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Abstract. Effective fertilization management is crucial for enhancing the yield and
quality of cabbage (Brassica oleracea L.). This study uses the CROPGRO model, cali-
brated with field data from 2021 and validated using 2022–23 data, to determine opti-
mal fertilization regimes. The simulations reveal that nitrogen applications of 180
to 220 kg·hm22 are ideal for maximizing head weight, whereas 300 kg·hm22 of nitro-
gen is optimal for protein content, and 100 to 140 kg·hm22 for the best harvest index.
The most effective fertilization strategy involves applying 210 kg·hm22 of nitrogen,
along with 105 kg·hm22 of phosphorus and 210 kg·hm22 of potassium, during the
seedling and maturity stages. This regime enhances nutrient use efficiency and sup-
ports sustainable agricultural practices.

In 2022, global production of cabbage
(Brassica oleracea L.) reached �71 million
metric tons, highlighting its significant eco-
nomic value and importance in the agricultural
sector (FAO 2023). Efficient management of
fertilization is crucial to enhance yields, im-
prove nutritional quality, and promote sustain-
able agricultural practices (Momesso et al.
2022). This study focused on optimizing
fertilization regimes to meet rising global
demand, offering insights that could enhance

economic gains and promote sustainable farm-
ing techniques.

Recent research has concentrated on refin-
ing fertilization management practices to
boost cabbage yields and quality, while also
reducing environmental impacts (Goswami
et al. 2024). Al-Solimani (2004) noted that
appropriate nitrogen application can signifi-
cantly enhance cabbage yield and leaf nitro-
gen levels, whereas excessive use contributes
to nitrogen loss and environmental pollution.
Similarly, Liang et al. (2021) found that split ap-
plications of nitrogen improve both nitrogen use
efficiency and yields over single applications.

These studies emphasize the need for
carefully designed fertilization regimes that
address the specific nutrient requirements of
cabbage at various growth stages (Sun et al.
2022). Although these field experiments offer
valuable insights, they are labor-intensive,
time-consuming, and constrained by spatial and
temporal variability (Mariotti et al. 2012). Keat-
ing et al. (2003) used the Agricultural Produc-
tion Systems Simulator (APSIM) to develop
fertilization protocols. APSIM’s dynamic simu-
lation capabilities enabled evaluation of various

nutrient management regimes, taking into ac-
count factors like soil type, weather patterns,
and crop needs. Sharpley and Williams (1990)
used the Environmental Policy Integrated Cli-
mate (EPIC) model to assess how different fer-
tilization regimes affect crop yield and soil
health. The comprehensive approach of the
EPIC model, including aspects like soil erosion,
hydrology, and nutrient cycling, offered in-
sights into the long-term sustainability of vari-
ous fertilization practices. €Ubelh€or et al. (2015)
calibrated and evaluated the CROPGRO cab-
bage model under temperate European climate
conditions, confirming its effectiveness in pre-
dicting yields for various management regimes.
Initially developed for legumes, the CROP-
GROmodel—part of the Decision Support Sys-
tem for Agrotechnology Transfer (DSSAT)—has
expanded to include crops like bell peppers,
cabbage, tomatoes, sweet corn, and green
beans (Boote et al. 1998). This model is capa-
ble of simulating various scenarios based on
climate, soil, and environmental conditions,
including crop responses to different fertilizers
and irrigation regimes.

Research on cabbage fertilization has tradi-
tionally depended on field experiments, which
are labor-intensive, time-consuming, and prone
to variability. To address these challenges, ad-
vanced crop models such as CROPGRO simu-
late a broad spectrum of fertilization scenarios
more efficiently (Boote et al. 1998). Nonethe-
less, a significant gap persists in the compre-
hensive application of these models. This
underutilization results in suboptimal fertili-
zation practices, decreased yields, inefficient
nutrient utilization, and potential environmen-
tal harm.

This study addresses traditional fertilization
strategy shortcomings by using the CROPGRO
model to optimize fertilization regimes for cab-
bage cultivation. Unlike labor-intensive field
experiments, the CROPGRO model efficiently
simulates various management scenarios, pre-
dicting outcomes for diverse fertilization re-
gimes. This method improves nutrient use
efficiency, increases yields, and reduces envi-
ronmental impacts. The study concentrates on
calibrating the model, validating it with field
data, and devising optimized fertilization proto-
cols. The research illustrates the model’s poten-
tial to enhance sustainable cabbage production.

