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Abstract: In this study, the usability of models commonly used in in vitro gas production techniques in different feed sources was 

comparatively investigated. For this purpose, Richard, Logistic, Orskov, Verhulst, Janoschek, Weibull, Bridges, Mitscherling, 

Monomolecular and Von Bertalanffy models, which are widely used in the literature, were used. In comparing these models, criteria 

such as mean square error (MSE), coefficient of determination(�2), corrected coefficient of determination (�̅�2), accuracy factor (AF), 

bias factor (BF), Akaike information criterion (AIC) and Bayesian information criterion (BIC) were used. As a result of the research, 

according to these criteria, the best model in Arbutus andrachne plant was determined as Richard, and the worst model was 

determined as Janoscheck and Weibull model. For Arbutus unedo, Ceratonia siliqua and Laurus nobilis L. plants, the best models were 

determined as Orskov, Mitscherling, Monomolecular and Von Bertalanffy models, and the worst models were Logistic and Verhulst 

models. 
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1. Introduction 
Different methods such as in-vivo, in-vitro and in-situ are 

used to determine the feed value of feeds used in 

ruminant animal feeding. Although the most reliable 

results are obtained from in-vivo studies, they are not 

preferred because they are difficult to study, costly and 

require large amounts of feed. For these reasons, the in-

vitro method based on the measurement of fermentation 

residues (gas) is preferred. In this method, gas 

measurements are made at certain intervals after the 

start of fermentation (3, 6, 12, 24, 48, 72, 96 and 120 

hours). The relationship between rumen fermentation 

and gas production has been known for a long time. It has 

been reported that the applications of fermentative gas 

measurement technique in the rumen date back to 1939 

and that this technique is the measurement of microbial 

activity (Getachew et al., 1998, Canbolat et al., 2005).  

By using the amount of gas produced, the performance of 

animals, feed consumption, microbial protein digestion, 

digestibility levels of feeds, metabolic energy and net 

energy values of feeds, determination of protein and dry 

matter degradability in the rumen, in vitro degradation 

rate and amount of feeds can be determined. Due to 

advances in computers and software, many new 

equations have been developed in modeling gas 

production curves. It is extremely important to choose 

the most statistically accurate and meaningful model or 

models in terms of animal nutrition among these 

equations. Values of gas measurements show a sigmoidal 

distribution and it is extremely difficult to model this 

distribution with linear models. For this reason, it 

became necessary to use non-linear models, which are 

more complex than linear models. After the models are 

created, it is extremely important to compare the models 

statistically and choose the most appropriate model. In 

comparing models, criteria such as error mean squares, 

coefficient of determination, corrected coefficient of 

determination, accuracy factor, deviation factor, Akaike 

information criterion and Bayesian information criterion 

are used. 

In this study, 10 different models used in the literature 

were applied on the gas production values of 4 different 

feed sources. At the same time, it is aimed to create an 

important reference source in the relevant field by 

obtaining model comparison criteria used in the 

literature. 

 

2. Materials and Methods 
2.1. Materials 

In this study, gas production values obtained from 

Arbutus andrachne, Arbutus unedo, Ceratonia siliqua and 

Laurus nobilis L. plants were used. Gas values of these 

plants were obtained in the laboratories of KSÜ, feed and 

animal nutrition department. For this purpose, the 

amounts of gas produced from these four different feed 

samples were measured at different time periods (at 3, 6, 

12, 24, 48, 72 and 96 hours) using the in-vitro gas 

production technique. 
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2.2. Methods 

2.2.1. Equations used in modeling 

In modeling the gas values produced from four different 

feed sources, Richard, logistic, Orskov, Verhulst, 

Janoschek, Weibull, Bridges, Mitscherling, 

Monomolecular and Von Bertalanffy models, which are 

widely used in the literature, were used (Brody, 1945; 

Richards, 1959; Schofield et al., 1994;  Groot et al., 1996; 

Orskov and Mcdonald, 1979). SAS statistical package 

program was used to estimate the parameters of the 

models and obtain the estimated gas production curves 

(SAS, 1999). The models used and their explanations are 

given in Table 1, and the in vitro gas production 

parameters of the models are given in Table 2 (Lopez et 

al., 1999; Kamalak et al., 2004; Canbolat et al., 2007; 

Üçkardeş and Efe, 2014). 

