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ABSTRACT 

Models can be used to forecast crop yield and the consumption of inputs such as fertilizer, and thereby we can plan and manage 

the likely crises that may arise in near future. The present study used a model to estimate the effect of N fertilization on dry matter 

partitioning between sugar beet shoot and root. To construct the model, data collected during an experiment in Karaj, Iran in 2001 

were used. The model was inputted with solar radiation, consumed N and some morphophysiological traits of sugar beet such as 

radiation use efficiency (RUE), specific leaf area (SLA), and the coefficient of assimilate partitioning between root and shoot. For this 

model, 11 variables were defined including six independent parameters and five parameters with interactions. This is the fewest 

among similar models. RUE and SLA were calibrated for the region of Karaj. The model was validated using the results of a three-

year experiment in Karaj across 2001-2003 and another experiment in 2009. The model estimations of total dry matter, root dry 

matter, and plant cover fitted well with the observed values, and the effect of nitrogen was identified on the partitioning of assimi-

late among different parts of the plants. The model, also, estimated sugar yield by nitrogen amount properly. Root-mean-square 

error between the estimated values of root and total dry matter and sugar yield with their observed counterparts were 12.86, 

17.57, and 20.62%, respectively. This supports the adaptability of the model to root and total dry matter as well as sugar yield for 

the studied N rates. 
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INTRODUCTION 

rop simulation models are increasingly used in 

agricultural science with varying applications 

in plant physiology, soil science, agro-climatology, 

plant diseases, and so on. Simulation models are 

used to determine the relationship among differ-

ent growth processes in a certain plant species. 

Then, these processes are quantified and their 

relationship is included in a computer program. 

These programs contribute to variation anticipa-

tion of a system (Nasiri Mahalati, 2000). 

The significance of sugar beet for sugar pro-

duction has prompted modeling researchers to 

develop growth models for this species, starting 

from 40 years ago (Fick et al. 1973). The initial 

models focused on various research topics such as 

the impact of year on early growth, yield predic-

tion by physiological traits, sugar beet growth 

cost, and improvement of crop management prac-

tices among sugar beet farmers in terms of nitro-

gen fertilization rate, plant density, harvest date, 

and duration of the crop delivery to the factory 

(Weeden 2000). 

Dry matter and plant canopy are two major pa-

rameters estimated by the agronomic models as a 

function of radiation/temperature. Growth is the 

result of a cumulative increase in solar radiation 

and radiation use efficiency (RUE). The resources 
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that are absorbed by a plant on a single day make 

a small but valuable contribution to the final yield 

(Jaggard et al. 2009). Most of the models apply 

radiation to simulate cumulative dry matter. In 

SUBEMOpo model, which is composed of one 

main program and 11 sub-programs, dry matter 

and sugar content are simulated in terms of car-

bon balance; in other words, respiration mainte-

nance and growth respiration are subtracted from 

total CO2 assimilation (Vandendriessche 2000a,b). 

In the SBEET model, phenological growth, devel-

opment, and leaf senescence are simulated as a 

function of temperature, and dry matter accumu-

lation is simulated as a function of radiation, tem-

perature, CO2, and soil water balance (Soltani et 

al. 2005).  

In addition to cumulative sunlight, RUE is im-

portant for estimating dry matter production. Ra-

diation use efficiency varies with environment and 

variety so that sugar beet experience fewer sunny 

days in temperate climate (e.g. in Europe), such 

that their canopy is not saturated by radiation for 

an extended period. Therefore, total biomass pro-

duction is closely associated with radiation inter-

ception. In adjacent to equator, radiation 

becomes more intense and as a result canopy is 

saturated by radiation (Anonymous, 1998). Iran is 

exposed to high-level radiation so the fraction of 

the equation is greater and RUE is smaller (Soltani 

et al. 2005). The application of different cultivars 

is useful for RUE study. Radiation use efficiency is 

about 0.0014 kg MJ
-1

 for Iranian cultivars whilst it 

is about 0.0019 kg MJ
-1

 for foreign cultivars 

(Hemayati, 2009). 

Plant canopy is an important parameter which 

should be estimated by the models and is mostly 

measured as a function of radiation absorption 

(Kropff and Vanlaar 1993, Soltani et al. 2005). Re-

cently, novel methods have been introduced for 

canopy area estimation such as Normalized Dif-

ference Vegetative Index (NDVI) which builds on 

the difference between red and far-red reflection. 