Materials and Methods

Experimental site. Field experiments were
carried out at the agricultural research station
in Zhuji, Zhejiang Province, China, spanning
the 2021 to 2023 growing seasons. Zhuji lies
within a subtropical monsoon climate zone.
The area receives an average annual precipi-
tation of 1500 mm and maintains an average
temperature of 16 �C. Monthly temperatures
vary from 4 �C in January to 28 �C in July.
The area receives �2000 h of sunshine annu-
ally. Experimental plots were established on
loamy soil characterized by well-defined layers.
The topsoil, extending 0 to 20 cm deep, is rich
in organic matter and exhibits a bulk density of
1.25 g·cm�3, containing 120 mg·kg�1 nitrogen,
30 mg·kg�1 phosphorus, and 200 mg·kg�1
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potassium, with 3.5% organic matter content.
The subsoil layer, 20 to 40 cm deep, features a
bulk density of 1.35 g·cm�3 and comprises
80 mg·kg�1 nitrogen, 20 mg·kg�1 phosphorus,
150 mg·kg�1 potassium, and 2.0% organic
matter. In the deeper layer, 40 to 60 cm be-
neath the surface, the soil has a bulk density of
1.40 g·cm�3 and contains 60 mg·kg�1 nitrogen,
15 mg·kg�1 phosphorus, and 100 mg·kg�1 po-
tassium, with an organic matter percentage of
1.5%.

Over 3 years, the average minimum tem-
perature rose each month from February to
May (Fig. 1). Precipitation levels varied an-
nually over the 3-year period. In 2021, March
saw the highest precipitation, at 225.3 mm,
with lower levels in other months. Although
adequate March precipitation aids cabbage
growth by providing necessary moisture, ex-
cessive rainfall can waterlog soils, adversely
affecting root respiration and nutrient uptake.
In 2022, February experienced higher precip-
itation at 130.0 mm, with lower amounts fol-
lowing in subsequent months. This pattern
provides sufficient water in early spring but
may necessitate supplementary irrigation dur-
ing peak growth periods, such as May, to en-
sure optimal moisture availability. The 2023
precipitation was more evenly distributed,
peaking in May with 158.2 mm. Consistent
rainfall throughout the growing season supports

steady water availability, reducing drought stress
risks on cabbage.

Experimental design. Over 2 years, the
study evaluated eight different fertilization re-
gimes for cabbage (Brassica oleracea var. capi-
tata). Treatments were divided into high (21HF,
22HF, 23HF), medium (22MF, 23MF), and
low (22LF, 23LF) fertilization levels, and se-
vere nitrogen stress (230F). All treatments used
the ‘Jinqiu’ variety of cabbage. Each treatment
varied in the application of nitrogen (N), phos-
phorus (P2O5), and potassium (K2O), along
with the number of fertilization events. Table 1
presents detailed information about the treat-
ments, including seeding, transplanting, and
harvest dates.

This study assessed cabbage growth and
nutritional quality across various fertilization
treatments. Key indicators, including head
yield, protein content, leaf number, nitrogen
content, leaf area index, tops weight, and har-
vest index, were measured and are detailed in
Table 2. These measurements aimed to evalu-
ate how different fertilization rates and fre-
quencies affect cabbage growth and quality.

Model description. CROPGRO, a process-
oriented model, simulates daily plant growth
by integrating the dynamics of crop carbon,
soil water, and soil nitrogen. The model ne-
cessitates daily weather data—including tem-
peratures, precipitation, and solar radiation—

and soil physical and chemical properties,
along with crop management details and
genotype information. The model produces
daily predictions of plant dry matter, leaf area
index, canopy development, and movements
of soil water and salts, while also assessing
water and nitrogen stress and tracking pheno-
logical stages. Within the model, the cabbage
head is depicted as a “pod,” with its develop-
ment classified as a generative organ. In
CROPGRO, the stem is categorized as a veg-
etative organ for both cabbage and Chinese cab-
bage, even though it is part of the economically
important tissue of the head. Only the cabbage
head’s leaves are considered part of the pod.
The model calculates the net pod growth rate as
the sum of the shell and seed growth rates.

WPDOT5WSHDOT1WSDDOT, [1]

where WSHDOT is Net shell growth rate
(g�m�2�d�1 shell)(g�m�2�d�1 shell); WSDDOT
is Net seed growth rate (g�m�2�d�1 shell)
(g�m�2�d�1 shell).

