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Abstract

Film mulching can promote maize canopy development by altering soil thermal conditions.
However, commonly used air-temperature-based growing degree days (GDDsair) may
not adequately reflect mulch-induced soil warming or the effects of biodegradable film
degradation on leaf area index (LAI) dynamics. To improve unified simulation of maize
LAI under different film mulching conditions, field experiments were conducted in 2023
and 2024. Five treatments were established: 0.006, 0.008 and 0.010 mm biodegradable
films (DM1, DM2 and DM3, respectively), a 0.010 mm conventional plastic film (PM),
and a no-mulching control (CK). The compensation of increased soil temperature for
air-temperature-based thermal accumulation during early maize growth was quantified.
Modified Logistic LAI models were then developed using days after emergence (DAEs),
GDDsair, soil-temperature-compensated growing degree days (GDDsstc), and normalized
GDDsstc (NGDDsstc) as driving variables. The models were calibrated with observations
from 2023 and independently validated with observations from 2024. The compensation
effect acted through mulch-induced increases in 0–10 cm soil temperature during early
maize growth and was stronger at the seedling stage than at the jointing stage. Com-
pared with DM1 and DM2, daily compensation values were higher by 0.25–0.78 ◦C under
DM3 and by 0.26–0.76 ◦C under PM. Independent validation showed that the GDDsstc-
driven model had lower prediction error than the DAEs- and GDDsair-driven models. The
NGDDsstc-driven model performed best; its RMSE values were 17.61%, 15.17% and 10.91%
lower than those of the DAEs-, GDDsair- and GDDsstc-driven models, respectively. These
results indicate that incorporating mulch-induced soil temperature compensation into the
thermal time scale can more accurately represent maize canopy development under film
mulching conditions.

Keywords: canopy development; growing degree days; compensation effect; Logistic
growth model

1. Introduction
As one of the most widely cultivated cereal crops worldwide, maize plays a key role

in sustaining food security and feed supply [1]. Leaf area index (LAI) is a key indicator
of maize canopy structure, light interception capacity and photosynthetic potential. It
reflects canopy growth dynamics and strongly influences photosynthate accumulation and
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subsequent yield formation [2]. During the maize growing season, LAI typically increases
rapidly, reaches a peak, and then declines as leaves senesce, yellow and abscise. LAI
dynamics are jointly regulated by genotype, planting density, water availability, nutrient
status, light and temperature [3–5]. From a physiological and ecological perspective, leaf
growth rate is highly dependent on the external light and thermal environment, in addition
to genetic control. LAI is therefore often regarded as a key intermediate variable linking
soil hydrothermal processes, canopy energy exchange and crop growth simulation. Under
conditions without severe water or nutrient stress, temperature is generally considered
to play a dominant role in LAI dynamics [6]. Air-temperature-based growing degree
days (GDDsair) convert chronological time, such as days after emergence (DAEs), into a
thermal time scale and are therefore widely used in crop models such as DSSAT, APSIM
and AquaCrop to describe crop phenology and canopy growth dynamics [7,8].

Film mulching is a widely used agronomic practice in maize production in arid,
semi-arid and cool regions [9,10]. However, conventional polyethylene film (PE) degrades
slowly under field conditions, and its long-term, large-scale use has caused serious residual
plastic film pollution in croplands, which is detrimental to agricultural sustainability [11].
Biodegradable mulch films are considered a promising alternative to PE films [12,13]. Nu-
merous studies have shown that biodegradable mulch films can provide soil-warming and
moisture-conserving effects similar to those of PE films [14,15]. However, these mulching
effects are often dynamic because they are influenced by intrinsic film properties, such as
material composition, thickness and degradation rate, as well as environmental factors,
including radiation, wind, temperature and precipitation [16]. The resulting variation
in soil hydrothermal conditions further affects maize growth, development and yield
formation [17,18].

Crops require a relatively stable amount of accumulated heat to complete a given
developmental stage in the absence of severe stress [19,20]. However, under film mulching,
GDDsair calculated only from air temperature may not adequately capture the actual
dynamics of maize canopy development [21]. At the same GDDsair, mulched maize may
show a faster rate of LAI expansion. This phenomenon can be explained by the increase in
soil temperature under film mulching. The additional soil heat accumulation can partly
compensate for the air-temperature-based thermal requirement needed to complete a
given developmental stage. As a result, LAI development is advanced under mulched
conditions [22]. Meanwhile, the soil-warming effect of biodegradable mulch films decreases
as films degrade, making their effects on LAI development more complex than those of
PE films [23]. Therefore, incorporating the compensation effect induced by film mulching
into GDDsair calculation is necessary to more accurately describe LAI dynamics under
different mulching conditions [24]. Previous studies have attempted to incorporate the
compensatory effect of film mulching into crop growth modelling. Zou et al. [21] quantified
the compensatory effect of plastic film mulching on GDDsair in a wheat–maize rotation
system and used a Logistic equation to describe plant height dynamics. Zhang et al. [22]
further integrated the compensatory effect into the AquaCrop model to improve maize
growth and development simulation under plastic film mulching.

The Logistic growth model has clear biological interpretability and requires relatively
few parameters. It has therefore been widely used to simulate crop growth processes [25].
The classical three-parameter Logistic model is suitable for describing processes that in-
crease monotonically and gradually approach a plateau, such as plant height and dry
matter accumulation. However, it cannot adequately represent the decline in LAI during
late growth stages [26,27]. A modified Logistic model is therefore needed to describe the
unimodal pattern of LAI dynamics over the maize growing season. In addition, most
existing LAI simulation models use GDDsair as the driving variable and insufficiently
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account for the soil-warming effect induced by film mulching. They are even less able
to represent the weakening of this warming effect as biodegradable films degrade. The
resulting mismatch in canopy developmental timing among treatments limits the accuracy
of unified LAI simulation models. Based on this background, this study aimed to: (1) quan-
tify the compensation effect under biodegradable and PE film mulching; and (2) develop
modified Logistic LAI models driven by DAEs, GDDsair, soil-temperature-compensated
growing degree days (GDDsstc), and normalized GDDsstc (NGDDsstc). We hypothesized
that incorporating mulch-induced soil temperature compensation into GDDsair would pro-
vide a more effective thermal time scale for unified LAI simulation than DAEs or GDDsair

alone, and that segmental normalization of GDDsstc would further help reduce interannual
and treatment-specific differences in LAI development.

2. Results and Discussion
2.1. Compensation Effect Under Film Mulching

Different mulching treatments showed clear variation in the compensation effect
between the seedling and jointing stages and across years (Table 1), indicating that the
compensation effect varied with interannual climatic conditions, maize growth stage and
mulch film type [21]. Across the two years, the compensation coefficients were higher at
the seedling stage than at the jointing stage, suggesting that mulch-induced soil warming
provided stronger compensation for the thermal requirement of maize during the seedling
stage [7]. At this stage, maize seedlings have less developed roots and leaves and are
more sensitive to fluctuations in shallow soil temperature. By increasing 0–10 cm soil
temperature, film mulching promoted seedling growth and early canopy development [28].
Previous studies have shown that the warming effect of film mulching is usually most
pronounced during early crop growth stages and gradually weakens or disappears as the
canopy develops. Accordingly, the compensation effect of film mulching was weaker at the
jointing stage than at the seedling stage [29,30].