Table 1. Mathematical models used in in-vitro gas 

production technique 
 

Models Equations 

Richard Y = a(1+be(-ct))
d

 

Logistic Y = a / (1 + eb-ct) 

Orskov Y = a + b (1 - ect) 

Verhulst Y = a / (1 - bect) 

Janoscheck Y = a - (a - b)e- ctd 

Weibull Y = a - be-ctd 

Bridges Y = a + b (1 - e- (ctd)) 

Mitscherling Y = a(1 - be-ct) 

Monomolecular Y = a - be- ct 

Von Bertalanffy Y = a - (a - b)e-ct 

 

Table 2. The models used in the study and parameter expressions 

Models A B C TG SP 

Richard a(1+b)d a- a(1+b)d c a d , b 

Logistics a/(1+e(b))  a-a/(1+e(b))  c a b 

Orskov a b c a+b - 

Verhulst a/(1-b)  a- a/(1-b)  c a b 

Janoscheck b a-b c a d 

Weibull a-b b c a d 

Bridges a b c a+b  d 

Mitscherling a(1-b)  a- a(1-b)  c a - 

Monomolecular a-b  b c a - 

Von Bertalanffy b a-b c a - 

A= amount of gas produced from easily fragmented part, B= amount of gas produced from the slowly degraded part, C= 

gas production rate, TG= total gas, SP= shape parameter. 

 

2.2.2. Model Comparison Criteria 

In modeling studies, it is not enough to obtain models 

with the appropriate equations for the existing data set 

(Özkan and Sahin, 2006; Sahin et al., 2011; Bayazıt et al., 

2022). It is also necessary to evaluate how statistically 

sufficient the created models are in describing the data 

set. For this purpose, in the studies of modeling gas 

production curves, as in all disciplines, in the statistical 

comparison of the models obtained, the mean squares of 

error, coefficient of determination, corrected coefficient 

of determination, accuracy factor, bias factor, Durbin-

Watson autocorrelation value, Akaike information 

criterion and Bayesian information criterion is used 

(Korkmaz et al., 2011; Cankaya et al., 2014; Tahtalı et al., 

2020; Gök et al., 2021). Equations of these comparison 

criteria are given in Table 3. 

 

 

 

 

 

 

 

 

 

Table 3. Model comparison criteria 

Criterion  Equality 

Error Mean 

Squares 
EMS = ESS/EDF 

Coefficient of 

Determination 
�2 = 1 − (ESS/TSS) 

Adjusted 

Coefficient of 

Determination 

�̅�2 = 1 − (1 − 𝑅2)(𝑛 − 1/(𝑛 − 𝑝 − 1)) 

Accuracy Factor 𝐴𝐹 = 10∑ |log⁡(𝑌�̂�/𝑌𝑖)|/𝑛
𝑛
𝑖=1  

Bias Factor 𝐵𝐹 = 10∑ log⁡(𝑌�̂�/𝑌𝑖)/𝑛
𝑛
𝑖=1  

Durbin-Watson 

Value 
𝐷𝑊 =

∑ (𝑒1 − 𝑒2)
2𝑛

𝑖=2

∑ 𝑒1
2𝑛

𝑖=1

 

Akaike 

Knowledge 

Criteria 

𝐴𝐼𝐶 = 𝑛𝑥𝑙𝑛 (
𝐸𝑆𝑆

𝑛
) + 2𝑘 

Bayesian 

Information 

Criterion 

𝐵𝐼𝐶 = 𝑛𝑥𝑙𝑛 (
𝐸𝑆𝑆

𝑛
) + 𝑘𝑙𝑛(𝑛) 

ESS= error sum of squares, EDF= error degrees of freedom, TSS= 

total sum of squares, n= sample size, p= Number of independent 

variable, 𝑌�̂�= estimated value, 𝑌𝑖= observation value, 𝑒𝑖= the term 

residual, k= Number of parameters. 
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3. Results and Discussion 
3. Results and Discussion 

Parameter estimates for ten different models for four 

different feed sources are given in Table 4, Table 5, Table 

6 and Table 7. Additionally, for four different feed 

sources, in Table 8, Table 9, Table 10 and Table 11, mean 

square error, coefficient of determination, corrected 

coefficient of determination, bias and accuracy factors, 

Durbin Watson, Akaike information criterion and 

Bayesian information criterion values of 10 different 

models are given. 

