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ABSTRACT
The high carbon density of tropical forests is increasingly viewed as an avenue for
mitigation of climate change. The carbon sequestration potential of the mangrove forest of
Great Kwa River, Calabar and rainforest of the Cross River National Park, Oban West
Division, Akamkpa was investigated. General allometric equations for moist forests was
used to estimate aboveground and belowground biomass. Planar intersect method was used
to determine dead and downed wood biomass. Canopy closure was estimated using a
spherical densiometer. Soil bulk density was determined by the intact core method and soi!
total carbon and nitrogen was determined by dry combustion method. Analysis of variance
showed that canopy closure, total soil carbon and nitrogen, and carbon/nitrogen ratios
within transects sampled in both forests were not statistically different. Total aboveground
and belowground biomass and carbon stocks within both forests varied significantly (P =
0.05) between the transects. In the mangrove, total carbon stock density was 423.31 Mg C
ha™. Total carbon in soil ranked highest in constituting the total carbon stock density with
89.79 %. followed by aboveground biomass with 8.43 %, belowground biomass 1.68 %.
and dead and downed wood biomass with 0.07 %. In the rainforest, total ecosystem carbon
stock estimate was 226.65 Mg C ha™'. Aboveground biomass ranked highest, constituting
50.35 %, followed by total carbon in soil with 39.38 %. belowground biomass. 10.06 %
and dead and downed wood with 0.18 %. Dead and downed wood carbon stock and soil
bulk density varied significantly (P = 0.05) within both forests between the different size
classes and depths investigated respectively. Two-sample Students t-test results revealed
that mean canopy closure was signiticantly higher (I’ =0.001) in the rainforest 88.83+1.06

% than the mangrove 24.11+4.62 %. Mean aboveground biomass and carbon stock, and

vi



belowground biomass and carbon stock were significantly higher (P = 0.001) in the
rainforest 242.82+195.79 t ha'; 114.12£92.02 Mg C ha’! and 48.55+39.16 t ha'l;
22.82+18.40 Mg C ha'! respectively, than the mangrove 76.08+22.40 t ha!; 35.71+10.49
Mg Cha” and 15.21+4.48 t ha''; 7.13£2.09 Mg C ha™! respectively. Conversely, mean total
soil carbon, 380.13£41.09 Mg C ha™, and nitrogen, 18.55£1.99 Mg N ha stocks and
carbon/nitrogen ratio, 20.48+0.27:1 in the mangrove was significantly higher (P = 0.001)
than that of the rainforest 89.27+10.84 Mg C ha™', 6.91+0.77 Mg N ha™! and 12.08+0.58:1
respectively. At the landscape scale, the mangrove and rainforest show potential of storing
up to an estimated 82.54 million Mg and 67.99 million Mg of carbon respectively. This
study has presented an assessment of the carbon stocks in the mangrove and rainforest in
Cross River State and their potential to mitigate climate change. Also, these potentials
could be exploited in the context of accrued benefits from carbon credits within the
framework of REDD+ (Reducing emissions from deforestation and forest degradation, role
of conservation, sustainable management of forests and enhancement of forest carbon
stocks) and other marketing mechanisms.

(Word count: 483)
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CHAPTER ONE
INTRODUCTION

1.1 Statement of the problem

Global climate change is a widespread and growing concern that has led to
extensive international discussions and negotiations (IPCC, 2001; Gorte, 2009).
Responses to this concern have focused on reducing emissions of greenhouse gases,
especially carbon dioxide (CO2), and on valuing carbon absorbed by and stored in
forests, soils, and water (FAO, 201 1). Multiple studies published in peer-reviewed
scientific journals show that 97 per cent or more of actively publishing climate scientists
agree that climate-warming trends over the past century are extremely likely to be due
to human activities (Ackerman er al, 2013). The 2013 and 2014 reports of the
Intergovernmental Panel on Climate Change (IPCC) clearly attribute the majority of
recently observed global climate change to human-made greenhouse gas emissions.
The IPCC projects a temperature increase by year 2100 of between 1.5 °C and 4.8 °C,
relative to pre-industrial levels. The concentration of carbon dioxide (COz) in the
atmosphere has increased from approximately 277 parts per million (ppm) in 1750
(Joos and Spahni, 2008), the beginning of the Industrial Era, to 402.8 ppm in 2016
(Dlugokencky and Tans, 2016). The atmospheric CO; increase above preindustrial
levels was, initially, primarily caused by the release of carbon to the atmosphere from
deforestation and other land-use change activities (Ciais ef al., 2013), while emissions
from fossil fuels started before the industrialera, they only became the dominant source
of anthropogenic emissions to the atmosphere from around the year 1920 and their
relative share has continued to increase until present. Impacts of climate change have
already begun to affect climate patterns. These effects range in scope from melting

polar ice to rising sea levels, from collapse of marine ecosystems to increasingly severe



water stress in large parts of the world, from changing weather patterns accompanied
by more frequent and more violent climatic episodes (hurricanes, floods, droughts) to
wider spreading of pathogens and diseases. The World Health Organization (WHO,
2016) has estimated that more than 140, 000 people per year are already dying as a
direct result of climate change, primarily in Africa and Southeast Asia. The
Intergovernmental Panel on Climate Change estimates that, by the year 2050, global
COz emissions must be reduced by 85 per cent from levels seen in 2000 to prevent a
global mean temperature increase of 2 °C (McLeod er al.,, 2011). This calculation
assumes that the reduction in emissions is the only mechanism by which we can reduce
COz concentrations. A more recent approach suggests refocusing efforts from a single
emissions reduction strategy to a plan that combines reducing anthropogenic sources of
CO- (mitigation) with supporting CO2 uptake and storage through the conservation of
natural ecosystems with high C sequestration rates and capacity (Canadell and

Raupach, 2008).

1.2 Background to the study

Carbon sequestration is used to describe both natural and deliberate processes
by which COz is either removed from the atmosphere or diverted from emission sources
and stored in the ocean, terrestrial environments (vegetation, soils, and sediments), and
geologic formations (Sundquist et al., 2008). Carbon sequestration in growing forests
is known to be a cost-effective option for mitigation of global warming and global
climatic change. Trees play an important role in the reduction of carbon dioxide from
the atmosphere by carbon sequestration. Active absorption of CO2 from the atmosphere
through the process of photosynthesis and its subsequent storage in different plant parts

in the form of biomass in growing trees is the carbon storage (Chavan and Rasal, 2010).



The amount of carbon sequestered continuously by a tree increases substantially over
time till it matures. The process of carbon capture in photosynthesis is influenced by
different factors including the tree age, leaf area and photosynthetic efficiency (Chavan
and Rasal, 2012). The rate of carbon storage increases in young tree species, while it
declines after full growth as the stand ages (Jana et al., 2009).

Tropical forests are an important component of global carbon stocks. They
contribute an estimated 448 Petagrams of carbon globally, divided between vegetation
and soils. However, there is a great deal of uncertainty in these numbers (Watson, 2000;
Donato e al., 201 |; Hunter et al., 2013). As aconsequence of their high carbon density,
tropical forests are increasingly viewed as an avenue for mitigation of climate change.
In an effort to reduce deforestation and degradation by creating monetary value for the
carbon in forests, the United Nations has developed REDD+ (Reducing emissions from
deforestation and forest degradation, conservation, sustainable management of forests
and enhancement of forest carbon stocks) (Gibbs ef al., 2007). It is an international
climate policy framework aimed at generating incentives to protect and better manage
forest resources, by recognizing and establishing an economic value for the additional
carbon stored in trees or not emitted to the atmosphere (Corbera and Schroeder, 2011).
REDD+’'s procedural rules have evolved over time (Pistorius, 2012) and its
implementation means are country-specific. REDD+ thus promotes the

commodification of ecosystems™ primary production by isolating carbon storage and

sequestration functions from other services provided by forests; quantifying such
functions with a standard unit of measurement (tonnes of CO2). monitoring and
reporting carbon stocks and fluxes over time and landscapes; and economically valuing
the cost of avoided or sequestered forest carbon emissions for the purpose of exchange

between buyers and sellers (Engel er al., 2010). It upscales the model of project-based

FomTeer esvpvan aUTOS HAIODUT (NE Targest terrestrial reservoir of

biodiversity from the gene to the habit level, with more than half of the world's plant

and animal species (Dirzo and Raven, 2003). This biome contains up to 55% of global

terrestrial C stocks (Pan er al.. 201 1), exchanges more water and carbon dioxide (COy)

with the atmosphere than any i #



To determine canopy closure of the mangrove forest of Great Kwa river, Calabar and
rainforest of the Cross River National Park, (Oban West Division), Akamkpa.

To determine the above ground biomass of the mangrove forest of Great Kwa river,
Calabar and rainforest of the Cross River National Park, (Oban West Division),
Akamkpa.

To determine the below ground biomass of the mangrove forest of Great Kwa river.
Calabar and rainforest of the Cross River National Park, (Oban West Division),
Akamkpa.

To determine the bulk density, total carbon, total nitrogen and carbon/nitrogen ratio in
soils of the mangrove forest of Great Kwa river, Calabar and rainforest of the Cross
River National Park, (Oban West Division), Akamkpa.

To compare the canopy cover, biomass and carbon stock, bulk density, total carbon and
nitrogen and carbon/nitrogen ratio of the mangrove forest of Great Kwa river, Calabar
and rainforest of the Cross River National Park, (Oban West Division), Akamkpa.

To quantify the total carbon stock, estimate the relative carbon capture and storage
potential in the mangrove forest of Great Kwa river, Calabar and rainforest of the Cross

River National Park, (Oban West Division), Akamkpa.
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CHAPTER TWO

LITERATURE REVIEW

2.1 Carbon sequestration

Carbon sequestration is the term given to capturing atmospheric carbon and
converting it into forms unable to contribute to global warming (Zeng, 2008). Several
technological options for sequestration of COz exist and can be broadly categorized into

two; abiotic and biotic sequestration.

2.1.1 Abiotic sequestration

This is based on physical and chemical reactions and engineering techniques
without intervention of living organisms. It involves the storage of CO: in oceanic and
geological formations. Oceanic injection involves the injection of pure CO2 stream into
great depths below 1, 000 m in the ocean and being lighter than water, CO2 rises to
approximately I, 000 m depth forming a droplet plume, it can also be injected as a
denser COz-seawater mixture at [, 000 m depth and the mixture sinks into the deeper
ocean, direct discharge from ships into the ocean from reservoirs or tanks and pumping
of COz into depressions in the ocean floor to form COz2 lakes (Lal, 2008). Oceanic
injection, though promising, packs some adverse effects on deep sea biota (Seibel and
Walsh, 2001, Aurebach et al., 1997)

Geological injection involves capture, liquefaction, transport and injection of
industrial CO:2 into deep geological formations. The CO2 may be injected into coal
seams, old oil wells, stable rock strata and saline aquifers (Lal, 2008). Geologic
sequestration is currently used to store only small amounts of carbon per year. Much
larger rates of sequestration are envisioned to take advantage of the potential

permanence and capacity of geologic storage. The permanence of geologic
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sequestration depends on the effectiveness of the CO2 trapping mechanisms. After CO2
is injected underground, it will rise buoyantly until it is trapped beneath an impermeable
barrier, or seal. In principle, this physical trapping mechanism. which is identical to the
natural geologic trapping of oil and gas, can retain CO2 for thousands to millions of

years (Sundquist et al., 2008).

2.1.2 Biotic sequestration

Biotic sequestration is based on removing CO2 from the atmosphere into ocean,
vegetation and soils by plants and microorganisms. Oceanic sequestration involves
several biological processes leading to carbon sequestration in the ocean through
photosynthesis by phytoplankton (Rivkin and Legendre, 2001). Some of the particulate
organic material formed by phytoplankton is deposited at the ocean floor and is thus
sequestered (Raven and Falkowski, 1999). Terrestrial carbon sequestration deals with
storage of CO: in vegetation and in soils, in the above ground and below ground
biomass, processes termed as phytosequestration and soil carbon sequestration,
respectively (Post er al., 2009). This process has been widely accepted because of
advantage of long-term storage. In terrestrial ecosystems, carbon storage mainly occurs
by photosynthesis as well as in the form of live and dead organic matter, hence acting
as major carbon sinks. So far, it is known that the carbon storage capacity of soil is
more than the storage capacity of both vegetation and the atmosphere and hence a small
increase in soil carbon surely provides significant effects on overall carbon balance of
the environment. Soil carbon sequestration occurs when atmospheric CO2 captured by
plants is majorly converted into organic material by photosynthesis while a small
proportion of it is translocated through plant roots into the soil, where it is stored in

organic as well as inorganic forms (Jansson er al., 2010). Woody debris and detritus




also contribute to the soil carbon sink in forests (Wofsy, 2001). So far, it is known that
the carbon storage capacity of soil particularly in wetlands is more than the storage
capacity of both vegetation and the atmosphere (Garnett e al., 2001), and hence a small
increase in soil carbon surely provides significant effects on overall carbon balance of
the efficiency of soil carbon sequestration which mainly depends on climate,
temperature, rainfall, clay content, mineralogy, moisture content and soil texture

(Metting et al., 2001).

2.2 Climate change and colours of carbon

Climate change refers to some observable variations in the climate system that
are attributable to human activities, especially those that alter the atmospheric
composition of the earth and ultimately lead to global warming (Idowu et al., 2011).
Anthropogenic climate change is caused by the rising content of greenhouse gases and
particles in the atmosphere. Firstly by the burning of fossil fuels, releasing greenhouse
gases such as COz and dust particles, secondly by emissions from clearing natural
vegetation, forest fires and agricultural emissions. including those from livestock; and
thirdly — by the reduced ability of natural ecosystems to bind carbon through
photosynthesis and store it (Trumper et al., 2009). Climate Change has driven
widespread appreciation of atmospheric CO2as the main greenhouse gas and of the role
of anthropogenic CO2 emissions from energy use and industry in affecting temperatures
and the climate. These emissions are referred to as “brown carbon™ for greenhouse
gases and “black carbon™ for particles resulting from impure combustion, such as soot
and dust. Terrestrial carbon stored in plant biomass and soils in forest land, plantations,
agricultural land and pasture land is often called “green carbon™. The importance of

“green carbon™ has been recognized through anticipated agreement at the United




Nations Framework Convention on Climate Change Conference of the Parties (COP)
in Copenhagen, December 2009, which includes forest carbon — through various
mechanisms, be they REDD and afforestation, REDD+, and/or others such as Forest
Carbon for Mitigation. The world’s oceans bind an estimated 55 per cent of all carbon
in living organisms. Mangroves, marshes and seagrasses capture and store most of the
carbon buried in marine sediments and are referred to as blue carbon sinks. Coastal
vegetated wetlands such as mangrove forests provide multiple ecosystem services,
though are potentially threatened by contemporary accelerated sea level rise, in addition
to other immediate threats such as agriculture and coastal development (Sasmito er al..
2016; Edu et al., 2014). These ecosystems, however, are being degraded and disappear
at rates 5 — 10 times faster than rainforests. Together, by halting degradation of “‘green”
and “blue™ carbon binding ecosystems, they represent an emission reduction equivalent
to | — 2 times that of the entire global transport sector — or at least 25 per cent of the
total global carbon emission reductions needed, with additional benefits for biodiver-
sity, food security and livelihoods. It is becoming increasingly clear that an effective
regime to control emissions must control the entire spectrum of carbon, not just one

colour (Nellemann et al., 2009).

2.3 Global climate change effects on plant species

Climate change represents one of the greatest research challenges currently
faced by plant biologists, agronomists and conservation biologists. With global
greenhouse gas emissions set to continue to rise for the foreseeable future, the impact
of elevated atmospheric CO2 (eCO2), and associated shifts in temperature and
precipitation are all expected to impact plant ecophysiology, distribution and

interactions with other organisms (IPCC, 2014). With specific reference to plants,

10




Working Group 11 of the Intergovernmental Panel on Climate Change concluded with
high confidence that anthropogenic climate change has had, and will continue to have,
a strong effect on plant life cycles and species” interactions (IPCC, 2014). Wolkovich
et al. (2012) showed that phenological responses to experimental warming treatments
failed to match long-term observational responses for many plants, even for the same
species growing in the same regions. Cook et al. (2012), also found that some three-
quarters of ‘nonresponding’ species to phonological shifts actually were responding
quite strongly to warming seasons, simply in more complex ways than previously
recognized. The overall message from global meta-analyses of long-term observational
datasets indicated that major shifts in species” distributions have already occurred, with
some species showing range contractions and others range expansions (Parmesan and
Yohe, 2003; Root et al., 2003; Parmesan, 2006; Poloczanska et al., 2013). Further, as
species alter their distributions in attempts to track a shifting climate space, they move
into novel geographic areas, opening the possibility for these exotic species to become
invasive. Indeed, early concerns about climate change were that existing exotics would
benefit over natives and become invasive, and that already invasive species could
become even more damaging to native communities and ecosystems (Dukes and
Mooney. 1999). The way in which species respond to warming may itself be changing.
In a study of 13 temperate trees from 1980-2012, Fu er al. (2015) found that the *heat
requirement’ for leaf flushing had increased over time in every case, on average by
almost 50 %, a striking result for which the mechanism was not understood. In their
global meta-analysis of marine systems, Poloczanska et a/. (2013) found that predators
(fish and zooplankton) had advanced significantly more than their potential food
resources (phytoplankton). Similarly, in a meta-analysis of northern hemisphere data,

herbivorous insects (butterflies) had advanced at rates three times faster than potential

11
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Bellard et a/. (2012) stated that because of climate change, species might not acclimate

i : g
hrough plasticity to the set of environmental conditions in a given region and could

therefore fall outside their respective climatic niche. They further stated that to persist
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forest management (Thompson et al., 2013). Carbon emissions from tropical
deforestation and degradation currently contribute an estimated 8 to 15% of annual
global anthropogenic carbon emissions, further exacerbating global warming
(Houghton et al.,2015). Tropical deforestation is estimated to have released of the order
of 1-2 billion tonnes of carbon per year during the 1990s (Malhi and Grace, 2000;
Fearnside and Laurance, 2004). In 2015 forest covered 3999 Million ha (M ha) globally.
This is equivalent to 31% of global land area, or 0.6 ha for every person on the planet
(Keenan et al.. 2015). A further 1204 M ha are covered by other wooded land. Three
quarters of all forest is in high income and upper middle income countries, with just
25% of the total in countries classified as having lower middle or low income (FAO,
2015). Overall, there was a net decrease in global forest area of 3% between 1990 and
2015, from 4128 M ha to 3999 M ha. Half of global forest area as reported by Keenan
et al. (2015) is in sub-regions where forest cover is expanding: Europe, North America.
the Caribbean, East Asia, and West and Central Asia. The remainder is in sub-regions
where forest area continues to decline: Central America, South America, South and
Southeast Asia and all three sub-regions in Africa. In Africa, the greatest net losses in
forest area between 2010 and 2015 were in Nigeria (410 K ha y*'), Tanzania (372 K ha
y"), Zimbabwe (312 K ha y™') and Democratic Republic of Congo (311 K ha y™').
Tropical forest is largely being converted to cropland and pasture for the production of
soy, beef, palm oil, and timber (Rudel et a/., 2009; Hosonuma et al., 2012). with the
majority of new global agricultural land coming at the expense of tropical forest (Gibbs
et al., 2010). Understanding the drivers of deforestation and forest degradation is
believed to be fundamental for developing policies and measures that can alter current
trends of forest loss and degradation (Rudel er al., 2009). A recent study found that 30

% of the global land area has been degraded since the 1980s while land improvement
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has concurrently occurred on approximately 3% of the global land area until 2013 (Le
et al., 2014). The proximate causes of land degradation are direct causes consisting of
biophysical factors and unsustainable land management practices. On the other hand,
the underlying causes are more complex, cutting across institutional, socioeconomic,
and policy factors including population density, poverty, land tenure security and
property rights, access to markets, agricultural subsidies, and taxes (Nkonya et al.,
2013; Mirzabaev et al., 2015). Mangrove ecosystems are also threatened by land
use/land cover change as well as global climate change (Alongi, 2002; Girier al, 201 1;
Kauffman er al., 201 1). The global area of mangroves has decreased from around 16.1
million ha in 1990 to 15.6 million ha in 2010 (FAQ, 2010). Urbanization of coastlines
has led to the destruction of 3.6 million ha of mangroves worldwide from 1980 to 2005
(FAO,2007). It is estimated that about | to 2% of mangrove forests are being def orested
per year globally (Duke er al,, 2007, FAO, 2007), accounting for 10% of the carbon
released from deforestation annually; and yet mangroves cover just 0.7% of the tropical
forest areas (Donato et al., 201 1; Giri et al., 201 1). Annual land use change related
emissions from mangrove forest loss is equivalent to 10 per cent of the total emissions
from land use change, even though a smaller areal extent is lost. Overall, land use
change emissions from mangrove forest loss is estimated to be on the order of0.073 to

0.44 Gt COz yr! (Donato et al., 2011).

2.5 Overview of Nigeria in context of population and biodiversity.

Nigeria is Africa’s most populous nation with an estimated population of about
200 million and located between latitudes 40° and 140° north of the equator and
longitudes 30° and 140° east of the Greenwich Meridian (Adewale, 201 1). The country

lies entirely within the tropical zone. It occupies about 3 % of Africa’s landscape (FAO,
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2015). According to the United Nations, by 2050 the population of Nigeria is projected

to surpass 300 million (UN-DESA, 2017).

Nigeria contains a rich series of climatic and vegetation zones across landscapes
resulting in diverse range of habitats, from desert zones in the northeast to tropical rain
and swamp forests along the south coast. According to the latest assessment by FAO
(20135), Nigeria's forests and woodlands currently cover about 6,993,000 hectares (7.7
per cent of total land area). The country is endowed with rich biodiversity - some 4,600
plants. 839 birds and 274 mammal species. The Gulf of Guinea's forests stretch into
southern Nigeria: these forests are recognized as a global biodiversity hotspot. There
are 22 primate species, including threatened and endangered species such as the Cross
River Gorilla, Drill and Preuss’s Guenon monkey. The major vegetation types are rain
forests, mangrove swamp forests, tropical high forests (montane) and savannah
woodlands. A review of the management effectiveness of the different forest
management regimes in Nigeria revealed that apart from National Parks, the rest were
ineffectively management (UN-REDD, 2015). The forestry sector plays a major role in
the rural economy through the provision of Non-Timber Forest Products (NTFPs) and
also accounts for a high proportion of domestic energy (over 70 per cent of the energy
needs in the rural areas), forest sourced foods and medicines to the rural population.
Fuel-wood accounts for over 50 per cent of overall energy consumption in the country

and is the dominant source of energy in the domestic sector (UN-REDD, 2015).

