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Abstract: Tree species diversity was assessed and the efficiency of noulinear regression
models for timber volume estimation in a complex natural forest ecosystem is established
in this study. The study was carried out in the tropical rainforest ecosystem of southwest
Nigeria using two forest reserves with the same logging history and management practice.
Eight plots of equal size (50x50 m) were selected using systematically cluster sampling
technique and complete enumeration was carried out in each plot. All trees encountered in
each plot were identified with their scientific names and measured. Four non linear models
were developed for each forest reserve separately while five were developed for data
involving the two reserves together. The results revealed that there were 61 important
tropical timber species distributed among 24 families in the two reserves. The most abundant
tree species is Strombosia pustulaia while the family with the highest mumber of species is
Sterculiaceae with seven species. The mean dbh and height are 39.12 ¢m and 18.77 m,
respectively and highest percentage of the trees belong to the least diameter class
(20-29 c¢m). The assessment criteria (correlation coefficient (R), coefficient of determination
(R?), Standard error of estimate (SE) and F-ratio} with the validation results (using simple
lingar regression equation, percentage bias and probability plots of residuals) show that all
the models were of good fit. Very high R and R? values, small SE and percentage biases and
significant F-ratio were obtained. All the models were discoverad to be very adequate for tree
volume estimation in the study area. They were therefore recommended for further use in
this ecosystem and in any other forest ecosystem with similar site condition.
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INTRODUCTION

The main reason for conducting forest inventory either in the plantations or natural forest
ccosystem is to estimate timber volume of the plots installed in the entire stand. The timber volume
in a plot is the sum of the volumes of the trees within it. During forest inventory especially in the
tropical natural forest ecosystem characterized by dense canopy closure, lianas and thickets, it is
practically difficult, inefficient and costly to measure all predictor variables for every tree in each plot.
To overcome this problem, the use of volume equation with dbh (diameter at breast height) and h
(tree height - total or merchantable height) as predictor variables is developed. This is possible because
tree stem volume is a function of dbh, height and form i.e., v = f (dbh, h, f). Secondly, volume is
linearly related to tree dbh or basal area. This relationship has also been observed to be curvilinear
(Akindele and LeMay, 2006).

While dbh could be obtained at litfle expense in almost any forest type, height measurements are
considerable more expensive to collect. Riesco and Diaz-Maroto (2004) reported that measurement
of height in all tall dense stands can be very difficult. Therefore plot volumes are generally obtained
by measuring all trees in the sample plots for dbh and sub samples for height and other variables
needed to compute volume with Newton’s formula of Husch ef al. (2003) like diameter of tree
at the base, middle and top. The relationship between volume and dbh can now be expressed in
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mathematically using regression analysis. After estimating the regression coefficients from the sample
tree data, volume of other trees in the stand can be estimated by substituting their respective predictor
variable in the equation.

Generally, models in forestry constitute recruitment, growth and mortality models. They have
been traditionally classified as stand models, individual tree models and stand or diameter class models
(Misir, 2003). Individual tree models are further classified as distance-dependent (spatial) or distance-
independence (non-spatial) models. Spatial models include a spatial competition measure, which is
often expressed as a function of the distance between the subject tree and its neighbours (Misir ef al.,
2004). Non-spatial models do not use spatial information to express competition but they use
predictors (e.g., stand basal area, mean dbh) that are measures of stand density (Vanclay, 1994,
Van Laar and Akca, 1997; Misir ef af., 2004). Stand models are very useful in estimating growth and
yield of any stand and also for projecting values of other parameters like basal area, mean dbh, height
and nmumber of trees per hectare.

The roles of models in tree volume estimation especially in tropical natural forest ecosystem
cannot be overestimated. Models are veritable tools for effective management of any forest stand.
Models in forestry are tools for providing long-term decision-making in forest management, estimation
of growing stock, timber valuation and allocation of forest areas for harvest. Unfortunately models for
yield estimation in tropical natural forest ecosystem are very scarce today because of the complexities
and heterogeneity of the ecosystem. The types of models that can be used in natural forest ecosystem
to estimate yield where age of trees cannot be determined are very limited. Authors who have
constructed yield models for natural forest surrogate age with diameter or basal area. Although some
ecologists have criticized this approach, but studies of some herbaceous and woody perennials have
shown that plant size as measured by height was good enough as predictor of reproductive
performance. Saksa et al. (1995) and Laiho ef al. (1995) reported that size variation of trees could be
estimated from heights or more commouly from diameter because the age distribution of trees is hardly
ever known in natural forest stands. The growth of trees has also been reported to depend more on size
than age (Sarvas, 1951; Vaartaja, 1951).

