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Abstract: Yield models are important for effective forest management and as such were developed for the
University of Benin Gmelina arborea plantation, Nigeria. The objectives of the study were to develop, evaluate and
compare predictions from some non-linear models for timber volume estimation. A total of nine non-linear models
comprising of three models each for weibull, logistic and log-normal models were developed using the three
independent variables combinations (Basal area and merchantable height, diameter at base and merchantable
height, diameter at middle and merchantable height). The assessment criteria (correlation coefficient (R), coefficient
of determination (R?), standard error of estimate (SE)) with the validation results (using percentage bias and
probability plots of residuals) showed that all categories of weibull and logistic models generated in this study
discovered to be very adequate for tree volume estimation. The highest R? (93.80), lowest SE (0.25) and lowest
bias% (1.29) in the study were achieved from Weibull model 1a. The log-normal models were the least adequate for
tree volume estimation with the highest bias%. The one way analysis of variance revealed that there were no
significant differences in the performance of the non-linear models when varying predictor variables were used. The
weibull, logistic models were therefore recommended for further use in this ecosystem and in any other forest
ecosystem with similar site condition.
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INTRODUCTION equations are used to estimate average content of
, , ) , ) standing trees of various sizes and species. Tiability

Forest is long-lived dynamics biological systematth ¢ \ojyme estimates depends on the range and extent
are continuously changing. It is often necessary 104t the ayailable sample data, and how well volume
project these changes in order to obtain releva”%quations fit this sample data.

information for sound decision making. In foresttyis
information is acquired by means of forest invaegr
systems for measuring the extent, quality and ¢mdi
of forest (Huschet al., 2003).The main reason for
conducting forest inventory either in the plantasimr
natural forest ecosystem is to estimate timber melu

of the plots installed in the entire stand. Forb@mn

The University forest plantation was originally
established with the sole aim of teaching and resea
purposes and improving the conservation and
maintenance of the soil productivity, but it is naged

as a production forest without neglect to the oagi
objectives. It is therefore important that informaton

- X : present vyield is always available for -effective
production, estimates of the growing stock arerofté ,,n,0ement and planning. The cost of remeasurement
expressed in terms of timber volume, which can begys traes is high and hence the use of models for

estimated from easily measurable dimensions.of t_heestimating volume becomes important. In the light o
tree. The most common procedure for volume estimati s it is important to update inventories, predidtre

is to use volume equations, which are based on thgield and to explore management alternatives and
relationship between volume and variables such agjyyicyltural options in order to provide informati for
diameter, height etc. and other tree charactesistic decision-making. In view of these, information on

which can be used in predicting tree volume. The,4els for predicting yield will be valuable for a

assessment of stem volume is of high interestriesto o ,qainable forest management decision-making. For
management and is becoming of great global interesteyample,  Forest resources managers require tree

for instance, in the context of Kyoto protocol sjlét olume information to produce yield estimates forer
is used in accounting for both absorbed and store hventory and  improve  forest management

amount of CQ by trees (Lindner and Karjalainen, yeision-making (Peng,1999). The objective of this
2007). According to Avery and Burkhart (2002), voi 4,4y was to develop, evaluate and compare some
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non-linear models for predicting the yield of Unrisiey height, model using diameter at the base and nreatie
of BeninGmelina arborea plantation. height, model using diameter at middle and mercitdat

height)
MATERIALSAND METHODS o e

Study area: The G.arborea stand is located in the Weibull model: Ratkowsky (1983) and Myers (1986)

University of Benin Forest Plantation. However,sthi employed weibull models in previous studies. The

study covers an area of about 3.9 hectares oftfestf ~ models is:

plantation. The forest plantation is located betwee m

latitude 6.2N to 6.8N of the equator and 5B to wit)={a-B e™ }+¢

6.0°E of the meridian (UNIBEN Master Plan, 1993). 3 RIREITEITRPIAR oY 10

The Forest plantation is in the rainforest zone&Edo 1 he model was modified for this study as:

state, south-south, Nigeria. The rainforest is kmdor - BaX - B2MHT

the bi-seasonal climate, which is the wet and dry SV=Fol1-e prE

season and it is generally moist because ther@is n

prolonged period of drought. More importantly, Logistic model:

precipitation usually exceeds or equals the paénti

evapotranspiration so that a.sh.or.tage of soil mmst w(t) =a/(1+ B E.-kt} +E

does not reasonably inhibit plant growth - 13

(Nwoboshi,1982). The university possesses an annual )

rainfall of 1500m. The humidity is also high and Nelder (1961), Oliver (1964)

uniform ranging from 75% (afternoon) to 95% The model was modified for this study as;

