0.21+0.03? 0.28+0.039°
F(2,23)=1.01 F(2,23)=1.48  F(2,23)=0.12 F(2,23)=1.11 F(2,23)=0.23 F(2,23)=0.34 F(2,23)=2.75 F(2,23)=0.16 F(2,23)=1.00
p =0.382 p =0.249 p =0.89 p =0.347 p =0.793 p=0.714 p =0.08 p =0.852 p =0.383
LSD =0.534 LSD=0.133 LSD=0.164 LSD=0.370 LSD=0.109 LSD=0.149 LSD=0.323 LSD=0.107 LSD=0.108

Note: Means denoted by the same letter along the column are not significantly different

131



Conclusion and Recommendations

The results indicate that C. equisetifolia and M. volkensii have potential to improve soil
fertility. Plots under C. equisetifolia and M. volkensii recorded higher nutrient
concentration than the control treatment. The lack of significant differences in soil
nutrients between C. equisetifolia and M. volkensii and the control may partly be
attributed to the fact that woodlots were only 3 years old, therefore its contribution to soil
fertility improvement may not have been fully realized. There is therefore need to
undertake the soil assessment under f C. equisetifolia and M. volkensii or a long period of
time to ascertain the trends in nutrient dynamics.
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Abstract

Compartmentalized models to promote sustainable harvesting of on-farm tree parts and
estimating carbon stocks are inadequate. This study used a sample of forty-one
Eucalyptus grandis trees ranging from 4 to 44 cm diameter at breast height. The trees
were destructively sampled in Nakuru and Kiambu counties, purposely selected in agro-
ecological zone 11, 11l and 1V, to collect data on the different compartments namely; stem,
roots, branches and stump to develop compartmentalized volume and biomass models.
Stem volumes for the whole tree height or to a specific diameter point from the root point
were calculated by integrals of splines formed from taper curves of different diameter
points. Densities of different compartments of the stem, branches, stump and roots were
determined by dividing their sample disks oven dry weight (wood and bark separately)
with the fresh volume of the sample disk, whereas, twigs and foliage densities were
determined by dividing their sample dry weight with fresh weight. Compartment’s
biomass was calculated by multiplying their volume with respective density.

Five equations relating volume/biomass of the different compartments to variables
including dbh, tree height and crown length were fitted to the data using R -3.3.3
statistical software. The best model was the one with the lowest Akaike Information
Criterion values (AIC) and Residual Standard Error (RSE). The findings show that tree
height and dbh were the best predictor for volume and biomass of the different

compartments.
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The developed models are recommended for quantification of compartmentalized
products of E. grandis and their carbon stocks. The utilized methodology may also be of
interest to researchers, planners and academicians.

Introduction

Eucalyptus species were originally introduced in Kenya in 1902 by the colonial
government to supply fuelwood for the Kenyan-Uganda railway locomotives (Githiomi et
al., 2010; Oballa et al., 2010). Since their introduction, the genus has dominated various
agro-ecological zones due to its fast growth, multiple uses, and suitability to small scale
farmers. Furthermore, the species continues to support key sectors of the economy such
as manufacturing, construction and energy (KFS, 2009).

Among Eucalyptus species found in Kenya, Eucalyptus grandis is the most popular
species grown. The species is among the fastest growing and grows well in both flooded
and well drained soils in wide ranges of altitudes from 0 to 2000 m above sea level
(Oballa et al., 2010). Though the species have been grown for a long period in Kenya
since its introduction, there is still need of more studies on its allometry, specifically on
compartmentalized allometric models that promote sustainable harvesting and estimation
of carbon stock of the different parts of the tree.

In a review on registered equations Matieu et al, (2011) found Kenya to have only one
general equation on Eucalyptus saligna, that considered tree biomass in an agroforestry
system in western Kenya. Houghton (2001) notes that some developing countries are yet
to develop volume and biomass allometric equations for some vegetation types. However,
efforts to develop allometric equations for the estimation of volume and biomass have
been increasing in the recent years (Chave et al., 2005). But there is demand for
compartmentalized tree volume and biomass models to promote sustainable harvesting of
tree parts while retaining the tree (Hyvonen et al., 2016). With the growing demand for
total and sustainable utilization of wood products, it is important for entrepreneurs to be
able to estimate the value of different compartments of the tree such as stem, to quantity
timber production and the branches for firewood, using reliable variables. Likewise,
farmers growing eucalypts and willing to participate in carbon financing would be
interested in estimation of the carbon stock in various tree components in order to make
informed decisions while participating in the carbon trade.
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Given certain parameters, those utilizing Eucalyptus grandis would want to estimate the
worth of the different compartments of the tree such as stem (quantity of timber),
branches (firewood), and roots. For this to be achieved, compartmentalized volume and
biomass equations must be developed. None of the past studies on E. grandis have
developed such models. The objectives for this study were therefore, to develop
compartmentalized models for estimating E. grandis volume and biomass.

Materials and Methods

Study area

The study was conducted in Nakuru and Kiambu counties of Kenya. In Nakuru County,
there were three sites; Molo, Njoro and Rongai whereas in Kiambu County there was
only one site, Kikuyu (Figure 1). All the four sites are located in sub-humid and semi-
humid Agro-ecological zones of Kenya (Figure 1). Nakuru County has a mean annual
temperature of 18 °C and mean annual rainfall of 1200 mm. Kiambu County has a mean
annual temperature of 26 °C and mean annual rainfall of 2000 mm. All the study sites
have deep rich volcanic soils. The main economic activity in both counties is agriculture.
Eucalyptus spp. and Grevillea robusta are the major agroforestry trees grown in these
regions. The trees are distributed in varying development stages, density and management
regimes.
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Figure 1. Agro-ecological zones and the locations of the study sites in Kenya

Field measurements and biomass sampling

A total of 41 trees selected across all diameter classes were destructively sampled within
the four study sites in line with the recommended protocol (Hyvonen et al., 2016). The
dbh of the sample trees ranged from 4.0 cm to 44.0 cm. The following preparatory
actions were taken before a tree was felled: digital photograph of the tree, felling
direction, tree dbh at 1.3 m above ground using a diameter tape and a point marked by
circling the stem with a marker, a point where a tree was planned to be cut (stump
height); class of tree crown in relation to other trees, height using a Suunto hypsometer,
and height and diameter of the stump. The measurements taken after a tree was felled
were: stump height (to nearest 1 cm); stump diameter over-bark (1 mm), stump diameter
under-bark (1 mm), under-bark dbh (1 mm); length to the base of living crown (0.01 m);
length of living crown in three equal sections; stem length (0.01 m); stem over and under
bark diameter (1 mm) at 14 relative heights of 1, 2.5, 5, 7.5, 10, 15, 20, 30, ..., 80, and
90% converted to absolute heights in metric scale using the total length of the stem; over-
bark diameter of all living primary branches (1 mm) and diameter at least 2 cm.
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The living crown of a tree was divided into three sections of equal lengths and from each
section, three primary branches: the smallest, average and the largest according to branch
diameter (at the base) were selected as sample branch. Thus, each tree had nine sample
branches, except for four trees that were considered as 100% sample trees where all
branches were sampled. Biomass samples of branch wood were taken by diameter classes
(D), D<2em,2<I<T7cm,7<D<20cmand > 20 cm (Figure 2).

Diameter <2 cm

Tertiary

Secondary

Diameter<2cm

Branch @ < 2 cm

& Brancho>2cm

Figure 2. lllustration for measurement of diameter and length of a sample branch

Roots and stumps were excavated using manpower. The soil particles on the surface of
both the roots and stump were carefully removed by a sturdy brush before commencing
the measurements The data for roots were collected in the same manner as for branches,
except that the upper over bark diameter limit was 0.5 cm and only two roots in opposite
directions were assessed, and there were no measurements of diameter under bark. For
the case of 100% trees all roots were assessed. The sample roots were separated into four
size classes (J): 0.5< @ <2cm,2<F<7cm,7<<20cmand &> 20 cm. Fresh
weight of samples (0.1 g) from the last three classes were taken using a spring balance.
The total fresh weight (100 g) of the stump including the below ground portion after the
roots were separated was taken using a spring balance. A vertical segment from the stump
(approximately 12.5% or < 1000 g) was extracted and weighed using a digital scale.

The sample of each tree compartment was wrapped in waterproof paper with a tag placed
inside and all samples of an individual tree packed in a gunny bag and transported to
Kenya Forestry Research Institute (KEFRI) headquarter for laboratory analysis.
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Laboratory analysis

The samples of tree compartments analyzed in the laboratory were stem and branch
wood, stem and branch bark, dead branches wood, stump wood, roots, twigs, leaves,
flowers and pods. Sample wood disks had been extracted from the bottom of the stem, at
dbh and at the relative heights of 15%, 50% and 80%. Branch wood samples were
obtained from disks or pieces 10-15 cm long of branch size classes 2 < J <7 cm, 7 < J
<20 cmand I > 20 cm. The bark samples were obtained from the stem/branch disks and
from the branch pieces. The appropriate weight of the fresh laboratory samples was 500—
1000 g but could be less if the available materials were not enough. The fresh weights
and volumes of stem and branch wood samples with and without bark to accuracy of 0.01
g were determined by water displacement technique using a digital balance that has the
ability to tare weight to zero. The weight increment on immersing the wood sample for
about five seconds equals the fresh volume of the wood sample. The samples together
with their respective bark were wrapped in waterproof paper and a tag placed inside.
Samples of stump wood, root wood, twigs, leaves, flowers and pods were treated in a
similar manner excluding the bark. The samples were dried in the Kottermann (R) 2713
oven at the temperature of 103°C for 1 to 3 days or when constant dry-weight (0.1 g) was
achieved. Samples density (g cm™) was determined as the ratio of oven dry weight (g) to
fresh volume (cm™).

Data analyses

After the data collection was completed, the data was recorded on excel and imported to
R, it was then checked for errors, prior to analysis, and screened for outliers using scatter
plots. These scatter plots also revealed the relationship between the volume biomass and
predictor variables. Since most of the sampled trees had irregular stems, direct calculation
of the volumes from formulae would be inaccurate. Cubic splines were therefore used in
volume calculation. With splines, the measurements of tree height and over-bark and
under-bark diameters at 14 relative heights of 1, 2.5, 5, 7.5, 10, 15, 20, 30, ..., 80, and
90% along the stem were used in calculation of cross cut areas directly. Taper curves for
stem volume calculation were formed by a monotone spline according to Fritch and
Carson (1980) and calculated with R’s splinefun command. This command computes a
spline that is increasing or decreasing according to the data, where no values are higher or
lower than measured values between measured intervals. They are defined by the use of
cubic polynomials on interspaces between diameter points and by continuity of the first
and second derivatives in all points of the taper curve. Using this method, stem volumes

were calculated by integral of these taper curves. Stem volumes for the whole tree or up
140



to a specific diameter, e.g. 5 cm, were calculated by integral of spline curves from the
tree root point.

The volumes of stem barks were calculated as a difference of stem volume with and
without bark. The over-and under-bark volumes of sample branches, up to top diameter
>2 cm, were calculated from the branches’ section measurements using the formula of
truncated cone (Equation 1) The volume of branch bark were also calculated as the
difference of over- and under-bark volumes.

Al+ A2+ VA1xA2

3 Equation 1

Viranch = h *

Where; h is section length, Al area at the base of section, A2 area at the end of section.

Because not all branches of the trees were measured, a model using the over-bark
diameter at the branch base was fitted to estimate branches under-bark wood volume
(equation 2, Table 1). A similar model using branch over-bark diameter at the branch
base was fitted to estimate the volume of branch bark. The volume of branch with bark
will be the sum of under-bark and over-bark volumes.

Table 1. Volume models for Eucalyptus grandis

Model Model Paramet Estimates Standard RSE, AIC,
formula er error of model model
parameter
equation 2 Vyranch underbark @ 1.335e-8***  2.139e-9 0.000872 -
n=220 =ax*xdP b 3.065*** 3.245e-2 5 3711.491
equation 3 Vyranchbark a 2.964633e- 9.169e-9 -
n=220 =axdb g** 0'000043 388B.845
b 2.614%*** 6.322e-2

Significant codes 0: ***, 0.001: **, 0.01: *, 0.05

(V = volume in m3, FW = fresh weight in grams, fcp=fruits, cones and pods, d = over bark diameter at the

base of the branch in mm, a,b,c are model parameters)

The volume of all branches with a top diameter > 2 cm in a tree were obtained by
summing the sample branch volumes (calculated volume) and the estimated volume of
the other branches. The above ground volumes of stump (m?), both over-bark and under-
bark were estimated by applying the same truncated cone (frustum) formula as with
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sample branches (Equation 1). The stump diameter at cutting point multiplied by 1.3 will
be used as a stump diameter at ground level. The volume of stump bark will be the
difference of over- and under-bark volumes.

The fresh weight of big branches (diameter > 2 ¢cm) and twigs (branch diameter < 2 cm)
and foliage (leaves) of the sample branches were used to fit models utilizing branch over
bark diameter at the base (Equations 4-1, 4-2, 4-3and 4.4, Table 2) in order to estimate
fresh weight of these components for other branches.

Table 2. Fresh weight models for Eucalyptus grandis

Model
equation 4-
1

n=235
equation 4-
2

n=235
equation 4-
3

n=235
equation 4-
4

n=235

Model
formula

FWbigbranch
= d"a

—C
FWfoliage
1,700

1+ eax(b-d)

—c
FWrep
=a+bx*d

Paramet

1+ eax(b-d)

Estimates

2.129853***

0.01108***
197.3***

-3453***

0.034447***
9.216***
-9.916*

-286.821***
77.658***

Significant codes 0: *** 0.001: **, 0.01: *, 0.05: .

Standard
error of
parameter

0.006966

0.00.223
11.08

1003

0.02893
3.854
3.933

17.502
4.033

RSE,
model

356.5

416.5

353.9

46.14

AIC,
model

33]

T431.8

3506.9
3.786

2471.8

(FW = fresh weight in grams, fcp=fruits, cones and pods, d = over bark diameter at the base of the branch

in mm, a,b,c are model parameters)
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Dependent variables (calculated volume and calculated biomass) were then plotted
against several explanatory variables to examine the range and shape of the functional
relationship and to assess the heterogeneity of the variance. The following linear models
for prediction of volume and biomass were then tested for each of tree compartment.
V/B=axd"
V/B =ax*dP«h¢
V/B=a+d’+h¢
V/B =axdP«cl°
V/B=a+d"+cl¢

Where; V/B: Volume or Biomass, d: diameter in cm at breast height; h: tree height in m,
cl: length of living crown in m, and a, b, ¢ are model parameters)

These systems of equations were fitted using “nls” regression in R software for the
different tree compartments. The best models were those with the lowest AIC values. The
AIC is a way of selecting an equation from a set of (alternative) equations by balancing
changes in the goodness-of-fit versus difference in the number of parameters (Kuyah et
al., 2013)

Results

Diameter at breast height, crown length and height were effective predictors for the
different categories of volumes and biomass. However, some models developed
underestimated volume at smaller dbh (Figure 3) e.g.,volume model V.stem3 developed
for the stem compartment underestimated volume at dbhs less than 5 cm but had better
agreement with V.stem and V.stem2 at intermediate dbhs Ps: One observation (point
approx. 75, 2) was added manually for estimation purposes.
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Figure 3. A comparison of volume models developed for stem compartment.

The volume models developed for each compartment and their resulting coefficients and
other statistics are shown in Table 3.
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Table 3. Parameters and statistics of the best fitted volume models for Eucalyptus

grandis
Model Model Paramete Estimate Standard RSE, AIC,
formula r S error of model model
parameter
Stemwood  Vgiemwood a 0.00046** 0.0003 -
uptoS5cm  =g=x*dP b 2.03284*** 0.1937 0.1147 55.75928
top
diameter
Stem Vstemwood a 0.00050** 0.00034 -
wood, =ax*xdb b 2.01513*** 0.1918 0.1148 55.70913
whole tree
Stem bark,  Virembark a 0.00005* 0.00002506 -280.13
**k*

upto5cm =g xdb *he b 1.434 0.0860 0.0069
top © 07943 0.1658
diameter
Stem bark,  Virembark a 0.000050* 0.000024 -2B0.84
whole stem = g x d? x h¢ b 1.435%** 0.0861 0.0068

c 0.8131*** 0.1658
Branch Vhranchwood a 1.606e-31 2.039e-30 0.0527 -
wood =axdb b 1.870e+01**  3.358 ' 102,6498
Branch Vbranchbark a 2.536e-16 1.474e-15 0.0150 -
bark =qaxdb b 9.004 1.546%** ' 190(4843
Stump Vstumpwood a -1.0172%** 2.064e-9 0.0038 -
wood =axdP b 0.0081*** 1.379 ' 328|0125
Stump Vstumpbark a - 5.788e-11 -4p0.11
bark =axdP «h¢ 2.0050999***

b 0.001999** 1.842 0.0011

c 0.0004611 1.954

Significant codes 0: ***, 0.001: **, 0.01: *, 0.05

(V = volume in m3, d = diameter at dbh in cm, h = height in m, a ,b, ¢ are model parameters) Bolded

models represent the best model)

It is clear from the above equations that dbh and height were the best predictors for
calculation of volume for the various compartments, all the best equations for the

different compartments have either dbh (d) or a combination of dbh (d) and height (h).

