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Abstract

:

Few studies deal with the application of crop growth models to fruit trees. This research focuses on simulating the growth process, yield and soil moisture assessment of pear trees, considering pruning with a modified WOrld FOod Studies (WOFOST) model. Field trials (eight pruning treatments) were conducted in pear orchards in Alaer and Awat in Xinjiang, China and data were measured to calibrate and evaluate the modified model. In two pear orchards, the simulated total dry weight of storage organs (TWSO) and leaf area index (LAI) were in good agreement with the field measurements of each pruning intensity treatment, indicating that the R2 values of TWSO ranged from 0.899 to 0.976, and the R2 values of LAI ranged from 0.849 to 0.924. The modified model also showed high accuracy, with a normalized root mean square error (NRMSE) ranging from 12.19% to 26.11% for TWSO, and the NRMSE values for LAI were less than 10%. The modified model also had a good simulation performance for the soil moisture (SM) under all eight pruning intensity treatments, showing good agreement (0.703 ≤ R2 ≤ 0.878) and low error (NRMSE ≤ 7.47%). The measured and simulated results of different pruning intensities showed that the highest yield of pear trees was achieved when the pruning intensity was about 20%, and the yield increased and then decreased with the increase in pruning intensity. In conclusion, the modified WOFOST model can better describe the effects of summer pruning on pear tree growth, yield and soil moisture than the unmodified model, providing a promising quantitative analysis method for the numerical simulation and soil moisture assessment of fruit tree growth.
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1. Introduction


Pear (Pyrus spp.) tree is a deciduous tree of Rosaceae native to China, which was cultivated and planted about 3300 years ago [1]. In recent years, the research on pear trees mainly focused on the effects of a water deficit on mature pear trees [2], the leaf physiological responses of mature pear trees to regulated deficit irrigation [3], the effects of different fertilization times on pear trees [4], and the effect of different N fertilizer applications on pear trees [5]. However, few studies have focused on pear tree growth description and pear orchard yield estimation using a growth model.



Perennial fruit trees greatly differ from annual field crops in terms of their physiology and management. With the increase in tree age, the fruit tree canopy will continue to expand, and the branches and leaves will vigorously grow [6]. Pruning is an important horticultural practice that generally promotes vegetative growth. Nutritional growth characteristics after pruning are influenced by the intensity and severity of pruning [7]. This activity is important for improving fruit quality and yield [8,9]. Pruning can also affect the distribution of solar radiation in the canopy [10]. Solar radiation plays an irreplaceable role in the entire growth and development cycle of plants [11,12], especially in the form of sugar and the accumulation of dry matter [13]. To improve fruit quality during harvest, many researchers have been attempting to improve the utilization of solar radiation [14]. Therefore, optimal photosynthetically active radiation (PAR) is critical to stimulating the photosynthetic process. Summer pruning improves canopy structure and solar radiation interception through the canopy [12,15], as well as improving PAR distribution in the canopy [16,17]. At the same time, pruning regulates the natural ratio of nutrition to reproductive plant growth [18], increases airflow through the canopy, improves the soil water balance [19], and stimulates vegetative growth [7].



The crop growth model is a mathematical model that quantifies crop growth processes, looking at physiological and ecological principles [20,21,22]. These models simulate biomass growth and yield formation by simulating plants’ major physiological activities, such as photosynthesis, gas exchange between the canopy and atmosphere, phenology, and external natural environments, such as soil moisture and temperature dynamics, to predict the evolution of crops, from seeding to harvest [23,24]. Meteorological parameters, such as short-wave radiation, wind speed, temperature, precipitation, etc., are important inputs for these models [25]. Through the efforts of related researchers, crop growth models have been greatly improved. At first, models could only simulate a certain physiological process of an individual crop; at present, they can simulate the entire crop growth process. Crop models have also been combined with multidisciplinary approaches, yielding fruitful results [23,26]. Many crop growth models have been developed to simulate the growth of different crops in different regions, such as Decision Support Systems for Agrotechnology Transfer (DSSAT) [27], The Strategic Training Initiative in Community Supervision (STICS) [28], crop-water productivity model (AquaCrop) [29], WOrld FOod Studies (WOFOST) [30], MOdel for NItrogen and Carbon in Agroecosystems (MONCIA) [31] and Agricultural Production Systems Simulator (APSIM) [32]. Each of these models has its own features and areas of expertise. These models are widely used in annual crops including wheat [33], maize [34], rice [35], potato [36] and cotton [37]. These crop models are constantly being innovated and developed to provide better advice for decision-making in farm crop management [30]. For example, the WOFOST model has been in use for the last 25 years and is continuously updated to increase its applications [30], the EPIC model is used to reduce the impact of climate change on agriculture [38], the APSIM model is used to provide early warnings of drought yield reduction in maize [39], and the the STICS soil-crop model is used for large-scale assessment to reduce nitrate leaching in temperate conditions [40]. However, apart from previous studies on jujube growth simulation [41], few studies have applied crop growth models to fruit trees.



The WOFOST model is a mechanical growth model that depicts plant growth in terms of light energy allocation and CO2 assimilation as growth-driving processes, and crop phenology development as a growth-controlling process [42]. The WOFOST model takes one day as a time step to estimate leaf area index, aboveground biomass and the storage organ biomass of crops [43]. The model demonstrates crop growth, development and eventual yield, from seedling emergence to maturity [44]. The WOFOST model has been widely used in regional yield estimation and response to crop and environmental changes [45,46,47].



Although WOFOST has significantly contributed to the simulation of various agricultural management and ecological environments, it was mostly applied to annual crops and not to perennial fruit trees such as fruit trees. Additionally, there are no studies that consider the effects of summer pruning when using crop models, and there are no crop models specifically designed to deal with the effects of summer pruning on fruit tree growth. Therefore, the application of the crop model to research the effects of summer pruning on the growth and developmental status of pear trees and the integrated changes in pear trees under different pruning intensities is promising.



In this study, the objectives are as follows: (a) to modify the WOFOST model to simulate pear tree growth and soil moisture considering pruning, (b) to calibrate the crop parameters and validate the performance of the improved model, (c) to describe the response of yield and leaf area index (LAI) to different pruning intensities, (d) to explore the feasibility of using the modified crop growth model for the numerical simulation of pear tree growth.




2. Materials and Methods


2.1. Field Experiments Design


In this study, the city of Alaer in southwestern China was chosen as the experimental site because of its large and concentrated pear cultivation area. Field trials and data collection were conducted in the pear orchard (81°01′02″ E, 40°33′14″ N) in Alaer city, as shown in Figure 1. Meanwhile, a pear orchard (80°28′12″ E, 40°35′36″ N) in the Awat area was selected for data collection and used to verify the model performance. The two pear orchards were about 65 km apart. The climate of the entire region is typical of an arid warm–temperate climate, and annual rainfall is usually less than 100 mm. The annual total evaporation is about 2400 mm. The frost-free period is between 178 and 220 days. The annual average temperature ranges from 11.2 to 13.1 °C. The lowest temperature month is January, and the annual ≥10 °C accumulated temperature is 3450–4432 °C. The average daily sunshine is about 15 h during the main growing period of pear trees. The soil type of pear orchard is sandy loam. The soil has good permeability, and the groundwater depth is below 3 m. Some of the physical and chemical properties of the soils are shown in Appendix A (Table A1).