The obtained value at harvest stage is related to 

sugar yield and total shoot N content (Gehl and 

Boring 2011). 

The first attempt in Sugar Beet Research Insti-

tute started with the INTERCOM model (Kropff 

and Vanlaar 1993). By adopting the INTERCOM 

model and using the raw data for Karaj and Ker-

manshah regions, in a clean area of weeds, it was 

observed that the curve of leaf area index esti-

mated by the model does not differ from the ob-

served data considerably (Gohari 2001, Gohari 

and Khayamim 2006). Also, the fitting of the IN-

TERCOM model with data from UK showed that 

the model was efficient and accurate enough to 

predict the variation in leaf area index and dry 

weight of sugar beet. However, leaf area was pre-

dicted with a one-week delay (Abdollahian Nogh-

abi and Khayamim 2008); in other words, canopy 

area was not estimated accurately. Given the dif-

ference in Iran climate from Europe as well as the 

difference in the simulation of plant canopy, it is 

important to perform a research on the better 

compatibility of the INTERCOM model and esti-

mating parameters more accurately (Moham-

madian 2010). 

Nitrogen fertilizer plays an important role in 

the development of plant canopy. Nitrogen appli-

cation may influence the RUE in the first half of 

sugar beet growth (Jaggard et al. 2009). The first 

nitrogen fertilization model for sugar beet in Iran 

was an empirical model developed as a compre-

hensive computerized model on the basis of soil 

data only (Khademi et al. 2001). However, the de-

scriptive model accounted for the effect of soil 

mineral nitrogen on photosynthate distribution 

among plant organs using linear and quadratic 

regression equation (Soltani et al. 2006). 

In sugar beet, the effect of photosynthate par-

titioning among shoot and storage root over the 

growing season was simulated by a simple nonlin-

ear function. The model calculated radiation pen-

etration using non-destructive measurement and 

then, result was used to estimate total photosyn-

thates available to the crop. Leaf area was also 

specified by Mitscherlich function. In other words, 

photosynthate production rate was dependent on 

radiation, RUE and canopy cover (fraction of radia-

tion absorbed by plant canopy). Radiation was 

derived from 30-year meteorological data, canopy 

cover was obtained from fitting to experimental 

data for data series on canopy cover, and photo-

synthate partitioning was estimated by fitting de-

scending logistic function with soil N data (Webb 

et al. 1997). Khayamim (2001) used the suggested 

model by Webb et al. (1997) to simulate the effect 

of N on shoot and root dry matter in a single year. 

She focused on the effect of N on one of the parti-

tioning coefficients (b) and assumed the other co-

efficients of assimilate partitioning among 

different organs to be constant. Since the model 

was calibrated by data for a single year, the effect 

of N on yield was estimated properly. On the oth-

er hand, sugar yield was not estimated by the 

model. So, it seems necessary to make re-

simulation by this model and calibrate it more ac-

curately. The present study calibrates and devel-
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ops the model
Table 1. General specifications of the studies’ results used in the model 

Experiment Year Sowing date No. of days 

since Jan. 1 

Harvest date No. of days 

since Jan. 1 

Number of 

sampling 

Cultivar Source 

1 2001 Apr. 28 118 Nov. 28 332 10 times BR1 (Gohari and Kayamim 2006) 

 2002 May 18 138 Oct. 30 303 5 times BR1  

 2003 May 11 131 Nov. 6 310 3 times BR1  

2 2009 Apr. 23 113 Oct. 27 300 1 time Zaragan (Noshad 2012) 

 

for root and sugar yield anticipation in sugar beet 

at different N fertilization levels. 

MATERIALS AND METHODS 

Using data collected from the first year of a 

three-year trial (Table 1, Gohari and Khayamim 

2006), sugar beet growth and sugar production 

were simulated by Webb et al. (1997) model un-

der optimal nutritional condition in a medium free 

of pest, disease, and weed with a few changes as 

described below. The main inputs of the revised 

model of Webb et al. (1997) are daily radiation 

and N rate applied for sugar beet, and the output 

is shoot and root dry matter, and also sugar yield. 