2.6 Brief history of United Nations-REDD+ in Nigeria
Deforestation and forest degradation account for greenhouse gas (GHGQG)
emissions, more than the entire global transportation sector and second only to the

energy sector. In response, Parties to the United Nations Framework Convention on
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Climate Change (UNFCCC) have developed a climate change mitigation approach
designed to incentivize developing countries to reduce carbon emissions from
deforestation and forest degradation. This mitigation approach is known as REDD+ and
is defined as “reducing emissions from deforestation and forest degradation in
developing countries, and the role of conservation, sustainable management of forests
and enhancement of forest carbon stocks™. REDD+ aims to incentivize developing
countries to contribute to climate change mitigation actions in the forest sector by:
reducing carbon emissions from deforestation; reducing carbon emissions from forest
degradation; conservation of forest carbon stocks; sustainable management of forests;
and enhancement of forest carbon stocks. In 2009, the Nigerian government and the
Cross River State government implored the United Nations-REDD programme to
create and promote REDD+ activities in the country. The result was a national
programme for REDD+ or UN-REDD programme which was preceded by intense
policy, planning and technical support. Approval was given by the UN-REDD policy
board in 2012. Since 2012, REDD+ has been a mechanism for the introduction of a
number of forest policies and programmes by Nigeria to check the trend of deforestation

in the country (R-PP. 2013).

2.7 Policy, law and regulatory framework supporting REDD+ in Nigeria
Preparatory studies to implement REDD+ provided detailed analysis of existing
policies, laws, and regulatory frameworks relevant to REDD+ at both Federal and Cross
River State levels during the REDD+ Strategy development process for Cross River
State. Policy law and regulatory framework arrangements to support REDD+

implementation at the Federal level include:
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2.7.1 Draft Bill for a National Forest Act, 2003

The bill sets out to provide for the establishment, conservation, sustainable
management of the nation’s forest resources and its rich biodiversity in conformity with
local, national and international processes and initiatives on global forests and
environment. The bill is significantly responsive to the REDD+ five activities. It hinges
on the principles of sustainable forest management of forest resources in and outside
forest reserves. It recognizes the rights of local communities to fair and equitable
sharing of benefits derived from genetic resources and prescribed the requirement of
prior informed consent of communities for access to biological resources outside forest
reserves. It further provides for the recognition and protection of local communities’
traditional knowledge, cultural heritage and intellectual property outside forest
reserves. The Bill also provides for private sector participation in forestry development
programmes and the establishment of a National Forestry Trust Fund at the Federal
Level. The fund is to facilitate the promotion and financing of forestry development
projects and programmes as a sustainable source of funding. The Bill further seeks to
promote the participation of women and youths in sustainable forest resources

management and utilization.

2.7.2 National Forest Policy, 2006

The National Forest Policy is the overarching framework on forestry
development in Nigeria. The overall objective of the policy is to achieve sustainable
forest management that would ensure increases in the economic, social and
environmental benefits from forests and trees for the present and future generations
including the poor and vulnerable groups. The policy promotes and supports the

decentralization of roles and functions amongst stakeholders (public, private, NGOs,
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including, Community Based Organizations and civil society) towards the attainment
of sustainable management of forests. The policy recognizes the environmental
functions of forests in carbon capture and carbon sequestration and the need to employ
the international financial mechanisms to enhance the carbon stocks. It promotes
helping citizens, especially the rural communities and forest dependent persons to better
adapt to climatic change, and to benefit from emerging carbon markets. The policy
instrument contains strategies for carbon trading, benefit sharing, tree ownership and
accessing carbon credit within the framework of the Clean Development Mechanism

of the Kyoto Protocol. The policy in general, is supportive of REDD+ implementation.

2.7.3 Land Use Act Cap 202 LFN 1990 Cap LS LFN 2004

The Land Use Act (LUA) is the principal law in Nigeria regulating the use and
access to all lands in the country. By virtue of Section one ofthe Act, all lands in Nigeria
are under the control of the respective State Governors. The section provides that
“sub ject to the provisions of this Act, all land comprised in the territory of each state in
the Federation are hereby vested in the Governor of that State and such land shall be
held in trust and administered for the use and common benefit of all Nigerians in
accordance with the provisions of the Act”. The Federal Government does not play a
major role in land administration other than in relation to federal land acquired before
the enactment of LUA and such other lands as may be acquired under the Act or any
other enabling legislation. National Parks (NPs) are also under the jurisdiction of the
Federal Government. Other Acts relating to land acquisition for federal projects within
the context of LUA include, the Minerals and Mining Act, 2007, Oil pipelines Act, Cap
07 LFN 2004 and Electric Power Sector Reform Act, No. 6 of 2005. Local

Governments are not vested with power of administration of land in the urban areas.
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They are responsible for the control and management of land in non-urban areas over
which they have the power to grant customary rights of occupancy. The power is
exercised subject to the tvpe of use and a limitation on the size of land. above which
there is reversion to the Governor of the State. The Governor, however. retains

overriding powers over all lands in the state.

2.7.4 Minerals and Mining Act, 2007

The Minerals and Mining Act LFN 2007 is the principal law on the mining
sector in Nigeria. Mining and minerals are in the Exclusive Legislative Listofthe 1999
Constitution, hence only the Federal Government has the authority to grant mining
permits or licenses. The Act gives superior rights to use land for mining purposes over
the statutory right of occupancy or customary ownership of such land. It provides that
the use of land for mining operations shall have priority over other uses of land, as it
constitutes an overriding public interest within the meaning of the Land Use Act.
Mining activities, if conducted in an eco-unfriendly manner, lead to the clearing of
vegetation and could significantly compromise the implementation of REDD+
activities in an area where a mining license/permit has been granted. According to the
provisions of the Mining Act, a mining cycle, based on the term of license/permit, is a
minimum of 25 years in the first instance before renewal, while that of quarrying is five
years. Therefore, it is desirable that mining activities should incorporate offset planting
of trees as part of the mitigation measures at the commencement of activities, which is
not presently the case. That will be in addition to the requirement for reclamation at
closure. Some provisions of the Act promote and support REDD+ activities and the
Cancun safeguards. Such responsive provisions include, exclusion of lands constituting

National Parks from minerals exploration and exploitation, prohibition of mineral
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exploration in sacred areas or injury or damage to sacred/venerated trees, restoration
and reclamation of mined lands, requirement for Environmental Impact Assessment
(EIA) before the grant of license or permit and establishment of Environmental
Protection and Rehabilitation Fund. However, the Act is silent on the exploration and
exploitation of minerals and mining within forest reserves and other ecologically
sensitive areas or critical ecosystems which are under the control and management of
the State Government. Overall, the Minerals and Mining Act is moderately responsive

to REDD+ implementation.

2.7.5 Petroleum Act Cap 10, LFN,2004

There are also several federal statutes regulating oil exploration, prospecting
and mining in Nigeria. The Petroleum Act is the principal law on the industry with
subsidiary legislation enacted under it. Some of the permits granted under the regulatory
framework in the petroleum industry include Oil Pipeline Survey Permit, Oil Pipeline
License, Oil Prospecting License and Oil Mining Lease. These permits/licenses have
implications for the ecosystem. The Environmental Guidelines and Standards for the
Petroleum Industry in Nigeria elaborate on environmental standards and safeguards
applicable in the petroleum industry in the country. These are in addition to the
provisions in the Environmental Impact Assessment (EIA) Act for projects in the oil

and gas industry.

2.7.6 Environmental Impact Assessment Act, Cap E12, LFN 2014
The Act sets out the general principles, procedures and methods to enable the
prior consideration of environmental impact assessment on certain public or private

projects. It further provides that before a decision is taken to undertake or authorize the
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undertaking of any activity, those matters that may likely or to a significant extent affect
the environment or have an environmental effect on those activities shall first be taken
into account. The drivers of deforestation and forest degradation for which mandatory
study is required include agriculture, infrastructure, logging and conversion of forest to
other land use, mining and housing. Environmental sensitivity and the area coverage of
a project are some of the criteria for an EIA. The Act supports REDD+ implementation
in the country and valuable in promoting the adherence to REDD+ principles and
safeguards in projects touching on the forests, including measures to mitigate impacts
of drivers of deforestation and forest degradation in land use sectors. The EIA process
provides for public display of draft EIA report as well as public review. This process
strengthens stakeholder participation and public access to information by concermed
people and other stakeholders. It also provides for the establishment of a public registry

for all EIAs to enhance transparency and accountability.

2.7.7 National Park Service Act, Cap N65 LFN, 2004

The Act established the National Park Service (NPS), with mandate for the
preservation, enhancement and protection of wild animals, plants and other types of
vegetation in the National Parks and for matters connected therewith. Cross River
National Park is one of the seven National Parks managed under the Act. Protected
areas for biodiversity management could overlap with potential REDD+ activities
insofar as habitat for flora and fauna can be preserved while also reducing the emission
of greenhouse gases. The Cancun Safeguards provide that REDD+ activities take into
account the multiple functions of forests and other ecosystems and be consistent with
the conservation of natural forests and biological diversity. The objectives of the Act

support the implementation of REDD+ in Nigeria.
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2.7.8 National Policy on Environment, 1999

In response to the various environmental issues, Nigeria developed several
sectoral policies on environment with strategies and framework of actions. The
National Policy on Environment defines the framework for environmental governance
in the country. The policy identifies key sectors requiring integration of environmental
concerns and sustainability with development. The goal of the policy is to achieve
sustainable development and seeks in particular to enhance the quality of the
environment, promote the sustainable use of natural resources, restore and maintain the
ecosystem and ecological processes and preserve biodiversity, raise public awareness
and promote understanding of linkages between environment and development and
cooperate with government bodies and other countries and international organizations
on environmental matters. The policy elaborates on issues of cross-sectoral

coordination and strategies.

2.7.9 National Policy on Climate Change, 2012

The strategic goal of the Climate Change policy is to foster low-carbon. high
growth economic development and build a climate resilient society through
implementation of mitigation measures that will promote low carbon as well as
sustainable and high economic growth. Also, enhancement of national capacity to adapt
to climate change, raising climate change related science, technology, research. and
development to a new level that enables the country to better participate in international
scientific and technological cooperation on climate change. Further, significant
increase in public awareness and involvement of private sector participation in
addressing the challenges of climate change and strengthening of national institutions

and mechanisms (policy, legislative and economic) will establish a suitable and
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functional framework for climate change governance. The policy elaborates on
adaptation and mitigation programmes and actions in key sectors including energy,
agriculture, water, transport and human settlement. On the forestry and land use sector,
the policy direction is the promotion of sustainable forestry and land use that are able
to respond to the challenges of climate change. The strategy is to develop and
implement a Forestry Development Programme within the context of an Integrated
Land Use Planning framework for sustainability including the promotion of ecosystems
integrity and environmental goods and services as well as carbon capture. This would
help achieve the REDD+ objectives. However, the policy advocates the development
and implementation of forestry development in the following activity areas including
increase in forest cover through afforestation, reforestation and prevention of
deforestation, ensuring the enforcement of forestry laws and regulations, enhancing
carbon density of plot and landscape levels through rehabilitation of degraded areas and
increased tree planting activities. Also, promotion of agroforestry, encouraging
sustainable forest management for integrated vulnerability reduction, adopting fiscal
and regulatory measures towards reducing wood utilization particularly in construction
and charcoal production. Improvement of governance in forestry resource, that would
ensure the sustainable use of forest resources to contribute to the livelihood of rural
communities as they adapt to climate change and promote sustainable forestry. These
will enable Nigeria benefit maximally from the potential of REDD+ and at the same
time adequately protect individuals and communities whose traditional forest based

incomes would be impacted.
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2.7.10 National Biodiversity Strategy and Action Plan, 2016-2020

Nigeria has developed the National Biodiversity Strategy and Action Plan
(NBSAP) 2016-2020, to guide the conservation and sustainable utilization of
biodiversity, access to genetic resources and the fair and equitable sharing of the
benefits arising from their utilization. It provides information on biodiversity and their
threats and analyses institutional and legal frameworks that govern biodiversity issues
in Nigeria. It makes direct references to deforestation, forest degradation and
conservation of biodiversity. As such, it covers the same land use types considered in
the REDD+ Strategy — national parks, forest reserves, community forests, open areas,
agricultural lands (for agro-biodiversity), wetlands and other aquatic ecosystems.
National Biodiversity Strategy and Action Plan provides sectoral actions for
mainstreaming biodiversity into national development, poverty reduction and climate
change activities. It also elaborates on programme and actions for the conservation of
Nigeria’s biological diversity and its sustainable use by integrating biodiversity
considerations into national planning, policy and decision-making processes. NBSAP
provides frameworks for addressing biodiversity conservation. sustainable use of
biological resources, equitable sharing of benefits arising from the utilization of
biological resources, conservation of agro- biodiversity and biosafety. These are aimed
at improving the quality of the biological ecosystems and the positive role in carbon

cycle and global climate change phenomena.

2.7.11 The Green Alternative Agricultural Promotion Pelicy (APP), 2016-2020
Agriculture is a significant driver of deforestation and forest degradation in
Nigeria, both at the level of small-holder farmers and large scale production.

Agricultural initiatives and programmes traditionally result in significant incursion into
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the forestry frontiers in meeting the demand for land. The Green Alternative
Agricultural Promotion Policy (APP) aims at solving the core issues at the heart of
limited food production and delivery of quality standards for the country’s food
production value chain as well as increasing export earnings through the involvement
of and partnership building among all key stakeholders. It builds on the successes of
the Agriculture Transformation Agenda (2011-2015). The policy thrust of APP
includes focusing policy instruments on the sustainability of the use of natural resources
(land and soil, water and ecosystems) with the future generation in mind while
increasing agricultural production, marketing and other human activities in the
agricultural sector. The policy is also based on inclusiveness and participation of all
key stakeholders. The policy thrust promotes climate smart agriculture through
increasing public awareness on climate smart agriculture, improving management of
land, water, soil and other natural resources, strengthening of institutional linkages and
partnerships for ensuring climate smart agricultural governance, policies, legislations
and financial mechanisms, conducting environmental impact assessment on major
agricultural projects, promoting the use of renewable energy with the involvement of
private sector, facilitating the production and use of soil map to improve land use and
management practices and promoting the increased adoption of global best practices in
handling climate change, including the aspects of adaptation, mitigation and carbon

credit.

2.7.12 National Renewable Energy and Energy Efficiency Policy (NREEEP)
National Renewable Energy and Energy Efficiency Policy was approved by the
Federal Executive Council for the Electricity Sector on 20" April, 2015. The policy is

aimed at driving the development of electricity generation from biomass through the
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implementation of the following national strategies which are REDD+ smart such as
effectively harnessing biomass resources and integrating them with other energy
resources for electricity generation, promoting the use of efficient biomass conversion
technologies, encouraging the use of waste wood as a source of electricity in the nation's
energy mix and intensification of efforts to increase the percentage of land mass
covered by forests in the country. Government also has a deliberate policy of promoting
the use of clean stoves that are fuel-wood efficient. Although the NREEEP encourages
the use of biomass as biofuel, the policy implementation strategies if sustainably
managed, monitored, reported and verified may also increase the carbon stock and
could be eligible as REDD+ project. In addition, there is need for the policy to promote
alternative renewable energy sources other than just biomass fuel such as solar, and

wind.

2.8 Canopy closure

Canopy closure is defined as the proportion of the sky hemisphere obscured by
vegetation when viewed from a single point (Jennings er al., 1999) and is of particular
interest to forest ecologists studying the variability of understory environments. Canopy
structural parameters are often used to give adequate representation of vegetated
ecosystems for purposes ranging from primary productivity, climate system, water and
carbon gas exchanges, and radiation extinction (Breda, 2003; Middelboe and Binzer
2004; Kulakowski et al., 2011; Yuan et al., 2012). Percent canopy closure can easily
be measured directly in the field using a spherical densiometer (Jennings et al, 1999).
It consists of a convex or concave mirror with an overlaid grid of squares, the spherical
densiometer is handheld horizontally at elbow height whilst the operator takes at least

four sampling positions (Cook et al., 1995; Fiala er al., 2006). Some authors classified
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the spherical densiometer as a quick and reasonably precise method to determine the
long-term light environments, even though it is faced with the problem of sub jectivity
(Englund et al., 2000). Canopy closure can also be estimated from prism or fixed radius
plot data and knowledge of the relationship between DBH and crown size of tree
species (Parker, 2014). Similar to canopy closure is the concept of canopy cover,
defined as the proportion of the forest floor covered by the vertical projection of the
tree crowns. Conceptual differences exist between the two parameters, however both
attributes can be used to describe canopy properties (McLane et a/.. 2009). Several
other methods employed in the estimation of canopy closure and cover are mentioned
in the paragraphs that follow.

The line-intercept or point quadrat method that measures canopy cover by
recording horizontal distances covered by live crown along a line-transect (Canfield,
1941). It includes the entire length within the outline of a crown as cover.

The moosehorn that employs a square grid similar to the spherical densiometer.
With the aid of an angled mirror at 45 degrees, vertical canopy cover is reflected
through an aperture in the side of the instrument through which the observer records
the number of cross-hairs intersected by cover (Robinson, 1947; Bonnor, 1967).

The ‘MacArthur and Horn’ photographic method that allows the determination
of the ratio of sky to plant area in a photograph made in an upward direction from under
the canopy. The photograph is covered with a grid of lines, and the per cent cover of
the canopy is estimated by the per cent of grid squares with more than 50% covered
(MacArthur and Horn, 1969).

Hemispherical photography is commonly implemented with analog or digital
cameras equipped with 180 ° field-of -view (FOV) “fisheye” lenses pointing upward.

The first processing step is to estimate the amount of sky visible through the canopy,
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by classifying each pixel of the photograph as belonging either to the sky or to any
blocking element from the vegetation (canopy, leaf, branches, or stems) (Gonsamo, et
al.. 2011). This is usually carried out by thresholding the image, which is done by
selecting a brightness value and considering the image pixels above this as belonging
to the sky and below to vegetation. Thresholding can be manual, if the operator visually
decides the best brightness value to use, or automatic, if software-based techniques are
applied to make the process objective and reproducible (Nobis and Hunziker, 2005).

All the methods mentioned are rather fast and non-destructive. which is a general
advantage shared by these measurements. However, disadvantages are as manifold as
the approaches. Both point quadrat or line intercept methods are unfortunately not
suitable for large canopies. The assumption of random distribution of the foliage
elements is also a drawback (Whitehead et «l., 1990; Chason er al., 1991).
Hemispherical photography and the MacArthur and Horn method are fast, they produce
permanent image records, and they are rather inexpensive and easy to carry. The
problems encountered here are more in the detail of the measurements. Camera settings
are sensitive to the weather and the image analysis is not free of subjectivity. MacArthur
and Horn images are prone to distortions in the images, which is not completely
eliminated in the hemispherical lenses as well (Herbert 1987; Schwalbe 2005). The
Moosehorn and the spherical densitometer are easy to use and portable. Others
advantages are their extremely low prices and the usage independently from any
computer accessibility. Anyway, these simple instruments are prone to subjectivity and
are of low resolution according to the three dimensional character of the canopy

structure data that can be obtained.
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29 Biomass estimation methods

The main methods used for estimating forest biomass are the destructive method
and non-destructive method. The destructive method involves the harvesting of all trees
in a known area. After harvest, the trees are separated into component parts, and the
fresh weight of the individual components, trunk, branches, twigs, leaves and roots are
measured (Ravindranath and Ostwald, 2008). The components are then oven dried after
which their weight is measured again (Liu and Westman, 2009). The difference
obtained from comparing the fresh and dry weights of the component parts is used to
estimate the biomass. Although this method is regarded as accurate for a particular area,
it is tedious, destructive, expensive and is not applicable for a large scale analysis (Liu
and Westman, 2009). In a mature tropical forests, the total weight of individual trees
often reaches several tons (Komiyama et al., 2005). Therefore, the harvest method
cannot be easily used in mature forests and in itself is not reproducible because all trees

must be destructively harvested.

Non-destructive methods mostly employed in recent times include remote
sensing technologies and allometry. Remote sensing is the process of acquiring
information from a distance without direct contact with the source or area being

examined (Vashum and Jayakumar, 2012).

Remote-sensing technology, which has wide coverage and repeated observation
capabilities, has promoted research on the spatial distribution and temporal variation of
forest biomass. Biomass models based on remote-sensing data have been shown to be
more accurate than other models (McRoberts et al., 2013). The characteristics of the
forest can be estimated using the airborne or space-borne multi-spectral remote sensing
method (Ahamed er al, 2011). Airborne remote-sensing data, such as aerial
photographs, are most useful when fine spatial detail is critical, which are often used

31



for modeling forest canopy structures or tree parameters (Lu, 2006; Ahamed er al..
2011). Three types of remote-sensing data are currently available for biomass
estimation such as optical sensor data, radar data, and LiDAR (Light detection and
ranging) data (Zhang er al., 2014; Lu, 2006; Lu er al., 2005). Each of these has its own
advantages and disadvantages for estimating biomass. Optical remote sensing can be
used for continuous estimation of forest biomass due to its long observation time, wide
spatial coverage, and multiple bands, which can provide abundant information about
the canopy spectrum. Optical remote sensing is limited by its relatively poor
penetration. Estimating forest AGB using optical sensor data is based on the close
relationship between foliage biomass and forest ecosystem biomass. However, foliage
biomass accounts for less than 10 per cent of the total biomass of a mature forest
ecosystem (Dobson er al,, 1992). The signal saturation of optical sensor data in dense
vegetation is an important factor restricting biomass inversion. The results obtained by
Lu er al (2005) confirmed that Thematic Mapper (TM) spectral reflectance changes
regularly with increasing AGB in forest sites with low biomass density. As for forest
sites with high biomass density, the relationship between AGB and TM spectral
reflectance is not obvious. Radar data are also a promising data source for estimating
AGB because of their independence of weather and their ability to penetrate the canopy
and thereby receive information about trunks and branches (Drake er al., 2003; Yu et
al., 2015). Signal saturation is also a problem for radar data (Mougin et al., 1999;
Sandberg and Tsoukas, 2011). LIDAR, an active remote-sensing technology, can
acquire forest vertical structure information, which is strongly related to forest biomass.
LiDAR data are not affected by signal saturation (Hajj et al., 2017; Fayad et al., 2016).

Incomplete data coverage, short running time, and the effects of clouds and terrain make

32




spatial LIDAR data less than ideal for biomass mapping Zhang er al., 2014; Yu et al.,

2015; Luetal., 2016).