The pear trees in the two orchards were eight years old (CV Korla) and reached a high yield age. The soil of the two orchards had similar physical and chemical properties (see Table A1) and planting density. The spacing between rows in the orchard was 4 m × 3 m. The uniform pear tree growth area was selected to divide the test plot. Pear trees broke buds in early spring and reach peaked biomass in late August. Fruits were harvested in late August or early September.



Fertilization and irrigation were performed based on local experience values. A total of 300 kg ha−1 of pure nitrogen (N), 390 kg ha−1 of phosphorus pentoxide (P2O5) and 200 kg ha−1 of potassium oxide (K2O) was fertilized into the soil five times. The irrigation was 300 mm and occurred about 8 times (from early April to early August). Irrigation was applied at days of the year (DOY) = 108, 121, 136, 148, 161, 176, 198 and 212, respectively. Summer pruning for the Alaer pear orchard took place on 5 June 2021 and, for the Awat pear orchard, on 9 June 2021. All pear tree pruning methods were similar, and mainly took place to control the total length of new tips, retain fruit branches, and remove nutrient branches and stunted fruit. Local pear orchard traditional pruning intensity was about 20%, and usually less than 35%. Therefore, eight treatments were designed, and the pruning intensity was set to unpruning, 5% pruning, 10% pruning, 15% pruning, 20% pruning, and 25% pruning, 30% pruning and 35% pruning.



The shape of the pear tree is shown in Figure 2. The pear tree was a dwarf, densely planted Korla pear, with a large crown at the bottom and a small crown at the top, and an elongated spindle-shaped tree. The tree’s morphological characteristics were characterized by similar lateral branches growing uniformly on the central trunk, with a height of about 3.8 m, stem height 2.8~3.5 m, and crown diameter 0.9~3.8 m. There were about 21 (between 18 and 24) lateral branches of the pear tree, which were pruned into three layers. There were about 7 branches in the lower layer (110~180 cm in length), 8 branches in the middle layer (80~110 cm in length), and 6 branches in the upper layer (40~80 cm in length).




2.2. Field Data Measurements and Observation


Based on a modified WOFOST model, calibration and verification data were used to simulate water-limited pear growth. The WOFOST model requires input from daily meteorological data and crop parameters, soil parameters and agricultural management parameters [48]. Some parameter acquisition methods referred to previous studies [49]. In the pear orchard of Alaer, the following data were observed and measured to calibrate the model. In Awat, only yield, leaf area index and soil water content were measured in the pear orchard to verify the accuracy of the improved model. The main observation and measurement data were as follows:




	
Phenology time: To calibrate the simulation performance of phenological parameters, emergence (leaf blade starts to unfold), flowering (fruit begins to develop), and maturity dates (dry weight of fruit is not increasing) were observed during the growing period. The variation in the time series of the main fertility stages of Korla pear is shown in Figure 3.








	
Initial total dry weight (TDWI): Measurements of the initial buds were used to calculate the TDWI.



	
Dry weight: The dry matter mass of leaves and fruits was measured about 13 times during the growth cycle, as shown in Figure 4a. The phenotypic parameters (length, diameter, etc.) of the branches were measured at different periods, and then the density of branches with different diameters was measured (as shown in Figure 4b) to calculate the dry matter of the stems. A number of fruits and leaves were collected at each treatment, dried and treated, and then statistically converted with the observed data to obtain the dry matter mass of each treatment. After fruit harvest, leaf drop nets were placed to collect leaves from the whole tree, as shown in Figure 4c.






	
Canopy structure parameters: LAI and diffuse visible light extinction coefficient of the experimental area were measured about 10 times, especially before and after pruning pear trees, and specific leaf area parameters were measured to obtain diffuse visible light extinction coefficients and verify the performance of simulated LAI.



	
Photosynthesis (CO2 assimilation) parameters: Parameters such as net photosynthetic rate was measured with an LI-COR 6400XT instrument (LI-COR, United States). Maximum CO2 assimilation rate and light-use efficiency parameters at optimal developmental temperature were obtained by calculation. Leaf area index (LAI), photosynthetically effective intercepted radiation and corresponding radiation abatement coefficients were measured nondestructively twice a week throughout the growth cycle using a plant canopy analyzer (LI-COR LAI-2000).



	
Soil moisture content: The sampled soil at every 20 cm (0~100 cm) was brought back to the laboratory and weighed after drying at 85 °C to a constant weight to calculate soil moisture. The field water-holding capacity and soil-water content in saturated conditions were measured using the cutting ring method before seedling emergence. The undisturbed soil was collected at the experimental site and brought back to the laboratory, and the soil-water content was saturated under the conditions of manual intervention. The soil-water content of the undisturbed soil at this time was measured as the saturated soil water content. If the undisturbed soil saturated with water content was placed on top of the air-dried soil, so that the air-dried soil absorbed the gravitational water in the undisturbed soil, then the undisturbed soil water content was measured at this time, to obtain the field water-holding capacity.



	
Yield: To evaluate the simulated yield, the weight of all pears from each tree was measured at harvest and the total dry weight of the pears was calculated from the pears’ measured water content.



	
Agromanagement actions: Irrigation, fertilization and pruning times of pear orchards were observed and recorded.



	
Removed biomass was collected and weighed: After summer pruning, all removed stems, fruits and leaves were collected from each test area. They were dried in a forced-air oven at 105 °C for 30 min and then at 85 °C to a constant weight, after which all samples were weighed.



	
Weather data: Small weather stations in the pear orchard were used to collect the meteorological input parameters required by WOFOST model. Figure 5 shows the daily maximum and minimum temperature (daily average temperature 12.3~28.7 °C), daily total precipitation and radiation during the main growth period of pear trees in two orchards. The daily minimum and maximum temperatures showed a tendency to rise and then fall, and the daily temperature difference was large. The annual rainfall in the study area was less than 100 mm. The water needs of pear trees mainly depended on irrigation. Although most of the rainfall occurred in summer, the amount of rainfall was very small. The total daily radiation of the two pear orchards was strong, which was conducive to plants’ photosynthesis.







