Guo et al.: Research on single-parameter logistic model for relative plant height and relative dry matter of winter wheat (Triticum
aestivum L.) and summer maize (Zea mays L.)
- 2539 -

RESEARCH ON SINGLE-PARAMETER LOGISTIC MODEL FOR
RELATIVE PLANT HEIGHT AND RELATIVE DRY MATTER OF
WINTER WHEAT (TRITICUM AESTIVUM L.) AND SUMMER
MAIZE (ZEA MAYS L.)

Guo, Y.}2 ~WANG, Q. J.1?" — ZHANG, J. H.3*" —WEI, K 12

IState Key Laboratory of Eco-hydraulics in Northwest Arid Region, Xi’an University of
Technology, Xi’an 710048, China

2School of Water Resource and Hydropower, Xi’an University of Technology, Xi’an 710048,
China

3College of Water Conservancy and Architectural Engineering, Shihezi University, Shihezi
832000, Xinjiang, China

*Key Laboratory of Modern Water-Saving Irrigation of Xinjiang Production and Construction
Corps, Shihezi University, Shihezi 832000, Xinjiang, China

*Corresponding authors
e-mail: wquanjiu@163.com; zhangjihong_eric@163.com

(Received 7" Jan 2023; accepted 17 Mar 2023)

Abstract. Logistic model has been widely used in simulating plant height and dry matter accumulation
(DMA). However, the parameters of logistic model vary greatly under different crop cultivar, cultivation
environment and weather conditions, which limits the application range of the model. In order to increase
the applicability of the model, the maximum DMA, maximum plant height, and maximum growing
degree days of typical crops were set to 1. Based on the method of normalization, the parameters a and b
of the logistic model were estimated using a series of field trial data. The results showed that a/b values
were a relatively stable constant due to a/b represented the peak of crop growth rate. Based on the above
opinion, the single-parameter logistic models for plant height and DMA of typical food crops were
established. The accuracy of the single-parameter models was evaluated, showing that the single-
parameter models can accurately reflect the dynamic characteristics of plant height and DMA. These
results can provide theoretical support for precise regulation and prediction of plant height and dry matter
accumulation of two food crops.
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Introduction

Winter wheat and summer maize are the two main food crops cultivated worldwide.
As one of the most important food production countries, China is the largest wheat and
second-largest maize producer in the world (Liu et al., 2014a; Anjum et al., 2017),
which in 2021 contributed 17.6% and 23.1% of global wheat and maize production
respectively (FAO, 2023). With the rapid growth of global population, accurate analysis
and forecast of food production have attracted increasing attention. Dry matter
accumulation (DMA) and plant height are both important indicators to reflect the
growth status and yield of food crops (Yin et al., 2011; Ning et al., 2013; Zhang et al.,
2023; Gao et al., 2020). DMA determine the yield formation because the essence of
crop DMA is the process of photosynthetic product formation (Ferrise et al., 2010; Ning
et al., 2013). Plant height is the main agronomic index to characterize the stem
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morphology of crops, which is closely related to light absorption ability of the crop
(Boomsma et al., 2010). Moreover, plant height is the basis of DMA, and is usually
used by farmers to judge the growth state of crop (Kaplan et al., 2023). Compared with
the data of DMA of crops, the data of plant height is easier to obtain. Recently, the
importance of plant height to yield has been gradually recognized by researchers.
Bendig et al. (2014) constructed the relationship between plant height and DMA, and
used the plant height to estimate the DMA. Tao et al. (2020) estimated the yield of
winter wheat using the spectral indices, ground-measured plant height, and plant height
extracted from the hyperspectral remote sensing data, combined with three regression
techniques. Gilliot et al. (2021) showed the potential of predicting maize yield based on
the plant height extracted from unmanned aerial vehicle imagery. Ji et al. (2022)
reported that the yield of faba bean can be reasonably estimated using the multiple time
points data of plant height. Thus, it is necessary to study the dynamic changes in DMA
and plant height for yield prediction.