FORMECU (1997) developed some linear regression equations for Nigeria natural forest data.
All the species encountered were classified into eleven groups with k-cluster algorithm. Four sets
of logarithm-transformed models were tried with volume as dependent variable and basal arsa and
height as independent variables for each group and all species together. Osho (1988) used population
growth matrix and successional markov models for his study at Idanre forest reserve by
replacing age with diameter. Moser and Hall (1969) applied the differential equation technique
to uneven-aged hardwood stands by deriving time-dependent non-linear yield models that did not
have age as an independent variable. Ek and Monserud (1974) models were one of the first spatial
models for mixed forest. Their models used height rather than diameter as independent variable
(Vanclay, 1994).

The main objective of this study is to develop volume models for tropical natural forest
ecosystem in southwest Nigeria using some non-linear models and also to assess the diversity of tree
species in the ecosystem. According to Avery and Burkhart (2002), volume equations can be used to
estimate the average content of standing trees of various sizes and species. Akindele and LeMay
(2006) reported that growing stock in forestry is usnally expressed in terms of timber volume and the
most common procedure of obtaining this is the use of volume equation based on relationship betwesn
volume and variables such as diameter and height.

MATERIALS AND METHODS
Study Area

The study area is the tropical rainforest ecosystem of southwest Nigeria. This ecological zone
forms a continuous belt around the world between latitude 24°S and 24°N and longitude 10°E and
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20°W. In southwest Nigeria, it is located a few kilometers inland along the coast and forms a
continuous strip of green belt separating the coastal vegetation from the derived and Guinea savauna
vegetation. Two forest reserves were randomly selected for data collection. The reserves are Omo and
Ala forest reserves in Ogun and Ondo States of southwest Nigeria, respectively. Even though these
forest reserves fall within two States, yet they are within the same ecological zone; the State
boundaries being merely administrative/political boundaries. It is common knowledge that vegetation
zones (being natural phenomenon) transcend political boundaries. The first reserve (Omo forest
reserve) is located in area J4, [jebu East Local Government Area of Ogun State, Nigena on latitude
6°50'N and longitude 4°22' E. Tt covers an area of 460 km?. The second one (Ala forest reserve) is
located in Akure North Local Government Area of Ondo State, Nigeria. It lies between latitude 7°N
and 6°45"N and longitude 5°E and 5°10"E. Tt is 166 km?in size.

Method of Data Collection

The sampling techmque adopted for plot location in each of the two sites was systematic cluster
sampling. 1000=200 m (20 ha)-land area referred to as cluster was centrally located and divided into
two tracts of 600 m apart. This was further divided into plots of equal size (50>50 m or 0.25 ha).
Fowr plots were therefore selected at the end of southwest and southeast corners of each tract as
shownin Fig. 1 (FORMECU, 1997). The following tree data were collected in each sample plot: dbh
(stem diameter at a position of 1.3 m above the ground level), diameters over bark at the base, middle
and merchantable top, total height using Spiegel relaskop and dominant height (i.e., height of
four largest trees in a plot representing 100 largest trees per hectare).

Data Analysis
Basal Area Calculation
The basal area of all trees in the sample plots was calculated using the formuila:

BA = (1 D¥)/4
Where:
EAP = Basal area (m?)
D = Diameter at breast height (cm)
b = Pie (3.142)

The total BA for each plot was obtained by adding all trees BA in the plot. Mean BA for the plot
was calculated with the formula:

- BA
BA, =
n
+ 1000 m: »>
4 3 8 7
200 m
1 2 5 6
4+—200m —»> + 600 m >

Fig. 1: Systematic cluster sampling technique adopted for sample plot location (plot size = 50x50 m)
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BA = Mean Basal area per plot

n = Number of plots or sampling umnit.

Basal area per hectare was obtained by multiplying mean basal area per plot with number of plots
in a hectare (4 plots)

BA,, = BA, x4

Volume Calculation
The volume of each tree was calculated in every plot using the Newton’s formmuila of Husch ez al.
(2003):

V=(Wo) (A +4A_+A)

Where:

\Y% = Tree volume (in m?),

A, A, A= Tree cross-sectional area at the base, middle and top of merchantable height,
respectively (in m’) h = Total height (in meters)

The plot volumes were obtained by adding the volumes of all the trees in the plot (Vp) while
mean plot volume was estimated by dividing the total plot volume by number of sample plots. Mean
volume for the sample plots was calculated:

— V -
Vp = % V p = Mean plots volume

The volume of trees per hectare (V,,) was subsequently estimated by multiplying this mean by the
number of sampling units in a hectare (4).