WSHDOT5WSHDTN �WSHIDT

�WTABRT � NRUSSH=0:16

� CRUSSH [2]

where WSHDTN is the new shell growth
today (g·m�2·d�1 shell)(g·m�2·d�1 shell),
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Fig. 1. Monthly total precipitation, minimum temperature, and maximum temperature at the experimental site from 2021 to 2023.

Table 1. Fertilization treatments and key dates for cabbage cultivation from 2021 to 2023.

Treatment
N

(kg·hm�2)
P2O5

(kg·hm�2)
K2O

(kg·hm�2) Seeding date
Transplanting

date
Harvest
date

21HF 203.85 105.75 254.25 15 Jan 2021 24 Feb 2021 28 Apr 2021
22HF 67.95 35.25 84.75 8 Feb 2022 14 Mar 2022 23 May 2022
22MF 135.9 70.5 169.5 8 Feb 2022 14 Mar 2022 23 May 2022
22LF 203.85 105.75 254.25 8 Feb 2022 14 Mar 2022 23 May 2022
23HF 0 0 0 6 Feb 2023 12 Mar 2023 23 May 2023
23MF 105 39.9 15.162 6 Feb 2023 12 Mar 2023 23 May 2023
23LF 210 79.8 30.324 6 Feb 2023 12 Mar 2023 23 May 2023
230F 315 119.7 45.486 6 Feb 2023 12 Mar 2023 23 May 2023

This table summarizes the fertilization treatments and key dates for cabbage cultivation over three growing seasons (2021, 2022, and 2023) at the Zhuji re-
search station. Each treatment is identified by its year and level of fertilization (HF 5 high fertilization, MF 5 medium fertilization, LF 5 low fertiliza-
tion, 0F 5 zero fertilization).
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representing the daily increase in shell
mass due to growth; WSHIDT is the weight
of shell tissue consumed by pests today
(g·m�2·d�1 shell)(g·m�2·d�1 shell), indicating
the reduction in shell mass due to pest activity;
WTABRT is the weight of shells aborted on
a day (g·m�2·d�1 shell)(g·m�2·d�1 shell),
accounting for the shell mass lost due to abor-
tion; NRUSSH is the nitrogen actually mobi-
lized from shells in a day (g·m�2·d�1 N)
(g·m�2·d�1 N), representing the amount of
nitrogen relocated from the shell to other parts
of the plant; and CRUSSH is the carbon mobi-
lized from shell tissue in a day (g·m�2·d�1

CH2O).

WSDDOT5WSDDTN � SWIDOT [3]

where WSDDTN is the new seed growth to-
day (g·m�2·d�1 seed)(g·m�2·d�1 seed), rep-
resenting the daily increase in seed mass due
to growth; and SWIDOT is the daily seed
mass damage (g·m�2·d�1)(g·m�2·d�1), indi-
cating the reduction in seed mass due to vari-
ous damaging factors.

Model evaluation. In 2022 and 2023, mod-
els were evaluated by comparing observed
and simulated data for variables such as leaf
area index (LAI), leaf number, tops weight,
head yield, and head protein content. Fertiliza-
tion treatments varied for spring cabbage in
Zhuji, Zhejiang Province, to validate model
predictions across different nutrient manage-
ment scenarios. Model accuracy was assessed
using three indicators: deviation ratio (d), rela-
tive root mean square error (RRMSE), and a
comparison of observed vs. simulated values.
A lower deviation ratio indicates higher accu-
racy of simulated results. RRMSE, a unit-inde-
pendent measure of homogenization error,
indicates accuracy; smaller values signify mi-
nor differences between observed and simu-
lated data. The evaluation criteria for RRMSE

are 0 to 0.1 (excellent), 0.1 to 0.2 (good), 0.2
to 0.3 (fair), and>0.3 (poor).

d5
si � oi
oi

� 100% [4]

RRMSE5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Sn

i51
ðsi�oiÞ2

n

q

Sn
i51

oi
n

� 100% [5]

where si is the simulated value, oi is the ob-
served value, and n is the sample size.