In other words, the model estimates sugar beet 

growth with respect to the amount of N applied in 

which the plant growth is influenced by climate 

and physiological factors as well as N fertilization 

level. The effect of soil N content on photosyn-

thate partitioning among shoot and storage root is 

examined using a simple nonlinear function. The 

simulation was run at 100,000 plants ha
-1

 density, 

which is known as the optimal population, in Mi-

crosoft Windows-based Model Marker Ver. 3.0.3 

(Figure 1). At the first stage, meteorological data 

collected from Meteorological Station in Karaj in-

cluding growing degree days based on 1
st

 January 

and solar radiation (MJ m-2 day-1), were inputted 

into the model as a text file. Total produced pho-

tosynthate (biomass) was calculated as the total 

radiation (derived from daily data of the Meteoro-

logical Station) multiplied by the fraction of radia-

tion absorbed by the plant canopy (Table 2) and 

RUE (Table 3). 

Table 3 presents all parameters which were 

used in the model as well as all equations. At the 

second stage of the model, shoot dry matter 

(CWS) in kg m
-2

, storage root dry matter (CWR) in 

kg m-2, and dry matter allocated to sugar (Sugar 

Yield) were calculated (Table 2). TotalDM denotes 

total shoot dry matter (CWSSUM) and total root 

dry matter (CWRSUM), which are calculated based  

 

Figure 1. The flowchart of model running steps by the Model Maker Ver. 3.0.3 Software Package 
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Table 2. The variables included in the model 

Variable Description Unit Equation 

Julain day (JD) Time (2001 = 118, 2002 = 138, 2003=131) Number of days since January 1 - 

Radiation Solar radiation MJ m
-2

 d
-1 

- 

Biomass Net photosynthate production kg m
-2

 d
-1  

RUE × foliage × radiation 

Shoot weight (Ws) Leaf dry matter kg m
-2 

- 

Foliage Plant canopy (leaf coverage) - Fmax (1-exp 1f) 

exp 1f = exp (-Ws × SLA × exp 2f) 

exp 2f = exp (-kf × (t – JD)) 

Partitioning Photosynthate partitioning among different organs - - 

N Soil N content (100, 200, 300) kg ha
-1  

- 

CWS Shoot dry matter kg m
-2

 Partitioning
2
 × Biomass – (Vs × Ws) 

CWR Root dry matter kg m
-2

 (1 – Partitioning) × Biomass 

TotalDM Total dry matter kg m
-2

 CWSSUM + CWRSUM 

Sugar Yield Sugar yield t ha
-1 

TotalDM × Co 

 

Table 3. Parameters and estimated values used in the model 

Parameter Description Unit Valued used in model Values in references 

RUE Radiation use efficiency kg MJ
-1 

0.0012 0.0008 (Khayamim 2001) 

0.0012 (Gohari and Khayamim 2006) 

0.0013 (Soltani et al. 2005) 

0.0014-0.0019 (Hemayati 2008) 

0.0015-0.0023 (Yousefabadi 2010) 

0.0018 (Webb et al. 1997) 

0.0017-0.0019 (Anonymous 1998) 

Fmax Maximum coverage m
2
 leaf per m

2
 land 0.95  

SLA Specific leaf area m
2
 kg

-1 
10.69 10.69 (Gohari and Khayamim 2006) 

13.21 (Shokuhfar 2001) 

21.75 (Webb et al. 1997) 

20 (Kropff and Vanlaar 1993) 

Kf SLA degradation rate d
-1 

0.014 0.07 (Webb et al. 1997) 

0.014 (Gohari and Khayamim 2006) 

Ts Sowing date Days from Jan. 1   

Vs Leaf senescence rate d
-1 

0.001 0.0006 (Kropff and Vanlaar 1993) 

0.24 (Mohammadian 2009) 

 

on the model equations integrating against time 

and their cumulative values were estimated. 

It was assumed that soil N content and N up 

take by plants would influence leaf and root dry 

matter, sugar yield, and assimilate partitioning 

factor. To determine the partitioning factor during 

the vegetative period, shoot dry weight was divid-

ed by total dry weight in N fertilization treat-

ments. Then, using the Slide Write software 

package, the best graph was fitted for the shoot 

and root dry matter and sugar yield. In other 

words, a relationship was established between N 

and the above-mentioned traits, and the best 

models of partitioning factor were derived for 

shoot and root dry matter and sugar yield (Table 

4). 