Biomass equations developed for the various compartments are shown in table 4.
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Table 4. Parameters and statistics of the best fitted biomass models for Eucalyptus
grandis

Model

Stem wood,
whole stem

Stem bark

Branch wood,
diameter >=2
cm

Branch bark

Twigs,
diameter <

2cm
Foliage

Stump wood

Stump bark

Aboveground
, all

Roots

Model formula

— b
Bstemwood =axd
* cl€

_ b
Bstembark =axd
— b
Bpranchwooda = @ * d

* cl¢

Bpranchbark = @ * db
Biwig = a+d’ +cl®
Bfoliage =a+d’

+ cl®

Bstumpwooa = a + d®
+cl€

— b
Bstumpbark =a+d

— b
Baboveground =axd
* cl¢

Broor = a xdP x cl€

Parameter
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Estimates

0.09133*
1.58749**
*
1.00656*
0.009788
2.53748**
*

0.1025
1.1005*
1.0196
0.0963
1.6165
0.00425
2.5620%**
-0.54641
-4.8745*
0.5867%**
0.4041.

4.41171**

*

0.57208**
0.16086.
-2.53009**
0.41595**
*

0.224
1.7238%*x
0.6251*
-6.19625
059671.

Standard
error of
paramete
r

0.06115
0.21333

RSE,
model

AIC,
model

‘ 432.2517
19.32

0.27375
0.012082
0,343383

363.08
21.55

40.79

|34.1

0.2424
0.467

0.8164
0.3552
1.0604
2.2894
0.0666
0.1778
2.0931
0.1413 9.844
0.2034

0.51671

324.69

330.45

229.44
9.475

234.15

144.86

0.06009 1.456

0.08638
0.81313
0.08001

165.69
1.925

0.1657
0.1639 68.93
0.2541
1.11757 K 105
0.04719 0.5617

457.05




[\

.035

D785

o 0.51299 0.09094
Stump, Bstumpbg = @ * d” a -9.93054  3.04654
belowground * cl¢ b 0.80755. 0.08547

c 0.51075 0.17109
Belowground, In(B ) = a 0.50209. 0.07691 0.0y622
all belowground b 0.40363.  0.03466 1.

axdP *cl°
C 0.35964 0.06133

' RSE calculated with estimated real values (not from model’s residuals which are in
logarithmic scale)
Significant codes 0: ***, 0.001: **, 0.01: *, 0.05: .

(1

19.49

-6.79

(B = biomass in kg, d = diameter at dbh in cm, h = height/length in m, cl = crown length in m, In = natural

logarithm, and a, b, c are model parameters).

Discussion

Nonlinear models were fitted for volume and biomass estimation for each tree
component. The difference between the performance of linear and non-linear models for
tree components has been noted to be negligible (Magalhées et al., 2015), however Salis
et al., 2006 and Schroeder et al., 1997 found nonlinear models to perform better than
linear models, their findings therefore informed this works analysis.

The volume equations developed for the different compartments of E. grandis were
functions of dbh alone or a combination of dbh and height. Most parameter estimates
were significant at 5% level. All the biomass models developed for the different
compartments excluded height as a predictor and used either dbh alone or a combination
of dbh and crown length. Crown parameters are generally difficult to measure accurately,
nonetheless, our equations show that inclusion of crown length improves the accuracy of
the trees biomass (Kuyah et al., 2012)

The relationships between stem wood and stem bark biomass compartments with dbh
were more pronounced than other compartments. The relationships of the other
compartments were not pronounced because they are influenced by various management
practices applied to the agroforestry trees, which have been reported by Viquez and Perez
(2005) and Petersen et al., (2008).

Conclusion
Tree height and dbh were the best predictor for volume and biomass of different
compartments of E. grandis. The developed allometric equations can be used to estimate
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volume and biomass of the different compartments of Eucalyptus grandis in agricultural
landscapes in similar agro-ecological zones, provided that tree growth parameters fall
within similar ranges to those of the sampled population. The methodology used in data
collection can also be of interest to forest managers, researchers and academicians.
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Abstract

Biochar is a solid material obtained from thermo-chemical conversion of biomass in an
oxygen-limited environment. Through a carbonization process, biochar produced are
mainly used to make briquettes used as a source of green energy. Apart from briquette
making, biochar can also be used as a soil amendment material to enhance soil quality
and increased water retention that can result in increased crop yields. In order to
understand the benefit interactions between biochar from sugarcane bagasse and soil that
would lead to improved crop production, field trials were established in Ndhiwa Sub-
County in two different sites with contrasting soil characteristics (clay and loamy soils).
The trials were conducted during the short rains (September- December 2016 and the
long rains of March —May, 2017). The experimental design adopted was a randomized
design having four (4) treatments and 3 replicates. The plot size was 5 X 5 m, inter row
spacing was 90 c¢cm, intra row spacing for the maize crop was 30 cm, and space between
plots and blocks was 1 m. The 4 treatments were: T, - Control (No inputs); T, — Biochar
alone; Ts- Fertilizer alone and T, — Fertilizer + Biochar. Inorganic fertilizer, DAP was
applied at a rated of 60Kg P,Os/ha). While biochar was applied to each planting hole at a
rate of 150 g/hole. Germination success was scored at the beginning of the trials and later
maize stover production and grain yields were assessed at the end of the season. Plots
treated with biochar alone gave a mean grain yield of 1547.88 g, followed by DAP alone
at 1161.07 g, then control (no amendments) with 961.08 g and lastly a combination of
biochar +DAP at 943.96 g.

Keywords: Biochar, crops, soil amendment, sugarcane baggase
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Background

Biochar is the carbon material produced by slowly burning biomass in a restricted flow of
oxygen, and then the fire is stopped when the material reaches the charcoal stage through
a process called pyrolysis (Downie et al., 2009). Coarse lumps of charcoal biochar are
full of crevices and holes, which help them, serve as life rafts to soil microorganisms
(Ameloot et al., 2013). The carbon compounds in biochar form loose chemical bonds
with soluble plant nutrients thereby preventing the adsorbed nutrients from being readily
washed away by rain or through irrigation (Atkinson et al., 2010). Biochar alone added to
poor soil has little benefit to plants, but when used in combination with compost and
organic fertilizers, it can dramatically improve plant growth while helping retain nutrients
in the soil (de la Rosa and Knicker, 2011).

Through a carbonization process, biochar can be produced from different plant materials
or biomass wastes such as sugarcane bagasse produced from sugar factories. Bagasse is
the fibrous matter that remains after sugarcane is crushed to extract the juice. Large
quantities of biochar dust used for soil amendment is another way to sequester carbon,
enhancing soil quality and increasing soil water retention (Koide et al,. 2015; Laird 2008;
Spokas et al., 2012). Carbonizing of bagasse has many environmental and agricultural
benefits, including waste reduction on the sugar factories and to substitute wood for
energy production.

The use of biochar as a soil amendment is an innovative and highly promising practice
for sustainable agriculture and useful for Africa. In agricultural production, application of
biochar is anticipated to improve and prolong long term effects on soil physical structure,
retains nutrient thereby reducing leaching loss through improved Cation Exchange
capacity (CEC) and may aid accumulation of soil organic matter (Spokas et al., 2012).
Characteristic and quality of biochar depends on several factors such as the origin of
organic material used, temperature and the absence of oxygen through the carbonizing
process. Too high temperature produces only ash that is of less use. This will determine
the density and/ or weight of the biochar produced after carbonization (Downie et al.,
2009). From other studies, biochar from sugarcane bagasse are relatively lighter than
those from wood products and are easy to apply in agricultural fields since large
quantities may be required.

There are quite a number of sugar factories within the Kenyan Lake Victoria basin

producing bagasse as a by-product from crushed canes. Sukari Industries Limited located
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in Ndhiwa Sub-County within Homa Bay County is one of such factories. Ndhiwa is one
of the eight sub-Counties constituting Homa Bay County and has a population of 172,212
people where majority of the rural households still rely on biomass energy (Homa Bay
County CIDP, 2013). They also practice subsistence farming with little or no inorganic
fertilizer applications. The Green Economy and Partnership Project (GEP) funded by the
Nordic Climate Facility (NCF) and jointly implemented by the Royal Norwegian Society
for Development (NorgesVel), the Kenya Forestry Research Institute (KEFRI) and Gum
Arabic and Resins Association (GARA) has established community bio-enterprises that
produces and supplies carbonized biomass for making briquettes and soil amendments for
crop production.

In order to understand the benefit interactions between biochar from sugarcane bagasse
and soil that would lead to improved crop production, field trials were established in
Ndhiwa Sub-County, Kanyadoto ward in two different sites with contrasting soil
characteristics (clay and loamy soils). The trials were initiated during the short rains
(September, 2016 to January 2017 between March — July, 2017.

Materials and Method

Site preparation

The trials were established at three sites within Ndhiwa Sub-County in Homa Bay County
namely; Amoyo, Bonguand and Ligodho. Amoyo was selected as it has sandy soil;
Bongu has clay-loam soil while Ligodho has clay soil. Experimental land was oxen-
ploughed before the plots were marked. After marking the plots, soil samples were
collected before any treatment was applied. Maize (Zea mays) variety SC DUMA 43
which is early maturing was used as the test crop. The rainfall pattern in the area is erratic
and can even stop before the crops mature, hence the precaution to plant early maturing
maize variety. Generally the rainfall received in the study locations during long rainy
season ranges from 250 — 1000 mm while 500 —700 mm is received in the short rainy
season. The sites were less than 5 km apart so the amount of rainfall for all the sites was
more or less the same. It is important to note that in all the sites there was no irrigation
system so communities around solely depend on rain fed agriculture for crop production.

Experimental design and treatment
The experiment was laid out in a randomized block design having 3 blocks, 4 treatments
and 3 replicates. The plot size was 5 m x 5 m, where maize (Zea Mays L) crop were

planted at a spacing of 90 cm x 30 cm through direct seeding with a space between plots
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measuring 1 m. For optimum growth, maize crop requires fertilizer application of 60
KgN/ha and 60 Kg P,Os/ha (Sanchez, 2002). Phosphorus was added at planting in form
of DAP (Di-ammonium phosphate). Each planting hole received about 5 g of DAP which
was mixed thoroughly with soil before sowing the seeds of maize. The quantity of
biochar applied to each planting hole before sowing was 150 g.

Germination assessment

Fourteen days after planting, germination assessment was done where all the germinated
seedlings were counted and recorded. The figures generated were used to calculate the
percentage germination based on the expected total plant population in each plot.

Crop yield assessment

For crop yield assessment, sampling in the experimental plots were done as follows; outer
two lines and outer two crops from both ends of crop lines were left out as guard areas to
minimize the edge effects. All the remaining crops in the net plot were counted and then
harvested. The maize cobs were separated from the stover. The harvested maize stovers
in the net plots were heaped together per plot and their weight recorded. A representative
sample of six (6) plants were taken to represent the large, medium and small crops and
then chopped into small pieces. The chopped pieces were thoroughly mixed and a sub-
sample taken whose fresh weight was also recorded at the site. The sub-samples (stover)
were taken to the lab where they were dried at a temperature of 70°C to a constant
weight. The dry weights recorded in the lab were used to determine the moisture content
and dry biomass yield of the stover. Maize crop and stover sampled were taken to
Maseno Regional research centre where they were sun dried, then threshed, thereby
separating the grains from the cobs. Grain yield was then determined after taking the
sample weights after separating the cobs from the grains.

Results and Discussion

Germination assessment

The sandy soils at Amoyo had generally low germination percentage at 51 % compared
to 77 % at Ligodho and 83 % for Bongu sites. The ANOVA showed that germination in
the sandy soil was low regardless of the treatment applied. This could be attributed to low
soil moisture content in the sandy soils at Amoyo as opposed to high soil moisture
content in clay soils at Ligogho and loam soil at Bongu respectively.
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Table 1. Mean germination percentage per site as affected by treatments

Treatment Amoyo Bongu Ligodho
Biochar 60 90 89
Control 44 85 72
DAP 36 81 76
DAP+Biochar 62 76 73

Regardless of the site or type of soil, application of biochar recorded high germination at
80 % followed by biochar + DAP at 70 %, then Control at 67 % and lastly DAP alone at
64 %. Since spot application of DAP was done in the planting holes, the low germination
in treatments that received DAP could be as a result of scorching effect when the
fertilizer came into direct contact with the sown seed.

Stover and grain yield assessment

Due to adverse weather conditions, crops in the sandy soils (Amoyo) did not grow to
maturity to produce grains. Most of the plants withered at early stages and therefore, no
data was collected for yield determination. Therefore, the yield data is for two sites only,
that is Bongu (Clay-loam soil) and Ligodho (Clay soil). Generally, treatments applied
significantly affected the maize stover yield but there were no significant variations (P <
0.5) in site differences (Table 2). The detailed mean values are given in Table 3 below.

Table 2. Analysis of variance table showing variations in stover biomass (Kg) as affected
by treatments and site

Source of variation d.f. S.S. m.s. V.I. F pr.
Treatment 3 17.8776 5.9592 6.56 0.004
Site 1 3.8711 3.8711 4.26 0.056
Treatment.Site 3 15.6397 5.2132 5.74 0.007
Residual 16 14.5395 0.9087

Total 23 51.9279
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Table 3. Mean values of stover weight given as treatment, site and grand mean (Kg)

Treatment Biochar Control DAP DAP + Biochar
5.91 4.7 4,92 6.87

Site Bongu  Ligodho
5.2 6

Treatment Site Bongu  Ligodho

Biochar 5.85 5.98

Control 4.57 4.83

DAP 5.27 4.56

DAP + Biochar 511 8.63

The grain yield for the net plot sampled after leaving outer lines and two crops from each
end of the crop line were assessed. Results indicate that application of biochar alone
resulted in significant high yields of maize grain in both sites assessed. Plots treated with
biochar alone gave a mean grain yield of 1547.88 g, followed by DAP alone at 1161.07 g,
then control (no amendments) with 961.08 g and lastly a combination of biochar +DAP at
943.96 g. Bongu site (clay-loam) produced averagely higher grains per plot (1248.46 Q)

than Ligodho site (1058.53 g).

Further assessment of 100 grains collected randomly from samples also showed

significant differences (Tables 4 and 5).

Table 4. Analysis of variance table for mean weights (g) of 100 grains randomly
collected from each sample plot

Source of variation d.f. S.S. m.s. V.I. F pr.
Treatment 3 11587 38.623 438 0.014
Site 1 64485 64.485 8.01 0.012
Treatment. Site 3 4968  1.656 0.21 0.891
Residual 16 128.792 8.05

Total 23 314.115
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Table 5. Mean weight (g) of 100 grains as affected by treatments and site

Treatment Biochar Control DAP DAP + Biochar
28.41 22.79 24.25 23.39

Site Bongu Ligodho
26.35 23.07

Treatment Block Bongu Ligodho

Biochar 30.25 26.57

Control 24.64 20.95

DAP 26.26 22.24

DAP and Biochar 24.25 22.53

Grand mean 24.71

Conclusions

From the data collected it was evident that biochar application has significant benefits in
improving maize crop production. The biomass produced and general yields of maize
crop were high in both test fields especially where biochar was added. The yield increase
was highest at Bongu with Clay-loamy soil. Probably the effect of water retention
capacity was decisive. The bad germination at Amoyo was most probably caused by
severe water stress in sandy soils.
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Abstract

There are challenges acquiring viable and vigorous Cordia sinensis (L) seeds for raising
planting materials due to difficulties in post-harvest storage. In spite of the tree’s
exceptional multipurpose qualities and ability to grow in arid and semi-arid lands
(ASALSs), little effort has been put in improving the post-harvest storage of the seeds. The
main objective of this study was to determine the effect of different temperatures and
moisture contents of Cordia simesis seeds on viability, vigour and longevity on storage.
Seeds of Cordia sinenis were stored in corked glass vials for up to 150 days at different
constant temperature ranging from 6 °C to 35 °C and moisture contents ranging 6 % to 18
% (fresh weight basis). Seed with different moisture contents were retrieved at intervals
of 30 days from different storage temperature regimes for viability tests for a period of
150 days. Viability, vigour and storage period (longevity) decline during storage was
generally lower at lower temperatures and moisture contents but rapid at higher
temperatures and moisture contents. The estimated periods for viability to fall to 50 %
(Pso half-life value) decreased with the increase in seed moisture contents and storage
temperatures. The viability results obtained could be used to predict the longevity and
expected number of seedlings at different times. The results obtained in the present study
could be applied in predicting viability loss, vigour and number of seedlings especially
under short to medium-term storage conditions.

Keywords: Viability, vigour, longevity, Cordia, sinensis, half-life
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Introduction

The primary essence of long storage of seeds is to maintain their viability and vigour for
the duration they are required. This task is challenging due to deterioration of seeds in
storage, which usually leads to decline in vigour and reduced number of viable seeds.
Seed quality is known to be affected during pre- and post-harvest period (Walters and
Engels, 1998). Quality seeds are collected at the point of natural dispersal to ensure that
quality, desiccation tolerance (for orthodox seeds) and longevity are maximized (Hay and
Probert, 2000). During collection a good separation distance between the mother trees is
also important especially in natural forests, to ensure that one does not collect related
half-sibs which ultimately lead to inbreeding of the resultant population. About thirty
mother trees with a spacing of about one hundred metres between them is recommended

for a majority of species (Dawson and Were, 1998).