Table 1. Stage-specific soil temperature compensation coefficients and daily compensation values
under different mulching treatments.

Year Treatment
Compensation Coefficient Daily Compensation Value (◦C)

Seedling Stage Jointing Stage Seedling Stage Jointing Stage

2023

DM1 1.00 0.57 0.59 0.63
DM2 1.07 0.49 0.81 0.58
DM3 0.99 0.77 1.06 1.28
PM 0.92 0.64 1.07 1.29

2024

DM1 0.86 0.61 0.54 0.66
DM2 0.84 0.43 0.86 0.79
DM3 0.80 0.75 1.24 1.44
PM 0.59 0.52 1.18 1.42

Note: DM1, DM2 and DM3 represent biodegradable films with thicknesses of 0.006, 0.008 and 0.010 mm,
respectively; and PM, conventional plastic film. Values were calculated using air temperature and 0–10 cm soil
temperature averaged across the three replicates for each treatment. Because these values were derived from
treatment-level mean temperature data rather than calculated separately for each replicate, no separate statistical
analysis was conducted.

In 2023, the compensation coefficients of the biodegradable film treatments were
generally slightly higher than that of PM, and this difference became more pronounced in
2024. This pattern may be related to the diminishing marginal effect of soil temperature
compensation. Although PM produced a greater increase in soil temperature, the additional
soil heat accumulation was not converted proportionally into earlier maize development,
resulting in a relatively lower compensation coefficient [7]. After maize entered the jointing
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stage, the compensation coefficients decreased in all treatments, which was related to the
decline in the mulching effects caused by film degradation and canopy interception of solar
radiation. In addition, the compensation coefficients were not fixed coefficients for a given
mulching treatment, but stage-, year- and treatment-specific empirical coefficients. The
interannual variation in compensation coefficients may be associated with differences in
meteorological conditions, soil conditions, film degradation, and maize growth dynamics.

For daily compensation values, the overall pattern among mulching treatments was
approximately PM = DM3 > DM2 > DM1, and the differences between the seedling and
jointing stages were small. These results indicate that the compensation effect under film
mulching was related to film type and thickness [31]. The warming effect of biodegradable
films is usually weaker than that of PM, which is associated with the higher water vapor per-
meability of their film-forming materials and their degradation under field conditions [32].
For biodegradable films, thinner films generally have weaker warming capacity and tend
to crack and degrade earlier, further reducing their ability to warm the soil [33,34].

These results indicate that early maize growth under film mulching is jointly regulated
by air temperature and soil temperature accumulation. Therefore, the same GDDsair do not
necessarily indicate the same phenological progress in mulched and non-mulched treat-
ments. Incorporating the compensation effect of film mulching into growing degree days
calculation can help overcome the insufficient representation of early canopy development
by GDDsair in mulched treatments [35]. Moreover, the warming effect of film mulching
changes as maize growth progresses, and heat requirements and temperature sensitivity
differ among growth stages. A stage-specific compensation coefficient is therefore more
suitable for quantifying the compensation effect at different growth stages [36].

2.2. Effects of Film Mulching on LAI Dynamics

The modified Logistic model described changes in maize LAI with increasing DAEs
well under different mulching treatments (Figure 1). The characteristic values of the fitted
curves showed that mulching treatments affected not only LAImax but also the timing of
the maximum LAI growth rate and peak LAI (Table 2). The LAImax values fitted by the
modified Logistic model were higher under film mulching treatments than under CK.

Figure 1. Modified Logistic fitting of maize leaf area index (LAI) dynamics against days after
emergence (DAEs) under different treatments.
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Table 2. Characteristic points of the modified Logistic LAI models under different treatments.

Year Treatment LAImax
DAEs of Inflection

Points (d)
DAEs of Maximum

Points (d)

2023

DM1 6.55 43 86
DM2 6.69 43 86
DM3 6.63 42 85
PM 6.76 42 85
CK 6.20 45 88

2024

DM1 7.00 46 83
DM2 6.97 45 83
DM3 6.98 45 82
PM 6.74 44 81
CK 6.63 47 83

Note: DAEs, days after emergence. Values were obtained from modified Logistic curves shown in Figure 1.
Because these values were derived from treatment-level mean LAI rather than calculated separately for each
replicate, no separate statistical analysis was conducted.

Film mulching increased shallow soil temperature during early maize growth, thereby
promoting early canopy development and advancing the timing of both the maximum
LAI growth rate and peak LAI [37]. For example, in 2023, the maximum LAI growth rate
occurred at 43, 43, 42 and 42 DAEs in DM1, DM2, DM3 and PM, respectively, which were
2–3 d earlier than in CK. In 2024, the corresponding timings were 46, 45, 45 and 44 DAEs,
which were 1–3 d earlier than in CK. The maximum growth rate occurred later in DM1
and DM2 than in PM and DM3. This delay was associated with the weaker soil-warming
capacity of thinner biodegradable films and the reduced soil-warming effect caused by
their faster degradation [31,38].

The soil-warming effect and compensation effect of film mulching during the seedling
and jointing stages were important drivers of earlier maize canopy development. Because
the warming effects differed among film mulching treatments, the extent to which canopy
development was advanced also varied, resulting in clear shifts in canopy developmental
timing among treatments [22]. Correcting this timing shift can help improve the accuracy
of unified simulation and more accurately describe LAI dynamics under film mulching.

2.3. Model Validation and Comparison

Model performance was evaluated using the coefficient of determination (R2), root
mean square error (RMSE), and Willmott’s index of agreement (d). The modified Logistic
LAI models driven by different time scales all accurately described the unimodal pattern of
LAI dynamics during the growing season (Figure 2). During model calibration, the models
driven by DAEs, GDDsair, GDDsstc and NGDDsstc all showed good fitting performance,
with R2 values of 0.970, 0.973, 0.976 and 0.980, respectively.

Independent validation showed that the DAEs- and GDDsair-driven models had
similar predictive performance, with R2, RMSE and Willmott’s d values of 0.862, 1.011 and
0.962, and 0.870, 0.982 and 0.965, respectively (Table 3). Compared with DAEs, GDDsair

provided only limited improvement in model prediction. This suggests that a thermal
time scale based only on air temperature cannot adequately reflect the advancement of
early canopy development caused by film mulching. This is mainly because film mulching
promotes early maize canopy development by increasing shallow soil temperature, whereas
GDDsair do not account for the compensation of this soil temperature increment for air
temperature accumulation [39].

https://doi.org/10.3390/plants15142163

https://doi.org/10.3390/plants15142163


Plants 2026, 15, 2163 6 of 16

Figure 2. Calibration and independent validation of modified Logistic LAI models driven by different
time scales. Rows (1)–(4) correspond to the DAEs-, GDDsair-, GDDsstc- and NGDDsstc-driven models,
respectively. Left panels show fitted curves based on 2023 calibration data, and right panels show
observed versus predicted LAI values for 2024 independent validation data. Calibration parameters
and validation statistics are reported in Table 3.
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Table 3. Calibration parameters and independent validation performance of modified Logistic LAI
models driven by different time scales.