Biomass estimation equations, also known as allometric equations or regression
models. are used to estimate the biomass or volume of aboveground tree components
based on diameter at breast height (DBH) and height data. These equations are derived
based on measured values of tree weight related to its DBH and height from sample
trees. Using biomass equations is a common and cost-effective method to estimate
biomass of tree species present in a forest or plantation (Ravindranath and Ostwald
2008). Basuki er al., (2009) reported the use of destructive sampling, allometric
equations and remote sensing for the estimation of above-ground biomass in tropical
forests. Several other authors including Djomo et al., 2010; Henry er al., 2010; Ebuy er
al., 2011; Vieilledent et al.. 2012; Fayolle et al. 2013 have reported allometric equations
developed for African tropical rainforests and Chave et al., 2005; Komiyama et al.,
2005 for mangroves. Salunkhe er al., (2018) reviewed biomass estimation methods of
above-ground biomass and carbon stocks of Indian forests by several authors. He stated
that most of the estimates were based on the non-destructive allometric equation
approach. However, the site- and species-specific dependencies of allometric equations
pose a problem to researchers because tree weight measurement in tropical forests is
labor-intensive. Gibbs er al., (2007) observed in their review of biomass estimation
methods that the effort required to develop biomass equations of specific species or
sites does not normally enhance the accuracy of biomass estimates. De Lima et al.,
(2017) stated that the specific equations for some species are not necessarily better than

the generic equation, which includes the total height of the tree as a predictive variable.
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as 358.1+£31.9 Mg ha and 179.0+15.9 Mg C ha"!, respectively. Lung and Espira (2015)
reported aboveground biomass for an African tropical forest as 279+32.78 Mg ha™!,
Houghton er al. (2001) also reported aboveground biomass values in Amazonian forests
ranging from 312 -464 Mg ha"! and Lewis er al. (2013) reported aboveground biomass
for closed-canopy tropical forests as 395.7 Mg ha“!. Using the same diameter range of
greater than five centimetres, Fischer er al. (2015) estimated the total aboveground
biomass as 385 Mg ha! for an African tropical Montane forest on Mt. Kilimanjaro.
Hansener al., (2015) Clark et al., (2011); Asner er al., (2012a); Mascaro et al., (2011);
Vincent er al., (2012) and Asner er al., (2010) reported maximum biomass densities
with the use of Airborne Laser Scanner for aboveground biomass estimation in tropical
forests in South America of about 500 Mg ha™, Hou er al., (2011) reported similar
results in Asia and Asner et al., (2012b) far greater estimates in Africa. Brown (2002)
reported that most hardwood forests have aboveground biomass in the range of 75-175
Mg ha'! equivalent to 38 — 90 Mg C ha!. Ross ef al. (2001) reported aboveground
biomass in dwarf mangrove forests to be 22.28 + 5.18 Mg ha'! and in fringe forests as
56.02+ 11.96 Mg ha™! in USA. Green er al., (2007) reported the use of root shoot ratios
in estimating the belowground biomass stocks. Mokany et al. (2006) conducted a global
analysis of root:shoot ratio and they proposed a value of 0.26, suggesting that
belowground biomass may be directly inferred from aboveground biomass. Luo et al.
(2012) also reported similar results in Chinese forests. Belowground biomass of roots
down to 100 cm has been reported by Nguyen et al., (2009) increasing from 0.7 to 4 t
C ha! in three and 10 years old plantations, respectively in Kandelia candel L. in
Northern Vietnam. [n Gazi bay, Kenya, live belowground carbon ranged from 3.8 £ 0.2
tha'land 179 £ 0.6 tha,24.2+ 0.4 tha' and37.7+ 1.0 tha'and 19.5 + 0.4 t ha’!

and 21.9 £ 0.9 t ha! for Rhizophora mucronata, Sonneratia alba and Avicennia marina
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stands, respectively, depending on the age of the stand (Tamooh et al., 2008). Saner et
al. (2012) reported above-ground biomass of 457.1 Mg ha” in a tropical lowland
rainforest in Borneo and a below-ground biomass ratio of 18 %. Adame er al. (2013)
reported on aboveground biomass of coastal wetlands in Mexico with ranges from
3.0+0.4 Mg ha' to 176.2+ 47.4 Mg ha"!, they further reported BGB values of 8.7+0.9
Mg ha! to 156.6+44.2 Mg ha™!. Kauffiman er al., (2011) reported total above-ground
biomass estimates in the range of 204 Mg ha' to 323 Mg ha! and Below-ground
biomass estimates ranging from 171 Mg ha™ to 312 Mg ha*! in Micronesian mangrove
forests. They further reported a mean downed wood biomass estimate within range of
29.6 Mg ha'' and 43.1 Mg ha™! in the same mangrove. Saldarriaga et al. (1988) reported
an almost 20 % contribution to aboveground biomass of coarse woody debris or downed
wood biomass stock for a slow growth, high wood density tropical forest in Venezuela.
Baker e al. (2007) reported coarse woody debris stocks of 24.4+5.3 Mg ha™' using the
line-intersect sampling method and 17.742.4 Mg ha™ within permanent plots in
Southern Peru. Using the line-intersect method, Chao er al., (2008) reported coarse
woody debris biomass estimates for three different forest types in a tropical lowland
forest of Northwestern Amazonian landscape of 31.5 + 6.6 Mg ha™! in the clay-rich
forest, 45.3 = 13.2 Mg ha'in the white sand forest, and 10.7 + 6.1 Mg ha™! in the
floodplain forest. In Southeast Asia, Pfeifer er al. (2015) reported coarse woody debris
stocks within the range of 20 and 60 t ha'!. Mean biomass estimates for downed wood
in a tall and medium mangrove forest in the Mexican Carribean was reported by Adame
et al. (2013) as 16.7+4.2 Mg ha™' with range from 7.0+1.5 Mg ha! to 25.7+4.4 Mg ha’
I and a mean carbon stock estimate of 8.3+2.1 Mg C ha“!. Gairola et al. (201 1) reported
a range of 215.5 to 486.2 Mg ha!and 107.8 to 234.1 Mg C ha™! for total live tree

biomass density and live carbon density respectively, in Uttrakhand, India. Borah et al.
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(2013) reported aboveground biomass in the range of 32.47 Mg ha™! to 261.64 Mg ha~
I"and a carbon stock range of 16.24 Mg ha™' to 130.82 Mg ha™! in Northeast India.
Pragasan (201 5) recorded total carbon stock of 10.9 + 3.6 t C ha™ and tree carbon stock
ranging from 3.53tC ha™' t0 38.92 t C ha™! in tropical forests of Bodamalai hills, Tamil
Nadu. Li er al. (2015) reported tree carbon estimates and soil carbon stock estimates
ranging from 0.02+0.001 Mg C ha'! to 141.43+5.29 Mg C ha'! and 81.08+10.13 Mg C
ha' to 160.39+17.96 Mg C ha’l, respectively in a converted secondary forest in South
Yunnan Province, Southwest China. Dalal and Allen, (2008) stated that tropical
rainforests have an average soil carbon of 243 t C ha"'. Cusack er al. (2017) reported
soil carbon stocks to a depth of one meter ranging between 72 and 203 Kg C m™ in
tropical forests of Panama. Chhabra er al. (2003) reported estimated mean soil carbon
densities in the range of 37.5 t ha'! in tropical dry deciduous forests to 92.1 t ha'! in
littoral and swamp forests in India. Pandey and Pandey (2013) report a total soil carbon
estimate for dense, moderate and sparse mangrove in India as 87.83 t C ha’!, 36.99 t C
ha'' and 44.08 t C ha! respectively. Matsui ef al. (2013) reported soil carbon estimates
of 71.8 = 154.8 t C ha"! in an abandoned mangrove shrimp pond in Khanom, Thailand.
Donato er al. (2012) reported soil carbon estimates of 631 — 754 Mg C ha™! in tropical
mangroves in the Pacific. Total mean ecosystem carbon pools of 937 t C ha were
reported by Alongi, (2012) for mangroves across six locations in Asia. Ngo et al. (2013)
reported total carbon stocks of 337 Mg C ha! and 274 Mg C ha! in a primary and

secondary forest in Singapore.

2.11  Soil bulk density
Soil bulk density is an indicator of soil compaction. Expressed as the ratio of

mass of dry solids to bulk volume of soil, it is an essential variable for estimating soil
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mass, nutrient pools, and carbon storage (Han er al. 2016). Different methods have been
used in the determination of soil bulk density including direct methods which can be
obtained from the core (Walter et al., 2016; Cassanova er al., 2016), excavation (Bauer
et al., 2014) and the clod (Cassanova er al., 2016) procedures. Bulk density changes
over time, depending on cultivation and field management operations (Don et al.,
2011). Jeyanny et al. (2014) reported soil bulk density values for topsoils of montane
forest and lowland forest in Malaysia of 0.3 — 0.5 g cm™ and 1.2 - 1.3 g cm™
respectively. Hafkenscheid (2000) reported soil bulk density values at 0 — 14 cm depth
between the range 0f 0.40 g cm and 0.72 g cm™ in a tropical montane forest of Jamaica.
Marchio et al. (2016) reported mean soil bulk density in the dwarf mangroves of
0.16=0.04 g cm™ in Southwest Florida. Lupembe, (2014) reported soil bulk density in
the range 0f 0.53 — 1.17 g cm™3 with mean 0f0.89+0.17 g cm"3 in mangrove ecosystems
in Tanzania. Soil bulk density is however, not an intrinsic soil property but depends on
external conditions, with changes associated with a variety of factors and with various
natural and anthropogenic processes (Zeng et al., 2013). Given its spatial variability,
an accurate and efficient sampling of bulk density has challenged soil scientists,
especially in highly variable forest soils. Determining the properties of forest soils
requires more intensive sampling, and they often have less predictive value than

agricultural soils for site assessment purposes.
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CHAPTER THREE
MATERIALS AND METHODS

3.1 Study area

The study area included two study sites; the mangrove forest along the Great
Kwa river, Calabar and the Oban division of the Cross River National Park (Figure [).
The Great Kwa River originates from the Oban hills in Cross River State, Nigeria and
flows into the Cross River estuary. The Great Kwa River has a continuous band of
forested mixed mangrove wetlands extending from the mouth of the river up to the
reaches of the tidal flushing near Atimbo. This area estimated to be 195,000 hectares
lies within latitudes 04° 45" and 04° 15" North of the Equator and longitudes 008° 15°
and 008° 30’ East of Greenwich Meridian. Diurnal tides exist in the area varying from
high to low tides. The dominant species in the area are Nypa fruticans Wormb (Family:
Arecaceae), Rhizophora racemosa Meyer (Family: Rhizophoraceae) and Avicennia
africana Palisot de Beauvois (Family: Avicenniaceae).

The Cross River National Park (CRNP) lies between latitudes 5° 05° and 6° 29’
N and longitudes 8° 15" and 9° 30’ E in the south eastern corner, Cross River State,
Nigeria. It covers an area of about 400, 000 hectares of primary tropical moist rainforest
ecosystem in the south and central parts and montane mosaic on the Obudu Plateau.
Cross River National Park is an important ecological gene pool containing one of the
oldest rainforests in Africa. It lies in the Guineo-Congolian rainforest refugia with close

canopy and scattered emergent trees which reach a height of 40 and 50 metres.
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On account of its critical conservation status, it has been designated as one of the 25
United Nations biodiversity hotspots in the world. The park has two distinct non-
contiguous divisions; Oban division, about 300, 000 hectares and the Okwangwo
division, 100, 000 hectares. The annual precipitation ranges between 2000 mm to 3000
mm; relative humidity in and around the park is well over 30 per cent. The temperature

rarely falls below 19 °C with an annual mean of 27 °C.

32 Field investigations
3.2.1 Study design and plot establishment

Ten line transects of 150 m each were established systematically in both study
sites along which three rectangular plots of 250 m? (10 m x 25 m) were established. In
the mangrove, the first plot was established 30 m from the river ecotone at Esuk Atu
(Figure 2), while in the rainforest, the first plot was established 30 m from the entry
point of the forest at Erokut Camp, Akamkpa (Figure 3). A total of 30 plots each were

sampled in both sites covering a total of 1.5 hectares.

3.2.2 Tree sampling

Tree species in the sample plots were measured at 1.37 m above ground level to
obtain diameter at breast height (DBH) using a diameter tape (Germany). All tree
measurements were done non-destructively. Tree height was measured using a Nikon
Forestry Pro rangefiinder (Japan). Dead downed wood on the forest floor were measured
using a Haglof Mantax caliper (Sweden). Dead and downed wood was non-
destructively sampled using a modified planar intersect technique by Kauffman et al.,
(1998). A sub-transect of 12 m length was laid 45 © of fthe main transect line. At each

transect, diameter of any downed wood intersected by the transect was measured.
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Downed wood was categorized into size classes and particle diameter as those
determined for woody debris in upland tropical forests by Kauff man and Cole, (2010):
0 —0.64 cm diameter, 0.64 —2.54cm. 2.55 - 7.5 cm and > 7.6 cm diameter. Dead wood
< 0.64 cm diameter was measured along 2 m of the transect, 0.65 cm to 2.54 cm along
Sm,2.55cmto 7.5 cm along 10 mand> 7.6 cm along 12 m. Canopy cover of dominant
tree species in sample plots were measured using a spherical densiometer (USA). Only
trees > 10 cm dbh were measured. This is because smaller trees often constitute a
relatively insignificant proportion of the total ecosystem carbon stock (Cummings et

al., 2002; Kauffman and Donato, 2012).

3.2.3 Soil sumpling

Soil samples were collected from the centre of established plots in both forest
types. Four depths were sampled for bulk density, total carbon and nitrogen analysis; 0
cm —15cm, 15 cm — 30 cm, 30 cm - 60 cm and 60 cm — 100 cm, using a modified
Russian open face peat auger, allowing for the collection of undisturbed soil cores. The
collected soil samples for total carbon and nitrogen analysis and bulk density
determination were carefully placed in properly labelled polythene bags respectively
for transport to the laboratory for drying in the Post graduate laboratory of the
Department of Plant and Ecological Studies, University of Calabar. Soil samples were

dried at 60 °C for 48 hours in a hot air oven (China).

3.3 Laboratory analysis
3.3.1 Bulk density determination
Soil cores for bulk density determination were collected by the intact core

method using a fabricated hollow cylindrical steel ring of diameter and height 7 cm and
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10 cm respectively (McKenzie er al., 2004). The point of collection was prepared by
removing debris on the soil surface. The steel ring was gently hammered into the soil
till it was filled with soil. Deeper layers > 10cm were sampled with the auger. Excess
soil around the ring was excavated using a cutlass without disturbing the soil contained
in the ring. The ring was carefully removed with the intact soil and placed in properly
labelled polythene bags for transport to the laboratory and thereafter oven dried at 60
°C for 48 hours. Soil bulk density was calculated by dividing the dry soil mass by the

soil volume.

3.3.2 Total carbon and nitrogen determination in soil

Soil total carbon and nitrogen were determined by dry combustion method
(Sollins et al., 1999) using a Thermal Scientific Flash EA 2000 CN analyzer at the
ICRAF Soil-Plant Spectral Diagnostics Laboratory, Nairobi, Kenya. The analysis is
based on the flash dynamic combustion method, which produces complete combustion
of the soil sample within a high temperature reactor, followed by an accurate
determination of the elemental gases produced using a thermal conductivity detector.
The soil sample was weighed in tin/silver capsules, placed inside the auto-sampler at a
preset time, and then dropped into an oxidation/reduction reactor kept at a temperature
of 900 — 1000 °C. The exact amount of oxygen required for optimum combustion of
the sample was delivered into the combustion reactor at a precise time. The reaction of
oxygen with the tin capsule at elevated temperature generated an exothermic reaction
which raised the temperature to 1800 °C for a few seconds. At this high temperature
both organic and inorganic substances were converted into elemental gases which, after
further reduction, were separated in a chromatographic column and finally detected by

a highly sensitive thermal conductivity detector and the values were recorded.
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3.4 Data analysis

Data obtained from canopy closure, biomass, carbon and nitrogen pool
differences in both sites were analyzed statistically using One-way ANOVA with
Statistical Package for the Social Sciences (SPSS) Version 23 for Windows and means
were separated using the Duncan Multiple Range Test at P = 0.05. A two-sample
Students -test assuming unequal variances was performed to test that the resulting

means of the estimates for the two forest types are equal.

3.4.1 Canopy closure

Canopy closure was calculated by counting the number of squares of the 24
squares on the densiometer covered or not covered by vegetation. Four readings were
taken and averaged to give the closure estimate per tree. The number obtained was

multiplied by 1.04 to obtain percentage canopy closure. (Englund, 2000).

3.4.2 Above ground biomass (AGB) and Below ground biomass (BGB)
Allometric equation for moist rainforest and mangrove by Chave er al., (20095)

was used for the estimation of above ground biomass. The equation is as follows;

AGBest = 0.0509 x pD2H

Where,

AGBes = Above ground biomass estimate (kg)

D = Diameter at breast height (cm)
H = Tree height (m)
p = Wood density (g/cm?);

Wood density of species were accessed from Carsan er al. (2012). Where wood density
was unknown, the standard average of 0.6 g/cm?® was used. Nypa biomass was estimated

using the equation by Wilson, (2010);
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AGBN = 0.029 x (T)2013

Where,

AGB~ = Nypa Above ground biomass

il = Total frond length per plot

A general equation for lianas in tropical upland forest of China by Lu er al. (2009) was
used to calculate liana biomass. The equation is as follows;

B =0.1498 + 1.7895 x In (D) x In (D)

Where,

B = Biomass (kg)

In = natural logarithm

D = Diameter (cm)

Below ground biomass was computed as 20 % of above ground biomass (Ponce-

Hernandez, 2004).

3.4.3 Biomass and carbon stock density

Biomass stock density was calculated by taking the sum of all the individual
weights (in kg) of a sampling plot and dividing it by the plot area. This value was
converted to tonnes per hectare by multiplying by 0. Biomass stock density ivas
converted to carbon stock density by multiplying with the IPCC, (2006) default carbon

fraction 0f 0.47.

3.4.4 Dead and downed wood biomass
Biomass of downed wood was calculated using formulas by Kauffman and
Cole, (2010). The formulas are listed below;

<0.64 cm diameter; p x 100 ((m*NQMD?)/(8L)); where p = 0.48 and QMD = 0.43
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3.4.7 C:N ratio
Carbon/nitrogen ratio was calculated by dividing the mass of carbon by the mass

of nitrogen per depth.

3.4.8 Total carbon stock density
Total carbon stock density was calculated by summing the mean carbon stock
density (Mg C ha') of the individual carbon pools using the formula below (IPCC,
2006).
TeC =Cagb + Cbgb + Cddw + TCsail
Where,
TeC = Total ecosystem carbon pool
Cagb = Aboveground biomass carbon stock density
Cbgb = Belowground biomass carbon stock density
Cddw = Dead and downed wood carbon stock density
TCsoil = Total soil carbon
While the total carbon stock for the project area was calculated using the formula by
(Kauffman and Donato, 2012)

Total carbon stock of project area (Mg C ha!') = Total carbon (Mg ha') x Area (ha)

3.4.9 Carbon dioxide equivalent (COze)

Carbon dioxide equivalent (CO2¢) was calculated by multiplying the total

carbon stock density by 3.67 (Pearson et al., 2007; IPCC, 2006)
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CHAPTER FOUR
RESULTS

4.1 Canopy closure

Canopy closure in the mangrove forest of Great Kwa river, Calabar and
rainforest of the Cross River National Park, Oban West Division, Akamkpa are
presented in Figure 4, and Appendix |, I1. Analysis of variance revealed no significant
difference in mean canopy closure between transects sampled within both forest types
(Appendix II). Mean canopy closure in the mangrove was highest in transect two
(29.45+£3.00 %) and least in transect four (18.61£9.23 %). In the rainforest. highest
mean canopy closure was recorded in transects five and nine (89.60+0.45 % and
89.60+0.68 %), respectively, while transects four and six had the least mean canopy
closure (88.30£1.30 % and 88.30+£2.26 %), respectively. Independent sample t-test
showed that mean canopy closure in the rainforest (88.83+1.06 %) were signiticantly
higher (P = 0.001) than mean canopy closure in the mangrove (24.11+4.62 %), t (58) =

-74.63 (Appendix II1, IV).

4.2 Total aboveground and belowground biomass and carbon stock

Above ground biomass and carbon stock and below ground biomass and carbon
stock estimates in the mangrove forest of Great Kwa river, Calabar and rainforest of the
Cross River National Park, Oban West Division, Akamkpa are presented in Figures 5,
6,7, 8 and Appendix I, I1. Analysis of variance showed significant difference (P = 0.05)
in above ground biomass and carbon stock and below ground biomass and carbon stock

between transects sampled within both forest types (Appendix L1).
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FIG 4: Mean canopy closure in the mangrove forest of Great Kwa river Calabar,
and rainforest of the Cross River National Park (CRNP), Oban West Division,

Akamkpa, Cross River State, Nigeria.

S



800.0000 -

700.0000

600.0000

500.0000

400.0000

300.0000

Mean aboveground hiomass stock (t ha!)

200.0000

100.0000

0.0000

Transect

® Mangrove
& CRNP

FIG S: Mean aboveground biomass (AGB) stock in the mangrove forest of Great Kwa

river Calabar, and rainforest of the Cross River National Park (CRNP), Oban West

Division, Akamkpa, Cross River State, Nigeria.

52



400.0000

350.0000

300.0000

250.0000

200.0000

150.0000

100.0000

Mean aboveground carbon stock (Mg C ha'')

50.0000

0.0000

Transect

® Mangrove
& CRNP
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53



160.0000 -

_140.0000 -

P

=

2120.0000 -

e

o

£100.0000 -

2

<=

E ® Mangrove
§ 80.0000 - SR
20

2

2

2 60.0000 -

=

g

=

40.0000 -

20.0000 A

0.0000 -

Transect

FIG 7: Mean belowground biomass stock in the mangrove forest of Great Kwa river
Calabar, and rainforest of the Cross River National Park (CRNP), Oban West Division,

Akamkpa, Cross River State, Nigeria.



80.0000 -
70.0000 -
60.0000 -
50.0000 -

40.0000 + ]

® Mangrove
& CRNP

30.0000

20.0000

Mean belowground carbon stock (Mg C ha')

10.0000

0.0000

Transect

FIG 8: Mean belowground carbon stock in the mangrove forest of Great Kwa river
Calabar, and rainforest of the Cross River National Park (CRNP), Oban West Division,

Akamkpa, Cross River State, Nigeria

55



In the mangrove and rainforest the highest mean aboveground biomass and carbon
stock and below ground biomass and carbon stock were recorded in transect three
(104.67+6.57 t ha''; 49.19+3.08 Mg C ha!, 20.93+1.31 t ha'; 9.83+0.61 Mg C ha')
and (657.49+81.90 t ha'; 309.02+38.49 Mg C ha!, 131.49+16.38 t ha-1; 61.80+7.70
Mg C ha'), respectively (Appendix 1). The least mean aboveground biomass and
carbon stock and belowground biomass and carbon stock were recorded in transects
one in the mangrove (56.94+5.04 t ha'; 26.76+2.37 Mg C ha"!, 11.38+1.00 t ha!;
5.34+0.47 Mg C ha’') and transect ten in the rainforest (86.49+23.43 t ha-i;
40.65£11.01 Mg C ha', 17.29+4.68 t ha''; 8.12+2.19 Mg C ha'), respectively
(Appendix I). Independent sample t-test showed that mean aboveground biomass and
carbon stock, and belowground biomass and carbon stock in the rainforest
(242.82+195.79 t ha'!, 114.12492.02 Mg C ha"' and 48.55+39.16 t ha''!, 22.82+18.40
Mg C ha) respectively (Appendix III), were significantly higher (P =0.001)than mean
aboveground biomass and carbon stock, and belowground biomass and carbon stock in
the mangrove (76.08+22.40 t ha"!, 35.71+10.49 Mg C ha' and 15.21+4.48 t ha’

7.13£2.09 Mg C ha™!) respectively, t (58) = -4.63 (Appendix IV).