Confidence limit (Upper and Lower values): This is the range of values within which one might
expect to find the parameter with same degree of assurance and is estimated as:

CL = Estimate {Volume/ha) + ta/2(SE)

Where, SE is the standard error of estimate and is obtained as:

1
5 2
SE=| 71— {n}z (the expression 1— {nj
N N

n

is the finite population correction factor and &7 is the estimated variance of individual value of y and
is given as:

1

Zyz_(Zyl)z

57 =
¥ n-1
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n is the number of sampling units (plots) used while N is the total number of plots (total population),
ta/2 1s Student t-test value at 0.025 level. Students’t-test is a value establishing a level of probability
and the value was obtained from statistical table.

Correlation CoefTicient Calculation
Pairing of the growth parameters to examine the type of linear relationship between them was
carried out with spearman correlation.

Volume Model Generation

For the purpose of modeling, individual tree growth variables across all sample plots in each of
the two sites were used. The tree growth variables from both sites were also pooled together to
generate models that could be used for volume estimation in tropical rainforest ecosystem of southwest
Nigeria and in other places with similar vegetation and enviroumental factors. The Von Betalanftys
growth model adopted by Richard (1959) and Chapman (1961) termed as Chapman-Richard growth
model was modified and used in this study. The original model is of the form:

V= a{ 1 _efbA}(l-c)fl

This original model was modified and age was replaced with basal area. This is because tree age
is very difficult to determine in natural forests. So the non-linear models adopted in this study are:

V=all-e™ 0 Model 1
V=a{l-e ™ Model 2
V=a{l-e™ ) Model 3
V=a{l-e™™ Model 4
V=2 {1 RS } ................................. Model 5

§
-
(0]

The original model is Agea, b

Regression constants to be estimated

= The exponential constant (Euler’s value = 2.71)
Basal area {m’)

Tree volume (m).

<Moo =

All these models are intrinsically noulinear regression models. In order to estimate the parameters
(regression constants a, b and ¢) of the function, the noulinear estimation module of Statistica software
using the user-defined option and a non-linear least square estimation procedure was adopted
(Statistica, 1995). This was with the aim of minimizing the sum of squared deviations of the observed
values for the dependent variable from those predicted by the models.

Assessment of the Models
The volume modzls were assessed with the view of recommending those with good fit for further
uses. The following statistical criteria were used:

Significance of Regression (F-ratio)

This is to test the overall significance of the regression equations. The critical value of
F (i.e., F-tabulated) at p<0.05 level of significance was compared with the F-ratio (F-calculated). Where
the variance ratio (F-calculated) is greater than the critical values (F-tabulated) such equation is
therefore significant and can be accepted for prediction.
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Multiple Correlation Coefficient (R)

This measures the degree of association between two variables i.¢., Y- dependent variable and
X- independent variable (Mead ef @f., 1994). The R-value must be high (>0.50) for models to have
good fit.

Coefficient of Determination (R?)

This is the measure of the proportion of variation in the dependent variable that is explained by
the behaviour of the independent variable (Thomas, 1977). For the model to be accepted, the R? value
must be high (>50%). Other criteria used include Bias (Error) and Mean Square Error (MSE). These
values must be relatively small for the models to be valid.

Validation of the Models

This was achieved by comparing the models’ output with values observed on the field. The
validation process examines the usefulness or validity of the models (Marshall and Northway, 1993).
The entire field data were divided into two sets. The first set (calibrating set), comprised tree data from
194 trees in Ala, 149 trees in Omo forest reserves and 338 trees when data from both reserves were
pooled. These were used for generating the models. The second set (validating set) comprised tree data
from 40 trees in Ala, 39 trees in Omo and 83 trees for both reserves. These were used for validating
the models (Cooper and Weekes, 1983). The models outputs were individually compared with
observed values using simple linear regression equation. The observed volume was the dependent
variable while the models output was the independent variable. For models with good fit, the intercept
must be close to 0 and the slope close to 1, the model must be significant, with highly correlated,
coefficient of determination value must be very high and the standard of error of estimate must be small
values (Onyekwelu and Akindele, 1995; Adekunle et af., 2004). Residual plots and frequency
distribution of residuals for the models that involved data from both reserves were also obtained to
further confirm the usefulness and suitability of the models for tree volume estimation. One-way
Analysis of Variance (ANOVA) was also adopted to test for the presence of significant differences
in the models output and where significant difference oceurred, mean separation was done with fishers
Least Significant Difference (LSD).