Time Scale Model
Calibration Parameters Validation Statistics

a b c d R2 RMSE Willmott’s d

DAEs DAEs-LAI 6.8437 10.7467 −0.323809 0.001888 0.862 1.011 0.962
GDDsair GDDsair-LAI 6.7634 7.5036 −0.020132 9.22 × 10−6 0.870 0.982 0.965
GDDsstc GDDsstc-LAI 6.9537 7.0558 −0.017591 7.75 × 10−6 0.882 0.935 0.967

NGDDsstc NGDDsstc-LAI 7.6600 8.3244 −10.663191 2.768422 0.906 0.833 0.974

Note: The modified Logistic model was expressed as LAI = a/[1 + exp(b + ct + dt2)], where t is the correspond-
ing time scale. GDDsair, air-temperature-based growing degree days; GDDsstc, soil-temperature-compensated
growing degree days; NGDDsstc, normalized GDDsstc; RMSE, root mean square error. Parameter a represents the
upper scale of LAI; b determines the curve position; c controls the early increasing trend; and d is a quadratic term
that enables the fitted curve to decline during the late growing season after LAI reaches its peak.

After the soil temperature compensation mechanism was introduced, model predictive
performance improved. The GDDsstc-driven model had R2, RMSE and Willmott’s d values
of 0.882, 0.935 and 0.967, respectively. Its RMSE values were 7.52% and 4.79% lower than
those of the DAEs- and GDDsair-driven models, respectively. These results indicate that
incorporating soil temperature compensation during the seedling and jointing stages into
growing degree days calculation partly corrected the shift in canopy developmental timing
under film mulching and improved model prediction reliability [22].

After GDDsstc were segmentally normalized using the inflection and maximum points
of the DAEs-LAI modified Logistic curves, NGDDsstc mapped LAI dynamics across differ-
ent years and film mulching treatments onto a unified relative developmental scale. This
normalization helped reduce the influence of treatment-specific shifts in canopy develop-
mental timing on model prediction. The unified developmental scale also helped reduce
errors caused by differences in sampling dates and observation intervals among years.
Among the four models, the NGDDsstc-driven model performed best, with R2, RMSE and
Willmott’s d values of 0.906, 0.833 and 0.974, respectively. Its RMSE values were 17.61%,
15.17% and 10.91% lower than those of the DAEs-, GDDsair- and GDDsstc-driven models,
respectively. In the 1:1 scatter plot of observed versus predicted values, points from the
NGDDsstc-driven model were more closely distributed around the 1:1 line, indicating better
predictive performance (Figure 2).

2.4. Implications and Limitations

This study shows that representing maize canopy development under film mulching
using only DAEs or GDDsair has limitations. Film mulching increased soil temperature
during early maize growth, advancing the timing of the maximum LAI growth rate and
peak LAI. These changes in early development were difficult to capture accurately using
DAEs or GDDsair alone. Therefore, incorporating the compensation effect of film mulching
into thermal time calculation is important. GDDsstc provided a more accurate thermal
time scale for simulating LAI dynamics under film mulching. Compared with DAEs and
GDDsair, GDDsstc effectively corrected shifts in canopy developmental timing caused by
mulch-induced soil warming. Further segmental normalization of GDDsstc based on the
inflection and maximum points of the DAEs-LAI modified Logistic curves helped reduce
errors caused by interannual variation and improved cross-year predictive performance.
Existing crop models, such as AquaCrop, DSSAT and DNDC, usually use different forms of
canopy growth modules. These modules include processes or parameters such as canopy
growth coefficient, canopy decline coefficient, leaf expansion, leaf senescence, biomass
partitioning and specific leaf area [40–42]. Although their canopy growth functions differ
from the modified Logistic model used in this study, most models still rely on GDDsair or
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related thermal time indicators to represent crop phenology and canopy development [43].
Some models have considered the effects of film mulching on soil evaporation, soil tem-
perature or surface energy transfer. However, the effect of mulch-induced soil warming
on crop canopy development remains difficult to quantify accurately [44]. Zou et al. [21]
suggested that compensation coefficients can provide an efficient way to incorporate the
warming effect of film mulching into crop models. Ding et al. [7] also considered the
development of a film mulching compensation module an important direction for crop
model improvement. Therefore, GDDsstc and NGDDsstc are not limited to Logistic models
but may also provide a useful reference for improving the canopy developmental time
scale in different crop models.

Several limitations in this study should be noted. First, the model was developed and
validated using only a two-year field experiment. Although NGDDsstc showed good pre-
dictive performance in this study, their stability and transferability should be further tested
using multi-year and multi-site datasets covering different cultivars, climatic conditions
and mulch film types. Second, this study focused mainly on LAI dynamics and thermal
time correction, while environmental stress factors, such as water stress, nutrient limitation
and extreme temperature stress, were not incorporated into the model. Future studies
could couple compensation coefficients, GDDsstc or NGDDsstc with phenology or canopy
development modules in crop models such as AquaCrop, DSSAT and DNDC to evaluate
their usefulness under broader environmental conditions. Finally, soil temperature was not
monitored continuously on a daily basis. Some daily soil temperature data were estimated
from periodic measurements using interpolation based on the relationship between air and
soil temperature. This approach may not adequately capture short-term variation caused
by weather fluctuations or rainfall events, which could affect the calculation of GDDsstc

and NGDDsstc. Therefore, future studies could use automatic soil temperature sensors
and continuous monitoring to improve the accuracy of soil temperature compensation
coefficients and the calculation of GDDsstc and NGDDsstc.

3. Materials and Methods
3.1. Experimental Site and Design

Field experiments were conducted in 2023 and 2024 at the experimental station of
Shenyang Agricultural University, Shenyang, Liaoning Province, China (Figure 3). The
study area has a temperate continental monsoon climate, with a long-term mean annual
temperature of 8.5 ◦C, a mean annual sunshine duration of 2743 h, and a mean annual
precipitation of 716.2 mm, mainly concentrated from June to August. The soil at the experi-
mental site is silty loam, with detailed properties provided in Table S1. Total precipitation
during the maize seedling and jointing stages was 252.5 mm in 2023 and 226.9 mm in 2024
(Figure S1).