Storage is considered as the preservation of viable seeds from the period of collection
until they are required for sowing (Holmes and Buszewicz, 1958). The time taken for
viability to decline by 50 % (Pso-half-life) is widely used as a measure of longevity in
many plant species (Probert, 2003; Muthoka, 2000). Seed moisture content and
temperature are two critical factors that determine duration of storage (Thomsen, 2000).
Vigour and germination of seeds stored at high temperatures or high seed moisture levels
decline more rapidly than those stored under cooler and drier conditions (Burris, 1980).
Seed deterioration is considered as the increased probability of death of an individual
seed as deterioration proceeds (Tang et al., 2000), whilst, seed death is considered as
failure to germinate thus seed longevity is considered as the period until seed death
occurs (Hay et al., 2003; Mollah et al., 2002; Sacande et al., 2000).

Many tropical forest species produce recalcitrant seeds (Sacande’et al., 2004), including
many of the species important for timber. Recalcitrant seeds survive desiccation to
relatively high moisture content (often 30 % MC depending on species) and die on
storage at sub-zero temperature (Berjak and Pammenter, 2008). Based on seed response
to desiccation, seed storage behavior are categorized into three: orthodox, intermediate
and recalcitrant. Orthodox seeds can be dried to low water contents (4-7 %) with little
effect on viability whilst recalcitrant seeds are killed by drying to moisture contents
below 20-30 % (Pritchard, 2004). Research reveals that Intermediate seeds can survive
considerable levels of desiccation to levels approaching those of orthodox seeds (MC. 7-
10 %), but do not benefit from sub-zero temperatures (Ellis et al., 1990). However, forest

species are classified as: true orthodox for those tolerates drying below 10 % moisture
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content and storage at sub-zero temperatures; recalcitrant tropical (could be stored in high
relative humidity, with higher sensitivity to low temperatures and desiccation (Kapoor et
al., 2011).

Materials and Methods

Seed collection and processing

The study was conducted between December 2014 and August 2015 at Kenya Forestry
Seed Centre in Muguga. Yellow ripe fruits of Cordia sinensis were collected from
Baringo and Turkana counties in equal quantities for good sample representation
(Omondi et al., 2004). The collected fruits were separately carried in sisal, 90 kg sacks
from the field to the laboratory at Muguga for processing them separately. The fruits,
containing seeds from each provenance were separately sampled by getting a handful
representative quantity by dipping hand in the sacks in all sides and middle to get some
fruits. Squeezing the fruit and rubbing derived seeds with a dry towel extracted the
sampled fruits. The extracted seeds were tested for moisture content by subjecting each
sample weighing 5 g to quick monitoring automatic infra-red moisture content machine
to guide and allow immediate processing of seed lots and replicate sample subjected to
high adjustable automatic temperature oven method (ISTA, 2007). The moisture contents
results obtained from quick monitoring automatic infra-red moisture content machine
were used as the initial moisture contents of the seed lots awaiting extraction. The
remaining fruits were placed on a wire screen/mess and gently rubbed with hand to
remove the fresh pulp and reduce sticky mucilage on the seeds. The extracted seeds were
washed with water under pressure to remove mucilage (Hong and Ellis, 2004) before
gently rubbing with towel to remove excess water on seed surface. A sub-sample was
randomly drawn from each experimental lot for confirming moisture contents against
initial moisture contents using recommended high adjustable automatic temperature oven
method (ISTA, 2007) and for determination of vigour and viability of each sample of the

extracted seed lots.

Seed moisture content determination and desiccation process

The high adjustable automatic temperature oven method (ISTA, 2007) was used to
determine moisture content both initially and subsequently for extracted seeds during
adjustments to respective moisture contents regime. Approximately 5 grams were
accurately weighed (to 3 decimal places) in two replicates into dry, clean, pre-weighed
petri dishes and placed into a preheated oven at 107 °C for 17 hours. At the end of each

exposure period, the seeds were cooled for 45 minutes inside a desiccator and reweighed.
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Moisture content (MC) was expressed on a fresh weight basis. Combination of cool air
and silica gel methods was used to adjust moisture contents from the initial levels to the
targeted storage levels. In the silica gel drying methods, sub-samples of seeds in porous
cloth bags were placed on blue silica gel, covered and placed in germination chamber set
at 15 % relative humidity and 20 °C. Five lots of seeds were desiccated in silica gel until
the target moisture contents of 6 %, 8 %, 10 %, 12 % and 18 % were attained. During
desiccation, moisture contents were checked by frequent weighing and calculating

moisture contents using the formula:

Seed weight at desired MC= initial weight of seed X (100-intial MC)/ (100-desired MC)
(1)

Seed storage and germination testing

Twenty sub-samples of 2500 seeds for each MC were put in a bottle and tightly closed.
All five MC regimes were replicated in four-temperature regimes storage at 6 °C, 15 °C,
25 °C and 35 °C in incubators maintained at respective storage temperature regimes.
Seeds were removed at intervals of 30 days for a period of 150 days. Two samples for
each MC treatment were taken to determine if seed MC changes occurred during storage.
Samples were tested for germination by placing seeds on pre-prepared 1% (w/v) agar
(plain agar) in distilled water in 9 cm Petri dishes and incubated in germination cabinets
set at alternating temperatures 20/30 °C. Light was applied for 8 hours/day during the
warm temperature phase (ISTA, 2007). Germination (viability) and vigour tests were
performed by using four replicates of 25 seeds for each moisture contents for
corresponding storage temperature. Germinated seeds were scored daily for up to 7
weeks. A seed was considered as normally germinated when the radicle protruded to 23

cm.

Measure of longevity

The time taken for germination to drop by 50% (p50) have been commonly used as a
measure of longevity by many authors as it has the advantage of this period being the
most accurately determined one (Probert, 2003; Muthoka, 2000; Roberts, 1983).

Results
Seeds Longevity Assessment by Psy for 150 days
In overall, seeds lost viability with increasing storage period. The time taken for viability

to decline by 50 % is widely used as a measure of longevity in many wild plant species
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(Probert, 2003; Muthoka, 2003). For both Baringo and Lodwar seedlots, the initial seed
germination was approximately 86 % and 82 % and therefore Psy would be 43 % and
41 %, respectively. Essentially, Ps refers to the time, taken for viability to drop to 50 %
percent of the initial germination (Newton et al., 2009). Seeds with 6 % and 8 % from
both Lodwar and Baringo did not decline in viabilty to 50% (attain Psg) after storing for
150 days, while those with moisture content of 10, 12 and 18 % had declined in viability
to 50% (Pso) between 29 and 6 days (Table 1). There seems to be variations between the
two provenances on the time taken for at least 50 % of the seeds to have germinated
under storage. In particular, seeds from the Lodwar provenance were shorter-lived with
Pso of 29 and 30 days. On the other hand, seeds from the Baringo provenance were longer

lived with Psy ranging between 29 and 75 days (Table 1).
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Table 1. Cordia sinensis seeds longevity assessed by Psg for seeds stored at different temperature and different moisture contents (6, 8,
10, 12 and 18 % f.w.b).

Ps, viability at 6°C Ps, viability at 15°C Ps, viability at 25°C Ps, viability at 35°C
Moisture _ - - -
content Lodwar Baringo Lodwar Baringo Lodwar Baringo Lodwar Baringo
Pso(days) Pso(days) Pso(days) Pso(days) Pso(days) Pso(days) Pso(days) Pso(days)
6% N/A N/A N/A 75 40 50 30 32
8% N/A N/A 30 70 25 45 20 31
10% 30 60 25 45 17 33 15 28
12% 20 40 17 35 9 30 7 26
18% 15 23 9 15 6 15 5 9
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Seed viability, vigour and longevity

Cordia sinensis seed longevity, vigour and viability in storage gradually increased as the
moisture contents decreased at constant storage temperature (Figures 1, 2, 3, 4). However, the
longevity, vigour and viability also decreased as storage temperature increased (Figures 1, 2,
3, 4). The seed longevity, vigour and viability declined with increase of both moisture content
and storage temperature, thus, the seed longevity and viability was in the order with respect
to both MC and storage temperature as 6%>8%>10%>12%>18% and 6°C>15°C>25"C>35
°c respectively (Figures 1, 2, 3, 4). In overall, the two sites in terms of moisture content and
storage temperature were not significantly different. There was statistically significant
difference (p<0.001) in the moisture content (6 %, 8 %, 10 %, 12 % and 18 %) and also
storage temperature (6 °c, 15°C, 25°C, 35 0C) for seeds sourced from the two sites.
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Regression of time verses viability

In figure 5, the R* shows that, 56 % of the variation, dependent on viability is reduced by
taking into account predictors of time, moisture content and temperature. The initial viability
was approximately 86 % and not 100 % which R? would have given 100 %. It was difficult to
explain this apparent anomaly unless one assumes that a certain percentage of the seed
possibly were less mature (Austin, 1972) or of different genotype and were adversely affected
by extraction method or storage temperature while the remainder was not. The graph exhibits
a negative relationship where increase of both moisture contents and storage temperature
caused decrease in viability over time.
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Figure 5. Regression of time verses seed viabilityDiscussion

There were short lived and long lived seeds in the results reported in this study. Seeds with
low moisture content of 6 % had the longest life with both high viability and vigour
compared to seeds with highest moisture content of 18% stored across all temperature
regimes of 6 °C, 15 °C, 25 °C and 35 °C for 150 days. For example, the results for seeds with
18 %, 12 %, 10 %, 8 % and 6 % moisture content stored at 6 oc temperature revealed that
with decrease of seed moisture content both seed viability and vigour period increased but
there was a continuous decrease in both vigour and viability levels with time. Both Seed
viability and vigour was in the order with mc as 6>8>10>12>18% for both study sites. This
conforms to Orthodox seeds which conform to certain rules of the thumb that predict well the
pattern of loss of viability in relation to storage environment (Roberts, 1983; Schmidt, 2000)

Again the results for same seeds with 18 %, 12 %, 10 %, 8 % and 6 % moisture content
stored at 35 °C, 25 °C 15 °C and 6 °C revealed that with decrease of storage temperature, seed
longevity period increased with time. Seed viability, vigour and longevity was in the order in
respect to MC as 6>8>10>12>18% for both study sites. This again conforms to Orthodox
seeds which conform to certain rules of the thumb that predict well the pattern of loss of
viability in relation to storage environment (Bewley and Black, 1982)
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Conclusion
The Cordia sinensis seeds can be classified as orthodox which is exhibited by seed with 6 %
MC which gave highest longevity (shelf life) and higher viability in all storage temperatures.

Recommendation

The Cordia sinensis seeds can be stored for long period of time beyond 150 days they were
subjected to storage. The optimal and best storage condition of Cordia sinensis are moisture
content of 6 % and storage temperature of 6 °C for longer storage period, where
cryopreservation is not available.
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Abstract

Invasive plant species threaten global biodiversity, as well as ecosystem structure and
functioning. In Kenya, Cestrum aurantiacum Lindl., is one of the main invasive species of
concern to the country. Modeling of invasive species using stage based matrix methods has
not been exploited to understand the population structure of invasive species. The study
simulated stage-structured Lefkovitch models to assess the population structure and impact of
Cestrum aurantiacum population growth within Mount Elgon Ecosystem. Data on
distribution were collected on plots nested along the 1 km transects per forest block namely
in Kaboywo, Kiptogot and Saboti. The plots were 300 m apart, and sub-plots were 1x1 m for
seedling, 5 x 5 m for saplings and 10 x 20 m for mature plants. The average count of
seedlings, sapling and adult Cestrum aurantiacum per sampled plots per forest block was
recorded. The data were grouped for analysis and modeling, and for assessing the
predisposing factors such as degradation, temperature, and deforestation. The survey data
was used to calculate the transition probabilities and the growth rate which were as follows
for the 3 blocks: Kiptogot 2, = 1.074 and Kimothon A, = 1.115 and Saboti A; = 1.118. These
results indicate that that Cestrum aurantiacum population is invading forest ecosystem and
adjacent farm lands, which are agriculturally productive. Thus with the increase of Cestrum
aurantiacum, its population could have negative effects on the population of other native
species within ecosystems in the future.

Keywords: Matrix models, Invasion species, degradation factors

Introduction

Invasive plant species threaten global biodiversity, as well as ecosystem structure and
functioning (Levine et al., 2003, Richardson et al., 2000;Mack et al., 2000). Consequently,
these plants negatively affect the environment, human economy and human health (Mullah,
2014). The global cost of damage by invasive plant species is US$1.4 trillion per year, close
to 5 % of global GDP (Cox, 2004). Species invasions are a principal component of global
climatic change, causing large losses in biodiversity, as well as economic damage (Pimentel
et al., 2005). In the USA alone, it is estimated that invasive species cause damage of up to
USD137.2 billion per year (Pimentel et al., 2005) for agricultural losses, with worldwide
losses reaching USD 248 billion (Cox, 2004). The negative effect of invasion has resulted
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into increased level of poverty and slowed down economic growth and development
particularly among the developing countries, since they rely mostly on agricultural activities
for their livelihoods and growth (Levine et al., 2003).

Worldwide alien plants invasions of protected forest areas are increasing and are widely
recognized by forest and environmental managers as a major threat (Padmanaba et al., 2017,
Foxcroft et al., 2017). According to Arim et al. (2006), invasive species threaten almost 60 %
of the species listed in the U.S. Endangered Species Act. Thus, better understanding of the
population structure of these invasive plants and mechanisms of invasion is crucial to
ecological research and conservation planning.

One of the common invasive plant species is Cestrum aurantiacum Lindl., a shrub, which
grows upto 1 to 3 m high, and produces flowers for several months through summer and
autumn. The plant is long-lived, producing new growth in spring. The seeds of Cestrum
aurantiacum remain dormant in the soil for many years. The shrub prefers moist habitats that
are commonly found along roadsides, neglected, disturbed and abandoned sites (Global
Invasive Species Database, 2018). The plant is one of the major invasive species in Kenya.
However, little is known about its developmental stages, to aid its management.

Mathematical modelling provides insight into problems by establishing mathematical
relationships among the variables and parameters (Caswell, 2010) that affects populations of
various flora and fauna. The theory of describing, predicting and analyzing population
growth by analyzing life history parameters such as survival and fecundity can be traced back
to in 1895 Cannan (Caswell, 2010). The matrix models were first developed by Bernardelli
(1941), Lewis (1942), and Leslie (1945). Matrix model that classified the population based
on the stage of life was modified by Lefkovitch and is a modification of Leslie matrix where
the classifications were replaced by life stage (Caswell, 2001). Caswell (2010) treated the
density as a sum of all individuals in the population, setting up a matrix model with a
population partitioned into stage classes.

This study used stage based matrix models techniques of grouping the population of Cestrum
aurantiacum into development stages in order to understand their structure and system within
Mt Elgon, Kenya.

Materials and Methods

Study area

The study was carried out in Mt. Elgon ecosystem, which lies between 0°52’ and 01°25N,
and between 34°14° and 34°44°E. The area, which is a trans-boundary natural ecosystem
resource between Kenya and Uganda, covers 2,223 square kilometers with 1,078 square
kilometers falling on the Kenyan side. The ecosystem covers an area of about 772,300
hectares consisting of 221,401 hectares of protected areas and 550,899 hectares of farmlands
and settlements of which 180,000 hectares of the forest are in Kenya.
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Figure 1. Map of Mt Elgon forest Blocks

Sampling methods

To build a mathematical model that simulates the population size and structure of invasive
species of Cestrum aurantiacum, classified forest block within the ecosystem was used. Data
on distribution were collected on the plots nested along the 1 km transects per forest block
namely in Kaboywo, Kiptogot and Saboti. The plots were 300 m apart. The sub-plots were
1x1 m for seedling, 5 x 5 m for saplings and 10 x 20 m for mature plants. The average count
of seedlings, sapling and adult Cestrum aurantiacum per sampled plots per forest block was
recorded and grouped for analysis and modeling, and for assessing the predisposing factors
such as degradation, temperature, and deforestation.

Model estimation and construction

In this study, all the parameters were estimated based on the data collected during the
preliminary research. The population projection matrix (A)), contains the survival
probabilities and reproductive rates estimated within each forest block considering that all the
predisposing factors are homogeneous per forest block. The computations of the entries of
matrix (A) are given (Table 1).

172



Table 1. Model Parameters computation methods

Parameter Notation

Meaning

Computation method

Fertility
rate

Survival
rate

Transition
rate

Eigen
value
Eigen
vectors

Fi (Fi >0)

(0 < Si >1)

Gi

()

The rates which is the number
of offspring of stage age i to (i +
1) in a unit of time t that will
survive to the next stage class at
time (t+1) (Bruce and Shernock,
2002)

Is the probability that an
individual of stage i at time t
will survive to time (t+1), and
remain in the same stage

The probability of surviving and
growing from stage i to stage
(i+1) given by (Musick and
Bonfil, 2005)

Long term population growth
rate

Long term population structure
corresponding  to  specific
eigenvalues

Reproductive Contribution.
F, = b(i)P,

Where b(i) = specific fecundity
rate and Si = the probability of
surviving to the adult stage. The
value was estimated using the
total number of added seedling
sampled within the period of
survey (Gotelli, 2001).