Percentage Bias Estimation

The absolute percentage difference (% bias) was determined by dividing the difference between
volumes obtained with Newtons forrmila (observed volume) and models output by the same observed
volume and multiplied by 100.

_ \Y
Bias(%) = L 1%100
Vo

Where:
V, = The observed volume
V, = The predicted volume (models output).

The value must be relatively small for the model to be acceptable for management purpose.
RESULTS
The species and family names of trees encountered in the sample plots with their respective

relative abundance are shown in Table 1. Table 2 shows the various families and number of species in
cach of the families. On the whole, 61 Nigerian tropical tree species distributed among 24 families and
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421 individuals were present in the study areas as represented by the sample plots. The most
abundance species is Strombosia pustlata. This is followed by Cordia milenii. These species have 49
and 36 individual frees, respectively. The family with the highest number of species is Sterculiaceac
(7 species). This is followed by Moraceae and Cacsalpimodeae with six species each. The family,
Leguminosae, is a large family with three sub-families namely Caesalpiniodeae, Mimosoideae and
Papilionoideas. The number of species in these sub-families is 6, 4 and 2, respectively. The summary
of tree growth variables obtained for Ala, Omo and when data from the two reserves were pooled
together is shown in Table 3. Table 4 reveals the results of the descriptive statistics of dbh and heights
for all the trees.

Generally, higher values were recorded for Ala forest reserve when compared with Omo forest
reserve. The mean dbh and height is 39.12 ¢m and 18.37 m for Ala and Omo forest reserves,
respectively, the volume and basal area per hectare is 16.06 and 129.01 m?, respectively. The maximmum
dbh of trze is 200 cm and that of height is 36 m with a range of 180 for dbh and 31.7 for height. For
diameter distribution, highest proportion (41%) of the trees per hectare belong to the least dbh class
(20-29 cm) while only 1% were found to be greater than 100 cm (Table 5).

Correlation Coefficient of the Various Growth Parameters

There is generally more positive linear relationship between the variables. The highest
correlation coefficient value was obtained between the square of basal area and volume (0.843)
and negative but high correlation exists between dominant height and logarithm of mean

Table 1: Species encountered in the study area and their relative abundance in sample plots

Species Family Abundance Species Family Abundance
Afelia afficana Caesalpiniodeae 11 Entandrophragma Meliaceae 5
(Leguminosae) 5 angolensis
Albizia ferruginea Mimosoideae [ Ficus exasperata Moraceae 4
Albizia lebbeck Mimosoideae 1 PFuntumia elastica Apocynaceae
Albizia zygia Mimosoideae 5 Goswelelrodendron
Caesal piniodeae 3 balsamiferan
Alstonia boneii Apocynaceae 9 Harungana Gultiferaceae 4
madagascariensis
Antiaris aficana Moraceae 9 Hevea brasillensis Euphorbiaceae 7
Antiaris toxicaria Moraceae 5 Humtaria umbellata Apocynaceae 2
Avicennia germinans Avicenniaceae 1 Irvingia gabonensis Irvinginaceae 2
Baphia nitida Papilionoi deae 1 Khaya ivorensis Meliaceae 6
Berlinia grandifiora Caesalpiniodeae 1 Lophira alata Ochnaceae 2
Bombax buonopozense Bombaceae 3 Lovoa trichiliodes Meliaceae 5
Bosquea angolense Moraceae 2 Mansonia altisima Sterculiaceae 19
Brachestegia nigerica Caesal piniodeae 2 Milicia excelsa Moraceae 2
Brachystegia enrycoma Caesal pini odeae 1 Mitragyna ciliata Rubiaceae 4
Clanarium schweinfirthi Burseraceae 1 Mitssanga cecropioides Moraceae 3
Cleiba pentandra Bombaceae 2 Nesaogordonia papaverifera Sterculiaceae 1
Celtis zenker Ulmaceae 2 Fentaclethra macrophylla Papilionoi deae
(Leguminosae) 7
Chrysophylium albidum Sapotaceae 1 Fiptadeniastrum afficaminm Mimosoideae 1
Chrysophylium perpuichrim  Sapotaceae 21 FHerygota macrocarpa Sterculiaceae 9
Cleistopholis patens Annonaceae 1 Fychnanthus angolensis Myristicaceae 6
Cola gigantean Sterculiaceae 3 Rhicinodendron hendelotii Euphorbiaceae 1
Cordia millenii Boraginaceae 36 Serculia oblonga Sterculiaceae 1
Cordia platytesia Boraginaceae 2 Serculia rhinopetala Sterculiaceae 34
Coronenti corynanthe Rubiaceae 3 Strombosia pustilata Olacaceae 19
Crossopterys Jebrifliga Rubiaceae 1 Terminalia ivorensis Combretaceae 3
Dialium guineense Caesal piniodeae 1 Terminalia superba Combretaceae 18
Diospyros utirensis Ebenaceae 7 Treculia afticana Meliaceae 2
Diospyros dendo Ebenaceae 21 Triplochiton scleroxylon Sterculiaceae 15
Diracaena manni Agavaceae 6 Xanthoxylium Rutaceae 5
zanthozanloides
Drypetes paxii Euphorbiaceae 24 Xylopia aethiopica Annoniaceae 3
Drypetes gossweller Euphorbiaceae 9 Total 421
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Table 2: Tree species distrbution into families in the study area