2.3. Modification of WOFOST Model


This research caused modifications in a WOFOST model called Python Crop Simulation Environment (PCSE) (https://pcse.readthedocs.io/en/stable/, accessed on 6 March 2021). PCSE is a WOFOST model developed using Python. The combination of WOFOST and the Python interpreter provides great system flexibility for model modification. The process of crop growth, dry matter distribution and water transport can refer to the existing literature [42]. In this study, we mainly improved the model on the basis of considering pruning, as follows:



In pre-exponential crop growth, the growth curve is exponential, and the exponential growth rate of the leaf area index is assumed to be continuous until the source-limited growth of the leaf area index is equal to the exponential growth rate [42]. The leaf area index growth rate per time step in the pre-exponential growth phase can be seen in Equation (1). During the exponential growth stage, the accumulated leaf area index at time step t is calculated; see Equation (2):


   L  E x p , t   = L A  I t  R L  T e   



(1)






  L A  I t  = L A  I  t − 1   +  L  E x p , t   Δ t  



(2)




where    L  E x p , t     represents the growth rate of the leaf area index at time step  t  during the exponential growth stage (     ha   ha    − 1        d    − 1    );   L A  I t    represents leaf area index at time step     t   (     ha   ha    − 1    );   R L   represents maximum relative increase in leaf area index (   C  − 1        d    − 1    );    T e    represents daily effective temperature (number of degrees above the base temperature for leave ageing) (C) [50];   Δ t   represents time step ( t ).



During the development of the pear tree, leaf area expansion is increasingly restricted by the assimilate supply (i.e., source limited increase). In the WOFOST model, it is assumed that the exponential growth rate of the leaf area index will continue until it equals the source-limited growth rate. The growth rate of the leaf area index per time step in the early, exponential growth stage, can be calculated as Equation (3). The accumulated leaf area index at time step t during the exponential growth stage can be described as Equation (4) [42].


   L  S c , t   = Δ W  n  l v    S  l a    



(3)






  L A  I t  = L A  I  t − 1   +  L  S c , t   Δ t  



(4)




where    L  S c , i     represents the growth rate of the leaf area index at time step  t  during exponential growth stage (     ha   ha    − 1        d    − 1    ),   Δ W  n  l v     represents net dry matter growth of leaves at time step     t   (     kg   ha    − 1        d    − 1    ),    S  l a     represents specific leaf area at time step  t ,   L A  I t    represents leaf area index at time step     t   (     ha   ha    − 1    ), and   Δ t   represents time step ( t ).



The net dry matter growth of leaves,   Δ W  n  l v    , can be found by subtracting the weight of leaves that died during the current time step from the dry matter growth of leaves,   Δ W  n  l v    . The specific leaf area,    S  l a     (acronym: SLATB), is defined as the increase in the leaf area of the crop per kg weight increase in the living leaves.   L A  I t    is initialized by taking the fraction of initial biomass (acronym: TWDI) partitioned to the leaves and multiplying it with the specific leaf area at the current DVS.



To correct for leaf senescence,    S  l a     per time step, dry matter weight increases,   Δ  W  l v ,     per time step and physiological age page were stored in three different arrays [50]. The arrays were organized as follows: the first element of the array represents the most recent age category (or time step), and the last element of the array represents the oldest age category (or time step) [50]. It should be clear that the position of the element in the array represents its age level in a particular time step [42]. The dry matter weight of dead leaves in the current time step must be determined. The dry matter weight gain from each time step should be subtracted [50]. Therefore, an array contains the net dry matter growth in each time step leaf,   Δ  W  l v    .



After adjusting for leaf senescence, cumulative leaf area can be established. The net dry matter weight (  Δ  W  l v    ) of the remaining and new leaves is multiplied by the specific leaf area [42] (see Equation (3)) to obtain the growth rate of the LAI of living leaves for each age class. Multiplying by delta T and the sum of the classes (Equation (4)) yields the total LAI.



Pruning intensity refers to the percentage of stems, leaves and fruit removed from a single tree during summer pruning. The summer pruning process involves the removal of excess vegetative stems and the removal of poorly developed fruits. Therefore, the pruning of fruit trees is regarded as the unnatural disappearance of branches, leaves and fruits. Only the proportion of branches, leaves and fruits cut during pruning, compared to the original branches, leaves and fruits, needs to be known. The dry matter weight of the stems (WST), dry matter weight of the storage organs (WSO) and dry matter weight of the leaves (WLV), respectively, should be reduced according to the actual operation. At this point, the dry matter mass of each organ can be calculated by Equation (5)


   W  t , i   = ( 1 −  p i  )  W  t − 1 , i   + Δ W  n i  Δ t  



(5)




where    p i    represents pruning intensity (the default value of    p i    i s   0  ) and  i  represents stems (st), roots (rt), leaves (lv).    W  t , i       represents dry matter weight organ 𝑖 at time step 𝑡 (kg ha−1).



The leaves removed during summer pruning are new leaves. Combined with the above contents, to calculate the new LAI, the p ratio elements from the array storing leaf information given above are removed. This process can be described by Equations (6) and (7):


  L A I = L A S U M + S A I + P A I  



(6)






  L A S U M =  (  1 − p  )  ·  (  L V + S L A  )   



(7)




where LAI represents leaf area index, including stem and pod area, SAI represents stem area index and PAI represents pod area index.   L A S U M   represents the sum of   L V   (     kg   ha    − 1    ),    L V   represents leaf biomass per leaf class (     kg   ha    − 1    ),   S L A   represents specific leaf area per leaf class (     ha   kg    − 1    ), and  p  represents the pruning intensity of leaves.



Among these, the extinction coefficient for diffuse visible light as a function of development stage (KDIFTB) is entered by the user. Measurements were made directly under diffuse reflectance conditions at the early stage of pear tree phenological development, before and after pruning, and during the pre-harvest period, and entered into the crop parameter file; see Table 1.




2.4. Calibration of WOFOST Model


To ensure the accuracy of the model simulation results, the crop model must be calibrated before it can be used in a specific agricultural environment area, and the performance after calibration can be validated [47]. Weather, soil, and crop variables are the primary input parameters for the WOFOST model [30]. In the study, meteorological parameters were directly used from observations from weather stations. Soil parameters were provided from actual field measurements. The crop parameters were obtained using two main methods: calibration of field experimental observations and publicly available data. Specific calibration methods for some parameters can be found in previous studies [49].




2.5. Evaluation of Simulated Performance


The coefficient of determination (   R 2   ) represents the consistency between the measured value and simulated value, root mean square error (RSME) represents the relative error between measured value and simulated value [51], and normalized root mean square error (NRSME) represents the absolute error between measured value and simulated value [52]. NRMSE ≤ 10% indicates extremely high accuracy, 10% < NRMSE ≤ 20% indicates high accuracy, 20% < NRMSE ≤ 30% indicates medium accuracy, and NRMSE > 30% indicates low accuracy [49]. At the same time, the ratio of performance to deviation (RPD) was used as another evaluation index of the model’s prediction effect [53]. If the RPD value is greater than 2, the model has good predictive power and is considered sufficient for analytical purposes [54]. Their values were calculated by Equations (8)–(11).