Si=6 1-v) )

Where §; is the survival
probability of stage i and y; the
probability that a surviving
individual grows from stage i to
stage (i+1). Estimated from the
data

(Gi=6; v:) |
The value was estimated from the
data assuming the rate of death
per stage is a ninth of the survival
rate

det(A — AT) =0

Once the eigenvalues of a matrix (
A) have been found, the
Eigenvectors by Gaussian
Elimination can be found

The model stage based matrix (A) model is given below:

S, 0 F
G, S» O )
0 G, Sy

Under this model, the population projection matrix (A) is used to get the projected population
at time (t+1) denoted by the equation 3 given below:

nt+1)=An(),
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Where n represents a vector of stage class population structure at times (t + 1) and t,
respectively. The elements of the square matrix A are non-negative, the elements of the first
row are greater than or equal to zero, the elements of its main sub-diagonal are positive and
less than unity and the remaining elements are zero. The stage based model is shown by a
life-cycle interaction and/or transition among the stages.

F
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Results and Discussion

Projection Matrices

Projection matrix (A) parameters used in the analysis of the growth rate considering that the
predisposing factors observed: temperature, rainfall and degradation; are homogenous per
forest blocks. The estimates model parameters presented in the Table 2 below are point
estimates.

Table 2. Model parameters of Cestrum aurantiacum

Forest Survival . .. Mean Eigen value Eigen
block per (Sii) (Gij) Population vector
stage
Kimothon
Stage1 0.762559 0.084729 0.782103 319 (0.96,0.26
Stage2 0.869203 0.096578 0.718943 248 2.94 0. 1 1) ’
Stage3  0.814133 0.090459 0.678481 148
0.815298 0.090589 0.726428 714
Saboti
Stage 1 0.882948 0.098105 0.722581 315 (0.96,0.28
Stage 2 0.815773 0.090641 0.729302 313 3.14 0.1’0) ’
Stage3 0.870143 0.096683  0.672 142
0.856288 0.095143 0.70796 770
Kiptogot
Stage1 0.788822 0.087647 0.695495 666 (0.97,023
Stage 2  0.855783 0.095087 0.715789 329 3.49 0. (’)7) ’
Stage3 0.774339 0.086038  0.768 225

0.806315 0.089591 0.726508 1220
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The following are the stage based population modeling matrix for the different forest block:

0088 0 46 0.0966 0 26
Adio=|0-789 0095 0 |, A= 0763 0085 0 |,
0 0856 0.806 0 0869 0.814

009 0 29
Aoi=|0.883 0098 0 |, (3)
0 0816 0870

The Eigen value of the population projection matrix, is denoted by lambda, which is the
growth rate of the population. If lambda = 1, there is no change in the population size but if
lambda is > 1, then the population is increasing, while values of lambda < 1 indicate that the
population is decreasing.

Growth rates of the population of invasive species per block

Figures 2 and 3 show the projection of the population per forest block and the extrapolated
population within 100 months. The results indicate a higher population count in Kiptogot
block than other forest blocks, mainly because the Kiptogot block was more disturbed than
the other two blocks. The disturbance in the block is as a result of destruction and
degradation (Ongugo et al., 2017). The forests in these areas have been modified
considerably over the years by human activities especially through urbanization,
deforestation and intensive agricultural practices. Increased human population and demand
for more agricultural land for food production exacerbate the disturbance, which has resulted
in destruction of the vegetation cover, and subsequently rampant environmental degradation
and deforestation (Ongugo et al., 2017)

forest block population projection of invasive species

100,000
80,000 Kiptogot
60,000
40,000 Saboti

20,000 :
Kimothon

Population count

Saboti

0 20 40 60 80 100 120
(20,000) .
Time(Months)

Figure 1. Forest block population projection of Cestrum aurantiacum over a period of 100
months
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There was an increase in the population of the seedlings, saplings and adult plants of the
species, hence the need for population management within all the forest blocks (Figure 3).
The results are consistent with the findings of Ogungo et al. (2017), that various degraded
sites in Mt. Elgon ecosystems were within the forest reserves which consist of: closed natural
forest, forest plantation, open natural forest and shrub land; and private farms, hence the main
drivers of invasion by these species. Ogungo et al. (2017) reported that the main pre-
disposing factors that are drivers of degradation within the forest are over-grazing of
livestock, as well as illegal harvesting of timber, charcoal production, agriculture and
settlement.

Population projection of Cestrum aurantiacum
180

160

140 seedling
< 120
2 sapling
B 100
2 80
g
60 Adults
40
20

1 4 7 10 13 16 19 22 25 28 31 34
Months

Figure 3. Population projection of Cestrum aurantiacum per stage in Mt Elgon

Potential Impacts of Cestrum aurantiacum on Mt Elgon and adjacent landscape

There are at least two major adverse effects of the existence of an invasive species in a native
ecosystem. First, invasive plants change native ecosystem processes such as nutrient or
hydrology cycles and contribute to the decrease of native species abundance (Mack et al.,
2000; Mullah, 2014). Secondly, invasive species such as Cestrum aurantiacum are toxic to
animals like sheep and goats (Mullah, 2012), and may have a similar effect on humans
(McLennan et al., 1984). The main concern on the effect of increase of Cestrum aurantiacum
population as invasive species is by invading remnant forest ecosystem within Mt Elgon
water towers. This could potentially invade the forest adjacent farmlands, which are
agriculturally productive and are the food basket of the western region of Kenya. Lastly,
these native forests maintain ecosystem services that include the hydrological balance and
provide habitat and food for native animals hence a major threat by Cestrum aurantiacum.

Conclusion

The results from this preliminary study shows that population of Cestrum aurantiacum is on
the increase as indicted by the stage based population structure and may have a negative
impact on the indigenous plant species, and other effects. However, to further estimate the
population and magnitude of the impact, there is need to incorporate more environmental
factors, which may play a role in the invasion per forest block. Further studies can be done to
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assess the effects of different levels of degradation factors and the variation of the effects on
the population growth per stage of growth.
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Abstract

Declining soil fertility and Striga hermonthica (Delile) Benth. infestation are serious threats
to sustainable food production in western Kenya. Appropriate soil fertility regimes are
therefore critical for Striga management and improved maize productivity. The effect of
integrated use of urea and Calliandra or maize stover on Striga infestation and maize yield
components was assessed. A field experiment was carried out for five consecutive seasons
on a clay loam Ferralsol in western Kenya. Urea and Calliandra or maize stover were
combined to supply nitrogen (N) at 75 kg ha™ from both sources in 0:0, 100:0, 80:20, 60:40,
40:60, 20:80, 0:100 ratios. A randomized complete block design (RCBD) with 12 treatments
replicated four times was used with maize hybrid (WS 502) as a test crop. Data was collected
on maize traits and yield and subjected to Analysis of Variance. All the three ear traits: ears
per plant, ear length, and ear diameter; kernels per row; and grain yields were significantly
higher where Calliandra was applied at (45 kg N ha™) combined with urea (30 kg N ha™) and
Calliandra (30 kgN ha™) combined with urea (45 kg N ha™) or maize stover (45 kgN/ha™)
combined with urea (30 kg N /ha™) and maize stover (30 kg N/ha™) combined with urea (45
kg N /ha™l). Number of ears per plant was a major yield component R?=0.74. Stepwise
regression analysis showed ears per plant to be the most important yield component under
Striga infestation (R°=0.58), followed by kernels per row (R?=0.38). The control and sole
maize stover treatments had the most severe reduction in all yield components. Calliandra (45
kg N ha) combined with urea (30 kg N ha™)) and maize stover (15 kg N ha™) combined
with urea (60 kg N ha) had consistently lower Striga infestation compared to all other
treatments. These treatments reduced Striga probably due to the combined effects of suicidal
germination of the Striga seed and increasing inorganic (N) in the soil, which has a negative
effect on Striga. Reduction in maize grain yield and its components were more severe under
moisture stress that occurred in short rain seasons.
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Introduction

Soil fertility decline is increasingly viewed as a critical challenge affecting agricultural
productivity and environmental welfare in Sub-Saharan Africa (SSA) (Bationo et al., 2004).
Studies indicate that the decline is as a result of a combination of high rate of erosion,
leaching, removal of crop residues, and continuous cultivation of land without adequate
fertilization or fallowing (Sanchez and Jama, 2002). This is aggravated by the inherent poor
fertility in most tropical soils (Okalebo et al., 2003). Consequently, SSA has experienced a
decrease in overall per capita food production with soil fertility being recognized as the
fundamental root cause for declining food security.

In Kenya, maize (Zea mays L.) is a major food crop and dominates all food security
considerations with a per capita consumption of 103 kgyr™. Smallholder famers in western
Kenya rely on maize as the staple food crop, but its production is low, estimated at 0.5 to 1.5
t/ha™t yr* (Ouma et al., 2002) against a production potential of 4 t/ha™ yr*. The major cause
of this low yield is soil nutrient depletion, indicated by negative nutrient balances. The
average annual loss in soil nutrients of 42 kg N, 3 kg P and 29 kg K ha™ in Kenya is among
the greatest in Africa. Reversal of soil fertility depletion is therefore required to increase per
capita agricultural production.

The problem of soil infertility in western Kenya is exacerbated by climate change and
variability that increasingly affects farming operations. In addition, the buildup of Striga
hermonthica (Del) Benth (witchweed) that attacks cereals, which are important staples in the
region (Vanlauwe et al., 2008), is associated with declining soil fertility resulting from
continuous-intensive cropping without adequate fertilizer inputs (Tittonell, et al., 2005;
Vanlauwe et al.,, 2008), a common phenomenon in densely populated farming systems of
western Kenya (Vanlauwe et al, 2006). Striga weed is known to cause crop yield losses of
between 20 and 100 % for maize (Kim et al., 2002; Midega et al., 2017; Vanlauwe et al.,
2008) and 20 to 50 % in sorghum (Lendzemo et al., 2005; Midega et al., 2017), although 100
% vyield loss is not uncommon. Striga infests about 217,000 hectatres (about 15 % of the
arable land) in the Lake Victoria basin of Kenya (www.fao.org; CEPA, 2004), causing annual
crop losses estimated at $53 million (Woomer and Savala, 2009).

Use of mineral fertilizers is one of the major ways to replenish soil nutrients. Positive
agronomic responses to fertilizers have been demonstrated for many crops (Bekunda et al.,
1997), but fertilizer use in western Kenya region remains low largely due to socio-economic
factors (Sanchez, 2002; Okalebo, 2000). An alternative to mineral fertilizer is the utilization
of organic fertilizers such as crop residues, composts, farm yard manure and green manure, as
well as the application of conservation principles and practices. Biomass transfer from trees
and shrubs have also been used as sources of plant nutrients (Jama et al., 2000). However, the
use of organic fertilizers is limited by inadequate quantities, low and variable nutrient
content, high labour requirement and competitive uses (Jama et al., 2000). Despite the above
limitations, soil productivity must be restored in western Kenya in order to ensure food
security and poverty reduction.
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Integrated Soil Fertility Management (ISFM) has been demonstrated as a strategy that can
address the complexities and peculiarities of soil fertility management on smallholder farms.
This helps low resource endowed farmers to mitigate problems of poverty and food insecurity
by improving the quantity of food, income and resilience of soil productive capacity (Bationo
et al., 2003). Integrated Soil Fertility Management involving the combined use of organic and
mineral resources, resilient germplasm and nutrient cycling and conservation (Vanlauwe et
al, 2010), is an overarching approach to restoring and maintaining soil productivity. This is
reported to result into synergy and improved conservation and synchronization of nutrient
release and crop demand, leading to increased fertilizer use efficiency and higher yields
(Vanlauwe et al., 2002).

Yield, which is a quantitative trait, is functionally related to yield components. Information
on the effect of ISMS on maize yield components under Striga infestation could be useful to
physiologists, modelers and agronomists. However, such information is scanty in literature.
The information could provide a vehicle for increasing efficiency of input and resource use
by the crop, reducing the risks farmers face in using purchased inputs and perhaps encourage
the adoption of improved technologies. The objective of this study was therefore to assess the
effect of applying organic residues solely or in combination with urea on Striga infestation
and maize yield components under small-scale farming conditions in western Kenya.

Materials and methods

Experimental site

This study was conducted at Nyabeda (N 0° 08°, E 34° 24’) in Siaya County, western Kenya.
The area is classified as midlands (LM 2) with an altitude of approximately 1330 m above
sea level. Rainfall is bimodal, with two cropping seasons a year. Long rains start from March
and end in July and the short rain start from August and end in November, with a mean
annual rainfall of 1800 mm (Figure 1). Mean annual temperature ranges between 22 °C and
24.°C. The soils are classified as Ferralsols/Nitisols (Kandiudalfic Eutrudox), clayey, reddish,
deep and well drained. The soil chemical and physical properties at the onset of the
experiment are shown in Table 1.

Table 1. Properties of 0-15 cm deep soil at Nyabeda experiment site in western Kenya

Attribute Value
pH (1: 2.5 soil:water) 6.1
Organic C (%) 2.33
Total N (%) 0.23
Olsen P (mg Kg™) 2.75
Calcium (cmol, Kg™) 7.96
Magnesium (cmol, Kg™) 478
Potassium (cmol. Kg™?) 0.05
Sodium (cmol. Kg?) 0.40
Exchangeable bases (cmol. Kg™) 13.2

Clay (%) 23
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Silt (%) 14
Sand (%) 63

Experimental design, establishment and management

The experiment was set in a randomized complete block design (RCBD) with twelve
treatments replicated four times. Treatments consisted of two organic sources of N (maize
stover and residues of Calliandra calothyrus Messn.) and urea as the inorganic mineral
source of N. Treatments were combined in the following ratios: 0:0, 100:0, 80:20, 60:40,
40:60, 20:80, and 0:100 so as to supply a total of 75 kg N ha™ per treatment except the
control which had a ratio of 0:0 with no N inputs (Table 2). Maize stover was obtained from
neighbouring farms and Calliandra from an established demonstration plot within the area. In
each season before their use, a sub sample of each organic input was anayzed for N content to
determine the quantity to be applied. The plant residues were then weighed, chopped and
incorported into the soil at a depth of 15 cm during land preparation in all seasons.
Phosphorus (P) and potassium (K) were uniformly applied to each plot of 6 x 6 m at the rate
of 40 kg P and 20 kg K ha™ as triple super phosphate and muriate of potash respectively at
the beginning of each season. One day after treatment application, maize variety WH502 was
planted at a spacing of 75 cm between rows and 25 cm within rows. Two seeds were planted
per hill and thinned to one seedling per hill two weeks after emergence (WAE), to give a total
maize population of 53,333 plants ha™. Weeding was done at three and eight weeks after
planting. In the appropriate treatments, urea was applied in splits with one third being applied
at planting, while the rest was applied as a topdress six weeks later.

Table 2. Details of treatments used in the field trial

Treatment Organics N from N provided by Total N
No Organics urea
(kg ha)

1 None 0 0 @)
2 Calliandra 75 0 75
3 Calliandra 60 15 75
4 Calliandra 45 30 75
5 Calliandra 30 45 75
6 Calliandra 15 60 75
7 Maize stover 75 0 75
8 Maize stover 60 15 75
9 Maize stover 45 30 75
10 Maize stover 30 45 75
11 Maize stover 15 60 75
12 None 0 75 75
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Striga count and collection in the field

Data were collected on Striga infestation in all the plots. Striga shoots that emerged in the
field were counted in the six middle rows (4.5 x 6 m) at 2 week intervals starting from the
day of Striga appearance, and the maximum number of shoots recorded in each plot was
documented as Striga infestation. Striga emergence data were converted to the number of
Striga plants m. All Striga plants collected were sun dried and their weights recorded. Data
was collected only on plants in the two central rows. Data on maize damage score was based
on a scale of 1 to 9 at 10 weeks after planting of maize. Details of the rating are as follows:

1=normal plant growth, no visible symptoms,

2= small and vague purplish-brown leaf blotchets visible

3=mild leaf blotching with some purplish-brown necrotic spots

4=Extensive blotching and mild wilting. Slight but noticeable stunting and reduction in ear
and tassle size

5= Extensive leaf blotching, wilting and some scorching, moderate stunting, ear and tassle
size reduction

6= Extensive leaf blotching with mostly fray necrotic spots. Some stunting and reduction in
stem diameter, ear size and tassel size.

7= Definite leaf scorching, with gray necrotic spots, and leaf wilting and rolling. Severe
stunting and reduction in stem diameter, ear size, and tassel size, often causing stalk lodging,
brittleness, and husk opening at a late-growing stage.

8=Definite leaf scorching with extensive gray necrotic spots. Conspicuous stunting, leaf
wilting, rolling, severe stalk lodging, and brittleness, reduction in stem diameter, ear size and
tassel size.