The maize cultivar used in this study was ‘Liangyu 99’ (Dandong Liangyu Seed
Industry Co., Ltd., Dandong, China). Five treatments were established: biodegradable
mulch films (Shanghai Hongrui Biotech Co., Ltd., Shanghai, China) with thicknesses of
0.006 mm (DM1), 0.008 mm (DM2) and 0.010 mm (DM3), a conventional plastic film
(Xifeng Plastics (Group) Co., Ltd., Baishan, China) with a thickness of 0.010 mm (PM), and
a no-mulching control (CK). The biodegradable mulch films were mainly composed of
poly(butylene adipate-co-terephthalate) (PBAT, 70%) and polylactic acid (PLA, 10%). All
mulch films were 1.2 m wide. The experiment followed a randomized block design with
three replicates for each treatment. Each plot covered an area of 25.2 m2 (7 m × 3.6 m).
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Figure 3. Geographic location of the experimental site in Shenyang, Liaoning Province, Northeast
China.

Maize was planted using a paired-row pattern, with a ridge width, ridge height and
furrow width of 80 cm, 15 cm and 40 cm, respectively. The target planting density was
82,500 plants ha−1. Before sowing, controlled-release fertilizer (Chengdu Wintrue Holding
Co., Ltd., Chengdu, China; N, P2O5, K2O ratio of 27:12:12) was applied at 750 kg ha−1, with
no additional topdressing during the growing season. No irrigation was applied during
the experiment. The sowing dates were 1 May 2023 and 27 April 2024, and the harvest
dates were 27 September 2023 and 22 September 2024.

3.2. Sampling and Measurements
3.2.1. Film Degradation

Three fixed observation areas were established in each plot. From the day of mulching,
photographs were taken every 30 d with a camera positioned 0.5 m directly above each
observation area to assess the degree of film degradation (Table S2). Film degradation
was classified into six grades from 0 to 5 [45]. Grade 0 indicated no visible degradation;
grade 1 indicated the initial appearance of cracks on the film surface; grade 2 indicated
cracks of 2–5 cm; grade 3 indicated cracks larger than 5 cm; grade 4 indicated a uniform
reticular cracking pattern with no large film fragments remaining on the soil surface; and
grade 5 indicated that the film had almost disappeared, with no visible film or only minute
fragments remaining.

3.2.2. Soil Temperature

Soil temperature was measured using soil thermometers (Tianjin Jixing Instrument
Factory, Tianjin, China) at depths of 5 and 10 cm. Measurements were taken at 07:00, 14:00
and 18:00 on each observation day, with an observation interval of 7 d. The mean of the
5 and 10 cm measurements was used to represent 0–10 cm soil temperature, and the mean of
the three daily measurements was used as daily mean soil temperature (Figure S2). Because
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soil temperature was measured intermittently, daily soil temperature between two adjacent
observation dates was estimated. A piecewise linear interpolation method corrected by
air temperature was used. Specifically, the difference between soil temperature and air
temperature was first linearly interpolated between adjacent observation dates, and the
interpolated difference was then added back to the air temperature on the corresponding
date. The detailed calculation procedure is shown in Equations (S1)–(S4).

3.2.3. Leaf Area Index

Leaf area was measured several times during the maize growing season to capture
canopy growth, peak formation and late-season decline (Figure S3). At each sampling,
three representative maize plants were selected from each plot. The length and maximum
width of all leaves were measured using a measuring tape, and LAI was calculated as
follows [46]:

LAI = 0.75ρ

m
∑

i=1

n
∑

j=1
Lij × Wij

m
× 10−8 (1)

where ρ is planting density (plants ha−1); m is number of sampled plants; n is number of
leaves; Lij is leaf length (cm); and Wij is maximum leaf width (cm). The factor 10−8 was
used to convert leaf area per unit ground area from cm2 ha−1 to m2 m−2.

3.3. Calculation of Compensation Effect

Previous studies have shown that the soil-warming effect of film mulching is mainly
concentrated during early maize growth, particularly at the seedling and jointing stages,
and is most evident in the 0–10 cm soil layer [24,39]. Therefore, in this study, the compensa-
tion effect was calculated separately using 0–10 cm soil temperature during the seedling
and jointing stages, and the compensation effect after the jointing stage was set to zero. In
addition, CK was used as the baseline treatment, for which the compensation coefficient
was also set to zero. The compensation coefficient was calculated as follows [7]:

K =
GDDsair-NM − GDDsair-FM

GDDssoil-FM − GDDssoil-NM
(2)

where K is the compensation coefficient; GDDsair-NM is the air-temperature-based grow-
ing degree days of CK during the seedling or jointing stage (◦C d); GDDsair-FM is the
air-temperature-based growing degree days of the film mulching treatments during the
seedling or jointing stage (◦C d); GDDssoil-FM is the soil-temperature-based growing degree
days of the film mulching treatments during the seedling or jointing stage (◦C d); and
GDDssoil-NM is the soil-temperature-based growing degree days of CK over the same period
when the film mulching treatments reached the corresponding phenological stage (◦C d).
The definitions of the seedling and jointing stages are shown in Table S3.

GDDsair and GDDssoil were calculated as follows [21]:

GDDsair =
n

∑
i=1

max(Ti-a − Ta,l , 0) (3)

GDDssoil =
n

∑
i=1

max(Ti-s − Ts,l , 0) (4)

where GDDsair and GDDssoil are growing degree days based on air temperature and soil
temperature, respectively (◦C d); Ti-a and Ti-s are the mean air temperature and mean soil
temperature on day i, respectively (◦C); n is the number of maize growth days (d); and
Ta,l and Ts,l are the lower biological threshold temperatures for air and soil temperature,
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respectively, both set to 10 ◦C [47]. In this study, both mean air temperature and mean
soil temperature were above their lower threshold temperatures. It should be noted that
the increase in soil temperature caused by film mulching is not always beneficial for crop
growth. Previous studies suggest that the suitable soil temperature range for maize growth
is 25–35 ◦C [7]. In this study, soil temperature did not exceed the upper limit of this
suitable range.

In general, the compensation effect of film mulching is related to the ratio between air
temperature and soil temperature. A larger ratio indicates a greater compensation effect,
and vice versa. The daily compensation value was calculated as follows:

∆T =
K × (Ts-FM − Ts-NM)(Ta − Ta,l)

(Ts-NM − Ts,l)
(5)

where ∆T is the daily compensation value of the soil temperature increment under film
mulching for air temperature (◦C); Ts-FM is the mean 0–10 cm soil temperature of the film
mulching treatments (◦C); Ts-NM is the mean 0–10 cm soil temperature of CK (◦C); and Ta is
the mean air temperature (◦C).

The soil-temperature-compensated thermal time for each treatment was calculated as
follows, with the compensation value set to zero for CK:

GDDsstc = GDDsair +
n

∑
i=1

∆Ti (6)

where GDDsstc are the soil-temperature-compensated growing degree days (◦C d); n is the
number of maize growth days (d); ∆Ti is the compensation value on day i (◦C).

3.4. Logistic Model
3.4.1. Modified Logistic Model

Based on previous studies, the Logistic model was modified to describe LAI dynam-
ics [26]. The model was expressed as follows:

LAI =
a

1 + e(b+ct+dt2)
(7)

where t is the time-scale variable, and a, b, c and d are parameters to be estimated.