(morning). The topography of the area is gentlypslo L

eastward. The geology of the plantation consists of SV=0o/(1+ E"S'K B‘MHT}'+ £

relatively thick layer of sedimentary sand and sand Ll 4

gf% o“fntertt|ar)r/] age (Ul\éIBEtNdI\/]lasteT Tl?n‘ 1t.993).'eTtT] Log-normal model: The probability density function
pling technique adopted for plot location 1S eofalog-normal distribution is:

systematic sampling. Seven sample plots were

systematically selected from ti&arborea stand. The

following tree data were collected in each sampié: p

; " ...15
dbh (stem dlam_eter at a position of 1.3 m above_ theJohnsoret al., 1994.
ground level), diameters over bark at the basedimid e . )

. The model was modified for this study as;

and merchantable top, merchantable and total height
Data analysis Sy — Bo _  (nBA-MHT)
Basal area calculation: The basal area of all trees in BAB1N 27T 5
the sample plots were calculated using the formula: e
BA=([ID)4 oo 1 Where SV=Stem Volume; MHT=Merchantable Height;

. - — i X=Independent variabl§, 3, andp,= parameters.
Where. BA _Ba;al area (i D= Diameter at breast Stem volume was the predicted variable. The predict
height (cm) []= Pie (3.142) . ; . )
Volume calculation: The volume of each tree was variables include merchantable height, basal afemeter

: at the base and diameter at the middle. The meatfian

calculated in every plot using the Newton’s formula  height was used for all models in the study but the

2 2 2 basal area was surrogated with diameter at the base
TH Db~ +4Dm” + Dt and diameter at the middle. This resulted in 3 rhode
24 types

V= 7T 2 Model 1: Weibull model:

Where V = Stem volume () H = Merchantable Model 1a: SV= p(1-6"B4PMHY) s 6
height (m), Db = Diameter at the base, Dm = Diamete Model 1b: SV= f(1-eP1PPaseb2MAy e, 7

at the middle, Dt = Diameter at the top and 3.142 Model 1c: SV= (1-ePPmMav2MHR e, 8
Confidence limit (Upper and lower values): Thisis  Model 2: Logistic model:

the range of values within which one mightexpect to Model 2a: SV= B/(e®*®*P2MHT) i, 9
find the parameter with same degree of assurante anModel 2b: SV= /(PP P2y i, 10
was estimated as: Model 2c: SV= /(e®P™MaP2MHN 11
CL = Estimate (VOlUme/ha) M(SE) M odel 3: Log_normaj model

Where, SE is the standard error of estimate Model 3a: SV=1/(BAgV2[])e"BA0MT ... 12

Analysis of variance (ANOVA): One way analysis of Model 3b: SV=1/(Dbasgi2[])e!"PPse2M) 13
variance(ANOVA) was carried out to investigate the Model 3c:  SV=F/(Dmidb,V2[)el"Pmd-v2MHT 14

significant difference in the yield models usingivas Where: l,b,,b, = Regression constants to be estimated,
predictor variables (Model using basal area andhmetable  E = The exponential constant (Euler's value = 2.71)
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BA= Basal area (R), MHT= Merchantable Height, f-ratio (p<0.05) obtained. The’Rind R values for the
Dpase=Diameter at the base,[g= Diameter at the middle, models in theG. arborea stand were 0.926 and 0.962

SV = Stem volume (A. (model 1a), 0.856 and 0.925 (model 1b) and 0.8H1 an
All these models are intrinsically nonlinear regies 0.900 (model 1c), respectively. The standard €B&)
models. ranged from 0.005 to 0.551.The logistic modelshia t

Assessment of the models: The volume models were study (Table 3) was discovered to also have good fi
assessed with the view of recommending those witiThe R and R values recorded for the logistic models
good fit for further uses. The following statisticateria ~ were 0.720 and 0.849 (model 2a), 0.700 and 0.837
will be used: Significance of regression (F-ratiayltiple (model 2b) and 0.598 and 0.774 (model 2c),
correlation coefficient (R), coefficient of determation respectively. The SE of estimate ranged from 0101
(RY. 2.096. However, the log-normal models (Table 4) had
Validations of the models. This was achieved by an R and R values of 0.321 and 0.567(model 1a),
comparing the models’ output with values observed o 0.297 and 0.545 (model 3b) and 0.220 and 0.469
the field. The validation process examines theulise$s  (model 3c), respectively. The SE ranged from 0.@04

or validity of the models (Marshall and Northway, 3.869.