9= complete scorching of all leaves, causing premature death or collapse of host plant and no
ear formation

Results and Discussions

Effect of organic and inorganic N sources on soil inorganic N dynamics

Soil mineral N showed significant differences (p<0.01) at 4 and 12 Weeks After Planting
(WAP). There was a general increase in N from 4 to 8 WAP followed by a decrease to 12
WAP (Table 3). Maize stover applied at 30 kg N ha™ combined with urea at 45 kg N ha™
gave the highest mineral N of 56 and 59 kg N ha™ at 4 and 8 WAP respectively. The same
treatment increased soil mineral N above the control by 24 and 20 kg N ha™ on average,
representing 74 to 50 % increases at 4 and 8 WAP respectively. At 12 WAP Calliandra
applied at 15 kg N ha™ combined with urea at 60 kg N ha™ gave the highest mineral N of
51.4 kg N ha™. The same treatment increased soil mineral N by 18 % compared to the
control. Treatments with over 45 kg N ha'of maize stover had lower levels of mineral N at 4
and 12 WAP.
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Table 3. Total soil inorganic nitrogen at 0-15 cm soil depth sampled at different periods
during 2007 long rains and short rains at Nyabeda

Treatments Long rainy season Short rainy season

4 WAP SWAP 12 WAP 4WAP  8WAP 12 WAP
Organic  Urea Mineral N (Kg ha™)
Control 324 39.3 43.70 30.7 26.3 13.2
75CC ouU 45.1 46.9 32.42 27.5 30.6 25.9
60CC 15U 48.5 51.3 35.37 19.3 31.1 16.5
45CC 30U 47.3 36.9 36.00 24.8 35.8 13.1
30CC 45U 42.9 48.0 42.30 36.5 27.1 22.1
15CC 60U 42.6 40.8 51.36 35.1 24.6 18.5
75MS ouU 29.4 48.1 33.23 32.0 26.5 12.5
60MS 15U 28.7 45.0 31.42 31.0 28.7 14.3
45MS 30U 27.9 41.1 32.08 29.0 26.2 26.7
30MS 45U 56.0 59.0 36.63 26.7 39.8 22.8
15MS 60U 40.9 46.4 39.20 28.3 30.6 17.4
0 75U 48.4 47.9 39.98 24.4 24.0 17.5
Mean 40.9 45.9 37.81 29.6 29.3 18.4
P level <0.001 0.30 <0.001 0.490 <0.001 <0.001
Isd 10.29 15.38 3.01 14.00 3.30 2.20
CVv 7.3 15.4 2.6 8.70 5.70 8.60

CC=Calliandra, MS =maize stover, U=urea, WAP=weeks after planting

During the 2007 short rains, significant treatment effects (p<0.001) were observed at 8 and
12 WAP respectively (Table 3). There was a general reduction in soil mineral N levels from 4
to 12 WAP. Maize stover applied at 30 kg N ha™* combined with urea at 45 kg N ha™ gave
the highest mineral N of 39.8 and 56 kg N ha™ at 8 and 12 WAP respectively. The same
treatment increased soil mineral N by 34 % and 51 % compared to the control at 8 and 12
WAP respectively. This was followed by Calliandra applied at 45 kg N ha™ combined with
urea at 30 kg N ha™ that recorded 35.8 kg N ha™. At 8 WAP, Calliandra applied at 75, 60, 45
kg N ha, and maize stover at 30 and 15 kg N ha™ had significantly higher soil mineral N
than the control. With the exception of maize stover at 60 and 75kg N ha™ all other
treatments had higher soil mineral N than the control at 12 WAP. Maize stover applied at 75
and 60 kg N ha™ depressed soil mineral N compared to the control at 12 WAP. Soil mineral
N levels were generally higher in the long rain season compared to the short rain season.

The different patterns observed in the amounts of soil inorganic N at the different sampling
times was attributed to differences in rainfall patterns, decomposition rates and N release
patterns of the two plant residues (Calliandra and maize stover) used in the study and the
proportion in which two were combined with urea. The increase in mineral N from 4 to 8
WAP could be attributed to N release through mineralization and N added as urea at 6 WAP
as topdressing.
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Reduction of soil inorganic N from 8 WAP to 12 WAP was mainly attributed to decrease in
mineralization, N uptake by plants coupled with N denitrification, immobilization and
leaching. Leaching can result in appreciable loss of topsoil NO'3. The loss through leaching
was more likely due to high amounts of rainfall received during this period (Figure 1). Such
phenomenon was reported by Thornton et al. (1995) who estimated 40 to 50 % of the
mineralized N being lost under high rainfall environments through leaching and Myers et al.
(1997) who noted that leaching of mineral N in the soil increased as the rainfall amount
increased. However, reduction in soil inorganic N noted in 2007 short rain season is most
likely attributed to low and unreliable rainfall that was received in that season (Figure 1). Soil
moisture plays an important role in decomposition, N release and movement in the soil. The
difference between the amounts of inorganic N between the two seasons may be related to the
previous season’s rainfall and crop yield.

The consistently higher amount of mineral N under maize stover applied at 30 kg N ha™
combined with urea at 45 kg N ha” at 4 to 8 WAP could be attributed to the higher proportion
of urea applied at planting. This early and consistent supply of N is important for crop
development (Serrem, 2006). This may therefore explain the higher yields realized under
these treatments. Low levels of mineral N in plots with high levels maize stover could be
attributed to slower rates of decomposition and N release. Low quality organic materials such
as maize stover with high C/N ratio take long to decompose and release N for plant uptake.
Addition of organic materials with a total N content of 1.5% can trigger N immobilization in
soil. The maize stover that was applied in this study had a total N content of 0.65 %, which
was below the critical level suggested by Palm et al. (2001). The benefits of such residues to
the crop may be through the long-term buildup of N rather than the direct use of N from the
decomposing residues.

Maize damage score and mergence Striga count

Seasonal trends in Striga incidence over the period of study are summarized in Table 4. There
were highly significant (p<0.001) differences between seasons. Except for 2007 shirt rains,
(p<0.001) effects of treatments on Striga counts were not significant in all other seasons. The
highest Striga densities of 115 plants m™ were observed in sole maize stover applied at 75 kg
N ha™ and maize stover applied at 60 kg N ha™ combined with urea at 15 kg N hawith 114
plants m?). The two treatments had significantly higher Striga counts than all other
treatments. Averaged over five seasons, Striga density was higher in the control and in
treatments receiving more than 80 % of N from maize stover (Table 4). In 2007 and 2008,
Striga emergence was higher during long rains than the short rain seasons. The season by
treatment interaction on Striga intensity was not significant (p=0.65).
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Table 4. Effect of combined use organic residues and urea on Striga counts at Nyabeda,
western Kenya (values in brackets are transformed values of Striga incidence logio

(x+1)
Treatments Seasons
LR2007 SR2007 LR2008 SR2008 LR2009
Plants m™
Control 118 (2.07) 57 (1.76) 19 (1.28) 4 (0.60) 11 (1.04)
75CC+0U 146 (2.16) 45 (1.65) 13 (1.11) 4 (0.60) 9 (0.95)
60CC+15U 128 (2.11) 65 (1.81) 16 (1.20) 7 (0.85) 14 (1.15)
45CC+30U 117 (2.07) 29 (1.46) 10 (1.0) 4 (0.60) 12 (1.08)
30CC+45U 100 (2.0) 55 (1.74) 12 (1.08) 3(0.48) 11 (1.04)
15CC+60U 105 (2.02) 38 (1.58) 13 (1.11) 4 (0.60) 8 (0.90)
75MS+0U 89 (1.95) 115 (2.06) 15 (1.18) 3(0.48) 15 (1.18)
60MS+15U 141 (2.15) 114 (2.06) 16 (1.20) 7 (0.85) 15 (1.18)
45MS+30U 44 (1.64) 49 (1.69) 6 (0.78) 3(0.48) 9 (0.95)
30MS+45U 68 (1.83) 37 (1.57) 9 (0.95) 5(0.70) 8 (0.90)
15MS+60U 154 (2.19) 40 (1.60) 8 (0.90) 4 (0.60) 14 (1.15)
75U 126 (2.10) 49 (1.69) 11 (1.04) 4 (0.60) 9 (0.95)
Mean 111(1.96)a 58(1.68)b 13(1.01)c 4(0.67)d 11(1.01)c
P Level 0.44(0.18) <0.001(0.003) 0.74(0.15) 0.59(0.76) 0.57(0.35)
treat
LSD ns (0.33) 38(0.29) ns(0.32) ns(0.30) ns(0.30)
Ccv 8.2 8.8 9.3 15.1 19.8
P Season <0.001
Treatment 0.65
X season
Mean 3.39 3.10 2.46 1.98 2.38
season

‘LR=long rainy season, ‘SR=short rainy season, CC=Calliandra, MS =maize stover, U=urea,

Effect of treatments on maize grain yield components

Ear traits

The effect of treatments and seasons on the number of ears per plant, ear length, and ear
diameter were highly significant (p<0.001) (Table 5). Treatments X season interactions were
not significant for any of these ears traits (Table 4). All the three ear traits (ears per plant, ear
length, and ears diameter) were significantly higher where Calliandra was applied (45 kg N
ha™) combined with urea (30 kg N ha™) and Calliandra (30 Kg N ha™) combined with urea
(45 kg N ha™) or maize stover (45 kg N ha™) combined with urea (30 kg N ha™) and maize
stover (30 kg N ha™) combined with urea (45 kg N ha™) compared to sole maize stover and
the control. Ears per plant were highest where maize stover was applied (30 kgN ha™)
combined with urea (45 kg N ha™), while the lowest ears per plant were recorded in the
control. Ear length and ear diameter followed the same trend. Sole maize stover had the
lowest ear diameter. Although ears per plant are known to be a genetically controlled
characteristic this trait was influenced by the amount of nutrients available. The higher ears
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per pant where maize stover was applied at (30 kgN ha™) combined with urea (45 kg N ha™)
is mainly attribute to higher mineral N levels in the soil. The low ears per plant in sole maize
stover and the control may be as a result of low levels of soil mineral N. Low numbers of ears
per plant may also be attributed to higher Striga numbers in the control and sole maize stover
treatments (Table 5). Ear reduction from pre-flowering stress results from cessation of ear
development and ear abortion (Jacobs and Pearson, 1991). This is in contrast to insidious and
more delayed pathogenic effects, which have little or no effect on ears per plant (Kim and
Brewbaker, 1976).

The significantly higher ear length in the above soil fertility management applications might
be attributed to good photo assimilates supply. The maximum assimilate supply should be
available during maize grain filling (Arif et al., 2010). The two to three weeks period after 50
% silking is critical stage in the development of maize that is highly dependent on assimilate
supply; the period when final kernel number is determined (Haney et al., 2015). Hussaini, et
al. (2001) reported similar response where they attributed this significant increase in yield to
favorable effect of N on cob length and cob diameter, which have direct bearing on the final
grain yield.
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Table 5. Mean grain yields and yield components of maize under Striga infestation averaged over five seasons at Nyabeda

Treatment Ears/ Ear length  Ear diameter  Kernel Kernels/ 100 wt Grain Striga tolerance
plant (cm) (cm) Rows Row (9) Yield (g/plant) Score (1-9)
Control 0.56 13.3 4.0 13.0 26.9 24.5 24.0 6.6
75CC+0U 0.77 15.1 4.2 13.2 27.5 27.1 45.0 2.8
60CC+15U 0.64 14.6 4.3 13.4 30.8 25.3 37.1 3.6
45CC+30U 0.79 15.4 4.2 13.1 334 25.8 54.0 2.4
30CC+45U 0.79 15.4 4.3 13.7 32.2 25.6 48.5 2.6
15CC+60U 0.76 14.6 4.2 13.4 31.7 26.2 41.9 4.1
75MS+0U 0.64 13.3 3.9 12.3 27.4 22.9 30.5 4.5
60MS+15U 0.71 14.2 4.1 13.4 30.1 23.9 37.1 4.7
45MS+30U 0.80 15.1 4.3 13.1 32.6 25.1 50.0 3.0
30MS+45U 0.82 16.1 4.4 13.2 35.0 28.7 59.9 2.6
15MS+60U 0.76 15.2 4.3 12.9 334 27.1 45.4 3.4
75U 0.70 14.5 4.2 12.9 30.6 25.9 39.7 3.9
Mean 0.73 14.7 4.2 13.1 314 25.7 42.8 3.7
P treat <0.001 <0.001 <0.001 <0.05 <0.001 <0.001 <0.001 <0.001
P season <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
P treat x season 0.184 NS 0.135 0.29 0.277 NS 0.002 NS
Lsd treat 0.108 1.14 0.16 0.72 3.27 2.15 11.0 1.62
Isd season 0.06 0.66 0.09 0.42 1.89 1.24 6.37
Isd treat x season 0.21 2.28 0.31 1.44 6.55 4.30 22.05

Cv 7.0 3.0 2.5 2.2 3.7 1.5 13.3 20

188



Kernel traits and grain yields

Number of grains per row

There were highly significant differences (p<0.001) between season and treatments kernels
per rows (Table 5). The highest kernels per rows was recorded where maize stover was
applied at (30 kg N ha™) combined with urea (45 kg N ha™), while the lowest was recorded in
the control. Kernels per ear are a product of rows per ear and kernel per row (Abendroth et
al., 2011). Rows per ear have been reported to be largely genetically controlled (Roy and
Biwas (1992), and ear length to be highly correlated with kernels per row as observed in
earlier studies (Bavec and Bavec 2002). However, a greater number of grains per ear
observed under higher N rates might have resulted from the greater assimilates partitioning to
the seeds as a result of a longer growth period and higher photosynthate availability during
grain filling period (Amanullah et al., 2009). A decrease in number of grains per ear row
under low N application might be attributed to poor development of the sinks and reduced
translocation of the photosynthate (Dawadi and Sah, 2012).

Grain yield

Grain yields and 100-grain weight were optimized where Calliandra was applied (45 kg N ha
1y combined with urea (30 Kg N ha™) and Calliandra (30 Kg N ha™*) combined with urea (45
Kg N ha™) or maize stover (45 Kg N ha™) combined with urea (30 Kg N ha™) and maize
stover (30 Kg N ha™) combined with urea (45 Kg N ha™) This is mainly attributed to high
mineral N levels in the soil. Higher N content facilitates chlorophyll formation,
photosynthesis, assimilate production and higher partitioning of dry matter to ears that
resulted in optimum production of yield components which have direct bearing on the final
grain yield. Hussaini, et al. (2001) reported similar response. The increase in yield could be
as a result of high dry matter production for grain filling as a result of higher number of
leaves.

The low grain yields in sole maize stover treatments and the control could be attributed to
low mineral nitrogen levels. Low quality organic materials such as maize stover with high
C/N ratio take long to decompose and release N, leading to N immobilization (Palm et al.
2001). Low maize yields may also be attributed to high levels of Striga infestation under
these treatments, which result from a series of physiological changes in the host plants. These
include weakening of the host, wounding of its outer root tissues and absorption of moisture,
photosynthates and minerals (Tenebe and Kamara, 2002). Apart from parasitism, Striga
impairs photosynthetic efficiency (Stewart et al., 1991) and exerts toxic or phytotoxic effects
(Gurney et al., 2006).
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Relationship between maize grain yield and yield components

All yield components except ear length and kernel rows were significantly (p<0.1-0.001)
correlated with grain yields (Table 6). However the degree of association for the various yield
components was dependent on season. Correlations were strong in the long rain seasons than
the short rain seasons. Ears per plant showed the highest correlation with grain yield (r =
0.76, p<0.001). Similar observations were also made by Jugenheimer, (1985). The increase in
grain yield is could be attributed to beneficial influence of yield contributing characters and
positive interaction of nutrients in the blended fertilizer. The strong relationships found
between grain yield, number of kernels per row and hundred kernels weight were in
agreement with other e findings (Elings et al., 1996, Khatun et al., 1999).

Table 6. Correlation coefficient (r) between grain yields and yield components

Yield Season Overall
component LR2007 SR2007 LR2008 SR2008 LR2009

Ears per plant  0.80*** 0.60*** (0.84*** (.55*** (.38** 0.76***
Ear length 0.75*** (0.38* 0.43**  0.28* 0.55*** 0.37
Ear diameter ~ 0.46*** 0.40**  0.52*** (.35* 0.038** 0.39***
Kernels/row 0.05 0.45**  0.37**  047**  0.51*** 0.48
Kernel rows 0.68*** 0.20 0.36* 0.16 0.50*** 0.62***
100-kernel 0.63*** 0.10 0.46**  0.06 0.39** 0.37**
weight

* denotes significance at 0.1, ** at 0.05 and *** at 0.01. LR and SR are long and short rains respectively.