Optimization principle of fertilization man-
agement. This study designed fertilization
treatments to explore the effects of varying
nitrogen (N), phosphorus (P), and potassium
(K) application rates and schedules on cab-
bage growth using the CROPGRO model.
Nitrogen fertilization was applied in a range
from 0 to 400 kg·hm�2 in 10-kg increments.
The N:P2O5:K2O ratio was consistently main-
tained at 2:1:2. Fertilization frequency ranged
from 0 to 4, targeting specific growth stages:
seedling (S), rosette (R), heading (H), and ma-
turity (M). The total number of possible fertili-
zation treatments, 3280, was calculated based
on various combinations of these variables.
Specifically, the study considered 41 levels of
nitrogen application (including 0 kg), five fer-
tilization frequencies, and 16 combinations of
four growth stages.

The Treatment ID specifies the amounts
of nitrogen (N), phosphorus (P), and potas-
sium (K) applied, the number of fertilization
events, and the growth stages (S, R, H, M) at
which fertilization was applied. Binary cod-
ing (0 and 1) represents various fertilization
stage combinations; “1001” signifies fertiliza-
tion at the seedling and maturity stages. For
example, “F50T1001” denotes a treatment
with 50 kg·hm�2 nitrogen, 25 kg·hm�2 phos-
phorus, and 50 kg·hm�2 potassium, applied
twice at both the seedling and maturity stages.

All treatments used the calibrated CROPGRO
model, leveraging 30 years of weather data
(1984–2013) to simulate cabbage head yield
and leaf nitrogen content. The outputs, head
yield and head nitrogen content, function as
optimization criteria for fertilization regimes.
Optimal fertilization regimes were determined
using key performance indicators including
head yield, head protein content, and harvest
index. Criteria for selecting optimal practices
include

Head Yield $ 90%Head YieldMax

Harvest index $ 90%Harvest indexMax

Head protein content $ 80%Head protein contentMax

8<
:

[6]

where head yield is the dry matter weight of
cabbage heads, kg·hm�2; Head protein content
is the percentage of protein in the cabbage
heads, %; Harvest index is ratio of head yield
to total aboveground biomass, %. Head Yield
is the average simulated multiyear head yield,
kg·hm�2; Head YieldMax is the maximum
simulated head yield, kg·hm�2.

Results

Model calibration
The CROPGRO model was calibrated using

data from a 2021 high-fertilization treatment of
spring cabbage (Table 3). This experiment took
place in Zhuji, Zhejiang Province. Simulated
values from the CROPGRO model were
compared with observed values to evaluate
performance.

For head yield, the simulated value was
4971 kg·hm�2 compared with an observed
5036 kg·hm�2, showing a deviation of 1.31%
and indicating good model accuracy. The
simulated head protein content was 26.625%
vs. the observed 29.562%, a deviation of
9.94%, indicating a moderate discrepancy.

Table 2. Comprehensive measurement parameters for cabbage growth assessment.

Measurement indicator Measurement frequency Measurement method
Soil moisture Hourly automatic checks Tube soil moisture monitor (RS-WS-N01-TR-6, Shandong Renke Control Technology Co.,

Ltd.) for soil volume water content every 10 cm up to 1.0 cm depth.
Air temperature Hourly automatic checks Air temperature sensor (RSFE-BYH-M, Shandong Renke Control Technology Co., Ltd.).
Light intensity Hourly automatic checks Light intensity sensor (RSFE-WS-N01-TR-1, Shandong Renke Control Technology Co., Ltd.).
CO2 concentration Hourly automatic checks CO2 concentration sensor (RSFE-QXZ-M, Shandong Renke Control Technology Co., Ltd.).
Soil nutrients Every 14 d Layered measurement of soil inorganic nitrogen, organic matter, and total nitrogen content

every 10 cm up to 60-cm depth.
Tops weight Every 7 d Sampling five plant samples per plot, drying at 75 �C until constant weight, and recording dry

weight of different organs.
Head yield At harvest Ten heads are selected per plot, dried at 75 �C until constant weight. Average dry weight per

head is calculated and multiplied by the number of plants per hectare to determine yield.
Head protein content At harvest Protein content is determined using the Kjeldahl method with a JELTEC 2300 apparatus

(Sweden FOSS).
Canopy height Every 7 d Distance from the base of the plant at the ground to the highest point of the plant.
Canopy width Every 7 d Maximum natural spread distance of the outer leaves of the plant.
Leaf length Every 7 d Length from the base of the wing of the largest leaf to the tip of the leaf.
Leaf width Every 7 d Width at the widest part of the largest outer leaf.

Table 3. Calibration of the CROPGRO model using 2021 spring cabbage fertilization treatment.