At present, the simulation of dynamic changes of the DMA can usually be described
in two ways: mechanism models and empirical models. The commonly used mechanism
models include DSSAT, STICS and WOFOST models (Jones et al., 2003; Brisson et
al.,, 2003; van Diepen et al., 1989). However, mechanism models have a lot of
parameters and these parameters are difficult to determine. Instead, the empirical
models are widely used because of the process of the parameter determination is
relatively simple. The common empirical models used to describe crop growth
including logistic, Gompertz and Richard equations (Verhulst, 1838; Gompertz, 1825;
Richard, 1959). Among these models, logistic model is most frequently used in crop
dynamic simulation because of its biological significance. Logistic model was originally
proposed by ecologists to describe the laws of biological population growth and were
subsequently widely used in DMA, plant height, leaf area expansion and grain filling
(Hirooka et al., 2016; Liu et al., 2020; Bagheri et al., 2014; Sepaskhah et al., 2011).

As for the dynamic simulation of plant height, most crop mechanism growth models
do not include simulations of plant height since they assume the canopy architecture as
mono-layer or several layers to simulate light interception. The development of plant
height model is slow over the past decades (Confalonieri et al., 2011). At present, using
a logistic model is the most common method for simulating the change characteristics
of plant height.

Many investigators have applied logistic models to simulate the growth processes of
DMA and plant height. Wardhani and Kusumastuti (2014) described the height growth
of maize using logistic and Gompertz models with the days after planting as
independent variables respectively. Ma et al. (2013) used logistic model to simulate the
plant height, leaf area index (LAI), and DMA of spring wheat under different irrigation
regimes. And a modified logistic model was established to simulate DMA and LAI
based on plant height. Considering the effect of different environmental conditions and
plating dates, some studies have shown that growing degree days (GDD) can be used
instead of days after planting in the logistic function (Shabani et al., 2018; Mahbod et
al., 2014; Sepaskhah et al., 2011). Mahbod et al. (2014) used logistic models to predict
DMA and grain yield of winter wheat in semi-arid regions based on GDD. Bagheri et al.
(2014) simulated maize daily DMA using logistic model for different water and
nitrogen management regimes. Wang et al. (2014) presented a logistic model
calculating winter wheat above-ground biomass and LAl for different irrigation
treatments. Liu et al. (2020) established a universal logistic model simulating DMA and
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plant height of winter wheat in China using GDD as independent variable. Wang et al.
(2021) and Guo et al. (2022) developed a universal logistic model predicting the plant
height of cotton and summer maize in different regions. However, the parameters of
logistic function vary greatly under different crop cultivar, cultivation environment and
weather conditions. The difference of logistic model parameters in different
environments limits the popularization and application of the model. In addition, there
is still a lack of in-depth analysis of the changing characteristics of the parameters of the
logistic model and the relationship between the parameters.

In this paper, the variations of relative plant height (RH) and relative dry matter
accumulation (RDMA) with the relative growing degree days (RGDD) were
investigated to clarify the relationship between the parameters of the normalized logistic
model. Thus, the objective of this study was to establish and evaluate a normalized
logistic model for simulating plant height and DMA in winter wheat and summer maize
with reduced complexity and less parameter.

Materials and methods
Data collection

The data of crop plant height and DMA are obtained from literature published on
China National Knowledge Infrastructure (https://www.cnki.net/). The growth
characteristics data were directly from the tables and text or indirectly from figures
using Get Data Graph Digitizer software. The selected literature meets the following
criteria: (1) Data collection is restricted to field experiment studies, (2) The growth data
under the condition of widely used agronomic technologies were taken into
consideration, and data from some new technologies were removed. Based on above
criteria, 20 articles and 13 articles were selected to analyze growth characteristics of
DMA and plant height of typical food crops, respectively. Detailed information on the
literature is listed in Tables 1-4.

The meteorological data are obtained from the China Meteorological Data Network
(http://data.cma.cn), including the daily maximum temperature and the daily minimum
temperature during the crop growth period. GDD is the difference between the average
daily temperature and the minimum temperature required for crop activity, as shown
below (McMaster and Wilhelm, 1997):

GDD = Z[Tm — Thase) (Eq.1)

Tavg IS average daily temperature; Thase IS minimum temperature required for crop
activity. Tavg Is calculated as follows:

T.r + T:z
Tm'g = 2
T = _ ,
avg Tm‘g - Tbnsa If Tm'g E Tbnsa (qu)

Tm'g = Tuppar If Tm*g = Tbﬁss

Tx is daily maximum temperature; Tn is daily minimum temperature; Tupper iS the
maximum temperature required for crop activities.
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Table 1. Data sources of winter wheat dry matter accumulation