Table 7. Regression equations relating yield components (X) to grain yield (YY) under Striga
and coefficients of determination

X1 Regression equation S.E. R’

Ears/plant Y=-11.31 + 74.29X; 4.54 58.55
Ear diameter Y=-52.68 + 22.58X; 3.91 14.95
Kernels/row Y=Y=-33.73 + 2.43X3 0.22 38.95
100 kernel weight Y=-42.27 + 3.31 X4 0.34 33.17

Y=-86.10 + 58.05X; + 9.27X, + 0.54X; + 1.188X,; R*=72.41%

Stepwise regression analysis showed ears per plant to be the most important yield component
under Striga infestation, followed by kernels per row (Table 7). This indicates that yield
differences under Striga could be explained by variation in ears per plant and kernels per row.
The proportion of yield variation accounted for by ears per plant shows that this trait was a

major yield component under Striga, and it could be useful as a selection index.
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Conclusion and recommendations

All the three ear traits: ears per plant, ear length, and ears diameter, were significantly higher
where Calliandra was applied at 45 kgN ha™®) combined with urea (30 kg N ha™) and
Calliandra at (30 Kg N ha™) combined with urea (45 kg N ha™) or maize stover (45 kg N ha’
1y combined with urea (30 kg N ha™) and maize stover at (30 kg N ha™*) combined with urea
(45 kg N ha™). Early and consistent supply of nitrogen is critical for production of maize
under Striga infested conditions. Number of ears per plant was a major yield component with
R?= 0.74. Ears per plant and kernel per row were the most important traits that influence
grain yield under Striga.
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Abstract

The Botryosphaeriaceae fungal family has been found to be of economic importance in forest
plantations and trees planted on farms worldwide. In Kenya, the family has been reported on
Grevillea robusta on-farms across all agro-ecological zones. Being an endophyte,
Botryosphaeriaceae are known to become pathogenic at the onset of stress. Two Meliaceae
tree species, Azadirachta indica (A. Juss.) and Melia volkensii (Geurke) in natural stands and
on-farm were sampled and analyzed for potential pathogens across the dryland forests of
Kenya. The objective of the study was to determine the incidence, severity and
characterization of Botryosphaeriaceae fungi associated with M. volkensii and A. indica trees
in selected parts of Arid and Semi-arid Lands (ASALS) of Kenya using laboratory analysis
techniques. Incidence and severity were determined by assessing lesions on individual trees
and counting those affected per farm. Laboratory isolations categorized frequent pathogens
as:  Botryosphaeriaceae  (53%), Nectriaceae (34%) and Pestaloptiosis (9%).
Botryosphaeriaceae was more prevalent in Melia volkensii with a mortality rate of 28%
than Azadirachta indica (16%). DNA results of the ITS and EF1-a gene regions for 86
isolates were sequenced into 6 species of the Botryosphaeriaceae. 4 of the species belonged
to the genus Lasiodiplodia namely L. pseudotheobroma, L. pseudotheobromae, L.
theobromae and L. parva. This is the first report of Botryosphaeriaceae on these tree species
and the first report of species Spencermartinsia viticola and Macrophoma theicola in Kenya.
Pathogenicity tests done under glass house conditions showed that wilting, necrosis,
gummosis and lesion development was recorded within 7 days of seedling inoculation but
wound healing occurred on both species by the end of 12 weeks. These characteristics are
required in tree species recommended for effective climate change mitigation and adaptation
strategies. It also unveils wider host diversity for the fungal family globally necessitating the
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need to develop effective pest management strategies for climate change mitigation and
adaptation to protect forests.

Keywords: Botryosphaeriaceae, meliaceae, disease tolerance

Introduction

The family Botryosphaeriaceae Theiss & P.Syd. is a family of fungi with a cosmopolitan
distribution across the globe except in the Polar regions. Species of the Botryosphaeriaceae
have been classified as pathogens, endophytes and also saprobes (Slippers and Wingfield,
2007). The family cannot be classified as latent pathogens due to the pathogenic nature of
some of the species (Liu et al., 2012). Symptoms associated with this fungal family include:
die-back and wilting of twigs and branches, longitudinal cankers on stem and twigs, girdling
of stems by canker and sunken holes on the bark (Pitt et al., 2010). Signs of infection include
presence of pycnidia on the surface of the stem (Slippers et al., 2009). The fungus
overwinters as pycnidia and is disseminated by wind and rain splash from branch to branch
when the weather is warm and humid (Sinclair and Lyon, 2005). Mode of infection is through
wounds caused by pruning or mechanical damage and natural openings such as stomata and
lenticels (Njuguna et al., 2011). The conidia enter the wood through such wounds and
openings then germinate and affect the surrounding wood where they cause stem rot and
lesions (Phillips et al., 2013; Slippers et al., 2007).

Melia volkensii Girke and Azadirachta indica A. Juss. trees of the family Meliaceae are
among the useful trees and shrubs in Kenyan ASALs (Vandenabeele, 2015; Maundu and
Tengnas, 2005; Mulatya and Misenya, 2005). The two tree species are drought tolerant;
perform well on poor soils in tropical Africa, especially in arid and semi-arid regions
including Kenya (Muok et al., 2010). Melia volkensii is useful in the ASALSs for the provision
of timber, fuelwood and bee forage. It is fast growing and produces quality timber in about 10
years (Kariuki et al., 2007). Azadirachta indica is useful as a source of herbal medicine, oil
and insecticide extracts. Despite the fact that extracts of various organs (e.g. leaves, stem,
roots and bark) of A. indica have fungicidal and antibacterial ingredients, certain pathogens
are able to attack the tree (Infornet Biovision, 2017; TNAU, 2016). A pathogenicity test
under glass house conditions using species of Botryopshaeria isolated from Grevillea robusta
in Kenya revealed that A. indica seedlings were susceptible to the fungi (Njuguna et al.,
2011). However, whether the seedlings and mature trees in the open are susceptible to
Botryosphaeria is yet to be determined.
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Incidences of canker on A. indica and M. volkensii trees have recently been reported in some
parts of the drylands of Kenya (Njuguna et al., 2005; pers. comm.). In addition, there is
evidence that fungi of the family Botryosphaeriaceae are causative agents of canker and
dieback in a number of trees in Eastern Africa, such as Grevillea robusta and Eucalyptus spp.
(Toljander et al., 2007; Gezagne et al., 2004). Exact identification of the pathogens is a
prerequisite to the prescription of their management and control. The aim of the study was to
determine the incidence, severity and characterization of Botryosphaeriaceae fungi associated
with M. volkensii and A. indica trees in selected parts of Arid and Semi-arid Lands (ASALS)
of Kenya.

Materials and Methods

This study was carried out in selected eight ASAL counties in Kenya that lie within
agroecological zones (AEZ) IV and V as described by Jaetzold and Schmidt (1982) Figure 1.
The counties were: Kitui and Kibwezi (where there are many woodlots and natural
populations of Melia trees), Kilifi, Kwale, Voi and Lamu (where there are natural populations
and woodlots of both tree species), Mbeere and Tharaka Nithi (where there are many trees of
both M. volkensii and A. indica both on-farm and in the wild. The eight counties are located
in three major geographical areas of the country: Coast, Upper Eastern and Lower Eastern as
detailed in Table 1.

Table 1. Location of the eight ASAL counties in Kenya, where the study sites were located

No. County - Location -

Longitude Latitude Reference

1. Kitui 37 50’ and 39° 00° 0° 10’ and 3° 00° GoK, 2015a
East South

2. Kibwezi 37° 10> and 38° 30> 1° 35’ and 3° 00° GoK, 2013a
(Makueni) East South

3. Kilifi 39° 05’ and 40° 14> 2° 20’ and 4° 00° GoK, 2013b
East South

4, Kwale 39° 23> and 39° 30 3° 45’ and 3° 55° GoK, 1974
East South

5. Voi (Taita 37° 14’ and 37° 36> 2° 46’ and 4° 10° GoK, 2014a
Taveta) East South

6. Lamu 40° 15’ and 40° 35> 1° 40’ and 2° 30° GoK, 2014b
East South

7. Mbeere 37° 03’ and 37° 09° 0° 08 and 0° 50° GoK, 2016
(Embu) East South

8. Tharaka Nithi 37° 19’ and 37° 46> 0° 07° and 0° 26° GoK, 2015b
East South
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Figure 1. Map showing the study area

The general climatic characteristics of the sites where the study was carried out are as
follows: Bi-modal mean annual rainfall that is below 500 mm occurring in two seasons
March - May and October - December; prolonged dry periods and high mean temperatures of
23 - 24 °C (Jaetzold and Schmidt, 1982; UNDP, 2013; GoK, 2012). Soils in the study sites
were predominantly sandy with variations of sandy loam classified as lithosols, regosols and
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xerosols with low to very low fertility (Infornet Biovision, 2017b; Gachene and Kimaru,
2003).

Multistage sampling was used in this study (Dudovskiy, 2016; Holdenrieder et al., 2015).
Four clusters of each tree species were randomly selected at each site. Symptoms observed in
each cluster and on each tree were recorded and samples from stems, leaves and branches
collected for fungal isolations in the laboratory.

The fungi were isolated using the standard methods described by Njuguna et al., (2005).
Once a pure culture was obtained, morphological characteristics were used to group the fungi
into their genera. Colony and spore characteristics were also studied according to Barnette
and Hunter (1972). Conidial morphology helped to group fungal species together for easier
selection of isolates for further identification using DNA based methods.

DNA was extracted from a single spore culture of the isolated fungi for use in
characterization of pathogens. The CTAB method as described by (Phillips et al., 2013) was
used in extracting DNA from fungal mycelia. The pellets were then washed with Sodium
Chloride and the DNA quantified before performing Polymerase Chain Reactions (PCR).
PCR products were purified using the Sephadex® 50.0 Purification Kit and gel
electrophoresis done using Agarose gel for the PCR products. Purified products were then run
on ABI PRISM® 310 Sequencer machine using Big Dye ® and the nucleotide sequences
were downloaded and edited to FASTA format. The downloaded sequences are first aligned
using special programming language (e.g. ClustalwW) then compared with existing sequences
from Genbank and other culture collections to find the closest relative at 100 %. The
relationship was analyzed using Mega v. 7.0 Software (Tamura et al., 2015) to produce a
cladogram to further analyze relationships between the isolates using the neighbour-joining
method described by (Saitou and Nei, 1987).

Pathogenicity tests were done in accordance with Yang (2015) and Fichera (2009) and run for
12 weeks. Symptoms developed were recorded and at the close of the experiment the lesions
were measured and lab re-isolations carried out.

Results

The results showed that most isolated fungal family was Botryosphaeriaceae, which made up
to 53 % of the total number of isolates as grouped using conidial morphology. Nectriaceae,
which are also associated with leaf diseases and dieback and were second in abundance at 34
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% of the total population. Other fungal genera isolated included Alternaria spp., Phoma spp.,
and Phomopsis spp. whose combined frequency was 4% of the total.

Table 2. Fungal frequencies

Fungal Family Frequency % of the total
Botryosphaeriaceae 125 53
Nectriaceae 81 34
Amphisphaeriaceae 22 9

Others 10 4

Total 238 100

The fungi isolated were taken through DNA analysis for species level identification. The
results were compared with existing databases and the data tabulated below showing the
fungus name, and the sequence length in base pairs. Their accession numbers at Genbank and
NCBI databases are also indicated in Table 3.
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Table 3. The Internal Transcribed Spacer (ITS) and Trans elongation factor Tef 1 alpha DNA
regions

Accession Number

for Tef 1 alpha and Fungus Name Length
ITS

KC964548 Lasiodiplodia theobromae isolate 81.1 565bp
JX914479 Lasiodiplodia pseudotheobromae isolate 7 DL5-2 561bp
KC623566 Lasiodiplodia sp. (L. pseudotheobroma) 534 bp
FJ904841 Lasiodiplodia theobromae strain Gr42B 558bp
KP179222 Macrophoma theicola strain UPA-62 1656 bp
KM406107 Lasiodiplodia theobromae voucher MAC Karu-4 565 bp
GQ469964 Lasiodiplodia parva strain CMW28295 563 bp
GU799456 Lasiodiplodia crassispora strain UCD24Co 527 bp
KJ528885 Talaromyces purpureogenus strain ZB076 574 bp
KP271958 Alternaria alternata strain 9C 556 bp
JF271752 Spencermartinsia viticola strain UCP134 780 bp
GQ469961 Lasiodiplodia parva strain CMW28333 572 bp
EU918710 Lasiodiplodia crassispora strain xsd08010 567 bp
KP004441 Macrophoma sp. VPM-12 1639 bp
FJ478103 Lasiodiplodia theobromae strain xsd08007 567 bp
GU799458 Diplodia corticola strain CBS678.88 412 bp
KF777137 Alanphillipsia aloeigena strain CPC 21286 697 bp
KMO006447 Lasiodiplodia pseudotheobromae strain B0361 545 bp
EU497954 Penicillium griseofulvum strain F22 578 bp
KF766192 Lasiodiplodia parva strain CBS 456.78 551 bp
KP120986 Pestalotiopsis sp. PG52 602 bp
JX914481 Fusarium solani isolate 9 EL1-4 554 bp
KJ190278 Neofusicoccum parvum isolate A564 539 bp
JF819161 Nigrospora sp. TA26-42 533 bp
FJ867936 Fusarium oxysporum strain LCF32 1164 bp
KF746102 Cytospora sp. 1 AE-2013 strain F4839 600 bp
KJ197289 Diaporthe macintoshii strain BRIP 55064a 704 bp
LN809047 Penicillium chrysogenum 579 bp
KF624777 Curvularia sp. RIFA 73B 606 bp
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Figure 2. Cladogram showing the relationships between fungi isolated using the neighbour-

joining method

Discussion

The study revealed that in addition to the commonly known fungi, some of the fungi isolated
namely Spencermartinsia viticola and Macrophoma vitricola have not been found before in
the country. Predisposing factors recorded in the field including poor pruning practice,
termite damage and presence of parasitic plants led to higher disease incidence and severity.
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Species of Botryosphaeriaceae have been found on other native Fabaceae and Myrtaceae in
South Africa, Venezuela and India (Slippers et al., 2009; Ismail et al., 2012). The presence of
Neofussicoccum parvum, Lasiodiplodia theobromae and L. pseudotheobromae in this study,
as well as on the Grevillea robusta (Njuguna et al., 2011) presents a possibility of spread
from one species to the other. However, the incidence levels were lower due to the ability of
the indigenous species to withstand drought hence less cases of disease from
Botryosphaeriaceae family, which have been classified as latent pathogens that attack on the
onset of stress.

Meliaceae as a family has been studied on a limited scale on its pest-repellant properties.
Botryosphaeriaceae species with their characterization as endophytes and/or latent pathogens
have a cosmopolitan distribution and keep increasing their host range as climatic conditions
keep becoming more detrimental to plants in the field. Latent pathogens are present in
healthy plant systems and only become pathogenic at the onset of stress.

For both Melia volkensii and Azadirachta indica the initial response as seen in the glass
house experiments was chlorosis followed by wound healing of the seedlings. The presence
of phenolic compounds in this plant family could explain their perceived resistance and
healthy condition despite high percentage of the severity and incidence in the field.

Conclusion

For possible mass planting of these species in the ASALSs technical orders need to amend to
include closer management pruning and thinning with bigger spacing for root development to
aid in water absorption as well as regular weeding to reduce competition for increased
survival.
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Abstract

Melia volkensii is an important tree in the drylands of Kenya because of its high economic
value and termite resistant timber. Melia is also a fast growing usually acquiring good form
when properly managed. However, if not appropriately managed, Melia trees can become
bushy with short boles, unsuitable for timber production. Spacing and pruning trials were
therefore established to inform on appropriate spacing and pruning practices to support
growing of Melia. The design used was randomized complete block with five treatments
replicated three times at a spacing of 3 m x 3 m, 4 m x 4 m, (with normal pruning), 4 m x 4
m, (with total pruning), 5 m x 5 m and 6 m x 6 m. The trial was replicated in Mutomo and
Kibwezi. Results of eight years after planting showed a significant difference in height
growth in all the treatments at both sites. The wide spacing of 6 m x 6 m favoured height,
diameter at breast height and crown diameter growth. The study recommends that future
measurement be used to quantify the volume of timber for all the treatments as part of the
efforts of prescribing appropriate silvicultural treatment for the species.

Keywords: Melia volkensii, spacing, height, diameter at breast height (dbh) and crown
diameter

Introduction

Melia volkensii (Melia) is an important tree in the drylands of Kenya due to its high economic
value, and termite resistant timber (Mulatya et al., 2002). A survey in Mbeere District
indicated that farmers also treasure the species as animal fodder (Kidundo, 1997). The
species characteristics and multipurpose nature have accelerated Melia planting on farmlands.
Early successes in establishment and good performance of Melia have consequently
increased its growing on a large scale and in plantations. Extensive planting of the species
started in the late 1990s in Kitui and Kibwezi areas. Growth of Melia in well managed plots
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in the arid areas is reported to exceed that of other indigenous tree species within the drylands
(Kimondo 2002; Mulatya and Misenya, 2006).

Generally, farmers believe Melia has no negative effects on crops when intercropped. In the
past, these anecdotal were made by pioneers of agroforestry who advocated positive tree -
crop interaction based on the trees’ ability to recycle nutrients. However, scientific evidence
indicates that there is some negative tree - crop interaction because of above- and below-
ground competition (Mulatya et al., 2002). The scarce soil moisture in the drylands due to
low erratic rainfall, as well as poor soils, remains a major challenge and limit tree planting.
One way to overcome these challenges is to adopt management that allows better tree growth
such as increased espacement. However, currently there are no clearly defined management
regimes, particularly spacing and pruning systems that be recommended for on farm tree
growing or plantation establishment.

It has been documented that Melia has rapid growth usually acquiring good form when
properly managed (Mulatya, 2000). However, if not properly managed, the trees can become
bushy with short boles, unsuitable for timber production. Spacing and pruning trials were
therefore established with the main objective of determining the appropriate silvicultural
practices to support growing of Melia in plantations. The specific objectives of the trial were:

e To determine the optimal spacing for growing Melia volkensii
e To determine the pruning regimes for M. volkensii

Materials and Methods

Melia seedlings were raised in Tiva tree nursery and planted in Mutomo in Kitui County and
Kibwezi in Makueni County. Both sites experience bimodal rainfall pattern with a mean
annual precipitation of 1038 mm in Mutomo and 630 mm in Kibwezi. The wet months are
March to May, considered the long rains and mid-October to December which is considered
the short rains with a peak in November. Tree planting is carried out in November rain
mainly because the dry period preceding the next rains is shorter (2 months) than if planting
was done during the long rains where the dry period before the peak of the next rain is about
6 months. The mean maximum temperatures range is between 20°C to 30°C, while the
minimum values range between 15°C to 17°C.