Head yield (kg·hm－2) Head protein content (%) Leaf number Canopy ht (m)

si oi d (%) si oi d (%) si oi d (%) si oi d (%)
4971 5036 1.31 26.625 29.562 9.94 17 19 10.53 0.234 0.231 �1.30

The simulated values (si) generated by the model are compared with the observed values (oi), and the deviation percentages (d/%) are calculated to assess
the model’s accuracy.
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Simulated leaf count was 17 and the observed
count was 19, resulting in a 10.53% devia-
tion. Canopy height was simulated at 0.234
m, compared with an observed 0.231 m, a de-
viation of �1.30%. The CROPGRO model
demonstrated high accuracy in predicting
head yield and canopy height, as evidenced
by low deviation percentages for the 2021
high-fertilization treatment of spring cabbage.
Moderate discrepancies in predicted head
protein content and leaf number indicate
areas for further refinement and calibration of
the model. Overall, the model performs effec-
tively, providing reliable simulations across
most parameters.

Model evaluations
These experiments in 2022 and 2023 in-

volved various fertilization treatments applied
to spring cabbage to validate the model’s pre-
dictions under different fertilization regimes.
The key parameters measured included LAI,
leaf number, tops weight, and head yield. The
model evaluations for 2022 and 2023 con-
firmed that the CROPGRO model is a valu-
able tool for optimizing fertilization regimes
and improving crop management practices in
cabbage cultivation.

LAI. Under high fertilizer treatments, the
model tends to underestimate LAI growth
(Fig. 2A and D). In medium fertilizer

treatments, the model demonstrates improved
predictive accuracy (Fig. 2B and E). The
RRMSE values, 0.084 for 22MF and 0.168
for 23MF, reflect closer alignment with ob-
served values, particularly under medium ni-
trogen conditions. The model excels in low
nitrogen scenarios, as evidenced by strong
predictive performance in low fertilizer treat-
ments (Fig. 2C and F). The zero-fertilizer
treatment (230F) shows the largest prediction
error, with an RRMSE of 0.110 (Fig. 2G).
The significant prediction discrepancy under-
lines challenges in simulating LAI growth in
conditions of extreme nitrogen deficiency,
necessitating further optimization of model
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parameters. Overall, the CROPGRO model
demonstrates varying degrees of accuracy in
simulating LAI for cabbage under different
nitrogen treatments.

Leaf number. In the 22HF treatment, simu-
lated leaf counts consistently exceeded actual
measurements, yielding an RRMSE of 0.092
(Fig. 3A). This overestimation persists through
the growth period, notably in later stages, sug-
gesting the model exaggerates leaf growth un-
der high nitrogen conditions. Similarly, for
22LF and 230F, RRMSEs of 0.052 and 0.13,
respectively (Fig. 3C and G), indicate the
model’s propensity to overpredict leaf growth
in low and zero nitrogen scenarios. In the
22MF and 23MF treatments, minor discrep-
ancies between simulated and observed leaf
numbers feature RRMSEs of 0.031 and
0.075, respectively (Fig. 3B and E). The lower
RRMSEs suggest improved model accuracy
under medium nitrogen conditions, likely due
to better-calibrated parameters enhancing sim-
ulation precision. The 23HF and 23LF treat-
ments display higher simulated than observed
leaf counts, though with reduced errors
(RRMSEs of 0.083 and 0.024) compared with
2022 (Fig. 3D and F). Especially in early
growth stages, closer alignment between
simulated and actual values in 2023 demon-
strates enhanced model adaptability and
prediction accuracy. The 230F treatment
exhibits the most significant simulation er-
ror with an RRMSE of 0.13, highlighting
substantial discrepancies, particularly in
later stages (Fig. 3G).

Tops weight. For the 2022 high fertilizer
treatment (22HF), the model’s simulated bio-
mass closely matched the measured values,
demonstrating robust performance with an
RRMSE of 0.115 (Fig. 4A). The medium
fertilizer treatment (22MF) also showed
reasonable accuracy, with an RRMSE of
0.135 (Fig. 4B), whereas the low fertilizer

treatment (22LF) achieved the best perfor-
mance, indicated by the lowest RRMSE of
0.043, exemplifying excellent model preci-
sion (Fig. 4C).