Location Year Sample size References Purpose

Qingyang City, Gansu Province | 1995-1996 1 Zhang et al. (2004)

Taiyuan City, Shanxi Province | 2014-2015 4 Shi et al. (2017)

Jinzhong City, Shanxi Province | 2015-2016 1 Tian et al. (2012) Model
Yangling City, Shaanxi Province | 2012-2013 2 Yang et al. (2015) establishment

Hefei City, Anhui Province 2010-2011 1 Teng (2012)

Zhengzhou City, Henan Province | 2009-2010 1 Liu et al. (2012)

Haozhou City, Anhui Province | 2010-2011 2 Zhang et al. (2014)

Gaoyou City, Jiangsu Province | 2001-2002 1 Huang et al. (2008) | Model validation

Handan City, Hebei Province 2011-2012 2 Liu et al. (2014b)

Table 2. Data sources of summer maize dry matter accumulation

Location Year Sample size References Purpose
Beijing City 1980 1 Chen (1986)
Shijiazhuang City, Hebei Province 2010 1 Wang et al. (2013)
Taian City, Shandong Province 2011 1 Feng et al. (2015)

Zhengzhou City, Henan Province 1994 1 Ma et al. (2007) Model
Songyuan City, Jilin Province 2014 1 Sun et al. (2017) establishment
Luoyang City, Henan Province 2013 2 Jinetal. (2014)

Cangzhou City, Hebei Province 2016 2 Kan et al. (2019)
Yangling City, Shaanxi Province 2008 1 Ma et al. (2010)
Lang fang City, Hebei Province 2009 1 Li et al. (2010)
Luoyang City, Henan Province 2012 2 Liang et al. (2013) | Model validation
Taian City, Shandong Province 2015 2 Zhang et al. (2017)

Table 3. Data sources of winter wheat plant height

Location Year Sample size References Purpose

Nanjing City, Jingsu Province 2013-2014 1 Dong et al. (2017)
Beijing City 2004-2005 2 Kong et al. (2008)

Langfang City, Hebei Province | 2013-2014 3 Jiao et al. (2017) estalt\)/:?sﬁ:]ent
XinXiang City, Henan Province | 2009-2010 2 Gao et al. (2012)
YunCheng City, Shanxi Province | 2012-2013 2 Ding et al. (2014)

Cangzhou City, Hebei Province | 2010-2011 2 Wu and Wang (2009) I

. . . . . Model validation

Yangling City, Shannxi Province | 2001-2002 3 Liu et al. (2010)

Table 4. Data sources of summer maize plant height

Location Year | Sample size References Purpose
Cangzhou City, Hebei Province 2013 2 Liu et al. (2014c)
Tianchang City, Anhui Province 2009 3 Xiao et al. (2010) Model
Xinxiang City, Henan Province 2007 2 Zhang et al. (2008) | establishment
jiamusi City, Heilongjiang Province| 2014 3 Zhu et al. (2015)
\-(lye.mg Clt.y, Henan Prowr-]ce 1999 3 Eu et al. (2005) Model validation
Xinxiang City, Henan Province 2009 2 Xiao et al. (2011)
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Data normalization

The maximum value of DMA and plant height were set to 1, respectively. The data
of plant height and DMA were normalized. The RDMA, RH and RGDD were all in the
range of [0-1].

RDMA, = DM4,
‘= DMa,,. (Ea-3)
RH. = H,
i B HJ'I"IHY (Eq.4)
RGDD. = GDD,
i = GDD (Eq.5)

Y

DMA; is measured dry matter accumulation, DMAmax IS maximum dry matter
accumulation, Hi is measured plant height, Hmax iS maximum plant height, GDD; is
growing degree days from sowing to measurement period, GDDmax iS growing degree
days when crop is mature.

Statistical analysis

The determination coefficient (R?) and the root mean square error (RMSE) were used to
evaluate the accuracy of the model. These statistical indexes could be calculated as follows:

! 5
n_ (0, —P,)?
RMSE = ||E“l[ - % (Eq.6)
\
RZ=1— =1 (0 _i]; (Eq.7)
2?:1[”:- - Uz’)

where O; is measured value, P;i is the simulated value, 5,- is the average value of
measured data, and n is the number of observations.