The planting sites were oxen ploughed and staking and pitting carried out before the onset of
rains. The design used was a randomized complete block design with 5 treatments replicated
three times at a spacing of 3 m x 3 m, 4 m x 4 m with normal pruning (NP), 4 m x 4 m with

total pruning (TP), 5m x 5 mand 6 m x 6 m. Weeding was done in the first, second and third
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month after planting. Thereafter weeding was carried out twice annually (i.e. after the short
and long rains). Pruning was done through removal of auxiliary buds in the second, third and
fourth month after planting. Thereafter pruning was carried out twice annually (i.e. after the
short and long rains). The parameters measured were total height, diameter at breast height
(dbh) and crown diameter. In this paper we report on data collected at ages 2, 3, 4, 5, 6 and 8
years. Statistical Analysis of Variance and calculation of means were carried out using
Genestat 16" edition.

Results

Height

There was significant difference in height growth in all the treatments in both Mutomo and
Kibwezi sites Eight years after planting. Height growth in the 3 m x 3 m spacing was lowest
compared to other spacing treatments (Figures 1a and 1b.)

Height growth in Kibwezi
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Figure 1a. Height growth trend in Kibwezi site
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Height growth in Mutomo
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Figure 1b. Height growth trend in Mutomo site
Table 1. Varatiate: Mean Height (m)
Site Spacing Mean SE Confidence Interval
Mutomo 3m X 3m 5.275a 0.3634 5.275+0.3634
4m x4m (Normal Pruning) 5.166a 0.3392 5.166+0.3392
5m x 5m 5.517a 0.2724 5.51740.2724
6m x 6m 5.63a 0.3417 5.63+0.3417
4m x4m (Total Pruning) 5.652a 0.3136 5.652+0.3136
p value 0.778
L.S.D 0.946
Kibwezi 3mx3m 4.474a 0.2724 4.474+0.2724
4m x4m (Normal Pruning) 5.301ab 0.3172 5.301+0.3172
5m x 5m 5.008ab 0.2897 5.008+0.2897
6m x 6m 5.607ab 0.2705 5.607+0.2705
4m x4m (TotalPruning) 5.729b 0.369 5.729+0.369
p value 0.048
L.S.D 0.884

Diameter at breast height

The diameter at breast height increased drastically for the two sites overtime. In the fifth year
very small magnitude of change was recorded. Diameters for Mutomo site were higher than

those of Kibwezi (Figures 2a and 2b.)
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Diameter growth in Kibwezi
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Figure 2a. Diameter at breast height growth trend in Kibwezi site
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Figure 2b. Diameter at breast height growth trend in the Mutomo site

Testing the significance differences between the different spacing
ANOVA was used and significance tested at 95% level. There was a significant difference

between the different levels of spacing (p=0.014<0.05, for Mutomo site; p=0.05 for Kibwezi
site)
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Table 2. Varatiate: Mean dbh (cm)

Site Spacing Mean SEE Confidence Interval

Mutomo 3m X 3m 7.456a 0.509 7.456+0.509
4m x4m (Normal Pruning) 8.29ab 0.6032 8.29+0.6032
5m x 5m 9.329%ab 0.5902 9.329+0.5902
6m x 6m 10.611b 0.7839 10.611+0.7839
4m x4m (Total Pruning) 8.343ab 0.595 8.343+0.595
p value 0.014
L.sd 1.799

Kibwezi 3m x 3m 6.397a 0.5336 6.397+£0.5336
4m x4m (Normal Pruning) 8.111ab 0.6936 8.111+0.6936
5m x 5m 8.175ab 0.6489 8.175+0.6489
6m x 6m 10.36b 0.6938 10.36+0.6938
4m x4m (Total Pruning) 7.801ab 0.7413 7.801+0.7413
p value 0.005
L.S.D 1.924

Crown diameter

There was significant difference in crown diameter for all the treatments in both sites from
two years to the fifth year after planting. Crown width showed a gradual increase with
spacing for all the treatments (Figure 3a and b).

Tree crown cover (cm) Kibwezi

Average of Crown cover

Crown growth in Kibwezi
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Figure 3a. Crown diameter trend in Kibwezi site
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Figure 3b. Crown diameter trend in Mutomo site
Varatiate: Mean Crown cover (cm)
Site Spacing Mean SE Confidence Interval
Mutomo 3m X 3m 3.683a 0.3557 3.683+0.3557
4m x4m (Normal Pruning) 4.083ab 0.2549 4.083+0.2549
5m x 5m 4.773ab 0.3288 4.773+0.3288
6m x 6m 5.322b 0.3439 5.322+0.3439
p value 0.007
L.S.D 0.943
Kibwezi 3mx3m 2.913a 0.2922 2.913+0.2922
4m x 4m (Normal pruning) 3.631a 0.4229 3.631+0.4229
5m x 5m 3.848a 0.4864 3.848+0.4864
6m x 6m 4.327a 0.4806 4.327+0.4806
p value 0.158
L.S.D 1.248

Discussion

At 8 years, Melia is half way through its expected rotation age of about 12 to 15 years and the
results can be used to indicate the appropriate spacing and pruning treatments for the species.
The results showed that the spacing of 6 m x 6 m in Mutomo and Kibwezi superseded the
other treatments in terms of height and dbh and crown diameter which could be attributed to
less competition for above- and below- ground resources. The comparative tree densities are
1111 for 3 m x 3 m spacing and 278 stems per hectare for the 6 m x 6 m spacing. It is
therefore plausible that competition affected height growth in the closer spacing. The results
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are in agreement with those reported by Sibomana et al., 1997 who observed a significant
increase in total height for teak with increase in planting spacing at age of 9 years. The study
reveals that site factors probably soils, temperatures and rainfall also affected the growth of
this species as shown in the results of both sites (Mutomo and Kibwezi).

Recommendations

The authors recommend that assessment of these trials continue for the next 2 years to to
monitor any changes in growth, Futures studies will quantify the volume of timber for all the
treatments as part of the efforts to prescribe appropriate silvicultural treatment for Melia.
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Abstract

Biodiversity monitoring is an essential aspect of effective forest resource conservation and
sustainable management. Monitoring edaphic properties of a forest is a useful tool in forest
biodiversity assessment due to the role played by different soil properties in forest
regeneration. Spatial and temporal monitoring of soil functions and dynamics provides vital
information on response of forest soil to changes in climate, pollution and forest management
practices. In light of this, a study was initiated at Arabuko Sokoke forest to monitor changes
in biodiversity indicators over a period of time. The experiment was set as a completely
randomized design with three treatments (Brachystegia spiciformis zone, Cynometra webberi
zone and mixed forest zone). A total of 27 permanent sample plots measuring 50 m x 30 m
each were established. Baseline soil samples were collected for soil physical and chemical
analysis using standard procedures. Baseline results indicate that Soil Organic Matter, Total
Nitrogen and Carbon were significantly different across the different vegetation zones
(p<0.05). The Brachystegia and Cynometra zones recorded higher P concentrations of 3.4
ppm and 3.35 ppm, respectively, while the mixed forest zone which is dominated by white
sand had a P concentration of 2.7 ppm. The pH was significantly different across the
vegetation zones (p<0.01). Bulk density of the forest soil was 1.34 g/cm® dominated by sandy
and sandy loam soils. The baseline soil data is crucial for providing information necessary for
developing rehabilitation frameworks and supporting biodiversity related decision making in
forest policy and management.

Keywords: Monitoring, Edaphic, Nutrients concentration, Soil fertility, Vegetation zones

Introduction
Understanding the importance of forest biodiversity conservation in the light of climate
change is critical at local, national and global levels. One of the prerequisites for sound
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integration of biodiversity conservation in forest management planning is monitoring its
spatial and temporal changes (Gao et al., 2014). Enlightened decision making and forest
policy and management require reliable information on the status and condition of each forest
(Marchetti, 2004). Forest biodiversity assessments are therefore essential if forest resources
are to be effectively conserved and sustainably managed.

The main aim of biodiversity monitoring is to address changes over time, thus methods of
assessment need to be repeatable and capable of providing comparable results between
sampling events. Biodiversity assessments should integrate inventories of several variables to
provide information required for future forest assessments (Rica et al., 2011). In recent years,
there has been an increasing effort to establish temporary and permanent sample plots
explicitly for the purposes of biodiversity assessments in forests (Gao et al., 2014). Spatial
and temporal monitoring of soil functions and dynamics provides vital information on
response of forest soil to changes in climate, pollution and forest management practices.

Soils are the basis for all terrestrial life; and the soil on which a forest grows is a critical
determinant of forest type and vegetation (USDA, 2016). Soils have provided the foundation
for trees and entire forests over millions of years. Soil is an important component of forest
and woodland ecosystems as it helps regulate important ecosystem processes, such as nutrient
uptake, decomposition, and water availability. Soils provide trees with anchorage, water and
nutrients. In turn, trees as well as other plants and vegetation, are an important factor in the
creation of new soil as leaves and other vegetation rot and decompose (Faleyimu and
Akiyemi, 2010). Soil dynamic changes can also be used as an indicator of a healthy forest
ecosystem. In light of this, a baseline study was initiated at Arabuko Sokoke forest (ASF) to
monitor biodiversity changes over a period of time (Gao et al., 2014). As climate change
unfolds, it is likely to alter soil nutrient balance over time due to increased temperatures
which enhance nutrient cycling and release, thereby affecting forest regeneration and
rehabilitation efforts (Raison and Khanna, 2011).

Materials and Methods

Study area

Arabuko-Sokoke Forest is the largest single block of indigenous coastal forest remaining in
East Africa. It is situated in Kenya’s former Coast Province and traverses Kilifi County at a
latitude of 3° 20 S and longitude 39° 50” E (Figure 1) . The eastern part of the forest lies on a
flat coastal plain at an altitude of about 45 m above sea level (a.s.l). This rises to a plateau of
about 60 t0200 m a.s.l in the central and western parts of the forest. The total forest area is

215



approximately 41,600 ha (ASFMT, 2002). There are three major vegetation types in
Arabuko-Sokoke Forest, namely; mixed forest zone, Brachystegia spiciformis zone and
Cynometra webberi zone. The forest has rich biodiversity, including a concentration of
endemic and endangered flora and fauna. It has been ranked as the second most important
forest for conservation of threatened bird species in mainland Africa. More than 230 bird
species have been recorded, including six globally threatened species, namely; Clarke’s
Weaver (endemic to the forest and its immediate surroundings), Sokoke Scops Owl, Amani
Sunbird and Sokoke Pipit (all of which are near-endemics), Spotted Ground Thrush (a rare
migrant) and East Coast Akalat (a rare species confined to East African coastal forests).
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B Cpnometra Forest
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. Plantati on
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—— Mumam road

— Dy westher mads

— Roads surveyed by GPS
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/ — Sub-ocations

Figure 1. Map of Arabuko Sokoke Forest showing vegetation zones

Experimental design
The experiment was set out as a completely randomized design with three treatments. The

forest was stratified into three distinct zones, namely; mixed forest zone, Brachystegia
spiciformis zone, and Cynometra webberi zone which were treated as treatments (ASFMT,
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2002). A total of 27 permanent sample plots measuring 50 m by 30 m each were established
across the different vegetation zones. Several biodiversity indicators were assessed including
edaphic properties of the forest; this was informed by the role played by soil factors in forest
regeneration, carbon sequestration and as a habitat for numerous microorganisms. Monitoring
of soil changes will be done in five-year intervals.

Forest litter sampling

Forest litter sampling was done to determine thickness of the forest floor. A ring of 30 cm
diameter was used to determine amount of leaf litter per unit area. In each plot, the ring was
randomly tossed three times and litter captured inside the ring collected for weight
determination (Domingo-Quero and Alonso-Zarazaga, 2018).

Soil sampling

In each vegetation zone, two soil profile pits were dug to establish the existing soil horizons
(at the beginning and end of each zone). A soil profile pit of 1 m by 1 m by 1 m was dug and
soil horizons identified and data recorded. Core samples were then obtained from each soil
horizon for bulk density and soil texture determination. Surface soil samples were also
obtained using a soil auger across the three vegetation zones for chemical analysis. Grid soil
sampling frame was used (Domingo-Quero and Alonso-Zarazaga, 2018). The soil samples
were put in zip-lock bags and stored in a cooler box to prevent further changes.

Soil analysis

Soil samples were analyzed for the following components using standard analysis procedures
(Okalebo et al., 2002). Soil moisture was determined gravimetrically; soil texture was
determined using improved hydrometer method for soil particle size analyses; pH and Electro
Conductivity values were determined with glass electrode; total nitrogen was determined
using kjeldahl method; available phosphorus was analyzed using UV spectrophotometer
method; Potassium, Calcium and Magnesium were determined using Atomic Absorption
Spectrophotometer.

Data analysis

Analysis of Variance (ANOVA) was conducted using GenStat (Version 16.0 for windows) at
95% confidence level. Means were separated using the Least Significant Difference (LSD)
test. Other statistical tests (mean and standard error) were conducted using Microsoft excel.
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Results and Discussion

Leaf litter

Forest litter in Arabuko Sokoke forest was found to be significantly different in the various
vegetation zones (P<0.01). See Table 1. This could be attributed to the seasonality of leaf fall
by different tree species found in the different vegetation zones. Table 1 shows the amount of
litter per hectare across the vegetation zones. The Brachystegia spiciformis zone recorded the
highest amount of leaf litter in the forest. This could be attributed to the deciduous nature of
the species which led to massive litter fall during the sampling period due to the dry season
(Orwa et al., 2009). Mixed forest and Cynometra webberi zones recorded leaf litter of 8.59
tonnes per hectare and 7.53 tonnes per hectare, respectively.

Table 1. Forest leaf litter in various vegetation zones at Arabuko Sokoke Forest

Vegetation Zone Litter Weight (Tons/Ha)

Mixed 8.59+ 0.82"
Brachystegia 11.68+1.17°
Cynometra 7.53+ 0.40°
P <0.01**
LSD 0.089

Note: Means denoted by the same letter along the same column are not significantly different

A common feature of the forest floor is the presence of a litter layer composed of dead leaves,
twigs and other fragmented organic materials covering the soil. The litter layers play an
important role in preventing soil erosion by absorbing the impact energy of raindrops and
keeping the infiltration rate high. Soil litter layer also helps limit soil moisture loss from
evaporation and reduces amplitudes of soil temperature by insulating the surface (Rawat et
al., 2009).

The feedback between plant litter fall and nutrient cycling processes plays a major role in the
regulation of nutrient availability and net primary production in terrestrial ecosystems.
Nitrogen released through decomposition of organic matter is critical for plant productivity
and regeneration in many forested ecosystems. Low N availability may be a particularly
important constraint in forests where decomposition and mineralization rates are slow. Leaf
litter fall constitutes the major part of the total litter fall providing an important nutrient pool
(Rica et al., 2010). Climate change is however likely to alter decomposition rates through
direct effects on soil biotic activity and indirect effects on litter quality with possible impacts
on the global Carbon budget and nutrient cycling.
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Soil physical characteristics (bulk density and texture)

The soils of Arabuko Sokoke forest had a mean Bulk Density (BD) of 1.34 g/cm?®. There was
very little variation in BD along the soil profile. Soil bulk density affects the soil structure in
terms of porosity, infiltration, regulation of temperature and governing of plant rooting
systems (TARAhaat, 2007). Soils with a bulk density higher than 1.6 g/cm® tend to restrict
root growth. Bulk density increases with compaction and tend to increase with depth. Sandy
soils are also more prone to high bulk density than other soil types (USDA, 2016).

Bulk density is an indicator of soil compaction and soil health. It affects infiltration, rooting
depth, available water capacity, soil porosity, plant nutrient availability, and soil
microorganism activity, which influence key soil processes and productivity (USDA, 2016).
In forested mineral soils, bulk density rapidly increased with depth in the surface but
remained uniform at depths >20 cm. This is attributed to distribution of organic matter and
compaction. Generally, loose, well aggregated, porous soils and those rich in organic matter
have lower bulk density (TARAhaat, 2007; USDA, 2016).

The soils of Arabuko Sokoke were sandy in the mixed forest and Brachystegia spiciformis
zones; with sandy loam in the Cynometra webberi zone (ASFMT, 2002). Sandy loam soils
are dominated by sand particles, but contain enough clay and sediment to provide some
structure and fertility. Sandy loam soils are capable of quickly draining excess water but
cannot hold significant amounts of water or nutrients for plants (Thompson, 2015). This can
explain the low available soil moisture and nutrients during the sampling period. Sandy soils
are characterized by a low soil organic Carbon, a low cation exchange capacity, a high risk of
nutrient leaching, a low structural stability, and a high sensitivity to erosion and crusting.
Some tree species requiring low water and nutrients can grow in sandy soils though growth is
often stunted (Bell and Sheng, 2006).

Soil organic matter

Soil organic matter (SOM) content at Arabuko Sokoke forest was significantly different
across the vegetation zones (P<0.05). Soil organic matter was highest in the Cynometra
webberi zone (1.89 %); with Brachystegia spiciformis zone at (1.25 %) and mixed forest zone
(1.15 %), respectively. See Table 2. Soil organic matter comprises an accumulation of
partially disintegrated and decomposed plant and animal residues and other organic
compounds synthesized by the soil microbes as the decay occurs (SERA, 1995).
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Table 2. Soil organic matter in various vegetation zones of Arabuko Sokoke

Vegetation zone SOM %
Mixed Forest 1.1+0.20°
Brachystegia 1.3+0.21°
Cynometra 1.9+0.22°
F2,26=3.36
P<0.05
LSD=0.019

Note: means denoted by the same letter along the column are not significantly different

According to Horneck et al. (2011), the amount of organic matter in surface, mineral soils
can vary from less than 1 % in coarse-textured, sandy soils to more than 5 % in fertile soils.
Most SOM is found in the zone of maximum biological activity, the topsoil or plough layer.
Soil organic matter is a surrogate for soil Carbon and is measured as a reflection of overall
soil health. When monitored for several years, it gives an indication whether soil quality is
improving or degrading (SERA, 1995).