 

Table 4. Parameter Estimates for Arbutus andrachne 

Models Parameters 

a b c d 

Richard 56,87 -0,006 0,002 0,17 

Logistic  41,91 0,23 0,09 - 

Orskov 16,8 25,69 0,05 - 

Verhulst 41,91 -1,26 -0,09 - 

Janoscheck 295,6 -754,7 1,33 0,01 

Weibull 152,5 665,6 1,58 0,02 

Bridges -535,1 619,2 -2,17 0,04 

Mitscherling 42,49 0,6 0,05 - 

Monomolecular 42,49 25,69 0,05 - 

Von Bertalanffy 42,49 16,8 0,05 - 

 

Table 5. Parameter Estimates for Arbutus unedo 

Models Parameters 

a b c d 

Richard 41,3 0,05 0,04 0,4 

Logistic  41,25 0,23 0,08 - 

Orskov 16,29 25,34 0,06 - 

Verhulst 41,25 -1,26 -0,08 - 

Janoscheck 42,34 12,25 0,13 0,76 

Weibull 42,34 30,08 0,13 0,76 

Bridges 12,258 30,08 -0,13 0,76 

Mitscherling 41,64 0,6 0,06 - 

Monomolecular 41,64 25,34 0,06 - 

Von Bertalanffy 41,64 16,29 0,06 - 

 

Table 6. Parameter Estimates for Ceratonia siliqua 

Models Parameters 

a b c d 

Richard 32,14 0,32 0,7 0,98 

Logistic  41,95 0,67 0,124 - 

Orskov 10,48 31,83 0,07 - 

Verhulst 41,95 -1,96 -0,12 - 

Janoscheck 42,33 10,44 0,07 0,99 

Weibull 42,33 31,88 0,07 0,99 

Bridges 10,44 31,88 -0,07 0,99 

Mitscherling 42,33 0,75 0,07 - 

Monomolecular 42,32 31,83 0,07 - 

Von Bertalanffy 42,32 10,48 0,07 - 

 

 

 

Table 7. Parameter Estimates for Laurus nobilis L. 

Models Parameters 

a b c d 

Richard 144,4 -0,0001 0,0001 0,25 

Logistic  43,01 0,47 0,05 - 

Orskov 14,47 30,21 0,03 - 

Verhulst 43,01 -1,6 -0,05 - 

Janoscheck 176,5 -19,8 0,15 0,19 

Weibull 147 161 0,169 0,2 

Bridges -26,67 168,8 -0,24 0,16 

Mitscherling 44,69 0,67 0,031 - 

Monomolecular 44,69 30,21 0,031 - 

Von Bertalanffy 44,69 14,47 0,031 - 

 

When Table 4 and Table 7 are examined, it is seen that 

the "a" parameter values are equal in the Logistic and 

Verhulst models in the Arbutus andrachne and Laurus 

nobilis L. plants. A similar situation is also valid in the 

Mitscherling, Monomolecular and Von Bertalanffy 

models. When Table 5 and Table 6 are examined, the "a" 

parameter was found to be equal in Logistic and Verhulst, 

Janoscheck and Weibull, Mitscherling, Monomolecular 

and Von Bertalanffy models for Arbutus unedo and 

Ceratonia siliqua plants. In the Verhulst model, "b" and 

"c" parameters were obtained as negative in all feed 

sources. The same applies to the “c” parameter of the 

Bridges model. 

When Table 8 is examined, it can be seen that for the 

Arbutus andrachne plant, all model comparison criteria of 

the Orskov, Mitscherling, Monomolecular and Von 

Bertalanffy models are equal, except for the bias factor. A 

similar situation is valid for logistic and Verhulst models. 