1993). The entire field data were divided into ts&is.  Comparative assessment and validation of models

The first set (calibrating set) and the second/éidation  types with varying predictive variables The comparative
set. The calibrating set is used to construct tbdets  assessment of the performance of the various model
while the validation set is used to test them.dsi the type (Basal area, diameter at base and diameateddle)
accuracy of the yield models, the models wereused in developing the non-linear equations (Wgibul
estimated with 20% of the plots randomly selectedlogistic, log-normal) is showed in table 5. It walsserved
from the 20 plots available. The model was therduse that there was no significant difference in théquerance of

to predict the state of the remaining plots attiime of  yield prediction for three models combinations @as
their current measurement, given their state at thearea and merchantable height, diameter at base and
previous inventory. For models with good fit, the merchantable height, diameter at middle and metaiblan
intercept must be close to 0 and the slope closk to height) for each of weibull, logistic and log-noima
the model must be significant and highly correlated models at 5% level of significance. Generally, ifghest
coefficient of determination value must be veryhhig value of percentage biases when the output of each
and the standard of error of estimate must be smalinodel was compared with the observed volume was
values (Onyekwelu and Akindele, 1995; Adekuale 28.262% (model 3b) across all the models (Table 6).
al., 2004). For the weibull models, the range of the bias (% w
Per centage bias estimation: The absolute percentage 1.290, 3.327 and 2.648 for model l1la, 1b and 1c,
difference (% bias) was determined by dividing the respectively. The logistic model had the valuebiaf
difference between volumes obtained with Newtons(%) ranged from 1.426 (model 2c) to 3.870 (modgl 2b
formula (observed volume) and models output by thewhile for the log-normal models, the percentagedsa

same observed volume and multiplied by 100. were 17.719 (3a), 28.262 (3b), 11.81(3c).

%Bias = (VP-VO)/VO ..o 15 According to Adekunle (2007) non-linear models were
Where: \, = The observed volume,,\= The predicted discovered to be very adequate for yield estimaition
volume (models output). lowland rainforest ecosystem. This is a further
The value must be relatively small for the modeb&éo  confirmation to the use of non-linear models insthi
acceptable for management purpose. study. The assessment criteria revealed that @tiule

and logistic models were very suitable for treeunod
RESULTS AND DISCUSSION estimation in the plantation except the log-normal
Preliminary analysis: Descriptive statistics for thé. models. These models were similar to those used by
arborea stand (Table 1) showed that basal area rangedaoxianget al. (2011) for Predict Stem Cumulative
from 0.076M to 0.230m, stem volume ranged from Biomass of Standing Trees and Yevieeal.,(2014)
0.820n1 to 3.600mM, merchantable height ranged from for some plantation species also. In their studiesg,
6.57 to 17.07m and diameter at breast height thngewas used as independent variable as Vanclay (1994)
from 0.23m to 1.70mThe mean stem volume, mean noted that there is no best method for forest dgnowt
basal area and mean merchantable height wer&odels, this study therefore surrogated age witaba
1.473m, 0.106mM and 14.447m, respectively. area, diameter at the base and middle. VanderSchaaf
Assessment of models: All weibull models in the (2008) also replaced age with diameter and height
study (Table 2) were discovered to have good fnev during model generation in their studies. The iagic
when different independent variables (Basal area0f fit, which are the coefficient of multiple cotation
diameter at the base and diameter at the middled we and coefficient of determination (R and, Respectively),
used. This is as a result of the high correlationfor all models except the log-normal models wengyve
coefficient (R) and coefficient of determination?(R high. During validation with simple linear regressi
values, small standard error of estimate and seggmf  equations (comparison of models outputs with
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Table 1. Descriptive statistics for th®. arborea stand.

Variables Mean Minimum Maximum SD SE

THT 17.2691 9.4000 20.8200 3.9065 0.2215
MHT 14.4471 6.5700 17.0700 3.5056 0.1988
BA 0.1059 0.0760 0.2300 0.3761 0.0213
DB 0.6121 0.3300 1.1450 0.5033 0.0285
DM 0.2698 0.1700 0.5100 0.2399 0.0136
DT 0.1173 0.0774 0.3200 0.1726 0.0098
SV 1.4730 0.8200 3.6000 0.1827 0.0104
CD 6.2457 4.0873 12.2319 3.9044 0.2214
DBH 0.3194 0.2300 1.7000 0.2784 0.0158

THT- Total height; MHT- Merchantable height; BA- Basarea; DB- Diameter at base; DM-Diameter at middle
DT-Diameter at top; SV — Stem volume; CD- Crown diteneDBH- Diameter at breast height; CL- Crown length;
CR- Crown ratio; SLC- Slender coefficient

Table 2. Weibull models foiG.arborea stand.