   R 2  = 1 −     ∑   i = 1  n     (   y i  −    y i   ˜   )   2      ∑   i = 1  n     (   y i  −    y i   ¯   )   2     



(8)






  R M S E =       ∑   i = 1  n     (     y i   ˜  −  y i   )   2   n     



(9)






  N R M S E =         ∑   i = 1  n     (     y i   ˜  −  y i   )   2   n         y i   ¯     



(10)






  R P D =   S D   R M S E    



(11)




where      y i   ˜    represents simulated value,    y i    represents measured value,      y i   ¯    is average value of the measured values, and n is the number of samples.   S D   is the standard deviation of the measured values.





3. Results


3.1. Calibration Performance


Crop parameters were calibrated at 20% empirical pruning intensity in the Alaer pear orchard. The significance of these parameters can be found in a previous study [42]. The main calibrated pear crop parameters are shown in Appendix B (Table A2). The main soil parameters are shown in Appendix B (Table A1).



To accurately estimate the pear yield, we compared the simulation results before and after model modification. The total weight of storage organs (TWSO) was a key indicator of the fruit trees’ yield. LAI was chosen as an indicator to evaluate the model-simulated crop growth dynamics. The simulated results of LAI, TWSO and soil moisture (SM)-based on calibration data are expressed in Figure 6 and Figure 7. The results showed that the simulation accuracy of the unmodified model was lower than that of the modified model. Compared with the unmodified simulation result trajectory, the simulation using the modified model improved the simulation accuracy of LAI, while the simulation accuracy of TWSO and SM were slightly improved. The measured values of these three parameters were in good agreement with the simulated values, with a    R 2    of 0.927 for LAI, 0.987 for TWSO and 0.894 for SM, respectively. The corrected model also shows high accuracy, with an RMSE of 0.13      ha   ha    − 1    , 269.17      kg   ha    − 1     and 0.01     cm  3      cm   − 3     for LAI, TWSO and SM, respectively. All RPD values were greater than 2, indicating that the modified model had good pear tree growth and soil moisture simulation ability.



3.1.1. Performance of the Unmodified Model


Figure 6 shows a graphical evaluation of the calibration before model modification. The simulated TWSO was in agreement with their field measurements (R2 = 0.974). The simulated LAI agreed with the measurements at the beginning of the growth cycle, but the summer pruning process could not be simulated by the unmodified model, causing a huge difference in the results (R2 = 0.495). Similarly, the simulated values of TWSO exactly matched the equivalent measurements at the beginning of the growth cycle. However, the simulated values were slightly lower after summer pruning. LAI was overestimated after the summer pruning in June due to its inability to express the pruning process. For TWSO, it was overestimated from early June to mid-July after pruning and underestimated after mid-July. For SM, most samples were slightly underestimated.




3.1.2. Performance of the Modified Model


The simulation results of the improved model are shown in Figure 7. For TWSO, the simulated results before pruning were in high agreement with the measured values. After pruning, the simulated values of TWSO were higher than the actual measured values from early June to mid-July and lower than the actual measured values in late July. After late July, some of the simulated results were in a slightly underestimated state. For LAI, the simulated results before pruning were comparable to the actual measured values, but the simulated results were lower than the actual measured values for a short period after pruning. LAI hardly changed after leaf development ceased. For SM, the simulated value at the end of the growing period is slightly lower than the measured value.



As can be seen from Figure 7, LAI changes were most obvious when orchard pruning was carried out in early June, because, at this time, the leaves were at the end of growth and the generation efficiency of new leaves was low. After July, leaves almost stopped growing. Summer pruning had the least effect on the fruit, because, at this time the fruit was in a slow expansion stage, the weight of individual fruit was smaller and the removal of young fruit in a poor state of growth helped to improve the quality of the rest of the fruit.



Several evaluation indexes of the model were used to ensure that the unmodified model had a satisfactory overall performance in simulating pear tree growth. However, the simulation performance of soil water content (SM) was slightly worse. The simulation results based on the unmodified model showed that LAI simulation was in good agreement with the actual measurement trend at the early growth stage, and the value was slightly overestimated after pruning (Figure 6b). Similarly, TWSO was simulated well in the early growth stage, while the simulated values were lower than the measured values in the late growth stage (Figure 6a). The modified model can simulate LAI, TWSO and SM dynamics during the main growing period. These results provided preliminary evidence that pruning can be accurately modeling when simulating fruit tree growth. Note that the modified model underestimated TWSO values at late stages of fruit growth and development, but this underestimation was acceptable considering the simulation accuracy of the overall results. Compared with the unmodified model, the modified model showed a better simulation performance.





3.2. Validation and Evaluation


3.2.1. Performance of the Simulated TWSO and LAI Growth Dynamics


Pear orchard data obtained from seven pruning treatments of Alaer and eight pruning treatments of Awat were used to validate the simulated TWSO and LAI performance. The simulated dynamics of TWSO and LAI under different pruning intensity treatments were validated for the first time. The performance of the simulated TWSO and LAI before and after the modifications is shown in Table 2 and Table 3, respectively. The modified model showed good TWSO simulation performance. The R2 values of simulated versus measured TWSO based on the unmodified model ranged from 0.784 to 0.973, and the R2 values of TWSO based on the modified model ranged from 0.899 to 0.976. The NRMSE of the unmodified model for TWSO ranged from 12.95 to 35.01%, and the NRMSE of the modified model ranged from 12.19 to 26.11%, which indicated that the modified model had a better TWSO simulation accuracy than the unmodified model. The results showed that the simulated values of TWSO were in good compliance with the actual measured values, and the performance of the modified model was better than that of the unmodified model. The agreement between simulated and measured LAI based on the unmodified model was higher when the pruning density was less than 15%, and lower when the pruning density was increased. The reason for this may be that the unmodified model does not simulate the changes in LAI after pruning well. The improved model showed good agreement with R2 values from 0.849 to 0.924. The results also showed that the modified model had high LAI simulation accuracy, with NRMSE values ranging from 3.42% to 8.60%. In the pear orchard at Awat, the simulation accuracy of TWSO at a pruning intensity of 25% and the simulation accuracy of LAI at a pruning intensity of 35% performed poorly compared to other pruning treatments.




3.2.2. Performance of the Simulated Soil Moisture


The measured soil water content (SM) of all treatments in two orchards was used to evaluate the soil moisture simulation performance. The model exhibited good overall SM simulation performance, with R2 values of 0.832 and 0.791 and NRMSE values of 5.41% (Figure 8). The RMSE between measured and simulated values was also relatively small, with 0.02 cm3 cm−3 for Alaer and 0.01 cm3 cm−3 for Awat.



The local performance of the simulated SM for each trimming treatment is shown in Table 4. The R2 values of the unmodified model of simulated versus measured SM ranged from 0.369 to 0.878 and the NRMSE values ranged from 4.28 to 8.95%. The modified model simulated SM with R2 values between 0.703 and 0.878 and NRMSE values between 4.28 and 7.47%. The model modification slightly improved the simulation performance for SM, with better agreement and higher accuracy.