Considering the goodness of fit criteria, the best model in 

Arbutus andrachne is the Richard model. It can be said 

that Orskov, Mitscherling, Monomolecular and Von 

Bertalanffy models are in second place. The worst results 

were obtained from Janoscheck and Weibull models. The 

positions of the curves according to the point distribution 

given in Figure 1 support the results obtained. When the 

values in Table 9 for the Arbutus unedo plant are 

examined, it is seen that the best models are the Orskov, 

Mitscherling, Monomolecular and Von Bertalanffy 

models. Considering the mean squares of error, Akaike 

information criterion and Bayesian information criterion, 

the worst results were obtained in the Logistic and 

Verhulst models. It can be said that there is a negative 

autocorrelation problem in the Rizhard, Janoscheck, 

Weibull and Bridges models (Durbin-Watson negative 

autocorrelation limit value = 3.525). High coefficient of 

determination values were obtained in all models. The 

positions of the obtained curves according to the point 

distribution given in Figure 2 support this situation. 
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Table 8. Comparison criteria for Arbutus andrachne 

Models EMS �2 �̅�2 AF BF DW AIC BIC 

Richard 3,10 0,999 0,999 1,023 1,002 2,676 34,209 101,389 

Logistic  5,98 0,997 0,997 1,048 1,002 2,206 73,440 122,129 

Orskov 4,69 0,961 0,954 1,039 1,002 2,361 58,898 108,103 

Verhulst 5,98 0,997 0,997 1,048 1,003 2,206 73,440 122,129 

Janoscheck 20,6 0,872 0,847 1,085 1,003 0,950 182,587 244,502 

Weibull 8,38 0,948 0,938 1,053 1,002 1,489 78,917 144,510 

Bridges 4,59 0,972 0,966 1,037 1,008 2,194 46,863 113,594 

Mitscherling 4,69 0,961 0,954 1,039 1,015 2,361 58,898 108,103 

Monomolecular 4,69 0,961 0,954 1,039 1,004 2,361 58,898 108,103 

Von Bertalanffy 4,69 0,961 0,954 1,039 1,001 2,361 58,898 108,103 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Curves were obtained from 10 different models for gas production values of Arbutus andrachne. 

 

Table 9. Comparison criteria for Arbutus unedo 

Models EMS �2 �̅�2 AF BF DW AIC BIC 

Richard 0,26 0,999 0,999 1,008 1,000 3,52 10,204 78,23 

Logistic  1,02 0,999 0,999 1,024 1,001 2,11 23051,2 22284,6 

Orskov 0,39 0,997 0,996 1,013 1,000 2,64 1287,9 1293,5 

Verhulst 1,02 0,999 0,999 1,024 1,001 2,11 23051,2 22284,6 

Janoscheck 0,27 0,998 0,998 1,008 1,000 3,45 1289,9 1312,6 

Weibull 0,27 0,998 0,998 1,008 1,000 3,45 1289,9 1312,6 

Bridges 0,27 0,998 0,998 1,008 1,000 3,45 1546,4 1559,9 

Mitscherling 0,39 0,997 0,996 1,013 1,000 2,64 1287,9 1293,5 

Monomolecular 0,39 0,997 0,996 1,013 1,000 2,64 1287,9 1293,5 

Von Bertalanffy 0,39 0,997 0,996 1,013 1,000 2,64 1287,9 1293,5 
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Figure 2. Curves were obtained from 10 different models for gas production values of Arbutus unedo.   

 

When the values given in Table 10 are examined for the 

Laurus nobilis plant, it can be said that the best results 

belong to the Orskov, Monomolecular and Richard 

models. Logistic and Verhulst models have the worst 

results due to the very high Akaike information criterion 

and Bayesian information criterion values, and the 

Janoscheck model has the worst results due to the very 

high mean squares of error value. It can be said that there 

is a positive autocorrelation problem in the Mitscherling 

and Von Bertalanffy models (Durbin-Watson positive 

autocorrelation limit value = 0.475). The positions of the 

curves according to the point distribution given in Figure 

3 support the results obtained. When the results in Table 

11 for the Ceratonia siliqua plant are examined, it is seen 

that the best results are obtained from the Orskov, 

Mitscherling, Monomolecular and Von Bertalanffy 

models. It can be said that the Logistic and Verhulst 

models have the worst results due to their high mean 

squares of error, Akaike information criterion and 

Bayesian information criterion values. The positions of 

the curves according to the point distribution given in 

Figure 4 support the results obtained. 

As a result, in terms of model fit criteria, it was concluded 

that the best model for Arbutus andrachne was the 

Richard model, and the worst models were the 

Janoscheck and Weibull model. In Arbutus unedo, 

Ceratonia siliqua and Laurus nobilis L. plants, the best 

models were determined as Orskov, Mitscherling, 

Monomolecular and Von Bertalanffy models, and the 

worst models were Logistic and Verhulst models. These 

results are parallel to the results obtained by Üçkardeş 

and Efe (2014). 