The model was tested and validated using data 

from Gohari and Khayamim (2006) and Noshad 

(2012, Table 1). To this end, it was necessary to 

statistically compare values estimated by the 

model with observed data. The comparison was 

made using root-mean-square error (RMSE) as 

described in equation 1 (Bannayan and Cruot 

1999): 

( )

On

OS

RMSE

n

i

ii
100

(%) 1

2

⋅

−

=

∑
=  (1) 

 

in which Si represents the estimation by the mod-

el, Oi is the observed value, n is the number of ob-

servations, and O  is the average of the observed 

values. The standard deviation was also calculated 

for the model prediction. If RMSE is <10%, the 

model estimation is excellent, in the range of 10-

20%, the estimation is good, in the range of 20-

30%, the estimation is relatively appropriate and it 

is poor if RMSE is >30% (Bannayan and Cruot 

1999). As well, the linear regression curve was 

plotted between estimated values by the model 

and observations using Sigma Plot and MS-Excel 

software packages. In addition to RMSE, the coef-

ficient of determination (R
2
) was also calculated 

between observed and estimated data of the 

studied traits using SPSS (v. 16) software. 
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Table 4. Coefficients and equations used in the model (fitted by the Slide Write Software Package) 

Coefficient Description Equation 

beta Coefficient pertaining to partitioning factor 0.22 (1.005^N*)(N^-0.16) 

a Coefficient pertaining to shoot dry matter share 0.0000045*.099^N*n62.83 

b Coefficient pertaining to shoot dry matter share Exp (-53.17+(1458.075/N)+9.32*ln(N)) 

c Coefficient pertaining to shoot dry matter share 1/(-11.59+0.5N-0.001N^2) 

Co Coefficient pertaining to sugar yield 4.29-0.01N+0.000028N^2 

N* = the amount of nitrogen in kg ha
-1

 net nitrogen 

 

RESULTS AND DISCUSSION 

Most parameters of the model, e.g. RUE, spe-

cific leaf area (SLA), and leaf senescence, were 

found to differ in Iran from Europe (Table 3). The 

average RUE in Iran was in the range of 0.0012 to 

0.0014 kg MJ
-1

. This is lower than the values used 

in the main model (Web et al. 1997, Anonymous 

1998). This can be related to the fact that Iran is 

located in arid area with high number of sunny 

days, therefore plant canopy is saturated earlier 

which results in lower RUE (Soltani et al. 2005, 

Werker and Jaggard 1997).  

Specific leaf area in Iran was about 10 m2 kg-1 

(Table 3) which was half the original value of the 

model (Webb et al. 1997). Specific leaf area is a 

measure of leaf specific weight or thinness. It can 

also be an indicator of leaf photosynthesis poten-

tial in which the higher the SLA, the thinner the 

leaf and the less efficient its photosynthesis 

(Karimi and Azizi 1994). This parameter is influ-

enced by environmental factors so that leaves 

grown under shadow develop larger area, but 

they become thinner and photosynthesize less as 

per unit area under intense radiation. It can be 

inferred that in Europe, leaves have a larger area 

to weight ratio (higher SLA) and are thinner due to 

less intense radiation. Thicker leaves have higher 

photosynthesis efficiency but it seems that sugar 

beet may fall in short of a chance to realize their 

maximum photosynthesis potential due to their 

high degradation rate. 

Model estimations of the shoot and root dry 

matter at diverse N rates were in good agreement 

with the observations in the first experimental 

year (Table 1, Figure 2). When the local coeffi-

cients of Iran were applied (Table 3), the model 

well-estimated canopy cover (Figure 3). Nonethe-

less, a previous study (Gohari and Khayamim 

2006) found a significant difference between es-

timated and observed leaf area index since some 

coefficients were not precisely determined for 

Iran. Even when the values for parameters like 

relative leaf growth, CO2 assimilation, and relative 

leaf senescence were changed, the model failed to 

provide a good estimation of leaf area index (Go-

hari and Khayamim 2006). 