3.2.3. Performance of the Simulated Final TAGP Based on Modified Model


The final total dry weight of stems, leaves and fruits (TAGP) of all treatments was measured after harvest in both pear orchards and used to assess the simulated performance. The measured and simulated TAGP values are shown in Table 5. The simulated results were in good agreement with the measured results, with deviations ranging from 3.61 to 24.23%. The deviation of TAGP under a 25% pruning intensity treatment in Awat pear orchard and 35% pruning in Alaer was large, but the rest of the treatments performed well (relative error (RE) < 20%), indicating that the modified model can analyze the effect of pruning intensity on TAGP.





3.3. Simulated Yield under Different Pruning Intensities Based on Modified Model


The measured yield showed a trend of increasing and then decreasing with the increase in pruning intensity, and the treatment showed the highest yield with 20% pruning intensity; see Figure 9. In comparison, the actual measured pear yields of different treatments in Alaer were higher than those in Awat, which was due to the slightly longer period of pear tree phenological development in Alaer compared to Awat. At the same time, the two pear trees had different daily temperatures at the early stage of phenological development, which affected the flower bud differentiation. During the fruit expansion period, the persistent high temperatures in Awat reduced the efficiency of canopy photosynthesis, which, in turn, affected the yield.



The improved model was used to simulate the yield under different pruning intensities. We set the pruning intensities to unpruned, 5%, 10%, 15%, 20%, 25%, 30%, 35%. The simulated results showed that the effect of pruning intensity on yield first increased and then decreased (Figure 10), and 20% pruning showed the highest yield, which was consistent with the actual observed results (Figure 9). The reason for this may be that the pruning intensity was low, and so a large number of vegetative branches were retained, resulting in less and uneven light exposure in the middle and lower canopy. As the pruning intensity increased, the canopy light condition and the fruit quality were improved. However, when pruning intensity exceeded a certain limit, there was a large reduction in the branches and leaves in the canopy, leading to insufficient dry matter production and lower yield.




3.4. Simulated LAI under Different Pruning Intensities


The simulated results of LAI with different pruning degrees are shown in Figure 11. At pruning intensities below 15%, LAI changed little in the late growth season and the yield showed a trend of gradual increase. However, the yield was slightly less than 20% and 25% pruning. The reason may be that the smaller amount of pruning led to higher canopy closure, thereby reducing canopy light interception. When the pruning intensity was between 15% and 25%, the LAI changed drastically, which was due to the reduction in LAI caused by the large reduction in the number of canopy leaves. However, the appropriate pruning also improved the light interception capacity of the canopy, resulting in a lower extinction coefficient, enhanced photosynthesis, and increased light energy-use efficiency, which, in turn, increased the yield of fruit trees. With the increase in pruning intensity (more than 25%), the optimal balance of canopy light interception was broken, and the change in the extinction coefficient was no longer enough to influence the change in yield; therefore, the degree of its influence on yield decreased. At this point, the number of leaves played a decisive role in the overall photosynthesis of the canopy.





4. Discussion


4.1. Performance of the Improved Model in Pear Tree Growth Simulation and Soil Moisturre Assessment


In this study, the summer pruning process was considered, and the simulation performance of the model was effectively improved by modifying the WOFOST model with the calibrated parameters. It can be seen from Figure 6a,b and Figure 7a,b that the simulated results for TWSO and LAI before and after the model modification are acceptable. The model had better simulation results after the modification. The results indicate that it is feasible to simulate pear tree growth using the WOFOST model, and the modified model can further simulate the summer pruning process of pear trees and obtain a better fit with the actual observation. The improved model expresses growth simulations under water-limited conditions, which further strengthens the crop model’s application in areas with water scarcity.



In this study, the same irrigation scheme was used for field trials and model inputs in both orchards. As can be seen from Figure 6c and Figure 7c, the simulated results for soil water content from May to July were better fitted, while the simulated results for late August were underestimated because the pear orchard needed to be weeded before harvest and the pear orchard was rototilled, resulting in greater soil evaporation. The effect of different irrigation methods on the simulation results was not considered in this study. However, a previous study [2] showed that the effect of different irrigation treatments on the fruit development rate of pear trees would show up during the rapid fruit expansion period. In practice, different irrigation methods can affect the developmental stage and yield of pear trees [55]. The main reason for this is that water is the main component of photosynthesis, and different irrigation methods lead to different amounts of water being taken up by the roots from the soil, which, in turn, affects photosynthesis and the accumulation of organic matter.




4.2. Model Modification and Calibration


Modification and calibration of the crop model can improve the model’s applicability. For example, the modified APSIM model could help to estimate the relative effect of alternative management practices under fluctuating high water tables [56], modified SWAP can accommodate the application of film mulching [57], a modified Kc model could reasonably predict crop evapotranspiration for flooded rice and winter wheat [58], and a modified CERES-Maize model can simulate crop response to irrigation with saline water in Mediterranean conditions [59]. In this study, the modification of the WOFOST model is based on the simplification of the summer pruning process by splitting the summer pruning into leaf removal, stem removal and fruit removal, which facilitates the representation in the model. Note that the modified WOFOST model was calibrated against our experimental pear orchard and should be further validated in other areas to improve its applicability and reliability.




4.3. Model Modification Analysis Considering Pruning


The most fundamental purpose of summer pruning is to improve the canopy light interception structure, different pruning intensities mainly affect the diffuse visible extinction coefficient (KDIFTB), and adjusting the KDIFTB parameter can improve the model simulation accuracy. The value of KDIFTB decreases with increasing pruning intensity, and the distribution of light energy interception in the canopy improves, increasing photosynthesis and, thus, yield. The change in yield increases and then decreases with increasing pruning intensity, which is consistent with the results of the previous study [60]. In this study, the simulation accuracy of LAI and TWSO is effectively improved by adjusting KDIFTB according to the summer pruning intensity.



Since pruning is used to limit the lateral expansion of branches, summer pruning reduces both the LAI of the orchard and the size of the trees, thus reducing light interception, but improving the light environment for the fruit [16]. As shown in Figure 11, the LAI keeps growing smaller with increasing summer pruning intensity, but the magnitude of its change is inconsistent. At pruning intensities below 20%, the magnitude of LAI variation is small, and when the pruning intensity is greater than 20%, the magnitude of LAI variation increases. Pruning strategies vary from region to region, and the pruning of pear trees cultivated in the tropics should be mild [61]. The effects of pruning time nodes in summer on the phenological development and yield of pear trees can be verified by subsequent experiments. Compared with previous studies [49], the modified WOFOST model used to simulate the summer pruning process better represents the actual growth dynamics in the orchard.



A previous study [62] has shown that pruning affects transpiration, which has important implications for irrigation management in arid areas. At the annual growth scale, pruning during fruit expansion reduces transpiration water consumption and, within a certain range, increased pruning intensity reduces water consumption, thus improving fruit water use efficiency [63]. In arid areas, the pruning of fruit trees can effectively control water loss caused by transpiration, which affects the overall evapotranspiration of pear orchards. A previous study [19] has shown that moderate (25%) and heavy pruning (40%) obviously reduced transpiration and increased soil water content in dryland apples during the growing season. As the intensity of pruning increases, plant transpiration decreases.