The 23HF treatment showed an RRMSE
of 0.066, indicating good alignment between
the simulated and observed data (Fig. 4D).
The 23MF treatment consistently demon-
strated solid performance with an RRMSE of
0.057 (Fig. 4E). However, the 23LF treat-
ment exhibited increased variability with an
RRMSE of 0.121, still considered within an
acceptable range despite being higher than in
the previous year (Fig. 4F). The 230F treat-
ment recorded the largest discrepancy with
an RRMSE of 2.744, reflecting significant
limitations in the model’s accuracy under
conditions of no fertilization (Fig. 4G).

Overall, the CROPGRO model has dem-
onstrated a strong capability in simulating

cabbage biomass across various fertilization
treatments, with most achieving low RRMSE
values that signify good to excellent perfor-
mance. The notable exceptions in zero fertili-
zation scenarios underscore areas needing
refinement. This variability and the consistent
performance across different fertilization lev-
els and years underscore the model’s potential
utility for agricultural biomass prediction and
management.

Head yield. The 22HF treatment demon-
strated close alignment between the simulated
and measured head yields, showcasing the mod-
el’s robust performance under high-fertilization
conditions (Fig. 5). Similarly, the 23HF and
23MF treatments exhibited high accuracy
in their predictions, confirming the effective-
ness of the model. Although the 22HF and
22MF treatments displayed some discrepancies,
their overall performance was satisfactory.
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However, under severe nitrogen stress condi-
tions (230F), significant deviations between the
simulated and observed values highlighted the
model’s limitations in accurately predicting
yields in extreme scenarios.

Overall, the CROPGRO model displayed
excellent predictive capabilities for cabbage
head yield across various fertilization treat-
ments. Despite its strong performance across
different fertilization levels and over several
years, the model revealed some deficiencies
under severe nitrogen stress, pointing to areas
for further refinement. The consistent perfor-
mance across diverse scenarios emphasizes
the model’s utility as a valuable tool in agri-
cultural production forecasting.

Head protein content. The results indicate
that the model’s simulated values for head
protein content are closely aligned with the
measured values across all seven treatments
(Fig. 6). This high level of accuracy, with a
RRMSE of 0.112, demonstrates the model’s
effectiveness in predicting head protein con-
tent under varied fertilization regimes. These
findings underscore the model’s applicability
in optimizing agricultural fertilization man-
agement and enhancing crop performance
forecasting.

Simulation of fertilization regimes
Increasing fertilization amounts generally

enhance cabbage head yields across all sched-
ules, peaking and then plateauing or slightly
declining as levels approach 300 kg·hm�2

(Fig. 7). Enhanced yields are particularly nota-
ble with more frequent fertilization events, up
to four times, especially with lower to moder-
ate nitrogen applications. The optimal nitrogen
application for maximizing yields is observed
between 180 and 220 kg·hm�2, beyond which
the benefits start to diminish due to diminish-
ing returns.

The analysis reveals considerable varia-
tions in cabbage yields influenced by fertili-
zation regimes (Fig. 8). Maximum yields are
consistently associated with fertilization initi-
ated at the seedling stage, either alone or in
combination with other stages. In contrast, re-
gimes omitting seedling stage fertilization
typically yield lower outputs. Notably, com-
binations involving multiple stages, particu-
larly those that include the seedling stage, are
most effective in producing high yields.

Cabbage head protein content increases
with the rate of fertilization, peaking at a rate
of 300 kg·hm�2 before the rate of increase
moderates (Fig. 9). In addition, more frequent
fertilization events generally enhance protein
content, with particularly notable benefits at
lower fertilization rates. The data illustrate
that regimes with three or four fertilization
events yield higher protein levels than those
with fewer. However, protein content tends to
plateau at higher fertilization rates, suggesting
diminishing returns with excessive fertilizer
application. This analysis underscores the im-
portance of both the rate and frequency of fer-
tilization in optimizing protein content in
cabbage heads.

The harvest index increases with the rate
of fertilization, peaking at �100 to 140
kg·hm�2, before it starts to decline (Fig. 10).
Multiple fertilization events tend to yield a
higher harvest index compared with singular
or absent fertilization events, with the peak
effect notably observed within this optimal
range. Beyond this range, the harvest index
decreases, suggesting that excessive fertiliza-
tion surpasses the optimal threshold, thereby
reducing harvest efficiency. This finding indi-
cates that there is a precise range of fertiliza-
tion that maximizes harvest index, highlighting
the importance of calibrated fertilization practi-
ces in agricultural yield optimization.