SN. Models Parameter Estimates SE t-value P-level
la SV=ly(1-gPBADZMHT) Bo 0.853 0.056 43.023 0.002
R’=0.926 , R= 0.962 b 2.509 0.502 13.045 0.000
by 0.006 0.551 5.023 0.000
1b SV=hy(1-gPLPrase-b2MHy Bo 0.225 0.017 52.455 0.000
R’=0.856 , R=0.925 b 1.384 0.061 4512 0.000
by -0.009 0.005 12.199 0.000
1c SV=hy(1-gPLomid-b2MHT) Bo 0.090 0.456 63.824 0.000
R’= 0.811, R= 0.900 b 2.417 0.078 5.240 0.000
by 0.004 0.051 6.034 0.000

SV=Stem volume,BA= Basal area, MHT= MerchantablglgeDbase=Diameter at the base, Dmid= Diameteneantiddle,
SE= Standard Error of Estimates ap@pb, =Parameter.

Table 3. Logistic models foiG.arborea stand.

SN. Models Parameter Estimates SE t-value P-level
2a SV= ly/(ePPAPMAT) Bo 0.631 2.096 79.023 0.000
RP=0.720 , R= 0.849 b 4.435 1.245 6.240 0.000
b 0.012 0.481 12.561 0.000
2b SV= fy/(eP1Pbase-b2MHy Bo 0.263 0.017 114.309 0.000
R’=0.700 , R= 0.837 b 1.412 0.241 3.218 0.000
by 0.004 0.002 13.274 0.000
2c SV= fy/(eP1Pmid-b2MHT) Bo 3.069 0.076 72.800 0.000
RP=0.598 , R= 0.774 b 2.940 0.013 4.390 0.000
b -0.022 0.001 12.450 0.000

SV=Stem volume,BA= Basal area, MHT= MerchantablglieiDbase=Diameter at the base, Dmid= Diametthreamiddle,
SE= Standard Error of Estimates ap@pb, =Parameter.
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Table 4. Log-normal models fo6. arborea stand.

SN. Models Parameter  Estimates SE t-value P-level
3a SV=ky/(BAb,V2[])eAPeMAT) Bo 0.688 3.166 13.750 0.000
RP=0.321, R=0.567 b 3.518 0.887 9.824 0.000
b, 0.011 0.605 4.093 0.000
3b SV=hy/(Dbasel2[)e!"Pbase-L2MHT) Bo 0.168 3.092 62.300 0.000
RP=0.297, R=0.545 b 2.633 7.869 4.502 0.000
b, -0.017 1.094  11.095 0.000
3c SV=hy/(Dmidb, V2] )e!"Pmid-b2MHT) Bo 7.108 0.021 97.237 0.000
R’= 0.220, R= 0.469 b 4.319 0.032 8.028 0.000
b, -0.002 0.501  23.237 0.000

SV=Stem volume,BA= Basal area, MHT= MerchantablglgeDbase=Diameter at the base, Dmid= Diameteieantiddle,
SE= Standard Error of Estimates ap@pb, =Parameter.

Table 5. ANOVA table showing the level of significant diffances between the models types used in fittinghtmelinear
models.

Models Sum of squares df Mean Square F Sig.
Weibull Model Type 0.108 2 0.054 1.432 0.241ns
Error 8.395 223 0.038
Total 8.503 225
Logistic Model Type 0.091 2 0.045 1.873 0.156ns
Error 5.409 223 0.024
Total 5.500 225
Log-normal Model Type 0.031 2 0.016 0.775 0.462ns
Error 4.460 223 0.020
Total 4.491 225
Table 6. Validation results and % bias of the Weibull modeith simple linear regression model.
Models b by R R?(%) SE Predicted volume Bias (%)
la -0.067 4.356 0.969 93.80 0.254 1.492 +0.14 1.290
1b -0.043 2.765 0.866 74.98 0.318 1.424 +0.23 3.327
lc -0.075 1.095 0.855 73.04 0.630 1.434 +0.37 2.648
2a -0.058 3.656 0.908 82.46 0.254 1.441 +0.34 2.172
2b -0.136 6.344 0.900 81.09 0.318 1.416+0.31 3.870
2c -0.092 2.455 0.837 70.03 0.630 1.452+0.13 1.426
3a -0.067 4.356 0.885 78.40 0.254 0.212 +0.43 Br.71
3b -0.043 2.765 0.876 76.67 0.318 0.20440.39 28.262
3c -0.075 1.095 0.715 51.06 0.630 0.299 £0.42 B.81

observed volume), the intercepts)(lvere very close goodness of fit in nonlinear regression models ii&la

to zero while the slope coefficients were very elés  and Slinker, 2001), with low values indicating bett