Family No. of species Family No. of species
Annoniaceae 2 Irvinginaceae 1
Apocynaceae 3 Meliaceae 4
Agavaceae 1 Mimosoideae (Legiuminosae) 4
Avicenniaceae 1 Moraceae 6
Bombaceae 2 Myristicaceae 1
Boraginaceae 2 Ochnaceae 1
Burseraceae 1 Olacaceae 1
Caesalpiniod eae (T.eguminosae) i} Papilionoideae (Leguminosae) 2
Combretaceae 2 Rubiaceae 4
Ebenaceae 2 Sapotaceae 2
Euphorbiaceae 4 Sterculiaceae 7
Gultiferaceae 1 Ulmaceae 1
Total 61

Table 3: Tree growth variables in Ala and Omo Forest Reserves

Variables Ala Omo Ala+Omo
Basal area/ha (i) 22.98 12.48 016.06
Volumeha (m?) 227.00 91.71 129.01
Average dbh (cm) 46.43 36.25 039.12+0.99
Average dominant diameter at breast height (cm) 129.88 82.75 096.00+1.23
Average total height (m) 18.14 17.26 018.37+0.30
Confidence limit of volune estimate/ha (Lower limit) 223.56 90.08 12918
Confidence limit of volume estimate’ha (Upper limit) 235.20 93.44 12884

No. of stems per hectare 116.0 96.0 107.0

Table 4: Descriptive statistics of dbh {cm) and total height (m) for all trees in the study areas

Values
Parameters Dbh Height
Mean 3912 18.37
Standard Error 0.99 0.30
Median 32.00 17.50
Mode 25.00 18.00
Standard Deviation 20.36 06.17
Samnple Variance 414.45 38.142
Kurtosis 11.48 -0.52
Skewmess 2499 0.39
Range 180.00 31.70
Minimum 20.00 4.30
Maximum 200.00 36.00
Sum 16464.35 773275
Count 421.00 421.00
Confidence Level (95.0%) 1.957 0.98

Table 5: Diameter distribution into diameter classes in the study areas

Diameter classes Frequency for sample plots Frequency/ha Distribution‘ha (%6)
20-29 176 44 41
30-39 101 25 23
40-49 47 12 11
50-59 44 11 10
60-69 19 5 5
T0-79 11 3 3
80-89 14 4 4
90-100 5 2 2
=100 4 1 1
Total 421 107 100

diameter (-0.82). The value (0.77) obtained between basal area and volume is also very high and
positive. Very weak correlation was observed to exist between number of stem/ha and all the other tree
growth variables. This could be attributed to the fact that number of trees, in actual sense, is not
necessarily a tree growth variable (Table 6).
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BA  LnBA Vol LnVol Hd LnHd Dm LnDm N LnH Hm LNHm Dd LNDd BA Dol
BA 1
LnBA 0989 1
Vol 0714 0686 1
LnVol 0691 0604 098 1
Hd 0531 0560 0417 0410 1
LnHd 03526 0555 0406 039 0997 1
Dm -0.470 -0540 -0.129 -0140 -0511  -05 1
LnDm -04%0 -055¢ -0.234 -0318 -081% -0.83 (0é57 1
N 0112 0113 0170 0190 0173 0.22 0267 -0484 1
LnN 0117 0118 0180 0202 019 0244 0292 -0462 0997 1
Hm -0058 0101 0159 0284 0093 -0.05 0133 0195 0535 0524 1
LnHm 0009 -0029 0198 0300 -0067 -0.03 008 -0254 058 0587 0.995 1
Dd -0.178 -0188 -0.198 -02%98 -0257 -0.24 07% 0418 0327 035% -0213 -0228 1
LnDd -0.128 -0142 -0.117 -019% -0219 -0.21 0812 0375 03381 0418 014 -0151 0%8 1
BA* 0992 0963 0843 0763 0516 0513 -039 -0.452 0136 0142 -0.017 0.045 -0153 -0099 1
D' -0478 -0545 -0.153 -0167 -0522  -051 0999 0658 0273 0297 0.135 0.09 0.807 0819 -0.404 1