Single-parameter logistic model construction
Normalized logistic model
The formula of the logistic growth function is as follows:

"

S (Eq.8)

where y is growth index (plant height or DMA), ymax is the upper limit of the crop
growth index, t is the number of days after planting or sowing, a and b are coefficients
of the equation.

Some researchers suggested that applying logistic model to simulate crop growth
status under different weather conditions, it is more reasonable to use GDD instead of
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calendar days after planting (Mahbod et al., 2014; Sepaskhah et al., 2011). Thus,
logistic model can be expressed as follows:

T
v = Yz

T 1 + ga—bGDD (Eq.9)

In order to eliminate the differences in crop growth characteristics caused by
different crop varieties, soil types and management methods, the plant height and DMA
were normalized (Fu et al., 2009). The normalized logistic model is as follows:

v 1

Ry = N — = 1 + g@—2RGDD (Eq.10)

T
T

Characteristic parameters of the normalized logistic equation

The instantaneous rate of relative dry matter accumulation or relative plant height at
the moment of RGDD was obtained by taking derivative of Equation 10:

be a—bRGDD

Ry' = (Eq.11)

[’1 + eﬁ—bRG.D.D ‘]E

In order to determine the maximum rate and its corresponding RGDD, the second
derivative of normalized logistic equation is as follows:

bf (Eﬂ—bRGDD — 1jeﬂ—bRGDD

Ry" = (Eq.12)

(1 _|_ Eﬂ—bRGDD ]3

Let Ry” =0, an inflection point (a/b, b/4) was defined. b/4 and a/b are respectively
the maximum rate and its corresponding RGDD.

Relationships between parameters of normalized logistic model

The parameters of the normalized logistic model were estimated using data set for
model establishment in MATLAB software. Tables 5 and 6 show severally the values of
parameters a and b of normalized logistic model describing the DMA of winter wheat
and summer maize. And Tables 7 and 8 show severally the values of parameters a and b
of normalized logistic model describing plant height dynamic process of winter wheat
and summer maize. It can be seen that that a/b values of different crops were relatively
stable constants. From the above analyses, we can know that when RGDD = a/b, the
growth rate reaches maximum. Combined with the RGDD when the maximum growth
rate occurs, the single-parameter logistic models of plant height or DMA were
established.

Table 5 shows that ai/b: ranges from 0.531 to 0.591. Since the variation amplitude
of ai/b1 values are small, in order to simplify the model, take the average value.
Therefore, the normalized DMA logistic model of winter wheat can be modified as
follows:

1

RDMA, g = 1 + 0.559b,~b,RGDD (Eq.13)
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Table 6 shows that a»/b, ranges from 0.538 to 0.622. Similarly, take the average of
a2/b2. The normalized DMA logistic model of summer maize can be modified as follows:

1

RDMA, ;ize = 1 4 g¥579b,—b RCDD (Eq14)

Table 7 shows that as/bs ranges from 0.344 to 0.449. Similarly, take the average of as/ba.
The normalized plant height logistic model of winter wheat can be modified as follows:

1
RH =
wheat 1 +E|}.393b3—b3RGDD

(Eq.15)

Table 8 shows that as/bs ranges from 0.361 to 0.436. Similarly, take the average of as/ba.
The normalized plant height logistic model of summer maize can be modified as follows:

1
RH = (Eq.16)

maize 1 4 g0-391b,~b,RCDD

Table 5. Parameter fitting results of normalized logistic model for relative winter wheat
DMA

Dataset a1 b1 R? RMSE ai/by
1 7.831 14.17 0.99 0.02 0.553
2 3.650 6.608 0.99 0.03 0.552
3 3.694 6.473 0.98 0.04 0.571
4 3.567 6.514 0.99 0.04 0.548
5 3.94 7.002 0.98 0.06 0.563
6 5.133 8.676 0.98 0.06 0.592
7 4.362 7.918 0.99 0.02 0.551
8 4.238 7.752 0.99 0.04 0.547
9 4.001 7.530 0.99 0.03 0.531
10 5.187 8.896 0.99 0.03 0.583
Average 0.559

Table 6. Parameter fitting results of normalized logistic model for relative summer maize
DMA