Linear regression curve for the values estimat-

ed by the model against observations across the 

three years of experiment 1 (Table 1) demon-

strates that the model provided a good estimation 

 
Figure 2. Comparison of shoot dry matter (left) and root dry matter (right) between estimated values and observations at different 

levels (a: 100, b: 200, and c: 300 kg ha
-1

) in 2001 
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Figure 3. Comparison of canopy cover percentage between 

estimated values and observations at different levels (a: 100, 

b: 200, and c: 300 kg ha
-1

) in 2001 

of shoot, root and total dry matter and sugar yield 

(Figure 4 and 5). Root-mean-square error between 

the observed and estimated values were found to 

be 19.57, 19.08, 16.54, and 17.33 for root, shoot, 

and total dry matter and sugar yield, respectively 

(Table 5). These coefficients are in a good range 

(i.e. 10-20%) for all traits confirming good estima-

tion of the model. With respect to the estimated 

and observed values of sugar yield, a deviation 

was observed for 100 kg ha
-1

 N level (Figure 5). 

This is likely to be associated with the fact that the 

model has some deviations at low levels of soil N 

content (without N fertilization and on the basis of 

soil N content). Same results were observed when 

the model was validated against experiment 2 

(Figure 6, Table 5). Thus, it is necessary in future 

models to pay more attention to estimations un-

der no fertilization condition or sugar is estimated

 

Figure 4. The 1:1 linear curve between estimated and observed values of shoot dry matter (right) and root dry matter (left) across 

three years of experiment 1 at different N rates of 100, 200, and 300 kg ha
-1

 

 

Figure 5. The 1:1 linear curve between estimated and observed values of total dry matter (right) and sugar yield (left) across three 

years of Experiment 1 at different N rates of 100, 200, and 300 kg ha
-1 
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Figure 6. The 1:1 linear curve between estimated and observed values of total dry matter (right) and root dry matter (left) in 

experiment 2 at different N rates of 60, 130, 160 and 190 kg ha
-1

 

 
Table 5. Model specifications and their confidence level for 

the traits studied in the model 

Experiment Trait RMSE 

(%) 

R
2
 

(%) 

Sample 

number 

Model 

sensitivity 

1 Shoot dry matter 19.08 0.92 27 Good 

 Root dry matter 19.57 0.95 39 Good 

 Total dry matter 16.54 0.95 36 Good 

 Sugar yield 17.33 0.83 23 Good 

2 Shoot dry matter 63.43 0.81 3 Poor 

 Root dry matter 6.15 0.99 3 Excellent 

 Total dry matter 18.59 0.96 3 Good 

 Sugar yield 23.91 0.92 3 Acceptable 

 

by model through placing the relationship in the 

model and not merely a specific coefficient.  

In addition to RMSE, the coefficient of deter-

mination (R
2
) was also calculated for all studied 

traits between the estimated and observed val-

ues. The coefficient of determination was 0.95, 

0.92, 0.95, and 0.83 for shoot, root and total dry 

matter and sugar yield, respectively (Table 5). In 

other words, the model captured at least 83% and 

at most 95% of the variance, and just 5-20% (of 

shoot dry matter) was related to the error.  

To supplement model calibration, linear re-

gression curve was drawn for the values estimated 

by the model against the observations made in 

experiment 2 (Table 1). Since sampling was not 

carried out over the growth period, the curve was 

just fitted for the values obtained at harvest. Re-

sults indicated that the model estimation was ex-

cellent for root dry matter at N rates of 130, 160 

and 190 kg ha
-1

 and it was good for the total dry 

matter, but the model did not make a good esti-

mation of soil N content at 60 kg ha-1 level (Figure 

6). Root-mean-square error was found to be 6.15 

and 18.59 for root and total dry matter at N fertili-

zation rates of 130, 160, and 190 kg m-2. The mod-

el estimation for sugar yield was appropriate given 

its RMSE of about 24% (Table 5). Also, significant 

R
2
 of 0.99, 0.96, and 0.92 for root dry matter, total 

dry matter, and sugar yield, respectively was ob-

served (Table 5). 

Sugar yield used to be rarely estimated by sug-

ar beet models (Vandendriessche 2000a, b). This 

highlights a major difference of our model with 

previous models (Khayamim 2001, Webb et al. 