3.4.2. Data Normalization

Maize LAI dynamics can differ markedly among years because of interannual climatic
variation. In addition, differences in sampling dates and observation intervals among
years may also affect model accuracy. To improve model performance, the modeling
procedure was optimized in two steps. First, the modified Logistic model was used to fit
the relationship between LAI and DAEs for each treatment (Figure 1). The inflection point,
maximum point and their corresponding dates were then calculated, and LAI dynamics
were divided into three stages using the inflection and maximum points as boundaries
(Figure 4). Second, GDDsstc were normalized for each treatment according to the redefined
LAI developmental stages to obtain normalized soil-temperature-compensated growing
degree days (NGDDsstc). This normalization was used to help reduce the influence of
differences in heat accumulation among years and treatments on model accuracy.

https://doi.org/10.3390/plants15142163

https://doi.org/10.3390/plants15142163


Plants 2026, 15, 2163 12 of 16

Figure 4. Schematic representation of maize LAI dynamics and growing degree days (GDDs)
segmentation based on the modified Logistic model.

The accumulated thermal time for each stage of LAI dynamics was calculated as
follows: 

GDDs1 =
t1
∑

i=1
(Ti-a − Ta,l + ∆Ti)

GDDs2 =
t2
∑

i=t1

(Ti-a − Ta,l + ∆Ti)

GDDs3 =
t3
∑

i=t2

(Ti-a − Ta,l + ∆Ti)

(8)

where GDDs1 is the accumulated thermal time during the period when LAI increased
with a positive growth rate (◦C d); GDDs2 is the accumulated thermal time during the
period when LAI continued to increase but its growth rate declined (◦C d); GDDs3 is the
accumulated thermal time during the period when LAI decreased (◦C d); t1 is the DAEs
corresponding to the inflection point of the modified Logistic curve (d); t2 is the DAEs
corresponding to the maximum point of the modified Logistic curve (d); and t3 is the DAEs
corresponding to maize maturity (d).

NGDDsstc were calculated as follows:

NGDDsstc =


GDDsstc-k

GDDs1
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0 < tk ≤ t1

1 + GDDsstc-k−GDDs1
GDDs2

. . . . . . . . . . . . . . . . . . t1 < tk ≤ t2

2 + GDDsstc-k−GDDs1−GDDs2
GDDs3

. . . . . . t2 < tk ≤ t3

(9)

where tk is the DAEs corresponding to the k-th LAI observation and GDDsstc-k are the soil-
temperature-compensated growing degree days corresponding to the k-th LAI observation
date (◦C d). To ensure the independence of model validation, the segmentation boundaries
for NGDDsstc in 2024 were determined from the relative positions of the inflection and
maximum points in total GDDsstc in 2023. The data from 2024 were used only for inde-
pendent model validation, without any LAI data from 2024 being used to estimate model
parameters or NGDDsstc segmentation boundaries.

3.5. Model Calibration and Validation

Modified Logistic LAI models were constructed separately using DAEs, GDDsair,
GDDsstc and NGDDsstc as independent variables (Table S4). All observations from the five
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treatments in 2023 were pooled for model calibration, and parameters were estimated by
nonlinear least-squares regression in Python 3.14.5, with the least_squares function from
the scipy.optimize module of SciPy. The observations in 2024 were used for independent
validation (Table S5).

In terms of operational availability, the fitted model parameters and the NGDDsstc

segmentation rule were obtained from the 2023 calibration dataset. The stage-specific
compensation coefficients were calculated separately for each year and treatment using
the corresponding air temperature, soil temperature and growth stage information. Air
temperature, soil temperature and growth stage information can be obtained from field
monitoring during the target year and used to calculate GDDsair and GDDsstc.

3.6. Statistical Analysis

Data preprocessing was performed using Microsoft Excel 365 (Microsoft Corp., Red-
mond, WA, USA). Figures were generated using Origin 2021 software (OriginLab Corp.,
Northampton, MA, USA).

Model performance was evaluated using the coefficient of determination (R2), root
mean square error (RMSE) and Willmott’s index of agreement (d). R2 was used to describe
the proportion of variation in the observed values explained by the model. Higher R2

values indicate a better model fit. RMSE was used to quantify the magnitude of simulation
error, with smaller values indicating higher predictive accuracy. Willmott’s d was used to
evaluate the agreement between predicted and observed values. It generally ranges from
0 to 1, with values closer to 1 indicating better model performance. These metrics were
calculated as follows:

R2 = 1 −

n
∑

i=1
(Oi − Si)

2

n
∑

i=1
(Oi − O)

2
(10)

RMSE =

√√√√√ n
∑

i=1
(Oi − Si)

2

n
(11)

d = 1 −

n
∑

i=1
(Oi − Si)

2

n
∑

i=1
(
∣∣Si − O

∣∣+ ∣∣Oi − O
∣∣)2

(12)

where Oi is the observed value, Si is the predicted value, O is the mean observed value,
and n is the sample size.

4. Conclusions
This study quantified the compensation of increased soil temperature for GDDsair dur-

ing early maize growth under different film mulching treatments. The results showed that
film-induced increases in shallow soil temperature partly compensated for air-temperature-
based thermal accumulation. The compensation effect was stronger at the seedling stage
than at the jointing stage and differed among mulching treatments, indicating the limita-
tions of GDDsair in simulating maize LAI dynamics under film mulching conditions.

Compared with growing degree days calculated only from air temperature, incorpo-
rating the compensation effect into growing degree days calculation enabled the model
to better correct the shift in canopy developmental timing caused by film mulching and
improved predictive performance. After segmental normalization of GDDsstc based on the
characteristic points of the fitted LAI curves, model performance was further improved,
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with R2, RMSE and Willmott’s d values of 0.906, 0.833 and 0.974, respectively. These results
indicate the importance of the mulching-induced compensation effect in canopy develop-
ment simulation. GDDsstc and their normalized form, NGDDsstc, provide an interpretable
thermal time correction for simulating maize canopy development under biodegradable
and conventional plastic film mulching, and may serve as a reference for improving canopy
development modules in crop models.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants15142163/s1, Figure S1: Air temperature and precipitation
during the maize growing seasons in 2023 and 2024; Figure S2: Temporal dynamics of mean 0–10 cm
soil temperature under different treatments during the maize seedling and jointing stages; Figure S3:
Temporal dynamics of maize leaf area index (LAI) under different treatments; Table S1: Soil properties
at a 0–40 cm depth before the experiment; Table S2: Degradation process of films; Table S3: Dates of
maize seedling and jointing stages under different treatments; Table S4: Observed maize LAI and
corresponding time-scale variables used for model calibration; Table S5: Observed maize LAI and
corresponding time-scale variables used for independent model validation.
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Abbreviations
The following abbreviations are used in this manuscript:

DM1 Biodegradable mulch film with a thickness of 0.006 mm
DM2 Biodegradable mulch film with a thickness of 0.008 mm
DM3 Biodegradable mulch film with a thickness of 0.010 mm
PM Conventional plastic film
CK No-mulching control
DAEs Days after emergence
GDDsair Air-temperature-based growing degree days
GDDsstc Soil-temperature-compensated growing degree days
NGDDsstc Normalized soil-temperature-compensated growing degree days
LAI Leaf area index
PBAT Poly(butylene adipate-co-terephthalate)
PLA Polylactic acid
PE Polyethylene

References
1. Tian, R.; Wang, T.; Qin, H.; You, Y.; Wang, Y.; Hu, X. Response Characteristics of Maize Yield and Partial Factor Productivity of

Nitrogen to Biochar Addition in China Based on Meta-Analysis. Ind. Crops Prod. 2026, 242, 122923. [CrossRef]

https://doi.org/10.3390/plants15142163

https://www.mdpi.com/article/10.3390/plants15142163/s1
https://www.mdpi.com/article/10.3390/plants15142163/s1
https://doi.org/10.1016/j.indcrop.2026.122923
https://doi.org/10.3390/plants15142163


Plants 2026, 15, 2163 15 of 16

2. Yan, G.; Hu, R.; Luo, J.; Weiss, M.; Jiang, H.; Mu, X.; Xie, D.; Zhang, W. Review of Indirect Optical Measurements of Leaf Area
Index: Recent Advances, Challenges, and Perspectives. Agric. For. Meteorol. 2019, 265, 390–411. [CrossRef]

3. Liao, Z.; Zheng, J.; Fan, J.; Pei, S.; Dai, Y.; Zhang, F.; Li, Z. Novel Models for Simulating Maize Growth Based on Thermal Time
and Photothermal Units: Applications under Various Mulching Practices. J. Integr. Agric. 2023, 22, 1381–1395. [CrossRef]

4. Sun, X.; Li, X.; Jiang, W.; Zhao, M.; Gao, Z.; Ge, J.; Sun, Q.; Ding, Z.; Zhou, B. Integrated Management Practices for Canopy-Topsoil
Improves the Grain Yield of Maize with High Planting Density. Plants 2023, 12, 2000. [CrossRef] [PubMed]

5. Zhang, Y.; Xu, Z.; Li, J.; Wang, R. Optimum Planting Density Improves Resource Use Efficiency and Yield Stability of Rainfed
Maize in Semiarid Climate. Front. Plant Sci. 2021, 12, 752606. [CrossRef] [PubMed]

6. Kim, S.; Yang, Y.; Timlin, D.J.; Fleisher, D.H.; Dathe, A.; Reddy, V.R.; Staver, K. Modeling Temperature Responses of Leaf Growth,
Development, and Biomass in Maize with MAIZSIM. Agron. J. 2012, 104, 1523–1537. [CrossRef]

7. Ding, D.; Li, T.; Wu, L.; Zhang, X.; Zhao, Y.; Feng, H.; Zhang, C.; Wendroth, O. Energy Compensation for Crop Growth under
Plastic Mulching: Theories, Models, and Limitations. Agronomy 2024, 14, 1005. [CrossRef]

8. De Lannoy, G.J.M.; Busschaert, L.; Bechtold, M.; Lanfranco, N.; de Roos, S.; Heyvaert, Z.; Bielinis, M.; Mortelmans, J.; Scherrer,
S.A.; Van den Bossche, M.; et al. Advancing Crop Modeling and Data Assimilation Using AquaCrop v7.2 in NASA’s Land
Information System Framework v7.5. Geosci. Model Dev. 2026, 19, 2551–2575. [CrossRef]

9. Yu, Y.; Turner, N.C.; Gong, Y.; Li, F.; Fang, C.; Ge, L.; Ye, J. Benefits and Limitations to Straw- and Plastic-Film Mulch on Maize
Yield and Water Use Efficiency: A Meta-Analysis across Hydrothermal Gradients. Eur. J. Agron. 2018, 99, 138–147. [CrossRef]

10. Wang, N.; Ding, D.; Malone, R.W.; Chen, H.; Wei, Y.; Zhang, T.; Luo, X.; Li, C.; Chu, X.; Feng, H. When Does Plastic-Film Mulching
Yield More for Dryland Maize in the Loess Plateau of China? A Meta-Analysis. Agric. Water Manag. 2020, 240, 106290. [CrossRef]

11. Liang, M.; Li, S.; Liang, Y.; Song, Y.; Lu, Y.; Yu, Z.; Tang, L.; Yin, X.; Khalid, N.; Biswas, A. China’s Agricultural Plastic Mulch
Transition Is a Food Security Imperative with Global Implications. Nat. Food 2026, 7, 113–114. [CrossRef] [PubMed]

12. Bher, A.; Mayekar, P.C.; Auras, R.A.; Schvezov, C.E. Biodegradation of Biodegradable Polymers in Mesophilic Aerobic Environ-
ments. Int. J. Mol. Sci. 2022, 23, 12165. [CrossRef] [PubMed]

13. Ryu, Y.; Bouharras, F.E.; Cha, M.; Mudondo, J.; Kim, Y.; Ramakrishnan, S.R.; Shin, S.; Yu, Y.; Lee, W.; Park, J.; et al. Recent
Advancements in the Evolution, Production, and Degradation of Biodegradable Mulch Films: A Review. Environ. Res. 2025,
277, 121629. [CrossRef] [PubMed]

14. Liu, E.; Zhang, L.; Dong, W.; Yan, C. Biodegradable Plastic Mulch Films in Agriculture: Feasibility and Challenges. Environ. Res.
Lett. 2021, 16, 011004. [CrossRef]

15. Madin, M.; Nelson, K.; Fatema, K.; Schoengold, K.; Dalal, A.; Onyekwelu, I.; Rayan, R.; Norouzi, S.S. Synthesis of Current
Evidence on Factors Influencing the Suitability of Synthetic Biodegradable Mulches for Agricultural Applications: A Systematic
Review. J. Agric. Food Res. 2024, 16, 101095. [CrossRef]

16. Shao, Z.; Xiao, K.; Jin, M.; Chen, S.; Huo, Y.; Zhu, Y. Environmental Fate and Effects of Mulch Films on Agricultural Soil: A
Systematic Review from Application to Residual Impact. Crit. Rev. Environ. Sci. Technol. 2026, 56, 43–66. [CrossRef]

17. Shangguan, X.; Wang, X.; Yuan, M.; Gao, M.; Liu, Z.; Li, M.; Zong, R.; Sun, C.; Zhang, M.; Li, Q. Effects of Long-Term Biodegradable
Film Mulching on Yield and Water Productivity of Maize in North China Plain. Agric. Water Manag. 2024, 304, 109094. [CrossRef]

18. Zhang, W.; Wang, W.; Zhang, Y.; Wang, F.; Sun, S. Determining the Optimal Degradation Rate of Biodegradable Films in a Maize
Farmland Based on the EWM-TOPSIS Model. Agric. Water Manag. 2025, 309, 109359. [CrossRef]