4.3 Dead and downed wood carbon stock

Dead and downed wood biomass and carbon stock estimates for the different
size classes sampled in the mangrove forest of the Great Kwa river, Calabar and
rainforest of the Cross River National Park, Oban Division, Akamkpa are presented in

Figure 9, Table | and Appendix V. Analysis of variance showed significant difference
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TABLE 1

[———— ™ can dcad and downed wood biomass and carbon stock by size class in the mangrove forest of Great Kwa river, Calabar and rainforest

gl the Cross River National Park (CRNP), Oban West Division, Akamkpa, Cross River State, Nigeria.
———=izc class (¢m) Mangrove biomass Rainforest Mangrove carbon Rainforest carbon
(kg) Biomass stock stock
(kg) Mg C ha"! Mg C ha!
—— - B
0-— 0.64 7.45+5.82 5.83+6.41 0.01+0.01 0.01+0.01
0.6S — 2.54 35.26+31.66 42.08+45.41 0.05+0.05 0.04+0.06
0.65 — 2.54 85.31+121.94 244.57+263.69 0.16+0.24 0.48+0.52
> 7.6 549+1087.44 586.78+1190 1.09+2.17 L7237
\—_\_

ol y Y
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(P =0.05) in the mean downed wood biomass and carbon stock between the different
size classes (Appendix V). Mean dead and downed wood biomass and carbon stock in
both forests increased with increasing size class. The highest and least mean biomass
and carbon stock of dead and downed wood in the mangrove were 549+1087.44;
7.45+5.82, and 1.09+2.17 Mg C ha’'; 0.01£0.01 Mg C ha’l, respectively. In the
rainforest, the highest and least mean dead and downed wood biomass and carbon stock
were 586.78+1190; 5.83+6.41 and 1.17+2.37 Mg C ha'; 0.01+0.01 Mg C ha',

respectively (Table 1).

4.4 Soil bulk density

Soil bulk density at different depths sampled in the mangrove forest of the Great
Kwa river, Calabar and rainforest of the Cross River National Park, Oban West
Division, Akamkpa are presented in Figure 10, Table 2 and Appendix VI. Analysis of
variance showed no significant difference in bulk densities at the different depths
sampled within both forests (Appendix VI). The highest and lowest mean soil bulk
density in the mangrove was recorded in depths 15 — 30 cm with 0.40+0.07 g cm3 and
30 — 60 cm with 0.39+0.07 g cm™3, respectively. In the rainforest, the highest and least
mean soil bulk density was recorded in depths 0 — 15 cm with 0.80+0.13 g cm= and 15

— 30 cm with 0.7620.14 g cm™3, respectively (Table 2).

4.5 Total soil carbon and nitrogen stocks
Total soil carbon and nitrogen estimates in the mangrove forest of Great Kwa
river, Calabar and rainforest of the Cross River National Park, Oban West Division,

Akamkpa are presented in Figures 11, 12 and Appendix 1. Analysis of variance showed
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FIG 10: Mean bulk density of soil at sampled depths in the mangrove forest of Great
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TABLE 2

Mean soil bulk density at different depths in the mangrove forest of Great Kwa river,
Calabar and rainforest of the Cross River National Park (CRNP), Oban West Division,
Akamkpa, Cross River State, Nigeria.

Depth (cm) Mangrove soil bulk Rainforest soil bulk
density density
(g em?) (gem?)
0-15 0.40+0.08 0.80+0.13
15-30 0.40+0.07 0.76+0.14
30 - 60 0.39+£0.07 0.79+0.16
60 - 100 0.39+0.07 0.79+0.16
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no significant difference in soil carbon estimates between transects sampled in both
forests (Appendix II). In the mangrove forest, the highest and least mean total soil
carbon was recorded in transect six (416.55£23.66 Mg C ha’ and transect nine
(353.31+46.32 Mg C ha''), respectively (Appendix ). In the rainforest, highest and least
mean total soil carbon was recorded in transect six (99.32+7.77 Mg C ha!) and transect
eight (80.12+9.33 Mg C ha), respectively. Independent sample t-test showed that
mean total soil carbon in the mangrove (380.13+41.09 Mg C ha™') were significantly
higher (P = 0.001) than mean total soil carbon in the rainforest (89.27+10.84 Mg C ha
1), t (38) = 37.48 (Appendix II1, V).

Analysis of variance showed no significant difference in mean total soil nitrogen
estimates between transects sampled within both forests (Appendix II). Mean total soil
nitrogen in the mangrove was highest in transect six (20.21£1.20 Mg N ha!) and least
in transect nine (17.26+2.36 Mg C ha™!). In the rainforest, the highest and least mean
total soil nitrogen was recorded in transect six (7.71+0.38 Mg N ha™') and transect 7
(6.39+1.43 Mg N ha''), respectively (Appendix I). Independent sample t-test showed
that mean total soil nitrogen in the mangrove (18.55+1.99 Mg N ha™') was significantly
higher (P = 0.001) than mean total soil nitrogen in the rainforest (6.91+0.77 Mg N ha-
1), t (58) = 29.75 (Appendix 111, IV).

Analysis of variance showed no significant difference in mean carbon/nitrogen
(Figure 13, Appendix 1I) ratios between transects sampled within both forests. Mean
carbon/nitrogen ratio in the mangrove was highest in transect four (20.62+0.33:1) and
least in transect three (20.37£0.09:1). In the rainforest, the highest and least mean
carbon/nitrogen ratio was recorded in transects nine (13.36+0.57:1) and transect eight

(12.48+0.39:1), respectively (Appendix I). Independent sample t-test showed mean
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FIG 13: Mean carbon/nitrogen ratio in the mangrove forest of Great Kwa river Calabar,
and rainforest of the Cross River National Park (CRNP), Oban West Division,
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carbon/nitrogen ratio in the mangrove (20.48+0.27:1) was significantly higher (P =
0.001) than mean carbon/nitrogen ratio in the rainforest (12.08+0.58:1).t (58) = 64.74

(Appendix 111, 1V).

4.6 Total carbon stock, project area total and carbon dioxide equivalent

Total carbon stock density estimates for the mangrove forest of the Great Kwa
river, Calabar and rainforest of the Cross River National Park, Oban West Division,
Akamkpa are presented in Figure 14. In the mangrove, total carbon stock density was
423.31 Mg C ha™'. Total carbon in soil ranked highest in constituting the total carbon
stock density with 89.79 %, followed by aboveground biomass with 8.43 %,
belowground biomass 1.68 %, and dead and downed wood biomass with 0.07 %.
Carbon dioxide equivalent (COze) of the mangrove was 1, 553.54 Mg. In the rainforest,
total ecosystem carbon stock estimate was 226.65 Mg C ha'!. Aboveground biomass
ranked highest, constituting 50.35 %, followed by total carbon in soil with 39.38 %,
belowground biomass, 10.06 % and dead and downed wood with 0.18 %. Carbon

dioxide equivalent (COze) of the rainforest was 831.80 Mg.

66



400 ~
® Mangrove 38013

8 Rai
350 J Rainforest

300 -
250 -
200 -
150 -

114.12
100

Total carbon stock density (Mg C ha'!)

50

35.7
22.82

713 033 042

o
|

AGC B8GC DDW TSC

Carbon pools

FIG 14: Total carbon stock density of pools in the mangrove forest of Great Kwa river
Calabar, and rainforest of the Cross River National Park, Oban West Division,
Akamkpa, Cross River State, Nigeria. AGC: Aboveground carbon, BGC: Belowground

carbon, DDW: Dead and downed wood, TSC: Total soil carbon.

67



-

CHAPTER FIVE
DISCUSSION, SUMMARY AND CONCLUSION

5.1 Discussion
S.1.1 Canopy closure

Canopy closure in forests have been directly related to the light regime and
microclimate, therefore affecting plant growth and survival at the point of measurement
(Gonsamo et al., 2013). Parker (2014) noted that percent canopy closure measured with
a densiometer helped to predict gap light index of forests. The higher canopy closure
estimates of this study in the rainforest (88.83 %) in contrast to the mangrove forest
(24.11 %) (Figure 4, Appendix I) depicts a contrast in ecosystem forest textural
characteristics and forest structure (Bongers, 2001). The rainforest canopy closure
estimates in this study were comparable with estimates reported for red and white pines
in eight different locations in Ontario of 47.8 %, 65.7 %, 42 %, 61.0 %, 66.6 %, 87.8
%, 65.8 % and 82.0 % using a spherical densiometer (Parker, 2014), and in Italy 0f 86.2
% (Paletto and Tosi, 2009). Mangrove canopy closure estimates in this study were
slightly higher than that reported by Loria-Naranjo et al. (2014) of 17.2 % in Santa
Rosa National Park, Costa Rica. The canopy closure estimates in the mangrove were
generally low compared to the rainforest and may be due to large canopy gaps which
are a common feature in mangroves facing disturbance regimes such as selective
harvesting and natural mortality of trees (Miles et a/., 2006). However, gaps created
that reduce canopy closure provide opportunity for tree recruitment within the
mangroves as there is increased light penetration to the forest floor (Sherman er al.,
2000). As canopy closure increases, the forest microclimate is increasingly protected
from direct solar radiation and provides lower maximum temperatures and increased

humidity, a phenomenon termed ‘mesophication’ (Nowacki and Abrams, 2008). The
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overall effect of this phenomenon is uncertain, but most likely canopy closure may
counteract the effects of macroclimate warming on the forest understory (De Frenne er
al, 2013; Nowacki & Abrams, 2015). Also, with photosynthetic rates being
proportional to growth, more biomass and slower decomposition rate occurs where
there is high closure and less biomass and higher decomposition rates where closure is
low (Maginniss et al, 2002). Canopy closure directly or indirectly governs
development and distribution of understorey vegetation by regulating understorey light

and soil conditions (Chen et al., 1999; Bartels and Chen, 2010; Verheyen et al.. 2012).

5.1.2 Total above-ground and below-ground biomass and carbon stock

The above ground biomass and carbon stock estimates of the mangrove forest
of the Great Kwa river in this study was 76.08+22.40 t ha! and 35.71£10.49 Mg C ha-
I'respectively (Figures 5, 6 and Appendix 1). These estimates were lower than estimates
reported by Sitoe e al. (2014) of 134.6 t ha'! and 58.6 Mg C ha™! in Sofala bay, Central
Mozambique, Abino er al. (2014), 561.2 t ha! and 263.8 Mg C ha™! in a natural
mangrove forest in Palawan, Trettin et al. (2015), 113 t ha! in mangroves of the
Zambezi river delta, Chandraeral. (2011), and 116.8 t ha™! in Sarawak mangrove forest
in Malaysia. Kauffman er al. (2011) reported mean above ground biomass stock
estimates in the range of 254 t ha"! to 406 t ha! in Micronesian mangroves, which were
greater than the results of this study. Higher mangrove above ground biomass carbon
stocks were reported by Kridiborwon et al. (2012) of 140.5 Mg C ha! in Thailand, and
lower than the results of this study were reports by Chen er al. (2012) of 55.0 Mg C ha
I'in China. These differences may be as a result of variations in allometric equations as
some equations are species-specific, as this study made use of general equations

generated elsewhere for the tropics (Chave er al., 2005). However, the estimates of this
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study were comparable and slightly higher than the reports by Khan and Subasinghe,
(2018) 0f63.04 t ha"! and 22.05 Mg C ha™' in the mangroves of Muthurajawela wetland,
Sri Lanka and Fatoyinbo er al., (2008) of 67 t ha"! in Inhambane, along the Mozambique
coasts, Murdiyarso et al. (2009) of 61.4 t ha"! in north Sulawesi. The above ground
biomass and carbon stocks estimates of this study are also within the ranges reported
by Borah eral. (2013) of32.47tha™" -261.64 tha' and 16.24 Mg C ha™' - 130.82 Mg
C ha™! in Northeast India, although the upper limits are far greater. Hastuti er al. (2017)
and Bindu et al., (2018) reported mangrove above ground biomass estimates of 38.60 t
hal in Bali and 19.33 t ha' in Kerala, [ndonesia, respectively using remote sensing.
These estimates were lower than the estimates in this study and may be due to the
method employed in biomass estimation. Lu, (2006), stated that field measurements are
the most accurate in biomass data collection though expensive, time consuming and
labour intensive.

Below ground biomass and carbon stock estimates in the mangrove forest in this study
were 15.21+£4.48 t ha! and 7.13+£2.09 Mg C ha’!, respectively (Figures 7, 8 and
Appendix I). Below ground biomass was estimated using 20 percent of above ground
biomass (Ponce-Hemandez, 2004). Below ground biomass stock estimates for dwarf
mangroves in Mexico have been reported by Adame er al. (2013) as 8.7 t ha"' and
Trettin er al., (2015) reported a combined below ground biomass stock of 11.40 t ha*'.
These estimates are comparatively lower than the estimates in this study and may be
due in part to the height differences of tree species within sampled forests. High below
ground biomass stock and carbon stock estimates compared to the results of this study,
were reported by Abino ef al. (2014) of 196.50 t ha! and 92.30 Mg C ha"!, Kauffman
etal. (2011) of 171.0 t ha! in Palau 80.0 Mg C ha! and 312.0t ha! and 144.0 Mg C

ha” in Yap. These high estimates may be attributed to marked differences in tree trunk
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diameters of species in their sample sites as tree trunk plays a major role in the estimates
of biomass using allometric equations (Komiyama et al., (2005). Santos er al. (2017)
stated that several factors can regulate the belowground biomass in mangrove forests,
and consequently, the carbon stock associated with it, including the position of the area
that is being sampled and its relation to the water body, or flood tide frequency, and its
position in relation to the continent. Aboveground and belowground biomass and
carbon stock estimates in rainforest of the Cross River National Park was
242.82+195.79 t ha'! and 114.12+92.02 Mg C ha and 48.55+39.16 t ha!, 22.82+18.40
Mg C ha”, respectively (Figures 5, 6,7 8 and Appendix I). These results are comparable
to results reported for rainforests in other locations. For instance, Gairola, (2011)
reported total live tree biomass density of 215.5 t ha'! and carbon density of 107.8 Mg
C ha’!, Borah eral. (2013), mean aboveground biomass stock ranged from 32.47 t ha™
-261.64 t ha™! and carbon stock ranges from 16.24 Mg C ha™' to 130.82 Mg C ha™,
respectively. Rana er al. (2015) reported total biomass of trees ranging between 178 t
ha™' and 431 t ha™, and carbon stock between 89.07 Mg C ha™ and 206 Mg C ha™'.
Thokchom and Yadava, (2017) estimated aboveground biomass and carbon stock
ranges between 124.56 t ha™ and 254.99 t ha™ and 60.09 Mg C ha™ to 121.43 Mg C
ha™', respectively. Salunkhe er al. (2014) reported estimates of aboveground biomass
and carbon stock in tropical deciduous forests in India ranging from 3.99 t ha™ - 53.90
tha™ and 1.89 Mg C ha™' - 25.6 Mg C ha™!, respectively, across different study sites.
Mtui, (2017) reported aboveground biomass and carbon stock of 168.51 t ha™! and 79.20
Mg C ha™ in a tropical rainforest in Malaysia. Ekoungoulou er al. (2014) reported mean
above ground carbon stocks estimates in a tropical rainforest in Congo of 168.601 Mg
C ha™ and 39.551 Mg C ha™' for belowground suggesting higher biomass stocks than

the results of this study. The variation in estimates compared to the estimates of this
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study may be due to variations in carbon dynamics within tree species and soil in these
locations as well as differing vegetation types. Comparing the biomass and carbon
stocks of the two forest types sampled in this study, results revealed significantly higher
biomass and carbon stocks of the rainforest with reference to the mangrove forest. The
differences in biomass may be attributed to varied ecosystem processes and dynamics
within both forests which are driven ultimately by the long-term balance between the
rate at which wood has been produced and the rate at which it has been lost. Likewise,
biomass change, a key variable for understanding forest carbon budgets, results from
imbalances between these growth and loss terms (Pan er al, 2013). Increased
temperature in terrestrial environments as pointed out by Rusu (2013), determines an
increase in the amount of natural atmospheric CO2, which significantly boosts
photosynthesis, and enhance metabolism as well as increase the amount of vegetation
biomass. Quesada er al. (2012) stated that forest attributes including biomass
production are also strongly influenced by disturbances, edaphic conditions,
topography, and successional sequences. Also, human-induced global environmental
changes exert complex effects on forest productivity and carbon storage (Friedlingstein

et al., 2006; Magnani et al., 2007).

5.1.3 Dead and downed wood carbon stock

The dead and downed wood carbon stock in this study was found to increase
with increasing size class in both forests. Carbon stock in the mangrove ranged from
0.01£0.01 Mg C ha t0 1.09+2.17 Mg C ha"!, respectively. While, the rainforest, ranged
from 0.01£0.01 Mg C ha’!' respectively to 1.17 Mg C ha’!, respectively (Table I).
Reports by Woodall er al. (2013) on downed wood carbon stock averaged 0.9 Mg ha"!

in the United States and is comparable with the results of this study. Oswalt er al. (2008)
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reported a range of 4.6 — 28.3 Mg ha~', Adame et al. (2013), reported a range of 7.0 ~
25.7 Mg ha™'. Kauffman, er al. (2011) reported estimates in the range 0f29.6 Mg ha-!
and 43.1 Mg ha! in mangroves in the Federated States of Micronesia and Ngo er al.
(2013) reported estimates ranging from 8.3 Mg ha! to 31.3 Mg ha"! in tropical forests
in Singapore. These estimates are greater than the estimates of this study, and may be
due to inclusion of litter biomass estimates in those studies (Oswalt ef al., 2008). Also
variations in nomenclature of what constitutes dead and downed wood biomass has led
to over or under estimation, depending on whether standing and downed stems and
branches, stumps, and dead coarse roots belowground are collectively sampled or some
components are excluded (Harmon et a/., 2013). Differences in methods of estimation
either directly or indirectly with the use of volume estimators and associated biomass
conversion constants, which could be general or species specific can give inconsistent
estimates (Woodall and Monleon, 2008; Fraver et al., 2007). The accuracy of woody
detritus biomass estimates can be improved by incorporating wood density by decay
class. species, position with respect to the soil surface, and tissue type (Harmon et al..
2013). Domke et al. (2013) stated that the inventory and monitoring of dead and
downed wood carbon stocks are essential components of any comprehensive National
Greenhouse Gas Inventory (NGHGI). Dead and downed wood dynamics play a key
role in many forest ecosystems therefore, understanding the mechanisms involved in
the accumulation and depletion of deadwood can enhance our understanding of
fundamental processes such as carbon sequestration and disturbance regimes, allowing
better predictions of future changes related to alternative management and climate

scenarios (Garbarino et al., 2015).
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in mangrove forests of Zambezi Delta, Mozambique, Kauffman et al. (2011), found
236 Mg ha! of soil carbon at Yap mangrove forest. Sahu et al. (2016) found 54.3 Mg
ha!' and 57.6 Mg ha' in soil to a depth of 30 centimetres in natural and plantation
mangroves respectively, in Mahanadi forest in India. These results were lower than the
results in this study and may be attributed to the increment in depths sampled in this
study. Kauffman er al. (2014) reported soil carbon stocks in three mangrove forests in
the Dominican republic of 546 Mg ha!, 1084 Mg ha’!, and 713 Mg ha"! respectively.
Murdiyarso et al. (2009) reported 822.1 Mg ha! in Indonesia. These results were higher
than the results of this study and may be due to higher bulk density values of soils in
those regions. Depth differences in carbon stock and variations in soil type and
landscape could also be a contributing factor to the higher stocks recorded in those
studies (Kairo er al.. 2008; Quesada et al., 2010). Soil carbon stock in the rainforest
were comparable with the results of Walker and Desanker, (2004) with reports of an
average of 85 Mg ha™' to a depth of 150 centimetres in Miombo woodlands of Malawi.
Also, Dos Santos et al. (2015) reported soil carbon stocks to a depth of 30 centimetres
of 61.4 Mg ha'! and 47.7 Mg ha"! in disturbed and undisturbed plots, respectively, in a
central Amazon forest. The soil carbon stocks of the mangrove in this study was four
times that of the rainforest and are lower than the estimates reported for mangroves by
other authors. Mangrove forests are reported (Sanderman et al., 2018) as having more
soil carbon than other forest types globally on an equal area basis. Donato et al. (2011)
stated that tropical wetlands are among the highest reported ecosystem carbon pools on
carth, with 49 — 98 % of ecosystem carbon stored in their organic soils. This is due to
high rates of primary productivity as well as anaerobic soil conditions that limit
decomposition, making their carbon stocks among the highest of any forest type

(Murdiyarso et al., 2012). Also, structural complexity of vegetated coastal ecosystems,
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root systems and vegetation, sets up mangroves to be highly efficient in trapping
sediment and associated organic carbon originating from autochtonous and
allochtonous riverine and oceanic sources (MclLeod et al., 2011). Yigini and Panagos,
(2016) stated that in the soil ecosystem, soil carbon influences soil physical and
chemical processes, and serves as a source of plant nutrients and that the storage of
carbon in the soil depends on the balance between gains and losses of carbon. Soil
carbon stocks are determined mainly by the balance between net primary production
from vegetation and the rate of decomposition of organic materials. While climate
change is expected to have an impact on soil carbon in the long term, changes in the
short term will more likely be driven by land management practices and land-use
change which can mask the evidence of climate change impact on soil carbon stocks
(EEA, 2012)