The summer pruning in early June occurs in the early stage of slow fruit development, when the number of pear trees with hanging fruit has reached its peak, and the sizes of different fruits have visible differences. In practice, the smaller and scarred fruits should be removed, which can not only reduce the risk of fruit dropping due to weight, but can also concentrate the supply of nutrients to the larger individual fruit, improving the fruit quality. In the summer pruning of pear trees, pear varieties with more branches may need more pruning because of poor ventilation and light transmission. The pruning intensity requirements of different tree forms also varies greatly, depending on the light conditions of the tree form itself.




4.4. Effect of Meteorological Differences on the Yield of Pear Orchards


From Figure 9 and Figure 10, it can be seen that the yield of the Alaer pear orchard is higher than that of Awat, while the planting management pattern of both orchards is almost the same. The main reason for this difference in yield is the difference in the meteorological conditions of local pear orchards. Photosynthesis in pear trees is sensitive to heat [64]. As can be seen in Figure 5a, after the budding of pear trees and until the fruit-harvesting stage, the temperature increased and then continued to fluctuate at around 35 degrees Celsius. During the bud differentiation stage in mid-April, the temperature of Awat was higher than that of Alaer, and excessive temperature inhibits the bud differentiation, which, in turn, reduces the fruit’s set rate. In mid-July, after the rapid expansion of fruits, the temperature of Awat was higher than that of Alaer, which affects the activity of the conversion enzymes in plants and reduces photosynthesis [65] while accelerating respiration and strengthening transpiration, resulting in less organic matter accumulation and lower yield. As shown in Figure 5b, the solar radiation intensity of Awat was higher than that of Alaer during the fruit development stage, and photosynthesis becomes stronger as the intensity increases within a certain solar radiation intensity. However, when the solar radiation is too strong, it destroys the protoplasm and causes chlorophyll decomposition [66], causes the cells of leaves lose too much water and close the stomata, or even causes cell death, resulting in weakened photosynthesis and a lower yield. Increased temperatures may negatively impact pear production through sunburn and heat stress [67]. Sunburn damage is more likely to occur in high-density orchards such as pear orchards, where UV radiation and direct sunlight heat the fruit surface, thereby damaging the fruit crop [68]. These will affect the yield of the pear orchard. In this study, the calibrated model responds well to the effects of meteorological changes (temperature and radiation) on yield, and the simulated yield is consistent with the measured value. However, it could not respond to the effects of heat stress and low-temperature stress on pear growth and yield.




4.5. Limitations of the Modified Model and Future Research Prospects


Pears have numerous varieties, and there are certain differences between different varieties [69]. Fruit tree variety differences may affect the accuracy of crop model yield estimations. In this study, only the dwarf, densely planted Korla pear was used as the study object, and no attention was paid to other varieties. Dwarf cultivars tend to have higher planting densities, so better canopy management strategies are needed to offset the negative effects of these high planting densities [70]. Further studies will focus on the effects of crop varieties and planting densities to improve the simulation accuracy of crop models.



Among the crop growth models that are commonly used at present, each has its own strengths and focus to meet the needs of different application directions [23,24]. Therefore, integrating the advantages of multiple crop models may further improve the accuracy of crop growth models [71,72]. At the same time, although crop models are calibrated and can perform acceptable field simulations, crop models may perform poorly when used to estimate regional crop yields, because it is often difficult to gather crop input information or parametric region-scale models. In these cases, remote sensing data assimilation strategies may be a promising way to deal with uncertain crop yield estimates [73].



A previous study [74] shows that an appropriate level of water deficit can improve water use efficiency by maintaining or slightly increasing fruit yield with reduced irrigation requirements. Additionally, the water deficit treatment shortens the fruit-ripening period and increases the economic value of the fruit [75]. The water gradient experiment in this study was not designed, and the effect of different irrigation treatments on yield was not analyzed. This should be considered in subsequent studies.



Weed roots in orchards penetrate the soil to absorb large amounts of water, as well as nutrients, which, when there are enough weeds in an orchard, can lead to serious malnutrition, slow growth, lower quality and lower yields [76,77]. Taller weeds tend to affect the sunlight that reaches fruit trees, especially climbing weeds and weeds that enter the canopy at a high level, which will reduce the light area of fruit tree leaves and thus reduce the photosynthetic strength of the plant, seriously affecting normal growth and development and fruit quality [78]. Considering how orchard weeds affect fruit tree growth is another important direction for future fruit tree growth model development.





5. Conclusions


This study focused on improving the WOFOST model to simulate the seasonal dynamic growth process of pear trees and soil moisture. According to the actual situation of the pear pruning operation, the WOFOST model was modified to be able to simulate the pear pruning process. After the experimental design and data collection calibration, the parameters that can simulate the growth of pear trees were obtained, and the growth and development of the annual growth cycle of pear trees was accurately simulated. The modified WOFOST model showed a better performance than the unmodified model in the simulation of TWSO (12.19% ≤ NRMSE ≤ 26.11%), LAI (NRMSE ≤ 10%) and SM (NRMSE ≤ 7.47%) under different pruning intensities. The modified WOFOST model can respond to summer pruning effects on pear orchard yield, total biomass and LAI. In sum, the proposed method is a potential way to analyze the effects of soil, meteorology, irrigation and pruning on fruit tree growth and water transport. In future research, the improvement in canopy light energy interception calculation methods and the development of remote sensing assimilation technology to reduce the uncertainty of model area-scale simulation may be crucial to improve the accuracy of fruit tree growth simulation.







Author Contributions


C.W. and N.Z. co-first author. C.W. wrote the manuscript. N.Z. drafted the outline and edited the manuscript. M.L. and L.L. analyzed data and validated the improved model. T.B. proposed the idea as supervisor. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by “National Natural Science Foundation of China (62261046)”, “Bingtuan Science and Technology Program (2021DB001, 2021BB023)” and “Graduate Scientific Research Innovation project of Tarim University, grant number (XJ2021G304)”.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data from this study are not publicly available.




Conflicts of Interest


The authors declare no conflict of interest.





Appendix A




[image: Table] 





Table A1. Input main soil parameters for two orchards.






Table A1. Input main soil parameters for two orchards.





	Input Main Soil

Parameters
	Description
	Value (Alaer)
	Value (Awat)





	SMW
	Soil moisture content at wilting point [cm3/cm3]
	0.074
	0.075



	SMFCF
	Soil moisture content at field capacity [cm3/cm3]
	0.329
	0.324



	SM0
	Soil moisture content at saturation [cm3/cm3]
	0.410
	0.410



	K0
	Hydraulic conductivity of saturated soil [cm day−1]
	23.97
	23.85



	SOPE
	Maximum percolation rate root zone [cm day−1]
	1.37
	1.41



	KSUB
	Maximum percolation rate subsoil [cm day−1]
	2.03
	2.05



	SMATB
	Soil moisture content as function of pF [log (cm); cm3 cm−3]
	Measured soil water retention (as function of pF)
	Measured soil water retention (as function of pF)



	CONTB
	hydraulic conductivity as function of pF
	Measured hydraulic conductivity
	Measured hydraulic conductivity
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Table A2. Main crop parameters used in WOFOST model for pear tree growth simulation.