Dataset a b2 R? RMSE az/bz
1 4.688 7.594 0.99 0.05 0.617
2 3.915 7.103 0.99 0.04 0.551
3 4.760 7.650 0.98 0.04 0.622
4 4.198 7.581 0.99 0.05 0.554
5 4.564 7.980 0.99 0.03 0.572
6 3.808 6.564 0.99 0.04 0.580
7 3.754 6.404 0.99 0.04 0.586
8 4.115 7.415 0.99 0.03 0.555
9 4.375 8.126 0.98 0.04 0.538
10 4.065 6.607 0.94 0.09 0.615
Average 0.579
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Table 7. Parameter fitting results of normalized logistic model for relative winter wheat
plant height

Dataset as bs R? RMSE as/bs
1 8.688 19.33 0.98 0.01663 0.450
2 4.833 12.32 0.99 0.00625 0.392
3 4.349 10.51 0.99 0.01387 0.414
4 3.357 9.748 0.99 0.04604 0.344
5 3.772 9.686 0.98 0.06795 0.389
6 3.228 8.916 0.98 0.06445 0.362
7 2.846 6.637 0.97 0.04937 0.429
8 3.426 8.402 0.99 0.04102 0.408
9 2.704 7.279 0.99 0.00894 0.372
10 2.337 6.353 0.99 0.01375 0.368
Average 0.393

Table 8. Parameter fitting results of normalized logistic model for summer relative maize
plant height

Dataset as b4 R? RMSE albs
1 2.712 7.154 0.96 0.09664 0.379
2 2.688 7.427 0.98 0.07587 0.362
3 4.073 10.78 0.99 0.01804 0.378
4 3.914 9.437 0.98 0.05325 0.415
5 3.768 8.976 0.99 0.03806 0.420
6 3.231 8.569 0.99 0.02085 0.377
7 3.640 8.340 0.98 0.03444 0.436
8 2.371 6.447 0.99 0.03298 0.368
9 2.248 6.025 0.97 0.05004 0.373
10 2.404 5.938 0.98 0.04032 0.405
Average 0.391

Model evaluation
Evaluation of single-parameter DMA model with data for model establishment

In order to evaluate the established single-parameter logistic model, Equations 16
and 17 were used to fit the parameters of the two crops respectively. Then predicted
RGDD value of the two crops were calculated. The comparison results with the
measured data are shown in Figure 1. It can be seen that the established single-
parameter models reasonably describe the RGDD process of two crops. The measured
and predicted values were plotted 1: 1 line to verify the simulation performance of the
model in Figure 2. It can be seen that the scattered points are evenly distributed
around the 1:1 line. The value of R? and RMSE are 0.98 and 0.05. Therefore, the
single-parameter logistic models had a satisfactory precise simulating the RDMA of
two crops.
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Figure 1. Measured and predicted relative dry matter accumulation based on the single-
parameter logistic model for winter wheat and summer maize (data for model establishment)
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Figure 2. Relationship between measured and predicted values of relative dry matter
accumulation for winter wheat and summer maize (data for model establishment)

Evaluation of single-parameter DMA model with data for model validation

In order to further evaluate the performance of the single-parameter logistic model,
5 added dry matter data provided by the relevant literature were used to validate the
model. The predicted and measured variation curves of RDMA in two crops are
shown in Figure 3. Results indicate that the simulation effect of the simplified logistic
model is acceptable. Then the measured and predicted wheat winter and summer
maize RDMA by developed simplified logistic model was compared with 1:1 line in
Figure 4. The values of R? (0.97 and 0.98) and RMSE (0.06 and 0.04) showed that
single-parameter logistic model predicted winter wheat and summer maize with good
accuracy. Therefore, the simplified model can be used to simulate the RDMA with the

RGDD.
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Figure 3. Measured and predicted relative dry matter accumulation based on the single-
parameter logistic model for winter wheat and summer maize (data for model validation)
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accumulation for winter wheat and summer maize (data for model validation)

1

Evaluation of single-parameter plant height model with data for model establishment

Equations 18 and 19 were used to fit the parameters of the two crops, and then
predicted RH values were calculated bases on the established single-parameter
logistic model. The predicted and measured values of RH are shown in Figure 5. It
can be seen from Figure 5 that the established single-parameter model precisely
describes the RH change process of the two crops of winter wheat and summer
maize. To further evaluate the results of singe parameter logistic model for RH
prediction, all values of predicted and measured RH were compared in Figure 6. The
statistical parameters R? (0.96 and 0.97) and RMSE (0.06 and 0.05) showed
acceptable estimation of RH.
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Evaluation of single-parameter plant height model with data for model validation