The availability of nitrogen has been found to control carbon accumulation.
increase primary productivity, increase carbon inputs to the soil and decrease soil
respiration thereby decreasing carbon outputs from the soil in forests (Piniero et al.,
2010; Cheng et al., 2011). The results of this study showed that there was no within
forest variation in nitrogen stocks for both forests studied, however, independent
sample t-test revealed a significantly higher (P = 0.001) total soil nitrogen in the
mangrove of 18.55+1.99 Mg N ha™! with reference to the rainforest; 6.91+0.77 Mg N
ha'l. Adame er al. (2013) and Kassa et al. (2017) also reported values greater than those
presented here of 46 Mg N ha! and 46 Mg N ha™! in Mexico and Ethiopia respectively.
Similar to the results reported for the mangrove stocks is the report by Urakawa et al.
(2016) of 16.3 Mg N ha' in a Sub-tropical forest of the Japanese Archipelago.
Variations in spatial distribution, forest type, climatic condition, land use and soil parent

material may be an explanation for the contrasts in soil nitrogen stocks (Urakawa et al.,
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2016; Li er al., 2012). Nitrogen has been found to be a limiting nutrient in forest
ecosystems (Davidson er al., 2004) hence, the change in soil nitrogen stocks are a
balance of nitrogen inputs and outputs. Changes and differences have also been related
to stage of forest development and age (Kimmins, 2004). Hungate et al. (2003) stated
that carbon sequestration in forests is sustained by the availability of nitrogen.
Quantifying forest soil C and N stocks is critical to understanding the ecological
responses of forests to changes in climate, land use, and management and to improve
global change models (Smith er al., 2012; Dib et al., 2014). In addition to this inherent
variability, there is large uncertainty in forest soil C and N estimates associated with
the soil sampling methods used (Gifford and Roderick, 2003; Jandl et al., 2014).
Mean carbon/nitrogen ratios in the mangrove 20.48+0.27 was significantly
higher (P = 0.001) than mean carbon/nitrogen ratio in the rainforest 12.08+0.58
(Appendix V), buttressing a higher mass of carbon in the soils of the mangrove forest
compared to the rainforest. These ratios in the mangrove can be compared with the
results of Weiss er al.. (2016) which is within the range of 9 — 28, and Kusumaningtyas
et al. (2019) ranging from 9 — 26.6 in mangroves in Indonesia. Similarly, Yimer e al.
(2006) reported results similar to that reported in this study in the rainforest in a
montane forest in Ethiopia 11.06 — 13.89. Similar results were also reported by
Nottingham er al. (2015) in a tropical forest of 6.7 — 17. Carbon and nitrogen in soils
are the main components of organic matter which depicts soil fertility. Both carbon and
nitrogen status associated with C/Nratio may play a key role in regulating soil organic
matter mineralization. The ratio of C/N indicates the rate of decomposition of organic
matter and this results in the release or immobilization of soil nitrogen (Swangjang,

2015).
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5.1.6 Total carbon stock density, project area total and carbon dioxide
equivalent

The total carbon stock density in the mangrove and rainforest was 423.31 Mg
C ha'! and 226.65 Mg C ha"', respectively. In the mangrove the soil carbon constituted
the highest percentage in total carbon stock density 0f89.79 % and this is coherent with
the reports of Donato et al. (2011) and Adame et al. (2013) who reported a percentage
in a range of 49 — 98 % and 78 — 99 %, respectively, further supporting evidence that
most of the carbon stored in mangroves is in the soil and sediments. Within the range
of the results in the mangroves of this study are reports by Alavaisha and Mangora,
(2016) of a range of 414.6 — 684.9 Mg C ha" in Tanzania, Abino er al. (2014) of 529.9
Mg C ha'in a mangrove forest in the Philippines and Adame er al. (2013) of a range of
177 - 987 Mg C ha! in Mexico. Higher and lower estimates were reported by Donato
et al. (201 1) of 1023 Mg C ha™! and Sahu et al. (2016) of 147 Mg C ha’l, respectively.
Similar ranges with the results recorded in the rainforest were reports by Ngo et al.
(2013) within a range of 274 — 337 Mg C ha'! in Singapore and Lal er al. (2016) of
56.06 —208 Mg C ha! inIndia. Lower estimates were reported by Villamor et al. (2010)
of 151.13 Mg C ha"! in the Philippines, Saner er al. (2012) of 167.9 Mg C ha and Zaki
et al. (2018) of 134 — 176.51 Mg C ha" both in Malaysia, Higher estimates were
reported for rainforest in India by Nautiyal and Singh, (2013) of 986.93 — 2420 Mg C
ha!. The rainforest had the highest percentage of its total carbon stock allocated
aboveground, and may be the result of huge allocation of biomass in large and tall trees
with buttresses typical of rainforests in the tropics (Lewis er al, 2013). Overall,
observed differences in total carbon stock densities with respect to other regions may
be attributed to variances in forest densities, forest age, conservation and management

status, and soil depths investigated. The total carbon stock for the project area and
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carbon dioxide equivalent of the mangrove was 634.96 Mg and COze of 2330.32.
respectively. The total carbon stock for the project area and carbon dioxide equivalent
of the rainforest was 339.97 Mg and COze of 1247.70, respectively. At the landscape
scale. the mangrove forest covering about 195,000 hectares may store up to 82.54
million Mg of carbon while, Cross River National Park covering a total of 300, 000

hectares may store up to 67.99 million Mg of carbon.

5.2 Summary

The carbon sequestration potential of the mangrove Forest of Great Kwa River,
Calabar and Cross River National Park, Oban Division, Akamkpa was investigated.
General allometric equations by Chave et al. (2005) for moist forests were used to
estimate aboveground and belowground biomass. Planar intersect method was used to
determine dead and downed wood biomass and canopy cover was estimated using a
spherical densiometer. Soil total carbon and nitrogen was determined by dry
combustion method using a Thermal Scientific Flash 2000 CN analyzer and bulk
density was determined by the intact core method. Analysis of variance was used to test
for differences in parameters investigated. Also, two-sample Students /-test assuming
unequal variances was performed to test that the resulting means of the estimates for
the two forest types are equal. Analysis of variance revealed that canopy closure within
transects sampled in both forests were not statistically different. Total aboveground and
belowground biomass and carbon stocks within both forests varied significantly (P =
0.05). Dead and downed wood carbon stock varied significantly (P = 0.05) within both
forests among the different size classes investigated and was observed to increase with

increasing size class. Total soil carbon and nitrogen stocks showed no statistical
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variation within transects sampled in both forests. Also carbon/ nitrogen ratios were not

statistically different within both forests.

Two-sample Students t-test results revealed that mean canopy closure in the
rainforest was significantly higher (P = 0.001) than that of the mangrove. Mean
aboveground and belowground biomass and carbon stocks in the rainforest were
significantly higher (P = 0.001) than means for the mangrove. Conversely, mean total
soil carbon and nitrogen stocks as well as carbon/nitrogen ratio in the mangrove was

significantly higher (P = 0.001) than that of the rainforest.

Total carbon stock density in the mangrove was higher than that of the
rainforest. The mangrove had almost 90 percent of its carbon stocks located in soil,
while the rainforest had about 51 percent of its carbon stocks in the aboveground tree
biomass. At the landscape scale, the mangrove forest covering about 195,000 hectares
may store up to 82.54 million Mg of carbon while, Cross River National Park covering

a total of 300, 000 hectares may store up to 67.99 million Mg of carbon.

5.3  Conclusion

This study has presented an assessment of the carbon stocks in the mangrove
forest of the Great Kwa River, Calabar and rainforest of the Cross River National Park,
Oban West Division, Akamkpa, Cross River State, Nigeria. These findings create a
general framework to be used for further studies within the mangrove and rainforest in
Cross River State and as baseline for other forests in Nigeria.

This study has shown that tropical forests in Nigeria show promise in their
ability of mitigating climate change and global warming by sequestering carbon from
the atmosphere and storing them in their aboveground, belowground and soil pools.
Understanding the global carbon cycle is a difficult and complex task due to changing
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land use, deforestation degradation of existing forests, and other anthropogenic
influences. Further, accurate data on carbon sequestration and stocks are highly
deficient especially from tropical forests of Nigeria where diverse forest communities
exist due to highly variable climatic and geographical conditions. African tropical
rainforests strongly modulate regional climate, especially precipitation patterns,
dominating global tropical rainfall during the transition seasons, and are tightly
connected to global climate therefore, there is a need for basic ecological understanding
of the African rainforest biome including wet, dry and montane biomes. This includes
understanding productivity, species distributions, drought, temperature sensitivity and
interactions with climate and soils. This may require investment in selected intensive
study sites combined with more extensive distributed networks of study sites, both
integrated and standardized with parallel efforts in other rainforest continents. Blue
carbon trading may also be a significant mitigation opportunity in an attempt to balance
the conservation of mangrove ecosystems and sustainable livelihood for coastal
inhabitants. Mangroves especially as blue carbon sinks have the ability to transfer and
store carbon particularly in their sediments at rates far greater than those of rainforests.
Mangroves are under constant flux due to both natural and anthropogenic forces. They
are also under immense pressure from clear-cutting, land-use change, hydrological
alterations, chemical spill and climate change effects. Long-term monitoring and
research into the dynamics controlling mangrove growth and survival under
environmental and anthropogenic pressures is critical to increase our understanding of
mangrove survival in the face of sea level rise and changing climatic conditions.
Variations in stocks among tropical forests are existent due to confounding factors
which include species that constitute the vegetation, soil type, elevation effects,

watershed, climate and previous land-use. Ongoing exploitation of forests for timber
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and conversion to agricultural land has highlighted the need to conserve tropical forests
and to accurately quantify carbon stocks. Carbon budget variations have also created
uncertainties in carbon stock reporting especially for the United Nations Framework
Convention on Climate Change. Thus, determination of carbon stocks in various
components of forest and within sites is important to monitor carbon stocks and cycling,
to calibrate global carbon cycle models, and to support frameworks such as the United

Nations REDD+ programme.

5.4 Recommendations

The results of this study can be improved upon by incorporating additional
datasets and sampling a larger extent in order to reach the highest possible accuracy in
the carbon stock and sequestration potential of the forests in Cross River State and
Nigeria.

This study can be used to buttress findings on carbon capture and storage
potentials of forests in Africa. More frequent assessments of the state of forests in
Nigeria especially relating to carbon stocks should be done, as any significant change
in the function of carbon stocks would be of great importance to policy makers.

Increased efforts toward energy efficiency through transitioning to renewable
energy sources from fossil fuels should be made, in order to reduce pressures on the
forests to sequester carbon.

Funding in support of detailed inventory of major carbon stocks and repeated
measurements of key stocks through time or modelling should be encouraged in

Nigeria.

82




REFERENCES

Abino, A. C,, Castillo, J. A. A. & Lee, Y. J. (2014). Species diversity, biomass and
carbon stock assessment of a natural mangrove forest in Palawan, Philippines.
Pakistan Journal of Botany, 46(6), 1955 — 1962.

Ackerman, F., Elizabeth, A. S. & Ramon, B. (2013). Climate and Regional Economics
of Development “CRED’: A New Model of Climate and Development.
Ecological Economics, 83, 166 — 176.

Adame, M. F., Kauffman, J. B., Medina, 1., Gamboa, J. N., Torres, O., Caamal, J. P,
Reza, M. & Herrera-Silveira, J. A. (2013). Carbon stocks of tropical coastal
wetlands within the karstic landscape of the Mexican Caribbean. PLoS ONE
8(2), €56569.

Adewale, A. R. (2011). The political, economic and social dynamics of Nigeria: A
Synopsis. Africa Institute of South Africa AISA POLICY brief Number 39.
https://www.africaportal.org/documents/10027/No-39-The-Political-
Economic-and-Social-pdf. Retrieved March 05, 2019.

Ahamed, T, Tian, L., Zhang, Y. & Ting, K. C. (2011). A review of remote sensing

methods for biomass feedstock production. Biomass and Bioenergy, 33, 2455
-2469.

Alavaisha, E. & Mangora, M. M. (2016). Carbon stocks in the small estuarine

mangroves of Geza and Mtimbwani, Tanga, Tanzania.
https://www.hindawi.com/journals/ijfr/2016/2068283/. Retrieved January 22,
2019.

Alongi, D. M. (2002). Present state and future of the world's mangrove forests.
Environmental Conservation, 29, 331 — 349.

Alongi, D. M. (2012). Carbon sequestration in mangrove forests. Carbon Management,
3(3), 318 — 322,

Alongi, D. M. (2013). Cycling and global fluxes of nitrogen in mangroves. Global
Environmental Research, 17, 173 —182.

Asner, G. P., Clark, J. K., Mascaro, J., Galindo, G. G. A., Chadwick, K. D, Navarrete,
E. D. A., Paez-Acosta, G., Cabrera, M. E., Kennedy-Bowdoin, T., Duque, A.,
Balaji, A., von Hildebrand, P., Maatoug, L., Bernal, J. F. P., Quintero, A. P. Y.,
Knapp, D. E., Davila, M. C. G., Jacobson, J. & Orddiiez, M. F. (2012a). High-
resolution mapping of forest carbon stocks in the Colombian Amazon.
Biogeosciences, 9, 2683 — 2696.

83



Asner, G. P., Clark, J., Mascaro, J., Vaudry, R.. Chadwick, K. D., Vieilledent, G.,
Rasamoelina, M., Balaji, A., Kennedy-Bowdoin, T., Maatoug, L., Colgan, M.
S. & Knapp, D. E. (2012b). Human and environmental controls over

aboveground carbon storage in Madagascar. Carbon Balance and Management,
7,2-14.

Asner, G. P, Powell, G. V. N., Mascaro, J., Knapp, D. E., Clark, J. K, Jacobson, J.,
Kennedy-Bowdoin, T., Balaji, A., Paez-Acosta, G., Victoria, E., Secada, L.,
Valqui, M. & Hughes, R. F. (2010). High-resolution forest carbon stocks and
emissions in the Amazon. Proceedings of the National Academy of Science of
the United States of America, 107, 16738 — 16742.

Auerbach, D. 1., Caulfield, J. A., Adams, E. E. & Herzog, H. J. (1997). Impacts of ocean
COz2 disposal on marine life I: A toxicological assessment integrating constant
concentration laboratory assay data with variable-concentration field exposure.
Environmental Modeling and Assessment, 2, 333 — 343.

Baker, T. R.. Coronado, E. N. H., Phillips, O. L., Martin, J. van der Heijden, G. M. F.,
Garcia, M. & Espejo, J. S. (2007). Low stocks of coarse woody debris in a
southwest Amazonian forest. Oecologia, 152(3), 495 - 504.

Bartels, S. F. & Chen, H. Y. H. (2010). Is understory plant species diversity driven by
resource quantity or resource heterogeneity? Ecology, 91, 1931 — 1938.

Basuki, T. M., van Laake, P. E., Skidmore, A. K. & Hussin, Y. A. (2009). Allometric
equations for estimating aboveground biomass in tropical lowland dipterocarp
forests. Forest Ecology and Management, 257, 1684 — 1694.

Bauer, T., Strauss, P. & Murer, E. (2014). A photogrammetric method for calculating
soil bulk density. Journal of Plant Nutrition and Soil Science, 177, 496 — 499.

Bellard, C., Berstelsmeier, C., Leadley, P., Thuiller, W. & Courchamp, F. (2012).
Impact of climate change on the future of biodiversity. Ecology Letters, 15, 365
-377.

Bindu. G., Rajan, P., Jishnu, E. S. & Joseph, K. A. (2018). Carbon stock assessment of
mangroves using remote sensing and geographic information system. 7he

Egyptian  Journal of Remote  Sensing and  Space  Science.
https://doi.org/10.1016/j.ejrs.2018.04.006. Retrieved February 6, 2019.

Bongers, F. (2001). Methods to assess tropical rain forest canopy structure: an
overview. Plant Ecology, 153,263 — 277.

Bonnor, G. M. (1967). Estimation of ground canopy density from ground
measurements. Journal of Forestry, 63, 544 — 547.

Borah, N., Nath, A. J. & Das, A. K. (2013). Aboveground biomass and carbon stocks

of tree species in tropical forests of Cachar District, Assam, Northeast India.
International Journal of Ecology and Environmental Science, 39(2). 97 — 106.

84




Bosire, J., Bandeira, S. O. & Rafael, J. (2012). Coastal climate change mitigation and
adaptation through REDD+ carbon programs in mangroves in Mozambique:
Pilot in the Zambezi Delta. Component: determination of carbon stocks through
localized allometric equations. Draft report version 1. World Wildlife Fund
(WWEF).http://www .biofund.org.mz/wpcontent/uploads/2018/12/1545032036F
2032.Draft%20Zambezi_Carbon_Report_2-Jared--Sean%20Comments.Pdf.
Retrieved March 16, 2018.

Breda, N. J. J. (2003). Ground-based measurements of leaf area index. a review of
methods, instruments and current controversies. Journal of Experimental
Borany, 54, 2403 - 2417.

Brown, S. (2002). Measuring carbon in forests: current status and future challenges.
Environmental Pollution, 116, 363 —372.

Canadell, J. G. & Raupach, M. R. (2008). Managing forests for climate change
mitigation. Science, 320, 1456 — 1457.

Canfield, R. H. (1941). Application of the line interception method in sampling range
vegetation. Journal of Forestry, 39, 388 - 394.

Carsan, S., Orwa, C., Harwood, C., Kindt, R., Stroebel, A., Neufeldt, H. & Jamnadass,
R. (2012). African Wood Density Database. Nairobi, World Agroforestry

Centre. http://www.worldagroforestry.org/treesandmarkets/wood/. Retrieved
August 14,2018.

Cassanova, M., Tapia, E., Seguel, O. & Salazar, O. (2016). Direct measurement and
prediction of bulk density on alluvial soils of central Chile. Chilean Journal of
Agricultural Research, 76, 105 — 113.

Chandra, I. A., Seca. G. & Abu, H. M. K. (2011). Aboveground biomass production of
Rhizophora apiculata Blume in Serawak mangrove forest. American Journal of
Agricultural and Biological Sciences, 6(4), 469 — 474.

Chao, K., Phillips, O. L. & Baker, T. R. (2008). Wood density and stocks of coarse
woody debris in a northwestern Amazonian landscape. Canadian Journal of
Forest Research, 38, 795 — 805.

Chason, J. W., Baldocchi, D. D. & Huston, M. A. (1991). A comparison of direct and
indirect methods from estimating forest canopy leaf area. Agricultural and
Forest Meteorology, 57. 107 — 128.

Chavan, B. L. & Rasal, G. B. (2012). Carbon sequestration potential of young Annona
reticulata and Annona squamosa from University Campus of Aurangabad.
International Journal of Physical and Social Sciences, 2(3), 193 — 198.

Chavan, B. L. & Rasal, G. B. (2010). Sequestered standing carbon stock in selective
tree species grown in University Campus at Aurangabad, Maharashta, India.

International Journal of Environmental Science and Technology, 2(7), 3003 —
3007.

85



Chave, J., Andalo. C., Brown, S., Cairns, M. A., Chambers, J. Q., Eamus, D., Folster,
H., Fromard, F.. Higuchi, N, Kira, T.. Lescure, J. P.. Nelson, B. W., Ogawa,
H., Puig, H.. Riera. B. & Yamakura. T. (2005). Tree allometry and improved
estimation of carbon stocks and balance in tropical forests. Oecologia, 145, 87
-99.

Chen. J., Saunders, S. C., Crow, T. R., Naiman, R. J., Brosofske, K. D., Mroz, G. D.,
Brookshire, B. L. & Franklin, J. F. (1999). Microclimate in forest ecosystem
and landscape ecology — variations in local climate can be used to monitor and
compare the effects of different management regimes. BioScience, 49, 288 —

297.

Chen, L., Zeng, X. F.Y., Tam, N., Lu, W., Luo, Z., Du, X. & Wang, J. (2012).
Comparing carbon sequestration and stand structure of monoculture and mixed

mangrove plantations of Sonreratia caseolaris and S. apetala in Southern
China. Forest Ecology and Management, 284,222 — 229.

Cheng, J., Wu, G. L., Zhao, L. P, Li, Y., Li, W. & Cheng. J. M. (2011). Cumulative
effects of 20-year exclusion of livestock grazing on above and below-ground
biomass of typical steppe communities in arid areas of the Loess Plateau. China.
Plant Soil and Environment, 57, 40 - 44.

Chhabraa, A., Palriab, S. & Dadhwala, V. K. (2003). Soil organic carbon pool in Indian
forests. Forest Ecology and Management, 173,187 —199.

Ciais, P., Sabine, C., Bala, G., Bopp, L., Brovkin. V., Canadell, J., Chhabra, A.,
DeFries, R., Galloway, J., Heimann, M., Jones, C., Le Quéré, C., Myneni, R.
B., Piao, S. & Thornton, P. (2013). Carbon and other Biogeochemical Cycles.
In: T. F. Stocker, D. Qin, G. K. Plattner, M. Tignor, S. K. Allen, J. Boschung,
A. Nauels, Y. Xia, V. Bex & P. M. Midgley, (eds.), Climate Change 2013: The
Physical Science Basis. Contribution of Working Group 1 to the Fifth
Assessment Report of the Intergovernmental Panel on Climate Change,
Cambridge, United Kingdom and New York, United States of America,
Cambridge University Press.

Clark, M. L.. Roberts, D. A., Ewel, J. J. & Clark, D. B. (2011). Estimation of tropical
rainforest aboveground biomass with small-footprint Lidar and hyperspectral
sensors. Remote Sensing and Environment, 113,2931 —2942.

Cleveland, C. C., Townsend, A. R., Taylor, P., Alvarez-Clare, S., Bustamante, M. M.,
Chuyong, G., Dobrowski, S. Z., Grierson, P., Harms, K. E., Houlton, B. Z.,
Marklein, A., Parton, W., Porder, S., Reed, S. C., Sierra, C. A., Silver, W. L.,
Tanner, E. V. & Wieder, W. R. (2011). Relationships among net primary
productivity, nutrients and climate in tropical rain forest: a pan-tropical analysis.
Ecology Letters, 14,939 — 947.

Cook, B. I., Wolkovich, E. M. & Parmesan, C. (2012). Divergent responses to spring
and winter warming drive community level flowering trends. Proceedings of
the National Academy ofSciences of the United States of America, 109, 9000 —
9005.

86



Djomo, A., lbrahima, A., Saborowski, J. & Gravenhorst, G. (2010). Allometric
equations for biomass estimations in Cameroon and Pan moist tropical

equations including biomass data from Africa. Forest Ecology and
Management, 260(10), 1873 — 188S.

Dlugokencky, E. & Tans, P. (2016). Trends in atmospheric carbon dioxide. National
Oceanic & Atmospheric Administration, Earth System Research Laboratory
(NOAA/ESRL). http://www.esrl.noaa.gov/gmd/ccgg/trends/global.html.
Retrieved October 28. 2018.

Dobson, M. C., Ulaby, F. T., LeToan, T. & Beaudoin, A. (1992). Dependence of radar
backscatter on coniferous forest biomass. Institute of Electrical and Electronics
Engineers Transactions on Geoscience and Remote Sensing, 30,412 —415.

Doetterl, S., Kearsley, E., Bauters, M., Hufkens, K., Lisingo, J., Baert, G., Verbeeck,
H. & Boeckx, P. (2015). Aboveground vs. belowground carbon stocks in
African tropical lowland rainforest: drivers and implications. PLoS ONE
10(11), e01432009.

Domke, G. M., Woodall, C. W., Walters, B. F. & Smith, J. E. (2013). From models to
measurements: comparing downed dead wood carbon stock estimates in the
United States forest inventory. PLoS ONE 8(3), €59949.

Don, A., Schumacher, J. & Freibauer, A.(2011). Impact of tropical land-use change on
soil organic carbon stocks — A meta-analysis. Global Change Biology, 17(4),
1658 — 1670.

Donato, D. C., Kauffman, J. B., Murdiyarso, D., Kurniato, S., Stidham, M. & Kanninen,
M. (201 1). Mangroves among the most carbon-rich forests in the tropics. Narure
Geoscience, 4, 293 —297.