Table A2. Main crop parameters used in WOFOST model for pear tree growth simulation.





	Calibrated Crop

Parameters
	Description
	Value
	Units





	TBASEM
	Base temperature for emergence
	10
	°C



	TEFFMX
	Maximum effective temperature for emergence
	30
	°C



	TSUMEM
	Temperature sum from sowing to emergence
	100
	°C



	TSUM1
	Temperature sum from emergence to anthesis
	140
	°C d−1



	TSUM2
	Temperature sum from anthesis to maturity
	1880
	°C d−1



	DTMSTB
	Daily increase in temperature sum as a function of daily mean temperature
	(0−10−35.5−40 °C) = 0.0−0.0−25.5−25.5 °C d−1
	°C d−1



	TDWI
	Initial total crop dry weight
	41.9
	kg ha−1



	LAIEM
	LAI at emergence
	0.0007
	ha ha−1



	RGRLAI
	Maximum relative increase in LAI
	0.060
	ha ha−1 d−1



	SLATB
	Specific leaf area as a function of DVS
	(0.0−0.55−1.0−2.0) = 0.0020−0.0018-0.0016−0.0016 ha kg−1
	ha kg−1



	SPAN
	Life span of leaves growing at 35 Celsius
	85
	[days]



	TBASE
	Lower threshold temp. for ageing of leaves
	10.0
	°C



	KDIFTB
	Extinction coefficient for diffuse visible light as function of DVS
	(0.0−1.260−1.261-2.0) = 0.46−0.83−0.69−0.79
	-



	EFFTB
	Initial light-use efficiency of CO2 assimilation of single leaves as function of daily temperature
	(19.5, 36.0) = 0.53−0.53
	kg ha−1 hr−1 J−1 m2 s



	AMAXTB
	Maximum leaf CO2 assimilation rate as a function of development stage of the crop
	(0.0, 1.6, 2.0) = 39.0−43.0−24.0
	kg ha−1 hr−1



	TMPFTB
	Reduction factor of AMAX as function of daily mean temperature
	(10−19.5−35.5−40) = 0−1−1−0
	-



	CVL
	Conversion efficiency of assimilates into leaf
	0.73
	kg kg−1



	CVO
	Conversion efficiency of assimilates into storage organ
	0.72
	kg kg−1



	CVR
	Conversion efficiency of assimilates into root
	0.690
	kg kg−1



	CVS
	Conversion efficiency of assimilates into stem
	0.65
	kg kg−1



	Q10
	Relative increase in maintenance respiration rate with each 10 degrees increase in temperature
	2.0
	-



	RML
	Relative maintenance respiration rate for leaves
	0.0350
	-



	RMO
	Relative maintenance respiration rate for storage organs
	0.0130
	-



	RMR
	Relative maintenance respiration rate for roots
	0.0120
	-



	RMS
	Relative maintenance respiration rate for stems
	0.0100
	-



	FRTB
	Fraction of total dry matter increase partitioned to roots as a function of development stage
	(0.0−1.57−2.0) = 0.3−0.0−0.0
	kg kg−1



	FLTB
	Fraction of above ground dry matter increase partitioned to leaves as a function of development stage
	(0.00−0.34−0.51−0.97−1.00−1.50−1.80−2.00) =

0.95−0.90−0.85−0.60−0.20−0−0−0
	kg kg−1



	FSTB
	Fraction of above ground dry matter increase partitioned to stems as a function of development stage
	(0.00−0.34−0.51−0.97−1.00−1.50−1.80−2.00) =

0.05−0.10−0.15−0.40−0.70−0.75−0.10−0
	kg kg−1



	FOTB
	Fraction of above ground dry matter increase partitioned to storage organs as a function of development stage
	(0.00−0.34−0.51−0.97−1.00−1.50−1.80−2.00) =

0.0−0.0−0.0−0.0−0.10−0.25−0.90−1
	kg kg−1



	PERDL
	Maximum relative death rate of leaves due to water stress
	0.03
	-



	RDRSTB
	Relative death rate of stems as a function of development stage
	(0.0−1.0−1.5−2.0) = 0−0−0.02−0.02
	-



	CFET
	Correction factor for potential transpiration rate
	1.02
	-



	DEPNR
	Dependency number for crop sensitivity to soil moisture stress
	1.5
	-



	RDI
	Initial rooting depth
	10
	cm



	RRI
	Daily increase in rooting depth
	1.2
	cm d−1



	RDMCR
	Maximum rooting depth of the crop
	120
	cm
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Figure 1. The location of experimental orchards in Alaer (81°01′02″ E, 40°33′14″ N) and Awat (80°28′12″ E, 40°35′36″ N), Xinjiang, China. 
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Figure 2. Schematic description of the shape of the experimental pear tree. 
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Figure 3. Main development stages of Kolar pear (day of year). 
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Figure 4. (a) Field data acquisition such as biomass collection, phenological observations and pruning measurements; (b) measurement of stems of different diameters; (c) collecting all fallen leaves after harvesting. 
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Figure 5. (a) Daily minimum and maximum temperature from March to October in Alaer and Awat; (b) daily total irradiation from March to October. (DOY: day of year); (c) daily total rainfall from March to October. 
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Figure 6. Simulated and measured TWSO (a), LAI (b) and SM (c) based on the unmodified WOFOST model. 
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Figure 7. Simulated and measured TWSO (a), LAI (b) and SM (c) based on the modified WOFOST model. 
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Figure 8. Measured versus simulated soil moisture for different treatments based on modified model. 
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Figure 9. Measured final pear yield for all treatments in Alaer and Awat. 
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Figure 10. (a) Simulated results of final yield with different pruning intensities (Alaer). (b) Trends in simulated final yield with different pruning intensities (Alaer) based on modified model. 
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Figure 11. Results of LAI simulated under different pruning intensities (Alaer) based on modified model. 
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Table 1. Parameter configuration of KDIFTB at different developmental stages. (DVS: Development Stages).
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Pruning Intensity

	
Unpruned

	
Pruned 5%

	
Pruned 10%

	
Pruned 15%

	
Pruned 20%

	
Pruned 25%

	
Pruned 30%

	
Pruned 35%




	
DVS

	






	
DVS = 0.0

	
0.46

	
0.46

	
0.46

	
0.46

	
0.46

	
0.46

	
0.46

	
0.46




	
DVS = 1.260

	
0.83

	
0.83

	
0.83

	
0.83

	
0.83

	
0.83

	
0.83

	
0.83




	
DVS = 1.261

	
0.83

	
0.80

	
0.75

	
0.72

	
0.69

	
0.66

	
0.63

	
0.60




	
DVS = 2.0

	
0.83

	
0.83

	
0.83

	
0.81

	
0.79

	
0.76

	
0.74

	
0.71
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Table 2. Simulated TWSO validation for different treatments.
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Region