Selection of optimal nitrogen fertilization
regimes

These 14 fertilization treatments optimized
head weight, head protein content, and harvest
index (Table 4). In addition, the highest values

recorded in the dataset were a head weight
of 5218 kg·hm�2, a head protein content of
23.95%, and a harvest index of 65.02%, sug-
gesting potential for further optimization. Op-
timal nitrogen application rates varied from
210 to 240 kg·hm�2, involving two to four fer-
tilization events across different growth stages
including seedling, rosette, heading, and matu-
rity. The resulting head weights ranged
from 4697 to 4870 kg·hm�2, protein con-
tents from 19.70% to 21.49%, and harvest
indices from 58.55% to 60.96%. Among
these, the F210T1010 treatment, applying
210 kg·hm�2 of nitrogen, 105 kg·hm�2 of
phosphorus, and 210 kg·hm�2 of potassium
in two events at the seedling and maturity
stages, was particularly effective. It yielded a
head weight of 4754 kg·hm�2, a protein con-
tent of 20.35%, and a harvest index of
60.95%. This regimen not only maximized
agronomic efficiency but also minimized
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labor, operational costs, and environmental
impact, making it a sustainable choice for op-
timizing cabbage cultivation.

Discussion

This study underscores the vital role of
fertilization management in enhancing cab-
bage growth, yield, and quality. Using the
CROPGRO model, we simulated and assessed
the impacts of various fertilization regimes on
key growth parameters. Our findings provide
insightful regimes for optimal cabbage cultiva-
tion, demonstrating the effectiveness of pre-
cise fertilization practices.

Model performance and limitations
The CROPGRO model exhibited robust

performance in simulating essential growth
parameters, including LAI, leaf number, head
yield, and head protein content, particularly
under moderate to high nitrogen conditions.
These findings are consistent with the results

reported by Jones et al. (2003) and Boote
et al. (1998), who observed that the CROP-
GRO model consistently delivers accurate
predictions under optimal or near-optimal nu-
trient conditions. In addition, the literature
underscores the model’s effectiveness in esti-
mating biomass and yield in scenarios where
plants are not subjected to severe stress.

Although the model exhibited robust per-
formance under moderate to high nitrogen
conditions, its capability to simulate growth
parameters under severe nitrogen stress proved
limited (Ozfidan-Konakci et al. 2022). These
discrepancies indicate that the current model
parameters may not fully represent the physio-
logical responses of plants to extreme nutrient
deficiencies (Gao et al. 2016). Future research
should aim to refine the model to enhance
its precision under stress conditions. En-
hancements could include incorporating more
detailed physiological data and developing al-
gorithms that more accurately simulate nutri-
ent uptake and stress responses.

Simulation of fertilization regimes
Fertilization amount. The optimal fertili-

zation rates to maximize head yield, pro-
tein content, and harvest index are �180 to
220 kg·hm�2, 300 kg·hm�2, and 100 to
140 kg·hm�2, respectively. Beyond these
levels, the benefits of additional nitrogen
diminish. Coolong et al. (2022) have shown
that optimal nitrogen application significantly
enhances cabbage yield up to a threshold, be-
yond which yields plateau or decline due to
potential nutrient imbalances or excessive
vegetative growth. As nitrogen application in-
creases, plant roots’ capacity to absorb nitro-
gen nears saturation, making further uptake
challenging (Chun et al. 2005). Moderate ni-
trogen application optimizes biomass alloca-
tion toward economically important plant parts;
however, excessive nitrogen may reduce har-
vest efficiency due to the overgrowth of vegeta-
tive parts (Huimin et al. 2020). A combination
of factors including nutrient uptake satura-
tion, imbalances, physiological stress, and en-
vironmental conditions, limits the efficacy of
additional nitrogen, culminating in a plateau
or decrease in yield response (Yang et al.
2023).

The CROPGRO model’s performance di-
minishes under severe stress due to its parame-
ter sensitivity, as calibration tailored for mild
stress does not reliably extrapolate to extreme
conditions (Boote et al. 1998). Simplifica-
tions inherent in modeling stress responses
often result in inaccuracies. For example,
Ban et al. (2015) pointed out limitations
in accurately simulating complex drought
responses.