Donato, D. C., Kauffman, J. B., Mackenzie, R.A., Ainsworth, A. & Pfleeger, A. Z.
(2012). Whole-island carbon stocks in the tropical Pacific: Implications for

mangrove conservation and upland restoration. Journal of Environmental
Management, 97, 89 - 96.

Dos Santos, L. T., Marra, M. D., Trumbore, S., de Camargo, P. B., Negron-Juarez, R.
l., Lima, A. J. N, Ribeiro, G. H. P. M., dos Santos, J. & Higuchi, N. (2016).
Windthrows increase soil carbon stocks in a central Amazon forest.
Biogeosciences, 13, 1299 — 1308.

Drake, J. B., Knox, R. G., Dubayah. R. O., Clark, D. B., Condit, R., Blair. J. B. &
Hofton, M. (2003). Aboveground biomass estimation in closed canopy
Neotropical forest using Lidar remote sensing: factors affecting the generality
of relationships. Global Ecology and Biogeography, 12, 147 - 159.

Drewry, J. (2006). Natural recovery of soil physical properties from treading damage
of pastoral soils in New Zealand and Australia: A review. Agriculture,
Ecosystems & Environment, 114, 159 — 169.

88



Duke. N. C., Meynecke, J. O, Dittmann, S., Ellison, A. M., Anger. K., Berger, U.,
Cannicci, S., Diele, K., Ewel, K. C., Field, C. D., Koedam, N, Lee, S. Y.,
Marchand, C., Nordhaus, [. & Dahdouh-Guebas, F. (2007). A world without
mangroves. Science, 317,41 —42.

Dukes, J. S. & Mooney, H. A. (1999). Does global change increase the success of
biological invaders? Trends in Ecology and Evolution, 14, 135 —139.

Ebuy, J., Lokombe, J. P., Ponette, Q., Sonwa, D. & Picard, N. (2011). Allometric
equations for predicting tree aboveground biomass at Yangambi, Democratic
Republic of Congo. Journal of Tropical Forest Sciences, 23(2). 125 —132.

Edu, E. A., Nsirim, L. Edwin-Wosu, Ononyume, M. O. & Nkang, A. E. (2014). Carbon
credits assessment in a mixed mangrove forest vegetation of Cross River
estuary, Nigeria. Asian Journal of Plant Science and Research, 4(4), 1 — 12.

Ekoungoulou, R., Liu, X., Loumeto, J. J, Ifo, S. A, Bocko, Y.E., Koula, F. E. & Niu,
S. (2014). Tree allometry in tropical forest of Congo for carbon stocks
estimation in above-ground biomass. Open Journal of Forestry, 4, 481 —491.

Engel, S., Hobi, S. & Zabel, A. (2010). Ensuring REDD plays its part in any post-2012
agreement: which issues remain to be resolved? Carbon Management, 1(2), 261
- 269.

Englund, S. R, O’Brien, J. J. & Clark, D. B. (2000). Evaluation of digital and film
hemispherical photography and spherical densiometer for measuring forest light
environments. Canadian Journal of Forest Research, 30, 1999 — 2005.

EEA (European Environment Agency) (2012). Climate change, impacts and
vulnerability in Europe, an indicator-based report. Copenhagen, Rosendahls-
Schultz Grafisk. http://www.eea.europa.eu/publications/climate-impacts-and
vulnerability-2012. Retrieved February 10, 2019.

FAO (Food and Agricultural Organization) (2011). State of the World's Forests. Food
and Agriculture Organization of the United Nations. Rome, FAO.

FAO (Food and Agriculture Organization) (2007). The world’s mangroves 1980—-2005.
FAO Forestry Paper 153, Food and Agriculture Organization of the United
Nations. Rome, FAO.

FAO (Food and Agriculture Organization) (2010). Global forest resources assessment.
FAO Forestry Paper 163, Food and Agriculture Organization of the United
Nations. Rome, FAO.

FAO (Food and Agriculture Organization) (2015). Global Forest Resources

Assessment 2015. Food and Agriculture Organization of the United Nations.
Rome, FAO.

89




Fatoyinbo, T. E., Simard, M., Washington-Allen, R. A. & Shugart, H. H. (2008).
Landscape-scale extent, height, biomass, and carbon estimation of
Mozambique’s mangrove forests with Landsat ETM+ and Shuttle Radar
Topography Mission elevation data. Journal of Geophysical Research, 113,
G02S06.https://agupubs.onlinelibrary.wiley.com/doi/epdf/10.1029/2007JG000
551. Retrieved December 15, 201 8.

Fayad, 1., Baghdadi, N., Guitet, S., Bailly, J. S., Hérault, B., Gond, V., Hajj, M. E. &
Minh, D. H. T. (2016). Aboveground biomass mapping in French Guiana by
combining remote sensing, forest inventories and environmental data.
International Journal of Applied Earth Observation and Geoinformation, 52,

502 -514.

Fayolle, A., Doucet, J. L., Gillet, J. F., Bourland, N. & Lejeune, P. (2013). Tree
allometry in Central Africa: testing the validity of pan tropical multi-species
allometric equations for estimating biomass and carbon stocks. Forest Ecology
and Management, 305, 29 — 37.

Fearnside, P. M. & Laurance, W. F. (2004). Tropical deforestation and greenhouse gas
emissions. Ecological Applications, 14(4), 982 — 986.

Fiala, C. S., Garman, S. L. & Gray, A. N. (2006). Comparison of five canopy cover
estimation techniques in the western Oregon Cascades. Forest Ecology and
Management, 232, 188 — 197.

Fischer, R., Ensslin, A., Rutten, G., Fischer, M., Costa, D. S., Kleyer, M.. Hemp, A,
Paulick, S. & Huth, A. (2015). Simulating carbon stocks and fluxes of an
African tropical montane forest with an individual-based forest model. PLoS
ONE, 10(4), €0123300.

Foley, J. A, Defries, R., Asner, G. P., Barford, C., Bonan, G., Carpenter, S. R., Chapin,
F. S, Coe, M. T., Daily, G. C., Gibbs, H. K., Helkowski, J. H., Holloway. T.,
Howard, E. A., Kucharik, C. J., Monfreda, C., Patz, J. A, Prentice, I. C,
Ramankutty, N. & Snyder, P. K. (2005). Global consequences of land use.
Science, 309, 570 — 574.

Fraver, S., Ringvall, A. & Jonsson, B. G. (2007). Refining volume estimates of down
woody debris. Canadian Journal of Forest Research, 37. 627 — 633.

Friedlingstein, P., Cox, P., Betts, R., Bopp, L., von Bloh, W., Brovkin, V., Cadule, P.,
Doney, S., Eby, M., Fung, 1., Bala, G., John, J.,, Jones, C., Joos, F., Kato, T.,
Kawamiya, M., Knorr, W., Lindsay, K., Matthews, H. D., Raddatz, T., Rayner,
P., Reick. C., Roeckner, E., Schnitzler, K. G., Schnur, R., Strassmann, K.,
Weaver, A. J., Yoshikawa, C. & Zeng, N. (2006). Climate-carbon cycle
feedback analysis: Results from the C4MIP Model intercomparison. Journal of
Climate, 19, 3337 —3353.

90




Fu, Y. S. H., Piao, S., Vitasse, Y., Zhao, H., De Boeck, H. J., Liu, Q., Yang, H., Weber,
U., Hanninen, H. & Janssens, I. A. (2015). Increased heat requirement for leaf
flushing in temperate woody species over 1980-2012: effects of chilling,
precipitation and insolation. Global Change Biology, 21, 2687 — 2697.

Gairola, S., Sharma, C. M., Ghildiyal, S. K. & Suyal, S. (2011). Live tree biomass and
carbon variation along an altitudinal gradient in moist temperate valley slopes
of the Garhwal Himalaya (India). Current Science, 100(12), 1862 — 1870.

Garbarino, M., Marzano, R., Shaw, J. D. & Long, J. N. (2015). Environmental drivers
of deadwood dynamics in woodlands and forests. Ecosphere, 6(3), 30.

Garnett, M. H., Ineson, P., Stevenson, A. C. & Howard, D. C. (2001I). Terrestrial
organic carbon in a British moorland. Global Change Biology, 7, 375 — 388.

Gibbs, H. K., Brown, S., Niles, J. O. & Foley, J. A. (2007). Monitoring and estimating
tropical forest carbon stocks: making REDD a reality. Environmental Research
Letters, 2(4), 1 —13.

Gibbs, H. K., Ruesch, A. S., Achard, F., Clayton, M. K., Holmgren, P., Ramankutty,
N. & Foley, J. A (2010). Tropical forests were the primary sources of new
agricultural land in the 1980s and 1990s. Proceedings of the National Academy
ofSciences of the United States of America, 107(38), 16732 —16737.

Gifford, R. M. & Roderick, M. L. (2003). Soil carbon stocks and bulk density: Spatial
or cumulative mass coordinates as a basis of expression. Globa! Change
Biology, 9, 1507 — 1514.

Giri, C., Ochieng, E., Tieszen, L. L., Zhu, Z., Singh, A., Loveland, T., Masek, J. &
Duke, N. (2011). Status and distribution of mangrove forests of the world using
earth observation satellite data. Global Ecology and Biogeography, 20(1), 154
—-159.

Gonsamo, A., D’odorico, P. & Pellikka, P. (2013). Measuring fractional forest canopy
element cover and openness — definitions and methodologies revisited. Oikos.
122, 1283 - 1291.

Gonsamo, A., Walter, J. M. N. & Pellikka, P. (2011). CIMES: A package of programs
for determining canopy geometry and solar radiation regimes through

hemispherical photographs. Computers and Electronics in Agriculture, 79,207
—-215.

Gorte, W. R. (2009). Carbon sequestration in forests. Congressional Research Service,

Natural Resources Policy, Report for Congress, United States of America.
https:/fas.org/sgp/crs/misc/RL31432.pdf. Retrieved March 07, 2017.

91



Green, C., Tobin, B., O’SheaEdward, P., Farrell, M. & Byrne, K. A. (2007). Above and
belowground biomass measurements in an unthinned stand of Sitka spruce
(Picea sitchensis (Bong) Carr.). European Journal of Forest Research, 126, 179
—188.

Grossman, R. B. & Reinsch, T. G. (2002). Bulk density and linear extensibility. In: J.
M. Dane, & G. C. Topp, (Eds.), Methods of soil analysis. Part 4. Physical
methods. pp. 201 — 254. Madison, Wisconsin, United States of America, Soil
Science Society of America.

Hafkenscheid, L. L. J. (2000). Hydrology and biogeochemistry of montane rain forests
of contrasting stature in the Blue Mountains of Jamaica. Doctoral Thesis, Vrije
Universiteit, Amsterdam. 315p. https:/library.wur.nl/isric/
fulltext/isricu_i00015924_001 .pdf. Retrieved August 10, 2018.

Hajj, M. E., Baghdadi, N., Fayad, I., Vieilledent, G., Bailly, J. S. & Minh, D. H. T.
(2017). Interest of integrating space-borne Lidar data to improve the estimation
of biomass in high biomass forested areas. Remiote Sensing, 9,213 — 232.

Han, Y., Zhang, J., Mattson, K. G., Zhang, W. & Weber, T.A. (2016). Sample sizes to
control error estimates in determining soil bulk density in California forest
Soils. Soil Science Society of America Journal, 80, 756 — 764.

Hansen, E. H., Gobakken, T., Bollandsds, O. M., Zahabu, E. & Nasset, E. (2015).
Modeling aboveground biomass in dense tropical sub-montane rainforest using
airborne laser scanner data. Remote Sensing, 7, 788 — 807.

Harmon, M. E., Fasth, B., Woodall, C. W. & Sexton, J. (2013). Carbon concentration
of standing and downed woody detritus: Effects of tree taxa, decay class,
position, and tissue type. Forest Ecology and Management, 291, 259 — 267.

Hartge, K. H. & Ellies, A. (1999). The role of soil physics in agricultural production.
AgroSur, 27,43 - 56.

Hassan, R., Scholes, R. J. & Ash, N. (2005). Ecosystems and human well-being: current
state and trends. Washington, District of Columbia, Island Press. 948p

Hastuti, A. W., Suniada, K. [. & lIslamy, F. (2017). Carbon stock estimation of
mangrove vegetation using remote sensing in Perancak estuary, Jembrana

district, Bali. International Journal of Remote Sensing and Earth Sciences,
14(2), 137 - 150.

Heller, N. E. & Zavaleta, E. S. (2009). Biodiversity management in the face of climate
change: A review of 22 years of recommendations. Biological Conservation,
142, 14 - 32.

Henry, M., Besnard, A., Asante, W. A., Eshun, J., Adu-Bredu, S., Valentini, R,
Bernoux, M. & Saint-André, L. (2010). Wood density, phytomass variations
within and among trees, and allometric equations in a tropical rainforest of
Africa. Forest Ecology and Management, 260(8), 1375 — 1388.

92



Herbert, T. J. (1987). Area projections of fisheye photographic lenses. Agricultural and
Forest Meteorology, 39, 215 —223.

Hosonuma, N., Herold, M., De Sy, V., De Fries, R. S., Brockhaus, M., Verchot, L.,
Angelsen, A. & Romijn, E. (2012). An assessment of deforestation and forest

degradation drivers in developing countries. Environmental Research Letters,
7(04), 4009 — 4021.

Hou, Z., Xu, Q. & Tokola, T. (2011). Use of ALS, Airborne CIR and ALOS AVNIR-2
data for estimating tropical forest attributes in Lao Peoples Democratic
Republic. Journal of Photogrammetry and Remote Sensing, 66, 776 — 786.

Houghton, R. A.. Byers, B. & Nassikas, A. A. (2015). A role for tropical forests in
stabilizing atmospheric COz2. Narture Climate Change, 5(12). 1022 — 1023.

Houghton, R.A., Lawrence, K.T., Hackler, J. L. & Brown, S. (2001). The spatial
distribution of forest biomass in the Brazilian Amazon: a comparison of
estimates. Global Change Biology, 7, 731 - 746.

Hungate, B. A., Dukes, J. S., Shaw, M. R, Luo, Y. & Field, C. B. (2003). Nitrogen
and climate change. Science, 302, 1512 -1513.

Hunter, M. O., Keller, M., Victoria, D. & Morton, D. C. (201 3). Tree height and tropical
forest biomass estimation. Biogeosciences, 10, 8385 — 8399.

ldowu, A. A., Ayoola, S. O., Opele. A. I. & lkenweiwe, N. B. (201 I). Impact of climate
change in Nigeria. Jranica Journal of Energy and Environment, 2(2), 145 — 152.

IPCC (Intergovernmental Panel on Climate Change) (2001). Climate Change: The
Scientific Basis. Contribution of Working Group 1 to the Third Assessment
Report of the Intergovernmental Panel on Climate Change (IPCC). ).T.
Houghton, Y. Ding, D. J. Griggs, M. Noguer, P. J. van der Linden, X. Dai, K.
Maskell, & C.A. Johnson (Eds.), Cambridge, United Kingdom and New York,
United States of America, Cambridge University Press.

IPCC (Intergovernmental Panel on Climate Change) (2006). /PCC Guidelines for
National Greenhouse Gas Inventories, Prepared by the National Greenhouse
Gas Inventories Programme. H. S. Eggleston, L. Buendia, K. Miwa, T. Ngara,
& K. Tanabe, (Eds.), Hayama, Japan, Institute for Global Environmental
Strategies (IGES) Publishing.

[PCC (Intergovernmental Panel on Climate Change) (2012). Managing the risks of
extreme events and disasters to advance climate change adaptation. A special
report of working groups I and Il of the Intergovernmental Panel on Climate
Change. C. B. Field, V. Barros, T. F. Stocker, D. Qin, D. J. Dokken, K. L. Ebi,
M. D. Mastrandrea, K. J. Mach, G. K. Plattner, S. K. Allen, M. Tignor, & P. M.
Midgley (Eds.), Cambridge, United Kingdom and New York, United States of
America, Cambridge University Press.

93




IPCC (Intergovernmental Panel on Climate Change) (2013). Climate Change 2013:
The physical science basis. Contribution of Working group [ to the Fifth
Assessment Report of the Intergovernmental Panel on Climate Change.
Summary for policy makers. T. F. Stocker, D. Qin, G. K. Plattner, M. Tignor, S.
K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex, &, P. M. Midgley, (Eds.),
Cambridge, United Kingdom and New York, United States of America,
Cambridge University Press.

IPCC (Intergovernmental Panel on Climate Change) (2014). Summary for
policymakers. Climate Change 2014: Impacts, Adaptation, and Vulnerability.
Part A: Global and Sectoral Aspects. Contribution of Working Group 1! to the
Fifth Assessment Re port of the Intergovernmental Panel on Climate Change. C.
B. Field, V. R. Barros, D. J. Dokken, K. J. Mach, M. D. Mastrandrea, T. E. Bilir,
M. Chatterjee, K. L. Ebi, Y.O. Estrada, R. C. Genova, B. Girma, E. S. Kissel,
AN. Levy, S. MacCracken, P. R. Mastrandrea. & L. L. White, (Eds.).
Cambridge, United Kingdom and New York. United States of America,
Cambridge University Press.

Jana. B. K., Biswas, S., Majumder, M., Roy, P. K. & Mazumdar, A. (2009). Carbon
sequestration rate and aboveground biomass carbon potential of four young
species. Journal of Ecology and Natural Environment, 1, 15 — 24.

Jand|, R., Rodeghiero, M., Martinez, C., Cotrufo, M. F., Bampa, F., van Wesemael, B.,
Harrison, R. B., Guerrini, I. A., Daniel, R., Rustad, L., Lorenz, K., Chabbi, A.
& Miglietta, F. (2014). Current status, uncertainty and future needs in soil
organic carbon monitoring. Science of the Total Environment, 469, 376 — 383.

Jansson, C., Wullschleger, S. D., Kalluri, U. C. & Tuskan, G. A. (2010).
Phytosequestration: carbon biosequestration by plants and the prospects of
genetic engineering. BioScience. 60, 685 — 696.

Jennings, S. B., Brown, N. D. & Sheil, D. (1999). Assessing forest canopies and
understory illumination: canopy closure, canopy cover and other measures.
Forestry, 72(1), 59 - 73.

Jeyanny, V., Husni, H., Kadir, W. R., Balasundram, S., Arifin, A. & Kamarul, H. M.
(2014). Carbon stocks in different carbon pools of a tropical lowland forest and
a montane forest with varying topography. Journal of Tropical Forest Science,
26,560 — 571.

Joos, F. & Spahni, J. (2008). Rates of change in natural and anthropogenic radiative
forcing over the past 20,000 years. Proceedings of the National Academy of
Sciences of the United States of America, 105(5), 1425-1430.

Kairo, J. L., Langat, J. K. S., Dahdouh-Guebas, F., Bosire, J. & Karachi. M. (2008).

Structural development and productivity of replanted mangrove plantations in
Kenya. Forest Ecology and Management, 255,2670 — 2677.

94



Kassa, H., Dondeynec, S., Poesenc, J., Frankl, A. & Nyssen, J. (2017). Impact of
deforestation on soil fertility, soil carbon and nitrogen stocks: the case of the
Gacheb catchment in the White Nile Basin, Ethiopia. Agriculture, Ecosystems
and Environment, 247,273 — 282.

Kauffman, J. B. & Cole, T. G. (2010). Micronesian mangrove forest structure and tree
responses to a severe typhoon. Wetlands, 30, 1077 — 1084.

Kauffman, J. B. & Donato, D. C. (2012). Protocols for the measurement, monitoring
and reporting of structure, biomass and carbon stocks in mangrove forests.
Working Paper 86. Centre for International Forestry Research, Bogor,
Indonesia.

Kauffiman, J. B. & Bhomia, R. K. (201 7). Ecosystem carbon stocks of mangroves across
broad environmental gradients in West-Central Africa: Global and regional
comparisons. PLoS One, 12(11), e0187749.

Kauffman, J. B., Cummings, D. L. & Ward, D. E. (1998). Fire in the Brazilian Amazon:
Biomass, nutrient pools and losses in cattle pastures. Oecologia, 113,415 —427.

Kauffman, J. B., Heider, C., Cole, T., Dwire, K. A. & Donato, D. C. (2011). Ecosystem
C pools of Micronesian mangrove forests: implications of land use and climate
change. Wetlands, 31, 343 — 352.

Kauffman, J. B., Heider, C., Norfolk, J. & Payton, F. (2014). Carbon stocks of intact
mangroves and carbon emissions arising from their conversion in the
Dominican Republic. Ecological Applications, 24(3), 518 — 527.

Keenan, J. A., Reams, G. A., Achard, F., de Freitas, J. V., Grainger, A. & Lindquist, E.
(2015). Dynamics of global forest area: Results from the FAO Global Forest
Resources Assessment Forest Ecology and Management, 352, 9 — 20.

Khanh, P. T. & Subasinghe, S. M. (2018). Estimating aboveground biomass of the
mangrove communities in the Muthurajawela wetland, Sri Lanka. /nternational
Journal of Science and Research, 7 (5), 86 —93.

Kimmins, J. (2004). Forest ecology: a foundation for sustainable forest management
and environmental ethics in forestry. Upper Saddle River, New Jersey, United
States of America, Prentice Hall.

Komiyama, A., Poungparn, S. & Kato, S. (2005). Common allometric equations for
estimating the tree weight of mangroves. Journal of Tropical Ecology, 21, 471
—4717.

Krauss. K. W., Doyle, W. T., Twilley, R. R., Smith III, T. J., Whelan, K. R. T. &
Sullivan, J. K. (2005). Woody Debris in the Mangrove Forests of South Florida.
Biotropica, 37,9 —15.

95



Kridiborworn, P. C. A., Yuttitham, M. & Tripetchkul, S. (2012). Carbon sequestration
by mangrove forest planted specifically for charcoal production in Yeesarn,
Samut Songkram. Journal of Sustainable Energy & Environment. 3, 87 — 92.

Kulakowski, D., Bebi, P. & Rixen, C. (2011). The interacting effects of land use change,
climate change and suppression of natural disturbances on landscape forest
structure in the Swiss Alps. Oikos, 120(2), 216 — 225.

Kusumaningtyas, M. A., Hutahaean, A. A., Fischer, H. W., Pérez-Mayo. M., Ransby,
D. & Jennerjahn, T. C. (2019). Variability in the organic carbon stocks, sources,
and accumulation rates of Indonesian mangrove ecosystems. Estuarine, Coastal
and Shelf Science, 218, 310 — 323.

Lal, C., Singh, L., Sarvade, S. & Atri, V. (2016). Biomass and carbon storage pattern
in natural and plantation forests of sub-humid tropics in Barnawapara Wildlife
Sanctuary, Chhattisgarh, India. International Journal of Ecology and
Environmental Science, 42, 83 —90.

Lal, R. (2008). Carbon sequestration. Philosophical Transactions of the Royal Society
of London B: Biological Sciences, 363, 815 — 830.