1. Also, the index of fit, R and“Ralues were high and fit. In view of the above, among the non-linear misg
significant F-ratio at R0.05 was obtained. The Weibull and logistic model gave the best volume
standard error of estimate is a good measure ahttve predictions forG.arborea stands .When compared with
predictive value of regression equations (Akindsie observed volume, weibull model la (basal area and
LeMay, 2006). It is also a common measure ofmerchantable height) best predicted the yield. Othe
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variable combination using weibull also gave closeHusch, B., Charles, I. M and Thomas, W. B. (2062).est
estimates of the yield prediction. This thereforeams Mensuration. New York, U.S.A.: The Ronald Press
that diameter at the middle and other growth véeib Company. pp 120-123 International,Wallingford, UK.
should be considered in further studies whenJOh“S&”’ LNorman Li; gottz.,bS?muelé:Ba;[akrnshnan,]JQQ(tL),

. . ‘g "14: Lognormal Distributions"Continuous univariate
developing models for yleld_predlctlpn. Althougreth distributigons. Vol. 1, Wiley Series in Probability and
result of the On? W&,‘y a”a'YS'S of variance Sh‘?‘{"","’ t Mathematical Statistics: Applied Probability ancht&-
there was no significant difference (P>0.05) itirfg tics (2nd ed.), New York: John Wiley & Sons,
different independent variables in the non-linear ISBN 978-0-471-58495-7, MR 1299979
models. This might be due to the fact that variatio  Lindner, M. and Karjalainen, T. (2007). Carbon intep
diameter at various points (taper) on an individves methods and carbon mitigation potentials of forésts
is small as a result of the uniform spacing andneve Europe: a short review of recent progreEeropean
aged stands that characterized the forest plantatio

Journal of Forestry Research, 126: 149-156.
the study. This would be revealed if further stacige ~ Marshall, P.L.-and Northway (1993). Suggested mimm
carried out in a natural forest.

procedure for validation of growth and yield model:
Growth and vyield estimation from successive forest
inventories. Proceedings of the IUFRO World Con-
gress, 1993, Copenhagen, pp: 281-281.

Non-linear models for volume estimation was devetbp Myers, R.H. (1986). Classical and modern regressiidh w
and validated fofG. arborea at the University of Benin applications.Duxubury Press, Boston. 359p.

forest plantation. The tree growth data were ctégéc Nelder, J.A. (1961). The fitting of a generalizatiof the
from sample plots in the study area. Based on the logistic curveBiometrics17: 89-110. .
evaluation of the models examined in this study theroboshl, L.C. (1982).Tropical Silviculture (Printds and

bull d logisti del f dto b techniques) Ibadan University Press Publishing éous
weibull and logistic models were found 1o be more University of Ibadan,Ibadan,Nigeria 333pp.

suitabl_e and fit for volum_e _prediction. However the Oliver, F.R. (1964). Methods of estimating the ltigis
best timber volume predictions was achieved from  fynction.Applied statistics 13: 57—66.

weibull model 1a. The log-normal models which gave onyekwelu, J.C. and Akindele, S.0. (1995). Standival

the three highest bias% were the least adequate for equation for Gmelina arborea plantation in Oluwa
yield estimation of the three models. Development o forest reserve, Nigeridlig. J. For., 25:92-95.

statistical models for growth and yield relatiomshof Peng, C. (1999). Nonlinear height-diameter modeisine
economic tree species is an essential preliminay s boreal forest tree species in Ontario.Ministry m“tmal
towards the implementation of sustainable forestagement. EesolgrcesR' on,\tl' Ffsrs Rzess' Inst., Sault Ste Marie, ON,
The yield models developed in this study gave reisle or. Res. Fep ™o - 2° PP-

’ . . Ratkowsky, D.A. (1983). Nonlinear regression modglin
precise estimates of volume and is recommended for  \,5.cel Dekker, New York. 276 p.

use in the management of the University of Beninyniversity of Benin (1993): Master Plan. UniversifyBenin

Plantation and will serve as a framework for future Printing Press. 360 pp.

data collection, management and analysis. Vanclay, J. (1994). Modelling Forest Growth and Itie

applications to mixed tropical forests CAB
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