BA = Basal areatha (f), Vol = Volumeha ('), Hd = Dominant height (m), Dm = Mean dbh (o), M = Number of stemsha, Fm = Mean total
height (m), Dd = Dominant dbh (em), Lo =Natural logarithm

Result of the Non-Linear Models
The results of the non-linear models with their assessment criteria are presented as follows for
Ala Forest Reserve:

Meodel

la
2a
3a
da

V = 50,136 {1-¢ 131X} 0009

V=16.012 {1 - g%} 3
V =062.056 {I-E'U 407X-0 307}
V =1.268 {e (110}

(R=0.94, R?=88.16%)
(R =0.89 R = 78.48%)
(R=0.0.94, R? = 88.16%)
(R=0.73, R = 60.42%)

The results of the non linear models with their assessment criteria for Omo Forest Reserve are
presentzd as follows:

Meodel

Ib
2b
3b
4b

V=12.168 {]1-g 076X} -0009)
V= 4424 {1 - ¢ TEE)
V=14.948 {l_e '9789)('0_805}

V=0.719 {e (FoEa )

(R=0.96, R? = 92.50%)
(R =0.92 R? = 84.29%)
(R = 0.0.962, R? = 92.463%)
(R =087, R = 74.80%)

The results of the non-linear regression models for tree volume estimation when data from both
forest reserves were combined are:

Meodel

lc
2¢
3¢
4¢
5¢

V =44.72{1-¢" X} 06D
V = 40.63{1-¢ " ¥} 000

V =43.36 {1-e 2075}

YV =44.99 {l-e -0.478K-0 398}
V= 14.848 {1-¢ 14162y

(R=0.93, R? = 86.33%)
(R =0.93, R?=86.39%)
(R=0.93, R? = 86.33%)
(R=0.93, R =86.33%)
(R=0.87, R?=76.33%)

Exponential model was also used to generate tree volume equation for the study area with

dominant height (Hd) in meter as independent variable. The equation obtained is:

Meodel

1d

V =28.4815 + 0.1064 e {170

(R=0.472, R? = 22.313%).

All the non-linear models were discovered to have good fit and as a result, they are very adequate
for tree volume estimation even when age was surrogated with basal area as the independent variable.
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This is because of the high correlation coefficient (R) and coefficient of variation {R?) values, small
standard error of estimate and significant f-ratio (p<0.05). The R-values ranged between 0.73 and 0.94
for the non-linear regression models la to 4a generated for Ala Forest Reserve. The R? values for the
models in this reserve (Ala) are 88.162, 78.48, 88.16 and 60.42% for models 1a, 2a, 3a and 4a,
respectively. In Omo Forest Reserve, the R and the R? values obtained are 0.962 and 93%, respectively
for model 1b, 0.918 and 84% for model 2b, 0.962 and 92% for model 3b and 0.865 and 75% for
model 4b. The results of the correlation coefficient when data from the two reserves were pooled
together were 0.93 for models 1¢ to 4¢ and 0.87 for model 5¢. The coefficient of determination (R%)
value is about 83% for models 1¢ to 4¢ and 76% for model Sc¢. Exponential model obtained with
dominant height as independent variable has a small R? (22.313%) and R-value (0.473).

The mean predicted volume (models’ outputs) obtained by substituting the validating set into the
equations is shown in Table 7. Table 8 shows that all the models have good fit. This is because the
intercept coefficients (b,) are close to zero while the slope coefficients (b,) are close to one, the
correlation coefficients (R) and coefficient of determination (R?) are very high, the standard error of
estimates are very small and all the equations are significant (F<0.05).

Generally, the percentage biases when the output of each model was compared with the observed
volume are very small (less than 30%) for all the models. The values in Ala forest reserve are 17.69%
for model 1a, 22.30% for model 2a, 25.38% for model 3a and 18.46% for model 4a. For Omo forest
reserve, the percentage biases are 25.76, 8.33, 5.57 and 1.51% for models 1b, 2b, 3b and 4b,
respectively. For the combined data, the percentage biases are 3.78% for model 1¢, 4.86% for model
2¢, 3.78% for model 3¢, 4.32% for model 4¢ and 27.03% for model 5c¢. The results of the one-way
analysis of variance show that there were no significant differences (p>0.05) in the models output
(Table 9). But the results of the assessment and validation reveal that models 1a and 1b are the best
for Ala and Omo forest reserves respectively and model 3¢ for the two reserves together. The fitness
and validity of all these models were further confirmed by obtaining the residual plots (i.e., residual
values against predicted volume). Figure 2-7 represented residual plots for models lc to Sc,
respectively.