5 other plant height data provided by the relevant literature were used to validate the
model. The predicted and predicted RH are shown in Figure 7. Agreement between
measured and predicted values of RH was obtained with good accuracy. In order to
further evaluate the performance single-parameter plant height logistic model, the
measured and simulated winter wheat was compared with 1:1 line in Figure 8. The
values of R?(0.95 and 0.91) and RMSE (0.06 and 0.08) showed that single-parameter
logistic model predicted winter wheat and summer maize RH with good accuracy.
Therefore, the normalized logistic model was validated with good accuracy.
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Figure 5. Measured and predicted relative plant height based on the single-parameter logistic
model for winter wheat and summer maize (data for model establishment)
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Figure 6. Relationship between measured and predicted values of relative plant height for
winter wheat and summer maize (data for model establishment)

Discussion

Plant height and DMA are important indicators reflecting crop yield formation (Jiang
et al., 2020; Rebetzke et al., 2011; Arduini et al., 2006; Fang et al., 2010). Quantitative
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analysis of the dynamic changes of crop plant height and DMA is the key to deepening
understanding of crop field management. Because of its biological significance and
good simulation effect, the logistic model is used by many scholars to simulate the
dynamic changes of plant height and DMA in winter wheat and summer maize
(Sepaskhah et al., 2011; Mahbod et al., 2014; Liu et al., 2020). For example, Mahbod et
al. (2014) developed an empirical logistic model for winter wheat in semiarid region.
Result showed that the model can be applicable in different years and location in this
study region. Liu et al. (2020) established a universal logistic model simulating the
characteristics of plant height and DMA and of winter wheat in China based on growing
degree days. Similarly, the logistic model was used to estimate DMA and grain yield of
maize with an acceptable accuracy at different irrigation water and nitrogen levels
(Bagheri et al., 2014; Sepaskhah et al., 2011). However, the parameter of logistic model
under different varieties, cultivation measures and meteorological conditions has large
differences, which restricts the applicability of model (Fu et al., 2009).
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Figure 7. Measured and predicted relative plant height based on the single-parameter logistic
model for winter wheat and summer maize (data for model validation)
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Figure 8. Relationship between measured and predicted values of relative plant height for
winter wheat and summer maize (data for model validation)
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In this study, a normalized logistic equation was used to construct a dynamic
universal model of RH and RDMA in winter wheat and summer maize, which avoided
differences due to different varieties, planting dates, planting densities, and farming
practices. In the process of fitting parameters using a normalized logistic model, it was
found that the value of a/b is a relatively stable constant. Subsequently, the logistic
model can be simplified to a single-parameter model. The performance of the single-
parameter logistic models was evaluated a lot of field data. Statistic indexes showed that
single-parameter can accurately reflect the changes in plant height and DMA of winter
wheat and summer maize during the growth period. Moreover, the simplified model has
only one parameter, which is easier to popularize and apply than the traditional logistic
model. Generally, the maximum GDD of a given cultivar of crop was stable in a certain
region. The normalized model could characterize plant height and DMA growth
dynamic of crops when maximum plant height, maximum DMA, and parameter b were
obtained (Fu et al., 2009). The corresponding dry matter and plant height values can be
obtained by substituting the RGDD into the equation.

In this study, the relationship between parameters a and b is a basic condition for
establishing a single-parameter logistic model. This condition is obtained based on the
normalized logistic model, and this study only includes winter wheat and summer
maize. For other crops, it is still necessary to study the normalized logistic model, and
then establish the corresponding simplified model. The RGDD used in this study can
also represent the relative growth period of crops. Therefore, the relationship between
the relative growth period of crops and growth indicators still needs to be further
studied to clarify the internal relationship between their corresponding model
parameters. In general, this study has certain reference significance for establishing a
simplified logistic model for other crops.

Conclusion

This paper normalizes the GDD, DMA, and plant height data of two major food
crops. In the process of fitting parameters using a normalized logistic model, it was
found that the a/b value is a relatively stable constant. Based on this opinion, single-
parameter models of several crops were established. These parameters can provide
theoretical support for precise regulation of crop plant height and DMA. It is concluded
that single-parameter logistic models are appropriate for accurate prediction of DMA
and plant height of typical food crops.
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