1997) so that our model simulates sugar yield on 

the basis of N rate in addition to simulating dry 

matter. Sugar yield was predicted through the re-

lationship with total dry matter, and not just root 

yield, and on the basis of N rate. In other words, 

sugar yield is predicted by intercepted radiation 

across the year via its influence on photosynthesis 

and total biomass production and also by N rate 

through its influence on assimilate partitioning 

among different organs and total dry matter. The 

comparison of estimated values with observations 

revealed that this estimation was good for exper-

iment 1 and relatively good for experiment 2 (Ta-

ble 5). Root-mean-square error is a good measure 

for comparison of estimated and observed values 

as it has been used in different modeling studies 

(Soltani et al. 2005, Richter et al. 2001); For exam-

ple, it was about 11.7 for sugar yield estimation by 

model SBEET implying its appropriate estimation 

(Soltani et al. 2005). 

Fewer parameters were included in this model 

compared with other sugar beet models. Eleven 

variables were defined for this model – six inde-

pendent parameters and five interaction parame-

ters. In the SUBEMOpo model (Vandendriessche 

2000a), there is a primary program with 11 sub-

programs and a lot of parameters. The SUCROS 

model (Spitters et al. 1989) needs 15 parameters, 

12 experimental functions, and 9 initial data for 

model definition. There are 16 parameters with 

interactions, 20 variables, and 880 sub-variables in 

the SUBGRO model (Fick et al. 1973). More com-
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prehensive models have more parameters. For 

example, given that it has been developed by data 

from Iran, the SBEET model (Soltani et al. 2005) 

includes 18 parameters with 23 experimental 

functions. In addition to the production and parti-

tioning of dry matter in sugar beets, plant phenol-

ogy, and leaf area loss, the model is based on a 

function of phenology and soil water balance. In 

other words, the SBEET model explores the effect 

of soil moisture, but our model considers the in-

fluence of N rate on sugar beet growth. When 

compared to the comprehensive computerized 

model of sugar beet fertilization recommendation 

(Khademi et al. 2001) which is a model based on 

experimental relationships without their impact 

on plant, our model can be known as the first 

model describing the effect of nitrogen on sugar 

beet growth. In practice, nitrogen is influenced by 

various factors, e.g. time and rate of fertilizer ap-

plication as well as fertilizer type. Therefore, more 

study is required to estimate the effect of these 

factors on sugar so that, in addition to shoot, root 

and sugar yield, it is necessary to monitor and 

control soil and plant N status over the growing 

season in order to develop a more comprehensive 

computerized model. 

The calibration of most coefficients under Ira-

nian condition considerably contribute to the bet-

ter fitness of the model. The results reveal that 

the local coefficients employed in the model re-

mained unchanged for three year assessment. On 

the other hand, one of the most difficult fittings in 

model is the fitting of canopy cover. The present 

model fitted canopy cover percentage well using 

the coefficients, whereas remarkable differences 

were observed between the estimated values of 

the model and observations in previous studies 

since some coefficients could not precisely be 

specified for Iran. 

The fitting of the model to root and total dry 

matter data in two experiments of validation and 

studied N levels (100-300 kg ha
-1

) was found to be 

good. Root-mean-square error between the esti-

mated and observed values varied in the range of 

6.15% (for root dry matter) to 24% (for sugar 

yield). The average of these coefficients for two 

validating experiments was about 12.86, 41.56, 

17.57, and 20.62% for root, shoot, and total dry 

matter and sugar yield, respectively. Values were 

in a good range for root and total dry matter and 

in an appropriate range for sugar yield. Similarly, 

the coefficient of determination in two validating 

experiments was over 95% for root and total dry 

matter and 80-90% for shoot dry matter and sugar 

yield. In other words, the model produced a good 

estimation of root and total dry matter and ac-

ceptable estimation of sugar yield at the studied N 

levels. One of the differences of our model with 

previous models is the prediction of sugar yield. 

The model anticipates sugar yield as a relationship 

with total dry matter, and not just root yield, and 

on the basis of nitrogen. However, further studies 

are required with more comprehensive data and 

assessment over numerous years for the overall 

conclusion. 

Finally, we can conclude that despite its sim-

plicity (due to less number of parameters and var-

iables compared with similar models), this is the 

first model that describes the effect of nitrogen on 

sugar beet growth and yield. Given the very good 

fitting of canopy cover percentage, total dry mat-

ter, and root dry matter as statistical indicators, 

the model can be considered for further and more 

comprehensive examination. The estimation of 

sugar yield by the model is another advantage 

compared with similar models. 
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