Table 7: Mean observed volume and models outputs

Volume methods (m*) Mean* (AlaFR) Mean** (Omo FR) Ala+ Omo forest reserves®**
Observed 1.30+0.16 1.3240.23 1.850+0.322
Model 1 1.07+0.23 0.98+0.20 1.782+0.279
Model 2 1.59+0.19 1.22+0.21 1.762+0.280
Model 3 1.63£0.19 1.2240.20 1.78440.278
Model 4 1.54+0.04 3.32+2.00 1.773+0.280
Model 5 NA NA 1.355+0.276

*:n=40 (£ Standard error) **: n = 39 **%: n =83 (* Standard error)

Table 8: Validation results and %6 bias of the non-linear models with simple linear regression model

Site Models by, b; R RZ (%) SE Observed vol. Predicted vol.  Bias (%)
AlaFR la 0.063 1.184 0.991 98.20 1.094 1.070+£0.23 17.690
2a 0.005 0.818 0.998 99.60 0.509 1.30+0.16 1.590+0.19 22.300
3a 0.004 0.802 0.998 99.60 0.505 1.630+£0.19 25.380
4a 0.0054 0.836 0.995 98.90 0.844 1. 540004 18.460
Omo FR 1b 0.021 1.260  0.997 99.40 0.608 0.980+0.20 25.760
2b -0.003 1.027 0.999 99.80 0.324 1.32+0.23 1.210+0.21 8.330
3b -0.004 1.017 0.999 99.80 0.319 1.220+0.20 7.569
4b -0.002 0.944  0.998 99.50 0.455 1.340+2.00 1.510
Alat OmoFR  1c¢ -0.670 1.080 0.940 87.30 1.050 1.782+0.28 3.780
2c -0.370 1.070 0.940 87.40 1.040 1.762+0.28 4.860
3¢ -0.080 1.080 0.940 87.40 1.050 1.854+0.32 1.784+0.27 3.780
4c -0.070 1.080 0.940 87.30 1.050 1.773£0.28 4.320
5¢ -0.120 0.800 0.930 86.48 0.950 1.355+£0.27 27.030
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Fig. 6: Residual plot of model 5 for the study area

Table 9: ANOV A table showing the level of significant differences between observed volume and models outputs

SS df MS F Sig.
Ala forest reserve Methods 8.946 4 2.237 1.811 0.128ns
Error 240.763 195 1.235
Total 249.709 199
Omo forest reserve Methods 145.255 4 36.314 1.113 0.352ns
Error 6197.635 190 32.619
Total 6342.890 194
Ala + Omo Methods 13.57586 5 2715172 0.397864 0.85034ns
Forest reserves Error 3357.590 492 6.824371
Total 3371.166 497

ns: No significant difference (p>0.05) in the tree volume non-linear models
DISCUSSION

Tree species diversity obtained in this study area is typical of tropical rainforest ecosystem.
Sixty-one Nigerian tropical timber species distributed among 24 families were encountered. This
ecosystem has been adjudged the richest single ecosystem of the world due to species richness and
diversity (Adekunle, 2002 and 2006). Species in this ecosystem are very useful as timber, enrichment
of soil fertility, creation of microclimate and the supply of many non timber forest products. Tree
species in the three sub-families under Leguminosae also encountered are noted for their ability to fix
nitrogen thereby increasing soil fertility. The number of individual observation per species is generally
low. About 15 of the tree species occurred only once (i.e., n = 1) and nine species have n = 5. This
finding is similar to the observation of Akindele and [L.eMay (2006). Clark and Clark (1999) noted that
in spite of the high level of tree species diversity in tropical natural forest, most tree species are
generally few. For tree growth variables, the mean dbh value was 39.12 cm for the forest stands
(Table 3). This shows that most of the trees in these forest reserves are below the minimum
merchantable size of 48 cm stipulated by logging policy of southwestern Nigeria. The basal area per
hectare in each of the forest reserves is also less than 24 m?® prescribed for a well stocked forest
(Alder and Abayomi, 1994). The commonest diameter at breast height and height are 25 ¢cm and 18 m,
respectively. But in an even-age forest stand, dbh distributions usually follow a normal distribution.
There is a wide range in diameter distribution (180 cm) and the skewness and kurtosis values for the
dbh distribution are 2.50 and 11.64, respectively.