Gas production curves were obtained after making 

coefficient estimates of Richard, Logistic, Orskov, 

Verhulst, Janoschek, Weibull, Bridges, Mitscherling, 

Monomolecular and Von Bertalanffy models for four 

different feed sources are shown in Figure 1, Figure 2, 

Figure 3 and Figure 4. 

 

Table 10. Comparison criteria for Laurus nobilis L. 

Models EMS �2 �̅�2 AF BF DW AIC BIC 

Richard 14,4 0,994 0,993 1,042 1,003 1,96 130,1 193,8 

Logistic  6,08 0,997 0,996 1,042 1,003 1,96 20297,9 19628,9 

Orskov 3,25 0,981 0,977 1,042 1,003 1,96 1946,3 1928,6 

Verhulst 6,08 0,997 0,996 1,063 1,007 1,85 20297,9 19628,9 

Janoscheck 11,5 0,950 0,940 1,063 1,007 1,85 1948,3 1947,6 

Weibull 4,96 0,978 0,974 1,042 1,003 1,96 1948,3 1947,6 

Bridges 4,69 0,980 0,975 1,034 0,980 1,23 1948,3 1947,6 

Mitscherling 3,25 0,981 0,977 1,077 0,928 0,59 1946,3 1928,6 

Monomolecular 3,25 0,981 0,977 1,032 0,984 1,36 1946,3 1928,6 

Von Bertalanffy 3,25 0,981 0,977 1,081 0,925 0,57 1946,3 1928,6 
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Figure 3. Curves were obtained from 10 different models for gas production values of Laurus nobilis L.   

 

Table 11. Comparison criteria for Ceratonia siliqua 

Models EMS �2 �̅�2 AF BF DW AIC BIC 

Richard 0,06 0,999 0,999 1,005 1,000 3,29 8,57 76,6 

Logistic  0,56 0,999 0,999 1,019 1,002 2,06 23578,2 22792,9 

Orskov 0,05 0,999 0,999 1,005 1,000 3,28 1815,0 1801,89 

Verhulst 0,56 0,999 0,999 1,019 1,002 2,06 23578,2 22792,9 

Janoscheck 0,06 0,999 0,999 1,005 1,000 3,29 1817,0 1820,92 

Weibull 0,06 0,999 0,999 1,005 1,000 3,29 1817,0 1820,92 

Bridges 0,06 0,999 0,999 1,005 1,000 3,29 1817,0 1820,92 

Mitscherling 0,05 0,999 0,999 1,005 1,000 3,28 1815,0 1801,89 

Monomolecular 0,05 0,999 0,999 1,005 1,000 3,28 1815,0 1801,89 

Von Bertalanffy 0,05 0,999 0,999 1,005 1,000 3,28 1815,0 1801,89 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Curves were obtained from 10 different models for gas production values of Ceratonia siliqua. 
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As can be seen here, although gas production curves 

show a certain sigmoidal distribution, they may differ 

slightly in different feed sources and studies. For this 

reason, it is extremely important to include as many 

equations as possible in modeling studies to obtain 

reliable curves and parameters. On the other hand, it is of 

particular importance that parameters such as the 

amount of gas produced from the easily degraded part, 

the amount of gas produced from the slowly decomposed 

part, gas production rate and total gas production are 

easily interpretable and meaningful values in terms of 

animal nutrition. Ignoring residual values in model 

selection will lead to erroneous determinations and 

erroneous interpretations. It would be more statistically 

accurate to consider one or more of the model 

comparison criteria such as Durbin Watson, deviation 

factor, accuracy factor, Akaikle information criterion and 

Bayesian information criterion, which take into account 

the error terms of the models, together with other 

criteria. 

 

4. Conclusion 
As a result, it was determined that the models used could 

give different results in different feed sources, in other 

words, the models showed different reactions. For this 

reason, the use of more than one model in gas production 

curves is extremely important in choosing the right 

model and naturally in making correct interpretations 

and determinations. In addition, in this study, it was 

determined that fit criteria such as Durbin-Watson, Bias 

factor, accuracy factor, Akaikle information criterion and 

Bayesian information criterion based on error terms are 

extremely effective in model selection. Considering all 

the criteria, it was concluded that statistically models 

other than Logistic and Verhulst models can be easily 

used in modeling in vitro gas production curves. 
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