Le, Q. B., Nkonya, E. & Mirzabaev, A. (2014). Biomass productivity-based mapping
of global land degradation hotspots. Discussion Papers on Development Policy
No. 193, Bonn, Germany, Zentrum fiir Entwicklungsforschung (ZEF) Center
for Development Research.

Lewis, S. L., Sonké, B., Sunderland, T., Begne, S. K., Lopez-Gonzalez, G., van Der
Heijden, G. M. F., Phillips, O. L., Affum-Baffoe, K., Baker, T. R., Banin. L.,
Bastin, J., Beeckman, H., Boeckx, P., Bogaert, J., De Canniére, C., Chezeaux,
E., Clark, C. J., Collins, M., Djagbletey, G., Djuikouo, M. N. K., Droissart, V.,
Doucet, J., Ewango, C. E. N, Fauset, S., Feldpausch, T. R., Foli, E. G., Gillet,
J., Hamilton, A. C., Harris, D. J., Hart, T. B., de Haulleville, T., Hladik, A.,
Hufkens, K., Huygens, D., Jeanmart, P., Jeffery, K. J., Kearsley, E., Leal, M.
E., Lloyd, J., Lovett, J. C., Makana, J., Malhi, Y., Marshall, A. R., Ojo, L., Peh,
K. S., Pickavance, G., Poulsen, J. R., Reitsma, J. M., Sheil, D., Simo, M.,
Steppe, K., Taedoumg, H. E., Talbot, J., Taplin, J. R. D., Taylor, D., Thomas,
S. C., Toirambe, B., Verbeeck, H., Vleminckx, J., White, L. J. T., Willcock. S.,
Woell, H. & Zemagho, L. (2013). Aboveground biomass and structure of 260
African tropical forests. Philosophical Transactions of the Royval Society
London Series B, 368, 1896 — 1934,

Li, D.

-

Niu, S. & Luo, Y. (2012). Global patterns of the dynamics of soil carbon and
nitrogen stocks following afforestation: a meta-analysis. New Phytologist, 193,
172 - 181.

Li, S., Su, J, Liu, W, Lang, X., Huang, X., Jia, C., Zhang, Z. & Tong, Q. (2015).
Changes in biomass carbon and soil organic carbon stocks following the
conversion from a secondary coniferous forest to a pine plantation. PLoS ONE
10(9), e0135946.

96




Liu, G. & Westman, C. J. (2009). Biomass in a Norway spruce — Scots pine forest: a
comparison of estimation methods. Boreal Environment Research, 14, 875 —
888.

Loria-Naranjo, M., Samper-Villarreal, J. & Cortés, J. (2014). Structural complexity and
species composition of Potrero Grande and Santa Elena mangrove forests in
Santa Rosa National Park, North Pacific of Costa Rica. Revista de Biologia
Tropical, 62 (4), 33 —41.

Lu, D. (2006). The potential and challenge of remote sensing—based biomass
estimation. /nternational Journal of Remote Sensing, 27, 1297 — 1328.

Lu, D., Batistella, M. & Moran, E. (2005). Satellite estimation of aboveground biomass
and impacts of forest stand structure. Photogrammetric Engineering and
Remote Sensing, 71, 967 —974.

Lu, D., Chen, Q., Wang, G., Liu, L., Li, G. & Moran, E. (2016). A survey of remote
sensing-based aboveground biomass estimation methods in forest ecosystems.
International Journal of Digital Earth, 9, 63 — 105.

Lu, X. T., Thang, J. W_, Feng, Z. L. & Li, M. H. (2009). Diversity and aboveground
biomass of lianas in the tropical seasonal rain forests of Xishuangbanna,
Southwest China. International Journal of Tropical Biology, 57 (1-2), 211 —
202

Lung. M. & Espira, A. (2015). The influence of stand variables and human use on
biomass and carbon stocks of a transitional African forest: Implications for
forest carbon projects. Forest Ecology and Management, 351, 36 —46.

Luo, Y. J.. Wang, X. K., Zhang, X. Q., Booth, T.H. & Lu, F. (2012). Root:shoot ratios
across China's forests: forest type and climatic effects. Forest Ecology and
Management, 269, 12 - 25.

Lupembe, I. B. (2014). Carbon stocks in the mangrove ecosystem of Rufiji river delta,
Rufiji District, Tanzania. Master Thesis, Sokoine University of Agriculture.
Morogoro, Tanzania. http://www.suaire.suanet.ac.tz:8080/xmlui /bitstream
/handle/123456789/661/INNOCENT%20BERNARD%20LUPEMBE.pdf?seq
uence=| &isAllowed=y. Retrieved September 18, 2017.

MacArthur, R. H. & Horn, H. S. (1969). Foliage profile by vertical measurements.
Ecology, 50(5), 802 — 804.

MacDicken, K. G. (1997). 4 guide to monitoring carbon storage in forestry and agro-
Sforestry projects. Arlington, United States of America, Winrock International
Institute for Agricultural Development. https://www.researchgate.net/A-Guide-
to-Monitoring-Carbon-Storage-in-Forestry-and-Agroforestry-Projects.pdf.
Retrieved April 13, 2018.

97



H

Maginniss, A., Moseman, A. & Noyce, J. (2002). Variable effects of tree cover on plant
productivity and diversity of forbs and shrubs. Tillers, 3,21 —24.

Magnani, F., Mencuccini, M., Borghetti, M., Berbigier, P., Berninger, F., Delzon, S.,
Grelle, A., Hari, P., Jarvis, P. G., Kolari, P., Kowalski, A. S., Lankreijer, H.,
Law, B. E., Lindroth, A., Loustau, D., Manca, G., Moncrieff, J. B., Rayment,
M., Tedeschi, V., Valentini, R. & Grace, J. (2007). The human footprint in the
carbon cycle of temperate and boreal forests. Nature, 447, 848 — 850.

Malhi, Y. & Grace, J. (2000). Tropical forests and atmospheric carbon dioxide. Trends
in Ecology and Evolution, 15,332 —- 337.

Marchio, D. A., Savarese, M., Bovard, B. & Mitsch, W. J. (2016). Carbon sequestration
and sedimentation in mangrove swamps influenced by hydrogeomorphic
conditions and urbanization in Southwest Florida. Forests, 7(6), 116 — 134.

Mascaro, J., Asner, G. P., Muller-Landau, H. C., van Breugel, M., Hall, J. & Dahlin, K.
(2011). Controls over aboveground forest carbon density on Barro Colorado
Island, Panama. Biogeosciences, 8, 1615 — 1629.

Matsui, N., Morimune, K., Meepol, W. & Chukwamdee, J. (2012). Ten year evaluation
of carbon stock in mangrove plantation reforested from an abandoned shrimp
pond. Forests, 3,431 —444.

McKenzie, N. J,, Jacquier, D. ], Isbell, R. F. & Brown, K. L. (2004). Australian soils
and landscapes.: An illustrated compendium. Collingwood, Victoria, CSIRO
Publishing.

McKinney, A. M., Carra-Donna, P. J., Inouye, D. W., Barr, B., Bertelsen, C. D. &
Waser, N. M. (2012). Asynchronous changes in phenology of migrating broad-
tailed hummingbirds and their early-season nectar resources. Ecology, 93, 1987
—-1993.

McLane, A., Mcdermid, G. & Wulder, M. (2009). Processing discrete-return profiling
Lidar data to estimate canopy closure for large-area forest mapping and
management. Canadian Journal of Remote Sensing, 35(3), 217 —229.

McLeod, E., Chmura, G. L., Bouillon, S., Salm, R., Bjork, M., Duarte, C. M., Lovelock,
C. E., Schlesinger, W. H. & Silliman, B. R. (201 1). A blueprint for blue carbon:
toward an improved understanding of the role of vegetated coastal habitats in
sequestering COz2. Frontiers in Ecology and the Environment, 9, 552 — 560.

McRoberts, R. E., Nasset, E. & Gobakken, T. (2013). Inference for Lidar-assisted
estimation of forest growing stock volume. Remote Sensing of Environment,
128,268 - 275.

Mensah, S., Veldtman, R., du Toit, B, Kakai, G. R. & Seifert, T. (2016). Aboveground

biomass and carbon in a South African mistbelt forest and the relationships with
tree species diversity and forest structures. Forests, 7(4), 1 — 17.

98



Metting, F. B., Smith, J. L., Amthor, J. S. & lzaurralde, R. C. (2001). Science needs
and new technology for increasing soil carbon sequestration. Climate Change,
51,11 -34.

Middelboe, A. L. & Binzer, T. (2004). Importance of canopy structure on
photosynthesis in single and multi-species assemblages of marine macroalgae.
Oikos, 107, 422 —432.

Miles, L., Newton, A. C., DeFries, R. S., Ravilious, C., May, I., Blyth, S., Kapos, V. &
Gordon, J. E. (2006). A global overview of the conservation status of tropical
dry forests. Journal of Biogeography, 33. 491 — 505.

Mirzabaev, A., Nkonya, E. & von Braun, J. (2015). Economics of sustainable land
management. Current Opinion in Environmental Sustainability, 15, 9 — 19.

Mokany, K., Raison, R. J. & Prokushkin, A. S. (2006). Critical analysis of root:shoot
ratios in terrestrial biomes. Global Change Biology, 12, 84 — 96.

Mougin, E., Proisy, C., Marty, G, Fromard, F., Puig, H., Betoulle, J. L. & Rudant, J. P.
(1999). Multifrequency and multipolarization radar backscattering from
mangrove forests. Institute of Electrical and Electronics Engineers
Transactions on Geoscience and Remote Sensing, 37, 94 — 102.

Mtui. P. Y. (2017). Tropical rainforest aboveground biomass and carbon stock
estimation for upper and lower canopies using Terrestrial Laser Scanner and
canopy height model from Unmanned Aerial Vehicle (UAV) imagery in Ayer-
Hitam, Malaysia. Master Thesis, University of Twente, Netherlands.
https://webapps.itc.utwente.nl/librarywww/papers_2017/msc/nrm/mtui.pdf.
Retrieved November 9, 201 8.

Murdiyarso, D., Donato, D., Kauffman, J. B., Kurnianto, S., Stidham, M. & Kanninen,
M. (2009). Carbon storage in mangrove and peatland ecosystems: A
preliminary account from plots in Indonesia, Working Paper 48. Indonesia,
Center for International Forestry Research (CIFOR).

Murdiyarso, D., Kauffiman, J. B., Warren, M., Pramova, E. & Hergoualc’h, K. (2012).
Tropical wetlands for climate change adaptation and mitigation: Science and
policy imperatives with special reference to Indonesia, Working Paper 91.
Bogor, Indonesia, Centre for International Forestry Research (CIFOR).

Mussa, M., Ebro, A., Nigatu, L. & Abdulahi, M. (2017). Soil organic carbon and total
nitrogen stock response to traditional enclosure management in eastern

Ethiopia. Journal of Soil Science and Environmental Management, 8(2), 37 -
43.

Nautiyal, N. & Singh, V. (2013). Carbon stock potential of oak and pine forests in

Garhwal region in Indian Central Himalayas. Journal of Pharmacognosy and
Phytochemistry, 2(1), 43 —48.

98




Nautiyal, N. & Singh, V. (2013). Carbon stock potential of oak and pine forests in
Garhwal region in Indian Central Himalayas. Journal of Pharmacognosy and
Phytochemistry, 2(1), 43 — 48.

Nellemann, C., Corcoran, E., Duarte, C. M., Valdés, L., de Young, C., Fonseca, L. &
Grimsditch, G. (2009). Blue Carbon. A rapid response assessment. United
Nations Environment Programme, GRID - Arendal, Norway, Birkeland
Trykkeri AS.

Ngo, K. M., Turner, B. L., Muller-Landau, H. C., Davies, S. J., Larjavaara, M., bin Nik,
H. N. F. & Lumd, S. (2013). Carbon stocks in primary and secondary tropical
forests in Singapore. Forest Ecology and Management, 296, 81 — 89.

Nguyen, T. C., Ninomiya, ., Long, N. T., Tri, N. H., Tuan, M. S. & Hong, P. N. (2009).
Belowground carbon accumulation in young Kandelia candel (L.) Blanco
plantations in Thai Binh River Mouth, Northern Vietnam. International Journal
of Ecological Development, 12,107 - 117.

Nigeria REDD+ Readiness Preparation Proposal (R-PP) (2013). Draft proposal for
consideration by Forest Carbon Partnership Facility (FCPF) & The United
Nations Collaborative Programme on Reducing Emissions from Deforestation
and Forest Degradation in Developing Countries (UN-REDD).
http://www.environewsnigeria.com/2013/07/21/redd-nigeria-to-complete-
readiness preparationproposal-r-pp/. Retrieved November 6. 201 8.

Nkonya, E., von Braun, J., Mirzabaev, A, Le, B., Kwon, H., Kirui, O. & Gerber, N.
(2013). Economics of land degradation initiative: Methods and approach for
global and national assessments. Discussion Papers on Development Policy
No. 183. Bonn, Germany, Zentrum fur Entwicklungsforschung (ZEF) Center
for Development Research.

NOAA (National Oceanic and Atmospheric Administration) (2018). What is E/ Niiio
& La Nina? https://www.weather.gov/media/owlie/2018 _ENSO.pdf. Retrieved
February 23. 2019.

Nobis, M. & Hunziker, U. (2005). Automatic thresholding for hemispherical canopy-
photographs based on edge detection. Agricultural and Forest Meteorology,
128,243 - 250.

Nottingham, A. T., Turner, B. L., Whitaker, J., Ostle, N., Mcnamara, N. P., Bardgett,
R. D., Salinas, N. & Meir, P. (2015). Soil microbial nutrient constraints along a
tropical forest elevation gradient: a belowground test of a biogeochemical
paradigm. Biogeosciences, 12(8), 6071 — 6083.

Nowacki, G. J. & Abrams, M. D. (2008). The demise of fire and mesophication of
forests in the eastern United States. BioScience, 58, 123 — 138.

100



Nowacki, G. J. & Abrams, M. D. (2015). Is climate an important driver of post-
European vegetation change in the eastern United States? Global Change
Biology, 21,314 — 334.

Omann, [., Stocker, A. & Jaeger, J. (2009). Climate change as a threat to biodiversity:
An application of the DPSIR approach. Ecological Economics, 69,24 —31.

Oswalt, S. N., Brandeis, T. J. & Woodall, C. W. (2008). Contribution of dead wood to
biomass and carbon stocks in the Caribbean: St. John, U.S. Virgin Islands.
Biotropica, 40(1), 20 — 27.

Paletto, A. & Tosi, V. (2009). Forest canopy cover and canopy closure: comparison of
assessment techniques. European Journal of Forest Research, 128, 265 —272.

Pan, Y., Birdsey, R. A., Fang, J., Houghton, R., Kauppi, P. E., Kurz, W. A., Phillips,
O. L., Shvidenko, A., Lewis, S. L., Canadell, J. G., Ciais, P., Jackson. R. B.,
Pacala, S. W., McGuire, A. D.. Piao, S., Rautiainen, A., Sitch, S. & Hayes, D.
(2011). A large and persistent carbon sink in the world’s forests. Science, 333,
988 —993.

Pan, Y., Birdsey, R. A., Phillips, O. L. & Jackson, R. B. (2013). The structure,
distribution, and biomass of the world’s forests. Annual Reviews of Ecology,
Evolution and Systematics, 44, 593 — 622.

Pandey, C. N. & Pandey, R. (2013). Carbon sequestration by Mangroves of Gujarat,
India. International Journal of Botany and Research, 3(2), 57 - 70.

Parker, W. C. (2014). The relationship of stand structure with canopy transmittance:
simple models and practical methods for managing understory light conditions
in eastern white pine (Pinus strobus L.) - dominated forests. The Forestry
Chronicle, 90(4), 489 — 497.

Parmesan, C. & Yohe, G. (2003). A globally coherent fingerprint of climate change
impacts across natural systems. Nature, 421, 37 - 42.

Parmesan, C. (2006). Ecological and evolutionary responses to recent climate change.
Annual Review of Ecology, Evolution and Systematics, 37, 637 — 669.

Parmesan, C. (2007). Influences of species, latitudes and methodologies on estimates
of phenological response to global warming. Global Change Biology, 13, 1860
- 1872.

Pfeifer, M., Lefebvre, V., Turner, E., Cusack, J.. Khoo, M., Chey, V. K., Peni, M. &

Ewers, R. M. (2015). Deadwood biomass: an underestimated carbon stock in
degraded tropical forests. Environmental Research Letters, 10, 1 - 12.

101



Phillips, O. L., Malhi, Y., Higuchi, N., Laurance, W. F., Nufiez, P. V., Vasquez, R. M.,
Laurance, S. G., Ferreira, L. V., Stern, M., Brown, S. & Grace, J. (1998).
Changes in the carbon balance of tropical forests: evidence from long-term
plots. Science, 282, 439 — 442.

Pifieiro, G., Paruelo, J. M., Oesterheld, M. & Jobbagy, E. G. (2010). Pathways of
grazing effects on soil organic carbon and nitrogen. Rangeland Ecology &
Management, 63,109 —119.

Pistorius, T. (2012). From RED to REDD+: the evolution of a forest-based mitigation
approach for developing countries. Current Opinion in Environmental
Sustainability, 4, 638 — 645.

Poloczanska. E. S.. Brown, C. J., Sydeman, W. J., Kiessling, W., Schoeman. D. S..
Moore, P. J., Brander, K., Bruno, J. F., Buckley, L. B., Burrows, M. T., Duarte,
C. M., Halpern, B. S., Holding, J., Kappel, C. V., O’Connor, M. I., Pandolf1, J.
M., Parmesan, C., Schwing, F., Thompson, S. A. & Richardson, A. J. (2013).
Global imprint of climate change on marine life. Nature Climate Change, 3, 919
-925.

Ponce-Hernandez, R. (2004). Assessing carbon stocks and modelling vwin-win scenarios
of carbon sequestration through land use changes. Rome, Food and Agriculture
Organization of the United Nations. http://www.fao.org/3/a-y5490e.pdf.
Retrieved March 10, 2018.

Post, W. M., Amonette, J. E., Birdsey, R., Garten Jr., C. T., lzaurralde, R. C., Jardine,
P. M., Jastrow, J., Lal, R., Marland, G., McCarl, B. A., Thomson, A. M., West,
T. O., Wullshcleger, W. S. & Metting, F. B. (2009). Terrestrial biological
carbon sequestration: science for enhancement and implementation. In: carbon
sequestration and its role in the global carbon cycle. Geophysical Monograph
Series 183. https://www.ncrs.fs.fed.us/pubs/jrnl/2009/nrs_2009_post_001 .pdf.
Retrieved October 30, 2018.

Pragasan, A. L. (2015). Tree carbon stock assessment from the tropical forests of
Bodamalai Hills located in India. Journal of Earth Science and Climate Change,
6, 314.

Quesada, C. A., Lloyd, J., Schwarz, M., Patifio, S., Baker, T. R., Czimczik, C., Fyllas,
N. M., Martinelli, L., Nardoto, G. B., Schmerler, J., Santos, A. J. B., Hodnett,
M. G., Herrera, R., Luizdo, F. J., Arneth, A., Lloyd, G., Dezzeo, N., Hilke, 1.,
Kuhlmann, [., Raessler, M., Brand, W. A., Geilmann, H., Moraes-Filho, J. O.,
Carvalho, F. P., Araujo-Filho, R. N., Chaves, J. E., Cruz-Junior, O. F., Pimentel,
T. P. & Paiva, R. (2010). Variations in chemical and physical properties of
Amazon forest soils in relation to their genesis, Biogeosciences, 7, 1515 — 1541.

102



Quesada. C. A, Phillips, O. L., Schwarz, M., Czimczik, C. [, Baker, T. R., Patifio, S.,
Fyllas, N. M., Hodnett, M. G., Herrera, R., Almeida, S., Davila, E. A., Arneth,
A, Arroyo, L., Chao, K. J., Dezzeo, N., Erwin, T., di Fiore, A., Higuchi, N,
Coronado, E. H., Jimenez, E. M., Killeen, T., Lezama, A. T., Lloyd, G., Lopez-
Gonzalez, G., Luizéo, F. J., Malhi, Y., Monteagudo, A., Neill, D. A., Vargas, P.
N., Paiva, R., Peacock, J., Pefuela, M. C., Cruz, A. P., Pitman, N., Filho, N. P,
Prieto, A., Ramirez, H., Rudas, A., Salomio, R., Santos, A. J. B., Schmerler, J.,
Silva, N,, Silveira, M., Vasquez, R., Vieira, ., Terborgh, J. & Lloyd, J. (2012).
Basin-wide variations in Amazon forest structure and function are mediated by
both soils and climate. Biogeosciences. 9, 2203 — 2246.

Rana, S., Bargali, K. & Bargali, S. S. (2015). Assessment of plant diversity,
regeneration status, biomass and carbon stock in a Central Himalayan cypress
forest. International Journal of Biodiversity and Conservation, 7(6), 321 — 329.

Raven, J. A, & Falkowski, P. G. (1999). Oceanic sinks for atmospheric CO2. Plant Cell
& Environment, 22, 741 — 55.

Ravindranath, N. H. & Ostwald, M. (2008). Carbon inventory methods: handbook for
greenhouse gas inventory, carbon mitigation and round-wood production
projects. Netherlands, Springer Science + Business Media B.V.

Reis, C. R. G., Nardoto, G. B. & Oliveira, R. S. (2017). Global overview on nitrogen
dynamics in mangroves and consequences of increasing nitrogen availability
for these systems. Plant Soil, 410, 1 —19.

Rinawati, F., Stein, K. & Lindner, A. (2013). Climate change impacts on biodiversity
— The setting of a lingering global crisis. Diversity, 3, 114 — 123.

Rivkin, R. B. & Legendre, L. (2001). Biogenic carbon cycling in the upper ocean:
effects of microbial respiration. Science, 291(5512), 2398 — 2400.

Robinson, M. W. (1947). An instrument to measure forest crown cover. The Forestry
Chronicle, 23,222 -225.

Root, T. L., Price, J. T., Hall, K. R., Schneider, S. H., Rosenzweig, C. & Pounds, J. A.
(2003). Fingerprints of global warming on wild animals and plants. Nature, 421,
57 - 60.

Ross, M. S., Ruiz, P. L., Telesnicki, G. J. & Meeder, J. F. (2001). Estimating
aboveground biomass and production in mangrove. Werlands Ecology and
Management, 9, 27 — 37.

Rudel, T. K., DeFries, R., Asner, G. P. & Laurance, W. F. (2009). Changing drivers of

deforestation and new opportunities for conservation. Conservation Biology,
23(6). 1396 — 1405.

103



Sherman, R. E., Fahey, T. J. & Battles, J. J. (2000). Small-scale disturbance and
regeneration dynamics in a neo-tropical mangrove forest. Journal of Ecology,
88, 165 - 178.

Sitoe, A. A., Mandlate, L. J. C. & Guedes, B. S. (2014). Biomass and carbon stocks of
Sofala Bay mangrove forests. Forests, 5(8), 1967 — 1981.