The efficacy of non-linear models for estimating volume in tropical rainforest ecosystem was
obtained n this study. Generation of the non linear models involved the specification of the non linear
functions and a loss function. The specified values of the loss function were computed for each
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case in the data set. This estimation procedure found parameters that minimize the sum of those
values across all cases. The default loss function is the least square loss function which is expressed
as L = (Obs-Pred)**2, where Obs and Pred are observed and predicted values respectively of the
dependent variable in the non-linear function (Staistica, 1995). After specification of the functions, the
quasi-Newton estimation method was selected for the iterations. The second order derivatives of the
loss function were asymptotically estimated and used to determine the movement of parameters from
iteration to iteration. At least thirty iterations were involved for model convergence.

The assessment criteria revealed that all the models are very suitable for tree volume estimation
in natural forest ecosystem. These models were similar to those used by Adegbehin (1985) for
Pinus caribaea, Eucalyptus cloeziana and E. tereticomis stands and Nokoe (1980) for some plantation
species also. In their studies, age was used as independent variable while in this present study, age was
surrogated with basal area. This is because the natural forest is composed of tree species of different
ages (uneven-aged) and these ages are very difficult to determine. Laiho ef af. (1995) noted that the age
structure of an uneven-aged stand is highly heterogeneous and so its determination in practical forestry
is not meaningful and also very rear on research plots. FORMECU (1997), Osho (1988) and
Damiel ef al. (1979) also replaced age with diameter during model generationin their studies. The indices
of fit, which are the coefficient of multiple correlation and coefficient of determination (R and R?,
respectively), for all these categories of models were very high. During validation with simple linear
regression equations (comparison of models outputs with observed volume), the intercepts (b,) were
very close to zero while the slope coefficients were very close to 1. Also, the index of fit, R and R?
values were high and significant F-ratio at p<0.05 was obtained.

Avery and Burkhart (2002) reported that merchantable volume prediction usually gives negative
intercept. This is in line with what was obtained for most of the models for validation in this study.
The standard error of estimate is a good measure of overall predictive value of regression equations
(Akindele and LeMay, 2006). Tt is also a common measure of goodness of fit in noulinear regression
models (Glantz and Slinker, 2001), with low values indicating better fit. In this study, the SE ranged
between 0.91 for model 1a and 1.32 for model 4a, 0.82 formodel 1band 1.22 for model 4b and between
(0.002 for model 2¢ and 0.29 for model 5¢. Also, the percentage biases were relatively low for all these
models. These results suggest that all these non linear models have good fit within the context of the
field data used.

In view of the above, models 3a and 3b gave the best volume when compared with observed
volume in Ala and Omo forest reserves respectively while model 3¢ ranked the best out of the five
models generated when data from both reserves were combined. But the results of one way analysis
of variance show that there was no significant difference (p>0.05) in the models” outputs (Table 7).
The residual plots (Fig. 2-6 for models 1¢ to Sc¢, respectively) generally indicate an even spread of
residuals above and below the zero line with no systematic trend. The positive and negative sides of
the plots have a constant breadth and are horizontal. The deviation of the predicted values from the
observed values is random. This indicates that the assumption of normality in the distribution of
residuals is not violated.

All the non-linear models developed in this study were discovered to be very adequate for yield
estimation in lowland rainforest ecosystem and they are recommended for firther use. Models with
dominant height, as independent variable does not have good fit therefore, it was not adequate for yield
prediction. This is because dominant height, as tree variable, does not affect other growth variables.
Its use is often limited to site index determination in plantation specics.

CONCLUSION

This study assessed tree species diversity and also tested the efficacy of nonlinear regression
equations for tree volume estimation in tropical natural forest ecosystem. Four hundred and twenty
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one trees comprising 61 species distributed among 24 families were involved in modsl generation. The
frequencies and vield predicted with the models are not significantly different from their observed
values according to the validation results with ANOVA and simple linear regression equation. So,
non-linear models are very suitable for yield estimation in tropical lowland rainforest ecosystem by
replacing age in the original model with either dbh or basal area. Therefore all the categories of noulinear
models generated in this study are recommended for tree volume estimation in tropical natural forest
ecosystem of southwest Nigeria and in any other similar ecosystem. Simulations involving nowinear
models are now facilitated and made easy by the availability of modern computer software that can
handle complex mathematics.
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