Soil organic matter is important to a wide variety of soil chemical, physical, and biological
properties. As SOM increases, so does Cation Exchange Capacity (CEC), soil total N content,
and other soil properties such as water-holding capacity and microbiological activity
(Horneck et al., 2011; University of Connecticut, 2015). Climate change, however, is likely
to alter decomposition rates through direct effects on soil biotic activity and indirect effects
on litter quality with possible impacts on the global Carbon budget and nutrient cycling.
Tropical forests like ASF are likely to be more affected by changes in soil water availability
(caused by the combined effects of changes in temperature and rainfall). Decreases in soil
moisture may accelerate forest loss in many areas where water availability is already
marginal (Miko and Fischlin, 2015).

Soil pH and electrical conductivity (EC)

The soil pH at ASF ranged from moderately acidic to slightly acidic, i.e. 6.7, 6.2 and 5.8 for
mixed forest, Brachystegia spiciformis zone and Cynometra webberi zone, respectively. See
Table 3. The pH was significantly different across the various vegetation zones (P<0.01,
LSD= 0.00099). This can be attributed to the difference in soil types in the three vegetation
zones of Arabuko Sokoke Forest. Soil pH affects the availability of necessary plant nutrients
with mineral release inhibited by the acidic nature of many tropical soils.
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Table 3. Soil pH at Arabuko Sokoke Forest

Vegetation Zone pH
Mixed 6.67+ 0.10°
Brachystegia 6.24+0.11°
Cynometra 5.79+0.12°

F2,26=16.12
p<0.01%**
LSD=0.00009

Note: Means denoted by the same letter along the same column are not significantly different

The average soil EC at Arabuko Sokoke forest was 0.035 for mixed forest zone, 0.024 for
Brachystegia spiciformis zone and 0.029 for the Cynometra webberi zone. The low EC is an
indication of low concentration of soluble salts in the soil (Apal, 2015). High soil salinity has
been identified as one of the main factors that limit the spread of plants in their natural
habitats. The problem is escalated in arid and semi-arid regions where evaporation is high
(Amira, 2011). Electrical Conductivity (EC) testing is a reliable way to assess how salts are
affecting plant growth thus providing a guide for species selection in developing reforestation
frameworks. Generally, an EC (1:5) of less than 0.15 will not affect plant growth (Apal,
2015).

Soil nutrients

Total Nitrogen and Carbon

Total Nitrogen was significantly different across the various vegetation zones (F2, 26=3.57,
p<0.05, LSD= 0.026). The baseline results indicated low soil nitrogen content ranging from
0.06 % in mixed forest and Brachystegia spiciformis zones, and 0.09 % in the Cynometra
webberi zone (Figure 2). This could be attributed to low mineralization as a result of low soil
moisture which may have hindered microbial activities. The coarse textured soil could have
also contributed to leaching of nitrates due to their low adsorption capacity (Burgos et al.,
2006). This is as a result of the low water holding capacity of sandy and sandy loam soils.

Soil Carbon was also significantly different across the vegetation zones (F2, 26=3.47,
p<0.05). Generally, soil Carbon was at 0.66 %, 0.73 % and 1.11 % for mixed forest,
Brachystegia spiciformis and Cynometra webberi zones, respectively. The amounts of
Carbon stored in soils and vegetation and the potential of forestry to influence Carbon release
is of paramount importance. Soil Carbon content is strongly related to climate and altitude.
Forest felling may result in decreases in soil Carbon store, due to soil disturbance and
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changes in microclimatic conditions. Shortening forest rotations may result in long-term
declines in soil Carbon storage (Harrison et al., 1995).

Soil organic Carbon stored in forest soils comprises about 73 % of global soil Carbon storage
and is an important component in forest soils and ecosystems. Its accumulation and
decomposition rates have direct effects on terrestrial ecosystem carbon storage and the global
Carbon balance. Thus, understanding SOC distribution in forest ecosystems is critical. This
variability in belowground C is an important consideration for evaluating forest management
options that maintain and promote soil organic Carbon storage instead of loss as Carbon
dioxide to the atmosphere (D'Amore and Kane, 2016).
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Figure 2. Soil Nitrogen and Carbon concentration at Arabuko Sokoke Forest

Phosphorus

Figure 3 shows the concentration of available phosphorus (P) across the different vegetation
zones at Arabuko Sokoke forest. The concentrations were low across the vegetation zones,
recording 2.7 ppm, 3.4 ppm and 3.35 ppm for Mixed forest zone, Brachystegia spiciformis
and Cynometra webberi zones, respectively. This could be attributed to slow P mineralization
during the sampling period as a result of dry weather. Climatic and site conditions, such as
rainfall, temperature, moisture and soil aeration, and salinity affect the rate of P
mineralization. Organic matter decomposes releasing P more quickly in warm humid
climates. Phosphorus is released faster when soil is well aerated (USDA, 2016).
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Figure 3. Concentration of phosphorus in Arabuko Sokoke Forest

Phosphorus is most available at a pH of 6.5 and in moist, warm conditions. In addition to
losses through surface runoff, leaching has lately gained increased attention as an important P
transport pathway (Djodjic et al., 2004). The low P concentration in forest soils dominated by
porous dry sand may be attributed to this phenomenon. Although phosphate P is strongly
adsorbed in many soils, it is quickly transported through the soil by preferential flow. Earlier
studies revealed that P was very immobile in the top soil. The higher P fixing capacity of the
top soil appeared to restrict the P mobility (Sinaj et al., 2002).

Soil Exchangeable Bases

Soils at the ASF had moderate Calcium concentrations of 694 ppm, 220 ppm and 111 ppm
for mixed forest, Brachystegia spiciformis and Cynometra webberi zones, respectively.
Calcium deficiencies are usually found only on very acidic soils. This explains the low level
of Calcium in the Cynometra webberi zone which had a pH of 5.8. Concentration of
Magnesium in Arabuko Sokoke forest was high at 217 ppm, 165 ppm and 208 ppm for mixed
forest, Brachystegia and Cynometra zones, respectively. The concentration of Potassium was
low across the various vegetation zones with mixed forest, Brachystegia zone and Cynometra
zone recording 49 ppm, 38 ppm and 53 ppm, respectively.

The exchangeable Ca and Mg pools are two of the most important nutrients in forest soils.
The large quantities of Ca and Mg retained on the cation exchange sites resupply the soil
solution consequently playing an important role in the cycling and retention of other
nutrients. The exchangeable concentrations of base cations largely govern soil acidity, and Ca
and Mg are the two most abundant base cations in the forest soils (Kabrick et al., 2010).
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Conclusion

The baseline data shows that soil at Arabuko Sokoke forest provide optimal nutrients to
sustain forest regeneration. The bulk density of 1.34 g/cm® is also favorable for root
penetration, enhanced infiltration and enhanced water holding capacity. Continuous
monitoring of the edaphic properties of the forest should be done to assess forest health over
a period of time. The baseline soil data is crucial for providing information necessary for
developing rehabilitation frameworks and supporting biodiversity related decision making in
forest policy and management.
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Abstract

Mt Elgon and Cherangany hills forest ecosystems are threatened by increase in local
population causing environmental degradation and disruption in the catchment area resulting
in drying up of streams and rivers and both water and soil pollution. The objective of this
study was to conduct a baseline survey to provide information on the status of water quality
in the catchment and an overview of pollution levels, sources and possible mitigation
measures. Water and sediments from 26 spatial distributed sites on rivers in catchment were
sampled and analyzed. The water quality (physical and chemical) was assessed through
analysis of water and sediments. Both water and sediments were analyzed following the
analytical standard methods. All the rivers in the catchment contained high levels of iron and
turbidity which exceeded environmental limits in Kenya. There was no pollution of water
from heavy metals. River Nzoia near Webuye town and Sigomre bridge were the most
polluted waters. For sediments; copper, magnesium and iron were high in the upper
catchment. Nitrates and phosphates in sediments were high in the lower catchment. The
recommended interventions to manage point or non-point pollution sources include: land and
soil conservation to reduce erosion, precision in fertilizer usage, proper sewage and industrial
effluent treatment and disposal. The mitigation measures should be at the sub-catchment level
to reduce land, soil and water pollution. Technologies for soil and water conservation
including afforestation on bare lands, control of overland flow, reduction on river bank
cultivation and conservation agriculture practices will reduce pollution and conserve the
environment.

Keywords: Catchment, Ecosystem, Environment, Quality, Sediments, Soil, Water,
Watershed
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Introduction

Mt Elgon and Cherangany hills forest ecosystems are part of the Kenya’s water towers and
are the major sources of rivers draining into Lakes Victoria and Turkana (KFS 2016; Rhino
Ark, 2014). These ecosystems also recharge ground-water aquifers, reduce soil erosion into
rivers and regulate local climatic conditions as well acting as carbon reservoirs and sinks
(Rhino Ark, 2014). The two forested ecosystems are threatened by human population
pressure causing land, soil and water degradation in the catchment area (KFS 2016; Adoyo
and Wangai, 2012). The degradation of land, soil and water lead to drying up of rivers,
pollution and reduction in water bodies’ levels in the catchment. Deforestation of these water
towers as a result of human settlement and agriculture has increased surface runoff leading to
soil erosion. The eroded soils cause siltation of water bodies reducing discharge volumes and
causing floods. For instance, flooding is a perennial problem in the lower River Nzoia which
sometimes causes loss of lives and property destruction (Shilenje and Ogwang, 2015). Water
pollution in the catchment is from both point and non-point sources which are mostly
anthropogenic (Hecky et al., 2000; Twesigye et al., 2011). High levels of phosphates, nitrates
and banned compounds such as aldrin, dieldrin and DDT in water have been reported in
River Nzoia Basin which has been attributed mainly to agricultural activities (Twesigye et
al., 2011). Furthermore, nutrients mostly nitrates, phosphates, total organic carbon among
others from surface runoff are a major cause for eutrophication in Lake Victoria resulting in
massive algae blooms, water hyacinth infestation and oxygen depletion in water (Hecky et
al., 2000; LVEMP, 2004; Wogenga’h et al., 2004).

Water quality assessment evaluates the physical, chemical and biological nature of water in
relation to natural quality, human effects and intended uses (WHO, 1991); GESAMP (1988).

In Kenya, the Environmental Management and Coordination, (Water Quality) Regulations
2006 of the Environmental act of 1999, outlines the permitted levels of water quality
parameters for different uses (Kenya Gazette, 2006). Changes in the physical and chemical
parameters of water affect water quality and they mainly include: pH, dissolved oxygen,
biological oxygen demand (BOD), chemical oxygen demand (COD), turbidity, phosphates,
nitrates, electrical conductivity, and heavy metals among others. The pH of river water is
vital to aquatic life and affects the ability of aquatic organisms to regulate basic life-
sustaining processes. Alkalinity is a measure of all the substances in water that can resist a
change in pH when acid is added to the water (USEPA), (1999). Turbidity is a measure of
dissolved coloring compounds in water and can be attributed to presence of organic and
inorganic materials. The suspended solids in water are closely linked to erosion and nutrient
transport, industrial waste and chemicals used in agriculture. Nitrogen is of great importance
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to the quality of water in rivers, and as a nutrient in water may cause eutrophication. Nitrite
which is an intermediate in oxidation of ammonia and nitrate is toxic to aquatic life and is
commonly found in sewage effluents which are rich in ammonia. The biochemical oxygen
demand (BOD) measures biologically oxidized pollutants while chemical oxygen demand
(COD) measures the chemically oxidized ones in water. BOD is mostly associated with
wastewater from sewage systems while COD associated with industrial effluents. In the River
Nzoia basin, the dissolved oxygen and BOD have been found to fluctuate with rainfall
patterns which affect the discharge volumes (Kanda et al., 2015). The purpose of this study
was to provide information on the water quality status in the catchment area and give an
overview of the pollution levels, interventions and the mitigation measures. The water quality
was assessed through analysis of water and sediments for physical and chemical parameters.

Materials and Methods

Study area: Mt. Elgon and Cherangany forest ecosystems/River Nzoia Catchment

Mt. Elgon forest ecosystem forms the upper catchment area for three major rivers: Nzoia,
Malakisi and Sio which drain into Lake Victoria and transverse through Bungoma,
TransNzoia, Kisumu, Siaya and Busia counties. The Cherangany hills forest ecosystem and
streams west of the Cherangany hills watershed feed the Nzoia river system. The river
Kapolet originating from Kapolet Forest in Elgeyo Marakwet County is a tributary and
source of river Nzoia and provides water consumed in Trans Nzoia and Bungoma Counties.
The specific spatial distribution of sampling sites on rivers for water quality is as shown in
Table 1 and Figure 1

Table 1. Spatial distribution of sampling sites on rivers for water quality

Name of River GPS coordinates
1. River Chepkaitit near Kapcherop town bridge E 759718 N 114865
2. River Seum at Mito mbili bridge E 748821 N 109284
3. River Chepkaitit at chepkaitit bridge E 749216 N 105057
4. River Kapterit at Mwaita bridge E 744785 N 113891
5. River Nzoia at Kapolet North water treatment E 740840 N 125332
site

6. River Nzoia at Kapolet bridge E 739806 N 126279
7. River Koitobos (Koitobos bridge) E 73048 N 113274

8. River Nzoia at Moiben bridge E 737301 N 102361
9. River Moiben at Moiben bridge E 737336 N 101603
10. River Kiptogot near Chepchoina centre E703463 N 10126765
11. River Mubere at Mubere bridge E704720 N 10123541

12. River Kaibei/Koitobos E 704883 N 10122810
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Name of River

GPS coordinates

13.
14.
15.
16.
17.
18.
19.
20.
21.
22.

23.
24,
25.
26.

River Sabwani at Endebess bridge

River Nzoia at Moi’sbridge Town bridge

River Sosian downstream at Kamagut bridge
River Sosian Eldoret downtown bridge

River Sergoit/Chepkoilel near Tarbo bridge
River Kipkaren at Kipkaren Town bridge

River Nzoia at Brigadier bridge in Soysambu
River Kiminin at Kiminin bridge

River Nzoia at Webuye bridge

River Kuywa at Lake Victoria Basin water
treatment site

River Nzoia at Mumias bridge

River Lusumu at Mumias-Musanda Road Bridge
River Nzoia bridge at Sigomre/Sigomere bridge
River Nzoia at Ruambwa bridge

E 706436 N 119732

E 735602 N 97701

E 742637. 20 N 61031.76
E 754370. 32 N 56014.889

E 718672.91 N 67095.70
E 729591.44 N 84121.08
E 714458.89 N 85338.48
E 701083.88 N 64808.780
E 689170.71 N 68588.14

E 665470.78 N 40837.75
E 664630.91 N 33860. 39
E 649271.31 N 27541.15
E 621665.007 N 12979.32

Figure 1. Water and sediment quality sampling sites in the River Nzoia catchment
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Assessment of water quality

The water quality was assessed through analysis of water and sediments. The sampling
activity was done in August 2017 during the short rains. For water sampling, samples were
taken in the surface water layer (0-5 cm from the surface) at the center of the main flow. The
sediment samples came from three equidistant positions within a 50 m diameter radius i.e. at
the either sides of the river banks. Sediments were taken at exact or near water sample points
because the sediment study was linked to a water quality. Both physical (Turbidity, TSS,
TDS, pH etc.) and chemical parameters (nitrates, nitrites, phosphates, COD, BOD and heavy
metals) of water were analyzed while chemical parameters only for sediments. Both water
and sediments were analyzed following the analytical standard methods. The contents of
nitrate, nitrite, phosphate, zinc, iron, copper, chromium, hardness, and alkalinity were
measured spectrophotometrically. TDS, turbidity, pH, conductivity, and temperature were
measured potentiometrcally. TSS was measured by gravimetric method. COD was measured
using reactor digestion method while BOD was measured respirometrically. The coliform
bacteria were measured by membrane filtration, lead measured using 1SO 8288, cadmium
(1ISO 5961), arsenic (1SO 11969) and mercury measured using USEPA-245 protocols. For
sediments; nitrates and phosphates were determined spectrophotometrically. The total organic
carbon (TOC) was determined by Loss on Ignition method. Zinc, iron, copper and
magnesium were determined using atomic absorption spectrophotometry. The pH and
conductivity were measured by potentiometric method. Turbidity, temperature, pH and
electrical conductivity were measured onsite in the field during sampling.

Results and Discussion

Nitrates and Nitrites

In this study, river Nzoia at Webuye Bridge recorded the highest nitrate levels of 13.3 mg/L
against acceptable limit of 10 mg/L (NEMA, 2006). Similarly, high levels of nitrites of 0.099
mg/L against acceptable limits of 0.1 mg/L (KEBS, 2014) were recorded at the same site. The
highest nitrite levels of (0.167mg/L) were recorded at Sosiani river downstream at Kamagut
bridge. The nitrate levels of rivers Chepkaitet (Chepkaitet bridge), Koitobos (Koitobos
bridge),