19. Anandhi, A. Growing Degree Days—Ecosystem Indicator for Changing Diurnal Temperatures and Their Impact on Corn Growth
Stages in Kansas. Ecol. Indic. 2016, 61, 149–158. [CrossRef]

20. dos Santos, C.L.; Abendroth, L.J.; Coulter, J.A.; Nafziger, E.D.; Suyker, A.; Yu, J.; Schnable, P.S.; Archontoulis, S.V. Maize Leaf
Appearance Rates: A Synthesis From the United States Corn Belt. Front. Plant Sci. 2022, 13, 872738. [CrossRef] [PubMed]

21. Zou, Y.; Saddique, Q.; Dong, W.; Zhao, Y.; Zhang, X.; Liu, J.; Ding, D.; Feng, H.; Wendroth, O.; Siddique, K.H.M. Quantifying the
Compensatory Effect of Increased Soil Temperature under Plastic Film Mulching on Crop Growing Degree Days in a Wheat–Maize
Rotation System. Field Crops Res. 2021, 260, 107993. [CrossRef]

22. Zhang, C.; Kong, J.; Tang, M.; Lin, W.; Ding, D.; Feng, H. Improving Maize Growth and Development Simulation by Integrating
Temperature Compensatory Effect under Plastic Film Mulching into the AquaCrop Model. Crop J. 2023, 11, 1559–1568. [CrossRef]

23. Wang, Z.; Li, M.; Flury, M.; Schaeffer, S.M.; Chang, Y.; Tao, Z.; Jia, Z.; Li, S.; Ding, F.; Wang, J. Agronomic Performance of
Polyethylene and Biodegradable Plastic Film Mulches in a Maize Cropping System in a Humid Continental Climate. Sci. Total
Environ. 2021, 786, 147460. [CrossRef] [PubMed]

24. Kong, M.; Jia, Y.; Gu, Y.; Han, C.; Song, X.; Shi, X.; Siddique, K.H.M.; Zdruli, P.; Zhang, F.; Li, F. How Film Mulch Increases the
Corn Yield by Improving the Soil Moisture and Temperature in the Early Growing Period in a Cool, Semi-Arid Area. Agronomy
2020, 10, 1195. [CrossRef]

25. Archontoulis, S.V.; Miguez, F.E. Nonlinear Regression Models and Applications in Agricultural Research. Agron. J. 2015, 107,
786–798. [CrossRef]

https://doi.org/10.3390/plants15142163

https://doi.org/10.1016/j.agrformet.2018.11.033
https://doi.org/10.1016/j.jia.2022.08.018
https://doi.org/10.3390/plants12102000
https://www.ncbi.nlm.nih.gov/pubmed/37653918
https://doi.org/10.3389/fpls.2021.752606
https://www.ncbi.nlm.nih.gov/pubmed/34868140
https://doi.org/10.2134/agronj2011.0321
https://doi.org/10.3390/agronomy14051005
https://doi.org/10.5194/gmd-19-2551-2026
https://doi.org/10.1016/j.eja.2018.07.005
https://doi.org/10.1016/j.agwat.2020.106290
https://doi.org/10.1038/s43016-026-01296-2
https://www.ncbi.nlm.nih.gov/pubmed/41644697
https://doi.org/10.3390/ijms232012165
https://www.ncbi.nlm.nih.gov/pubmed/36293023
https://doi.org/10.1016/j.envres.2025.121629
https://www.ncbi.nlm.nih.gov/pubmed/40250592
https://doi.org/10.1088/1748-9326/abd211
https://doi.org/10.1016/j.jafr.2024.101095
https://doi.org/10.1080/10643389.2025.2580771
https://doi.org/10.1016/j.agwat.2024.109094
https://doi.org/10.1016/j.agwat.2025.109359
https://doi.org/10.1016/j.ecolind.2015.08.023
https://doi.org/10.3389/fpls.2022.872738
https://www.ncbi.nlm.nih.gov/pubmed/35481150
https://doi.org/10.1016/j.fcr.2020.107993
https://doi.org/10.1016/j.cj.2023.05.008
https://doi.org/10.1016/j.scitotenv.2021.147460
https://www.ncbi.nlm.nih.gov/pubmed/33971593
https://doi.org/10.3390/agronomy10081195
https://doi.org/10.2134/agronj2012.0506
https://doi.org/10.3390/plants15142163


Plants 2026, 15, 2163 16 of 16

26. Su, L.; Tao, W.; Sun, Y.; Shan, Y.; Wang, Q. Mathematical Models of Leaf Area Index and Yield for Grapevines Grown in the
Turpan Area, Xinjiang, China. Agronomy 2022, 12, 988. [CrossRef]

27. Yang, T.; Zhao, J.; Fu, Q. Quantitative Relationship of Plant Height and Leaf Area Index of Spring Maize under Different Water
and Nitrogen Treatments Based on Effective Accumulated Temperature. Agronomy 2024, 14, 1018. [CrossRef]

28. Zhou, L.; Zhao, W.; He, J.; Flerchinger, G.N.; Feng, H. Simulating Soil Surface Temperature under Plastic Film Mulching during
Seedling Emergence of Spring Maize with the RZ–SHAW and DNDC Models. Soil Tillage Res. 2020, 197, 104517. [CrossRef]

29. Li, C.; Luo, X.; Wang, N.; Wu, W.; Li, Y.; Quan, H.; Zhang, T.; Ding, D.; Dong, Q.; Feng, H. Transparent Plastic Film Combined
with Deficit Irrigation Improves Hydrothermal Status of the Soil-Crop System and Spring Maize Growth in Arid Areas. Agric.
Water Manag. 2022, 265, 107536. [CrossRef]

30. Wang, J.; Zhao, L.; Wang, B.; Mo, F.; Wang, N.; Liu, S.; Song, Y.; Ren, A.; Mei, F.; Wang, Y.; et al. Plastic Film Mulching Ensures
Maize Climate Resilience: A Perspective of Temperature Suitability and Optimal Sowing Period Window. Soil Tillage Res. 2025,
252, 106611. [CrossRef]

31. Zhao, H.; Wang, X.; Jin, P.; Zhou, J.; Wang, Y.; Dong, W.; Ren, H.; Li, B.; Gong, W. Effects of Biodegradable Mulch Films with
Different Thicknesses on the Quality of Watermelon Under Protected Cultivation. Agronomy 2025, 15, 2336. [CrossRef]

32. Liu, R.; Wang, Z.; Ye, H.; Li, W.; Zong, R.; Tian, X. Effects of Different Plastic Mulching Film on Soil Hydrothermal Status and
Water Utilization by Spring Maize in Northwest China. Front. Mater. 2021, 8, 774833. [CrossRef]

33. Uzamurera, A.G.; Wang, P.; Zhao, Z.; Tao, X.; Zhou, R.; Wang, W.; Xiong, X.; Wang, S.; Wesly, K.; Tao, H.; et al. Thickness-
Dependent Release of Microplastics and Phthalic Acid Esters from Polythene and Biodegradable Residual Films in Agricultural
Soils and Its Related Productivity Effects. J. Hazard. Mater. 2023, 448, 130897. [CrossRef] [PubMed]