Smith, P., Davies, C. A., Ogle, S., Zanchi, G., Bellarby, J., Bird, N., Boddey, R. M.,
McNamara, N. P., Powlson, D., Cowie, A., van Noordwijk. M., Davis, S. C.,
Richter, D. D. E. B., Kryzanowski, L., van Wijk., M. T., Stuart, J., Kirton, A.,
Eggar, D., Newton-Cross, G., Adhya, K. T. & Braimoh, A. K. (2012). Towards
an integrated global framework to assess the impacts of land use and
management change on soil carbon: current capability and future vision. Global
Change Biology, 18(7), 2089 - 2101.

Sollins. P.. Glassman, C., Paul, E. A., Swanston, C., Lajtha, K., Heil, J. W. & Elliot,
W. T. (1999). Soil carbon and nitrogen: pools and fractions. In: G. P. Robertson,
D. C. Coleman, C. S. Bledsoe, & P. Sollins (Eds.), Standard soil methods for
long-term ecological research, New York, Oxford University Press.

Subedi, B. P., Pandey, S. S., Pandey, A., Rana, E. B., Bhattarai, S., Banskota, T. R,,
Charmakar, S. & Tamrakar, R. (2010). Guidelines for measuring carbon stocks
in community-managed forests. http://www.ansab.org/wp-content/
uploads/2010/08/Carbon -Measurement Guideline-REDD-final | .pdf. Retrieved
January 22, 2017.

Sullivan, R. G. & Clark, M. (2007). Can biodiversity survive global warming? Chicago
Wilderness Journal, 3,2 — 12.

Sundquist, E. T., Burruss, R. C., Faulkner, S. P., Gleason, R. A., Harden, J. W,
Kharaka, Y. K., Tieszen, L. L. & Waldrop, M. P. (2008). Carbon Sequestration
to Mitigate Climate Change: US. Geological Survey, Fact Sheet 2008—-3097.
https://pubs.usgs.gov/fs/2008/3097/. Retrieved March 07, 2017.

Swangjang, K. (2015). Soil carbon and nitrogen ratio in different land use. International
Proceedings of Chemical, Biological and Environmental Engineering, 87, 36 —
40.

Tamooh, F., Huxham, M., Karachi, M., Mencuccini, M., Kairo, J. G. & Kirui, B.
(2008). Belowground root yield and distribution in natural and replanted
mangrove forests at Gazi bay, Kenya. Forest Ecology and Management, 236,
1290 - 1297.

Thokchom, A. & Yadava, P. S. (2017). Biomass and carbon stock along an altitudinal

gradient in the forest of Manipur, Northeast India. Tropical Ecology, 58(2), 389
-396.

105



Thompson, 1. D., Guariguata, M. R., Okabe, K., Bahamondez, C., Nasi, R.. Heymell,
V. & Sabogal, C. (2013). An operational framework for defining and monitoring
forest degradation. Ecology and Society, 18(2), 20.

Travis, J. M. J. (2003). Climate change and habitat destruction: A deadly anthropogenic
cocktail. Proceedings of the Royal Society of London Series B, 270, 467 — 473.

Trettin, C. C., Stringer, C. E. & Zarnoch, S. J. (2015). Composition, biomass and
structure of mangroves within the Zambezi river delta Wetlands Ecology and
Management, 24, 1 — 14.

Trumper, K., Bertzky, M., Dickson, B., van der Heijden, G., Jenkins, M. & Manning,
P. (2009). The natural fix? The role of ecosystems in climate mitigation. A
UNEP rapid response assessment. United Nations Environment Programme,
UNEP-WCMC, United Kingdom, Cambridge University Press.

UN-DESA (United Nations, Department of Economic and Social Affairs), Population
Division (2017). World population prospects: The 2017 revision, key findings
and advance tables, Working Paper No. ESA/P/WP/248. New York.
https:/population.un.org/wpp/Publications/Files/WPP2017_KeyFindings.pdf.
Retrieved March 095, 2019.

UN-REDD (United Nations Reducing Emissions from Deforestation and Forest
Degradation (2015). National Programme Document: Nigeria’s REDD+
Readiness Programme 2012-2015. UN Collaborative Programme on Reducing
Emissions from Deforestation and Forest Degradation in Developing
Countries. http://mptf.undp.org/document/download/10974. Retrieved March
09,2019.

Urakawa, R., Ohte, N., Shibata, H. Isobe, K., Tateno, R., Oda, T. Hishi, T.,
Fukushima, K., Inagaki, Y., Hirai, K., Oyanagi. N., Nakata, M., Toda, H.,
Kenta, T., Kuroiwa, M., Watanabe, T., Fukuzawa, K., Tokuchi. N., Ugawa, S.
& Kotani; A. (2016). Factors contributing to soil nitrogen mineralization and

nitrification rates of forest soils in the Japanese archipelago. Forest Ecology and
Management, 361, 382 — 396.

Vashum, K. T. & Jayakumar, S. (2012). Methods to estimate aboveground biomass and
carbon stock in natural forests - A review. Journal of Ecosystem and Ecography,
2,116 -122.

Verheyen, K., Baeten, L., De Frenne, P., Bemhardt-Romermann, M., Brunet, J.,
Cornelis, J., Decocq, G., Dierschke, H., Eriksson, O. & Verstraeten, G. (2012).
Driving factors behind the eutrophication signal in understorey plant
communities of deciduous temperate forests. Journal of Ecology, 100. 352 —
365.

106



Vieilledent, G., Vaudry. R., Andriamanohisoa, S. F. D.. Rakotonarivo. S. O,
Randrianasolo, Z. H., Razafindrabe, H. N.. Bidaud, R. C., Ebeling, J. &
Rasamoelina, M. (2012). A universal approach to estimate biomass and carbon
stock in tropical forests using generic allometric models. Ecological
Applications, 22, 572 — 583.

Villamor, G. B., Pampolina, N., Forcadilla, R., Bugtong, N., Alano, J., Rice, D., Omas,
T., Castillo, R. & Pulan, D. (2010). Rapid carbon stock appraisal: Kalahan,
Nueva Vizcaya, Philippines, Working paper 106. Bogor, Indonesia: World
Agroforestry Centre (ICRAF) Southeast Asia Program.

Vincent, G., Sabatier, D., Blanc, L., Chave, J., Weissenbacher, E., Pélissier, R., Fonty,
E., Molino, J. F. & Couteron, P. (2012). Accuracy of small footprint airborne
Lidar in its predictions of tropical moist forest stand structure. Remote Sensing
and Environment, 125, 23 — 33.

Walker, S. M. & Desanker, P. V. (2004). The impact of land use on soil carbon in
Miombo Woodlands of Malawi. Forest Ecology and Management, 203, 345 —
360.

Walter, K., Don, A., Tiemeyer, B. & Freibauer, A. (2016). Determining soil bulk
density for carbon stock calculations: A systematic method comparison. Soi/
Science Society of America Journal, 80, 579 — 591.

Watson, R. T., Noble, I. R., Bolin, B., Ravindranath, N. H., Verardo, D.J. & Dokken,
D. J. (2000). Land Use, Land-Use Change and Forestry. Cambridge, United
Kingdom, Cambridge University Press.

Weiss, C.. Weiss, J., Boy, J., Iskandar, 1., Mikutta, R. & Guggenberger, G. (2016). Soil
organic carbon stocks in estuarine and marine mangrove ecosystems are driven
by nutrient co-limitation of P and N. Ecology and Evolution, 6(14), 5043 — 5056.

Whitehead, D., Grace, J. C. & Godfrey, M. S. (1990). Architectural distribution of
foliage in individual Pinus radiata crowns and the effects of clumping on
radiation interception. Tree Physiology, 7,135 — 155.

Wilson, N. (2010). Biomass and regeneration of mangrove vegetation in Kien Giang
Province, Vietnam. https://doi.org/10.13140/ RG.2.2.12896.17921. Retrieved
May 11, 2018.

WMO (World Meteorological Organization) (2018). Statement on the state of the
global climate in 2017, WMO-No. 1212. https://library.wmo.int/doc_
num.php?explnum_id=4453. Retrieved November 8, 2018.

Wofsy, S. (2001). Where has all the carbon gone? Science, 292, 2261 — 2263.

107



Wolkovich, E. M.. Cook, B. 1., Allen, J. M., Crimmins, T. M., Betancourt, J. L.,
Travers, S. E., Pau, S., Regetz, J., Davies, T. J., Kraft. N. J., Ault, T. R,,
Bolmgren, K., Mazer, S. J., McCabe, G. J., McGill, B. J, Parmesan, C., Salamin,
N., Schwartz, M. D. & Cleland, E. E. (2012). Warming experiments
underpredict plant phenological responses to climate change. Nature, 485, 494
—-497.

Woodall, C. W., Walters, B. F., Oswalit, S. N., Domke, G. M., Toney, C. & Gray, A. N.
(2013). Biomass and carbon attributes of downed woody materials in forests of
the United States. Forest Ecology and Management, 305, 48 — 59.

Woodall, C.W. & Monleon, V. J. (2008). Sampling protocol, estimation, and analysis
procedures for the down woody materials indicator of the FIA program. General
Technical Report. NRS-22. Newtown Square. Delaware, United States
Department of Agriculture Forest Service, Northern Research Station.
https://www.nrs.fs.fed.us/pubs/gtr/gtr_nrs22.pdf. Retrieved September 12,
2018.

WHO (World Health Organization) (2016). Climate change and health.
http://www.who.int/mediacentre/factsheets/fs266/en/. Retrieved November 30,
2018.

Yigini, Y. & Panagos, P. (2016). Assessment of soil organic carbon stocks under future
climate and land cover changes in Europe. Science of the Total Environment,
357 - 3558, 838 — 850.

Yimer, F., Ledin, S. & Abdelkadir, A. (2006). Soil organic carbon and total nitrogen
stocks as affected by topographic aspect and vegetation in the Bale Mountains,
Ethiopia. Geoderma, 135, 335 - 344.

Yu, Y., Yang, X. & Fan, W. (2015). Estimates of forest structure parameters from
GLAS data and multi-angle imaging spectrometer data. /nternational Journal
of Applied Earth Observation and Geoinformation, 38, 65 — 71.

Yuan, Z., Gazol, A., Wang, X., Xing, D., Lin, F., Bai, X., Zhao, Y., Li, B. & Hao, Z.
(2012). What happens below the canopy? Direct and indirect influences of the
dominant species on forest vertical layers. Oikos, 121, 1145 — 1153.

Zaki, N. A. M., Latif, Z. A. & Suratman, M. N. (2018). Modelling above ground live
trees biomass and carbon stock estimation of tropical lowland Dipterocarp
forest: integration of field-based and remotely sensed estimates. /nternational
Journal of Remote Sensing, 39(8), 2312 — 2340.

Zeng, C., Wang, Q., Zhang, F. & Zhang, J. (2013). Temporal changes in soil hydraulic
conductivity with different soil types and irrigation methods. Geoderma,
193/194, 290 — 299.

Zeng, N. (2008). Carbon sequestration via wood burial. Carbon Balance and
Management, 3(1), 5 - 12.

108



17 cal and Electronics Engineers
using GLAS and MODIS data. Institute of Electrica

Journal of Selected Topics in Applied Earth Observations and Remote Sensing,

Zh Y., Liang, S. & Sun, G. (2014). Forest biomass mapping of northeastern China
ang, Y., y 8. , O.
7,140 - 152.

109

T ————

ass stock, aboveground carbon s
sccts sampled in the mangrove for
n West Division, AKamkpa, Cross |

Total soil Total soil C:!
l carbon (Mg C) nitrogen
bck (Mg N)
|
—————

! 373.91£57.63 18.31£3.00 204
404.66+28.23 19.82+1.30 204
373.06£51 .45 18.30£2.45 203
| 385.58+56.40 18.72£3.04  20.6:
366.514.26.53 | 7.90£1.00 20.4¢
416.55£23.66  20.21+] 20 20.60
366.66+4598 | 7.87£2.01  20.49
366.84+26.32 17.93+1.12  20.44
353.31+46.32 17.26£2.36  20.48:
394.23+5528  19.2 1£2.56  20.50-

| 380.13+41.09 18.5561.99 20 484
|

——

on nitrogen ratio



APPENDIX I CONTINUED

Ecosystem  Transect Canopy Aboveground  Belowground Aboveground  Belowground — Total soil Total soil  C:N ratio

closure (%) biomass stock  biomass carbon stock carbon sock carbon (Mg C) nitrogen
(tha™) stock (thay  (MgC) Mg Q) (Mg N)

CRNP I 89.98+1.41 221.10+143.01 44.21+28.60 103.91+67.21  20.77+13.44 87.27+£10.33 6.74£0.74  12.9410.66

2 88.46+0.75 109.82+44.65 21.85+9.00 51.61£20.98 10.32+4.19 85.27£11.07 6.55+£0.61  12.97+0.67

3 88.64+1.17 657.49481.90 131.49+16.38 309.02+38.49  61.80+7.70 92.22+11.32 7.06£0.77  13.04£0.65

4 88.30+1.30 185.90+171.59 37.18+34.31  87.37+80.65 17.47+16.12 89.88+11.22 7.01£0.98 12.85+0.66

5 89.60+0.45 107.18+£23.30  21.43+4.65 50.37£10.95 10.07+2.18 84.22+6.41 6.62+0.39 12.72+0.73

6 88.30+2.26 283.03+241.41 56.60+48.27 133.02+113.46 26.60+22.68 99.32+7.77 7.71+£0.38 12.87+0.53

7 88.73£0.75 366.66:155.82 73.32431.16  172.334£73.23  34.46+14.65 82.11+17.81 6.39+1.43 12.8640.71

8 88.64+0.54 200.28499.17  40.05+19.83  94.13+46.61 18.82+9.32 80.12+9.33 6.41+£0.68 12.48+0.39

9 89.60+0.68 210.30+140.53 42.05+28.10  98.84+66.05 19.76£13.20  94.01%4.39 7.04+£0.56  13.36+0.57

10 89.03+£1.10 86.49+23.43 17.29+4.68 40.65+11.01 8.12+2.1 98.23+£10.35 7.59+0.38 12.91+0.79

Grand 88.83+1.06 242.82+195.79 48.55439.16 114.12492.02  22.82+18.40 89.27+10.84 6.91+0.77 12.90+0.58

mean

%: per cent; t ha': tonnes per hectare; Mg: megagram; C: carbon; N: nitrogen; C:N: carbon nitrogen ratio




APPENDIX II

One Way Analysis of Variance (ANOVA). between transects sampled for canopy- closure, aboveground biomass stock,
aboveground carbon stock, total soil carbon, total soil nitrogen, C:N ratio, belowground carbon stock and belowground biomass
stock in the mangrove forest of Great Kwa river, Calabar and rainforest of Cross River National Park (CRNP), Oban West

Division, Akamkpa, Cross River State, Nigeria from April to May, 2018.

Source Sum of df Mean F Sig.
Squares Square

Between Groups 226.520 9 25.169 1.276  0.308
Canopy closure (%) for Mangrove Within Groups 394377 20 19.719

Total 620.897 29

Between Groups 6.068 9 0.674 0498 0.859
Canopy closure (%) for CRNP Within Groups 27.092 20 1.355

Total 33.160 29

Between Groups 9822.762 9 1091.418 4.607 0.002
AGB stock (t ha-') for Mangrove Within Groups 4737907 20 236.895

Total 14560.669 29

Between Groups 768022.695 9 85335.855 4966 0.001
AGB stock (t ha'') for CRNP Within Groups 343685.171 20 17184.259

Total 1111707.865 29

Between Groups 2142.283 9 238.031  4.538 0.002
AGC stock (Mg C ha™') for Mangrove Within Groups 1049.028 20 52.451

Total 3191.311 29

Between Groups 169656.752 9 18850.750 4966 0.001
AGC stock (Mg C ha'!) for CRNP Within Groups 75920.080 20 3796.004

Total 245576.833 29

AGB: aboveground biomass; AGC: aboveground carbon; t ha™': tonnes per hectare; Mg C ha': Megagram of carbon per hectare
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APPENDIX IT CONTINUED

Source Sum of df Mean F Sig
Squares Square
Between Groups 10524.233 9 1169.359  0.608 0.776
Total soil carbon for Mangrove Within Groups 38442.891 20 1922.145
Total 48967.124 29
Between Groups 1179.580 ) 131.064 1.174  0.362
Total soil carbon for CRNP Within Groups 2232281 20 111.614
Total 3411.861 29
Between Groups 23.672 o 2.630 0.571  0.805
Total soil nitrogen for Mangrove Within Groups 92.104 20 4.605
Total 115.776 29
Between Groups 5.751 9 0.639 1.097 0.408
Total soil nitrogen for CRNP Within Groups 11.653 20 0.583
Total 17.404 29
Between Groups 168 ) 0.019 0.189 0.993
C:N ratio for Mangrove Within Groups 1.983 20 0.099
Total 2.151 29
Between Groups 1.363 9 0.151 0360 0941
C:N ratio for CRNP Within Groups 8415 20 0.421
Total 9.778 29

C:N: carbon nitrogen ratio

P

2



APPENDIX II CONTINUED

Source e df Viean F Sig
Squares Square
N Between Groups 85.622 9 9514 4.538 0.002
BGC stock (Mg C ha'') for Mangrove Within Groups 41930 20 2.096
Total 127568 28
Between Groups 6786.724 9 754.080 4.967 0.001
BGC stock (Mg C ha'') for CRNP Within Groups 3036.526 20 151.826
Total 9823.251 29
Between Groups 393.090 9 43.677 4.606 0.002
BGB stock (t ha'') for Mangrove Within Groups 189.649 20 9.482
Total 582.739 29
Betwcen Groups 30738.324 9 3415369 4968  0.001
BGB stock (t ha™) for CRNP Within Groups 13748.521 20 687.426
Total 44486.845 29

BGC: belowground carbon; BGB: belowground biomass; t ha'': tonnes per hectare; Mg C ha™': Mcgagram of carbon per hectare




APPENDIX 111

Group statistics on Independent Samples Test for canopy closure, aboveground biomass stock, belowground biomass
stock, aboveground carbon stock, belowground carbon stock, total soil carbon, total soil nitrogen and C:N ratio of
transects sampled in the mangrove forest of Great Kwa river, Calabar, and rainforest of Cross River National Park
(CRNP), Oban West Division, Akamkpa, Cross River State, Nigeria from April to May, 2018.

Forcst _type N Mean Std. Std. Error Mean
Deviation
Mangrove 30 24.1193 4.62712 0.84479
Canopy closure

CRNP 30 88.8307 1.06931 0.19523
Mangrove 30 76.0810 22.40741 4.09101

AGB stock
CRNP 30 242.8290 195.79263 35.74668
Mangrove 30 15.2123 4.48268 0.81842

BGB stock
CRNP 30 48.5517 39.16668 7.15083
Mangrove 30 35.7105 10.49024 1.91525

AGC stock
CRNP 30 114.1291 92.02264 16.80096
Mangrove 30 7.1363 2.09722 0.38290

BGC stock
CRNP 30 22.8207 18.40469 3.36022
Mangrove 30 380.1371 41.09162 7.50227

Total soil carbon
CRNP 30 89.2710 10.84668 1.98032
Mangrove 30 18.5568 1.99806 0.36480
Total sotl nitrogen
CRNP 30 6.9167 0.77469 0.14144
) Mangrove 30 20.4857 0.27236 0.04973
CN ratio

CRNP 30 12.9047 0.58067 0.10601

AGB: aboveground biomass; BGB: belowground biomass; AGC: aboveground carbon; BGC: belowground carbon; C:N: carbon

nitrogen ratio
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APPENDIX IV
Independent Samples Test on canopy closure, aboveground biomass stock, belowground biomass stock, aboveground carbon stock,

belowground carbon stock, total soil carbon, total soil nitrogen and C:N ratio of transects sampled in the mangrove forest of Great Kwa

river, Calabar, and rainforest of Cross River National Park (CRNP), Oban West Division, Akamkpa, Cross River State, Nigeria from

April to May, 2018.

Source

[.evene's Test tor
Equality of Variances

t-test for Equality of Mcans

I Sig. t dfr Sig. Mean Std. Error  95% Contidence Interval
(2-tailed) Diftference Difference of the Difference
lLower Upper
Equal variances assumed 16402 0.000 -74.633 58 0.000 -64.71133 0.86706 -66.44694 -62.97573
Canopy closure
Equal variances not assumed -74.633 32.089 0.000 -64.71133  0.86706 -66.47728 -62.94539
o Equal variances assumed 50.123  0.000 -4.634 58 0.000 -166.74800 35.98002 -238.76983 -94.72617
1B Stock
Equal variances not assumed -4.634 29.760 0.000 -166.74800 35.98002 -240.25390 -93.24210
BGB stock Equal variances assumed 50.124  0.000 -4.632 58 0.000 -33.33933  7.19751 -47.74671 -18.93190
Equal variances not assumed -4.632 29.760 0.000 -33.33933  7.19751 -48.04359 -18.63508
Equal variances assumed 50.194  0.000 -4.637 58 0.000 -78.41853 1690977 -112.26712 -44.56995
Carbon stock AGB
Equal variances not assumed -4.637 29.754 0.000 -78.41853 16.90977 -112.96489 -43.87217
Equal variances assumed 50.196 0.000 -4.638 58 0.000 -15.68433  3.38197 -22.45408  -8.91459
Carbon stock BGB
Equal variances not assumed -4.638 29.753 0.000 -15.68433  3.38197 -22.59364  -8.77503
) Equal variances assumed 34225 0.000 37.486 58 0.000 290.86612  7.75924 275.33432 306.3979|
Total soil carbon
Equal variances not assumed 37.486 33.022 0.000 290.86612 7.75924 275.08023 306.65201
o Equal variances assumed 17.810 0.000 29.751 58 0.000 11.64010  0.39125 10.85692 12.42328
Total soil nitrogen
Equal variances not assumed 20.751 37.526 0.000 11.64010  0.39125 10.84772  12.43248
il Equal variances assumed 21.682 0.000 64.742 58 0.000 7.58108  0.11710 7.34669 7.81548
ratio
Equal variances not assumed 64.742 41.171 0.000 7.58108  0.11710 7.34463 7.81754
AGB: aboveground biomass; llt;t;lm\vground biomass: C:N: carbon nitrogen ratio
A— k.




APPENDIX VI

One Way Analysis of Variance (ANOVA) on soil bulk density by depth in the mangrove forest of Great Kwa river, Calabar
and rainforest of Cross River National Park (CRNP), Oban West Division, Akamkpa, Cross River State, Nigeria from April to

May, 2018.
Source Sum of df Mean F Sig.
Squares Square
Between Groups 0.002 3 0.001 0.100 0.960
Mangrove soil BD  Within Groups 0.706 116 0.006
Total 0.707 119
Between Groups 0.035 3 0.012 0.496 0.686
CRNY soil BD Within Groups 2.689 116 0.023
Total 2.724 119

BD: bulk density