Fertilization frequency. A typical fertiliza-
tion schedule includes three to four events per
growing season. This frequency ensures con-
tinuous nutrient availability, promoting sus-
tained growth, higher yields, and improved
nutrient content. Importantly, it avoids the di-
minishing returns associated with more fre-
quent fertilization. Split nitrogen application
has been shown to significantly enhance
cabbage yields compared with single or
double applications, primarily due to im-
proved nitrogen use efficiency and reduced
losses from leaching and volatilization (Qu
et al. 2019). Frequent nitrogen applications
also increase the protein content in cabbage
by ensuring adequate nitrogen availability
during key stages of protein synthesis,
thereby boosting overall protein accumula-
tion (Zhen-Ming et al. 2013). Furthermore,
split applications optimize the harvest in-
dex by ensuring a balanced nutrient distri-
bution between vegetative and reproductive
plant parts, improving biomass partitioning
efficiency (Staugaitis et al. 2008).

Fertilization stages. Applying fertilizers at
the seedling stage is crucial, as it provides
young plants with essential nutrients neces-
sary for initial growth. This early nutritional
support is pivotal for establishing a robust
root system and vigorous vegetative growth,
which are indispensable for the plant’s later
stages of development. According to Zhang
et al. (2012), fertilization at the seedling
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and heading stages significantly enhances
cabbage yields by ensuring the availability
of nutrients during critical developmental
phases.

Fertilization at the maturity stage has a
negligible impact on cabbage yield. Ding et
al. (2012) observed that applying nutrients
during this phase does not enhance cabbage
yield, emphasizing that nutrient absorption is
crucial during the early to midgrowth stages.
By the maturity stage, cabbage plants have
largely completed their nutrient uptake, shift-
ing their focus to head development. Conse-
quently, fertilization at this later stage is
ineffective, particularly if the plants did not re-
ceive sufficient nutrients during the critical
early growth phases, leading to suboptimal de-
velopment that late-stage fertilization cannot
rectify.

In conclusion, the findings indicate that
optimal cabbage yields are best achieved by
incorporating fertilization during the seedling
stage and continuing through multiple growth
stages (Fortune et al. 2010). This regime en-
sures that essential nutrients are supplied
from the onset of growth, fostering robust de-
velopment and enhancing yields. Effective
management of the timing and combination
of fertilization significantly improves crop
productivity (Du et al. 2022).

Optimal fertilization regimes
The F210T1010 treatment is distinguished

by its balanced approach, effectively integrating
economic viability, environmental sustainabil-
ity, and agronomic efficiency. Economically,
limiting the regimen to just two fertilization
events substantially cuts labor costs and opera-
tional expenses, a significant advantage over
more frequently fertilized treatments. Although
the nitrogen application rate is on the higher
end, it strikes an economically viable balance
by delivering high yields without excessive
fertilizer costs. From an environmental per-
spective, fewer fertilization events help mini-
mize disturbances to soil and water resources,
thereby reducing the risk of environmental
pollution (Everaarts and Booi 2000). More-
over, the moderate nitrogen application re-
duces the likelihood of nitrogen leaching and
soil salinization, contributing to sustainable
agricultural practices (Zhang et al. 2011). Ag-
ronomically, the timing of nutrient application
at the seedling and maturity stages ensures
that plants receive essential nutrients during
crucial growth phases (Chuan et al. 2019).
This optimizes nutrient uptake and utilization,
fostering robust plant growth, high yields,
and enhanced protein content. The high har-
vest index further indicates an efficient alloca-
tion of biomass to economically important

plant parts, underscoring the treatment’s over-
all effectiveness.

Conclusion

This study used the CROPGRO model to
explore the impact of varied fertilization re-
gimes on cabbage growth, yield, and quality,
demonstrating significant effects. The model
shows high accuracy in predicting key growth
parameters under moderate to high nitrogen
conditions; however, it requires refinement to
address inaccuracies under severe stress sce-
narios effectively. Optimal nitrogen applica-
tions ranging from 180 to 220 kg·hm�2 are
found to maximize head weight. In contrast,
the peak protein content is achieved at 300
kg·hm�2, and the most favorable harvest index
is observed with nitrogen levels between 100
and 140 kg·hm�2. Implementing a fertilization
strategy with three to four events per season
ensures continuous nutrient availability, sup-
porting sustained growth. Specifically, apply-
ing fertilizers at the seedling and maturity
stages significantly optimizes nutrient uptake
and utilization. Among the various treatments
evaluated, the F210T1010 regimen—charac-
terized by two targeted fertilization events at
critical growth stages—proves to be the most
effective. This strategy not only yields high
head weight and protein content but also reduces
costs and minimizes environmental impacts, of-
fering a balanced approach to enhancing cab-
bage production.
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