34. Yuan, X.; Li, R.; Tang, G.; Yang, S.; Deng, J. Enhancing Sugarcane Yield and Weed Control Sustainability with Degradable Film
Mulching. Plants 2025, 14, 2521. [CrossRef] [PubMed]

35. Ding, D.; Feng, H.; Zhao, Y.; Hill, R.L.; Yan, H.; Chen, H.; Hou, H.; Chu, X.; Liu, J.; Wang, N.; et al. Effects of Continuous Plastic
Mulching on Crop Growth in a Winter Wheat-Summer Maize Rotation System on the Loess Plateau of China. Agric. For. Meteorol.
2019, 271, 385–397. [CrossRef]

36. Shen, H.; Gao, Y.; Guo, F.; Wang, Y.; Ma, X. A Modified DSSAT-CERES Model for Simulating Summer Maize Growth under Film
Mulching. Agron. J. 2021, 113, 4819–4831. [CrossRef]

37. Zhao, Y.; Mao, X.; Shukla, M.K.; Li, S. Modeling Soil Water–Heat Dynamic Changes in Seed-Maize Fields under Film Mulching
and Deficit Irrigation Conditions. Water 2020, 12, 1330. [CrossRef]

38. Yin, T.; Yao, Z.; Yan, C.; Liu, Q.; Ding, X.; He, W. Maize Yield Reduction Is More Strongly Related to Soil Moisture Fluctuation
than Soil Temperature Change under Biodegradable Film vs Plastic Film Mulching in a Semi-Arid Region of Northern China.
Agric. Water Manag. 2023, 287, 108351. [CrossRef]

39. Li, R.; Hou, X.; Jia, Z.; Han, Q.; Ren, X.; Yang, B. Effects on Soil Temperature, Moisture, and Maize Yield of Cultivation with Ridge
and Furrow Mulching in the Rainfed Area of the Loess Plateau, China. Agric. Water Manag. 2013, 116, 101–109. [CrossRef]

40. Jones, J.W.; Hoogenboom, G.; Porter, C.H.; Boote, K.J.; Batchelor, W.D.; Hunt, L.A.; Wilkens, P.W.; Singh, U.; Gijsman, A.J.; Ritchie,
J.T. The DSSAT Cropping System Model. Eur. J. Agron. 2003, 18, 235–265. [CrossRef]

41. Steduto, P.; Hsiao, T.C.; Raes, D.; Fereres, E. AquaCrop—The FAO Crop Model to Simulate Yield Response to Water: I. Concepts
and Underlying Principles. Agron. J. 2009, 101, 426–437. [CrossRef]

42. Gilhespy, S.L.; Anthony, S.; Cardenas, L.; Chadwick, D.; del Prado, A.; Li, C.; Misselbrook, T.; Rees, R.M.; Salas, W.; Sanz-Cobena,
A.; et al. First 20 Years of DNDC (DeNitrification DeComposition): Model Evolution. Ecol. Model. 2014, 292, 51–62. [CrossRef]

43. Han, J.; Jia, Z.; Wu, W.; Li, C.; Han, Q.; Zhang, J. Modeling Impacts of Film Mulching on Rainfed Crop Yield in Northern China
with DNDC. Field Crops Res. 2014, 155, 202–212. [CrossRef]

44. Cheng, M.; Wang, H.; Fan, J.; Xiang, Y.; Liu, X.; Liao, Z.; Abdelghany, A.E.; Zhang, F.; Li, Z. Evaluation of AquaCrop Model for
Greenhouse Cherry Tomato with Plastic Film Mulch under Various Water and Nitrogen Supplies. Agric. Water Manag. 2022,
274, 107949. [CrossRef]

45. Yan, M.; Li, Y.; Feng, L.; Luo, Q.; Yang, N.; Liu, Q.; Chen, T.; Liu, J. Degradation Mechanism for Degradable Color-Matching Mulch
Film and Its Effect on the Yield of Spring Maize in Northeast China. Trans. Chin. Soc. Agric. Eng. 2024, 40, 199–207. [CrossRef]

46. Li, Z.; Wang, B.; Liu, Z.; Zhang, P.; Yang, B.; Jia, Z. Ridge–Furrow Planting with Film Mulching and Biochar Addition Can Enhance the
Spring Maize Yield and Water and Nitrogen Use Efficiency by Promoting Root Growth. Field Crops Res. 2023, 303, 109139. [CrossRef]

47. Kumudini, S.; Andrade, F.H.; Boote, K.J.; Brown, G.A.; Dzotsi, K.A.; Edmeades, G.O.; Gocken, T.; Goodwin, M.; Halter, A.L.;
Hammer, G.L.; et al. Predicting Maize Phenology: Intercomparison of Functions for Developmental Response to Temperature.
Agron. J. 2014, 106, 2087–2097. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/plants15142163

https://doi.org/10.3390/agronomy12050988
https://doi.org/10.3390/agronomy14051018
https://doi.org/10.1016/j.still.2019.104517
https://doi.org/10.1016/j.agwat.2022.107536
https://doi.org/10.1016/j.still.2025.106611
https://doi.org/10.3390/agronomy15102336
https://doi.org/10.3389/fmats.2021.774833
https://doi.org/10.1016/j.jhazmat.2023.130897
https://www.ncbi.nlm.nih.gov/pubmed/36736218
https://doi.org/10.3390/plants14162521
https://www.ncbi.nlm.nih.gov/pubmed/40872144
https://doi.org/10.1016/j.agrformet.2019.03.013
https://doi.org/10.1002/agj2.20852
https://doi.org/10.3390/w12051330
https://doi.org/10.1016/j.agwat.2023.108351
https://doi.org/10.1016/j.agwat.2012.10.001
https://doi.org/10.1016/S1161-0301(02)00107-7
https://doi.org/10.2134/agronj2008.0139s
https://doi.org/10.1016/j.ecolmodel.2014.09.004
https://doi.org/10.1016/j.fcr.2013.09.004
https://doi.org/10.1016/j.agwat.2022.107949
https://doi.org/10.11975/j.issn.1002-6819.202407054
https://doi.org/10.1016/j.fcr.2023.109139
https://doi.org/10.2134/agronj14.0200
https://doi.org/10.3390/plants15142163

	Introduction 
	Results and Discussion 
	Compensation Effect Under Film Mulching 
	Effects of Film Mulching on LAI Dynamics 
	Model Validation and Comparison 
	Implications and Limitations 

	Materials and Methods 
	Experimental Site and Design 
	Sampling and Measurements 
	Film Degradation 
	Soil Temperature 
	Leaf Area Index 

	Calculation of Compensation Effect 
	Logistic Model 
	Modified Logistic Model 
	Data Normalization 

	Model Calibration and Validation 
	Statistical Analysis 

	Conclusions 
	References