	
Pruning Intensity

	
Unmodified Model

	

	
Modified Model

	




	
      R  2     

	
RMSE

(kg ha−1)

	
NRMSE (%)

	
      R  2     

	
RMSE

(kg ha−1)

	
NRMSE (%)






	
Alaer

	
0%

	
0.969

	
408.69

	
14.07

	
0.969

	
408.69

	
14.07




	

	
5%

	
0.973

	
385.39

	
12.95

	
0.976

	
362.69

	
12.19




	

	
10%

	
0.965

	
450.18

	
15.30

	
0.972

	
401.41

	
13.64




	

	
15%

	
0.964

	
455.65

	
15.45

	
0.975

	
376.99

	
12.78




	

	
25%

	
0.948

	
564.28

	
19.51

	
0.968

	
438.73

	
15.17




	

	
30%

	
0.921

	
636.73

	
23.83

	
0.955

	
479.15

	
17.93




	

	
35%

	
0.917

	
630.65

	
24.17

	
0.956

	
458.92

	
17.59




	
Awat

	
0%

	
0.945

	
429.45

	
18.22

	
0.945

	
429.45

	
18.22




	

	
5%

	
0.939

	
438.87

	
17.37

	
0.943

	
428.09

	
16.94




	

	
10%

	
0.948

	
402.04

	
17.19

	
0.959

	
357.23

	
15.27




	

	
15%

	
0.92

	
514.36

	
20.72

	
0.939

	
449.65

	
18.11




	

	
20%

	
0.941

	
424.48

	
18.93

	
0.964

	
329.45

	
14.69




	

	
25%

	
0.839

	
630.16

	
32.90

	
0.899

	
500.10

	
26.11




	

	
30%

	
0.910

	
476.98

	
23.78

	
0.948

	
360.83

	
17.99




	

	
35%

	
0.784

	
650.80

	
35.01

	
0.919

	
399.29

	
21.48
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Table 3. Simulated LAI validation for different treatments.
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Region

	
Pruning Intensity

	
Unmodified Model

	

	
Modified Model

	




	
      R  2     

	
RMSE

(ha ha−1)

	
NRMSE (%)

	
      R  2     

	
RMSE

(ha ha−1)

	
NRMSE (%)






	
Alaer

	
0%

	
0.924

	
0.13

	
3.42

	
0.924

	
0.13

	
3.42




	

	
5%

	
0.903

	
0.15

	
3.99

	
0.908

	
0.15

	
3.90




	

	
10%

	
0.875

	
0.18

	
4.70

	
0.914

	
0.15

	
3.88




	

	
15%

	
0.882

	
0.17

	
4.12

	
0.911

	
0.16

	
3.96




	

	
25%

	
−1.919

	
0.71

	
21.93

	
0.904

	
0.13

	
3.99




	

	
30%

	
−4.248

	
1.32

	
47.37

	
0.885

	
0.19

	
7.01




	

	
35%

	
−5.209

	
1.57

	
62.92

	
0.905

	
0.19

	
7.77




	
Awat

	
0%

	
0.899

	
0.21

	
5.44

	
0.899

	
0.21

	
5.44




	

	
5%

	
0.884

	
0.22

	
5.56

	
0.903

	
0.20

	
5.08




	

	
10%

	
0.852

	
0.23

	
5.92

	
0.920

	
0.17

	
4.37




	

	
15%

	
0.848

	
0.25

	
6.45

	
0.894

	
0.21

	
5.38




	

	
20%

	
0.567

	
0.36

	
9.79

	
0.916

	
0.16

	
4.30




	

	
25%

	
−0.049

	
0.57

	
16.94

	
0.849

	
0.22

	
6.42




	

	
30%

	
−3.077

	
0.94

	
30.39

	
0.868

	
0.17

	
5.47




	

	
35%

	
−4.902

	
1.46

	
55.76

	
0.860

	
0.23

	
8.60
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Table 4. Simulated SM Validation for different treatments.
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Region

	
Pruning Intensity

	
Unmodified Model

	

	
Modified Model

	




	
      R  2     

	
RMSE

(cm3 cm−3)

	
NRMSE (%)

	
      R  2     

	
RMSE

(cm3 cm−3)

	
NRMSE (%)






	
Alaer

	
0%

	
0.866

	
0.011

	
4.54

	
0.866

	
0.011

	
4.54




	

	
5%

	
0.878

	
0.011

	
4.28

	
0.878

	
0.010

	
4.28




	

	
10%

	
0.829

	
0.022

	
5.03

	
0.834

	
0.020

	
4.99




	

	
15%

	
0.832

	
0.021

	
5.01

	
0.836

	
0.018

	
4.94




	

	
25%

	
0.791

	
0.022

	
5.95

	
0.827

	
0.020

	
5.43




	

	
30%

	
0.535

	
0.032

	
8.95

	
0.733

	
0.022

	
6.79




	

	
35%

	
0.658

	
0.029

	
8.63

	
0.715

	
0.021

	
7.47




	
Awat

	
0%

	
0.779

	
0.013

	
4.49

	
0.779

	
0.013

	
4.49




	

	
5%

	
0.798

	
0.021

	
5.15

	
0.801

	
0.021

	
5.14




	

	
10%

	
0.799

	
0.010

	
4.74

	
0.804

	
0.010

	
4.68




	

	
15%

	
0.743

	
0.021

	
5.60

	
0.767

	
0.022

	
5.33




	

	
20%

	
0.799

	
0.010

	
4.64

	
0.806

	
0.010

	
4.56




	

	
25%

	
0.698

	
0.021

	
5.85

	
0.703

	
0.020

	
5.79




	

	
30%

	
0.626

	
0.023

	
5.86

	
0.763

	
0.017

	
4.67




	

	
35%

	
0.369

	
0.026

	
8.77

	
0.744

	
0.020

	
5.59
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Table 5. Simulated and measured values of final TAGP for different treatments based on modified model.
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Pruning

Intensity

	
Alaer

	
Awat




	
Simulated Values

(t ha−1)

	
Measured Values

(t ha−1)

	
Relative

Error

(%)

	
Simulated Values

(t ha−1)

	
Measured Values

(t ha−1)

	
Relative

Error

(%)






	
0%

	
22.67

	
24.73

	
8.33

	
20.09

	
18.22

	
10.25




	
5%

	
22.57

	
20.49

	
10.14

	
19.95

	
22.43

	
11.04




	
10%

	
22.54

	
19.45

	
15.91

	
19.92

	
21.75

	
8.39




	
15%

	
22.35

	
23.97

	
6.77

	
19.75

	
17.21

	
14.76




	
20%

	
22.15

	
21.38

	
3.61

	
19.50

	
18.46

	
5.65




	
25%

	
21.33

	
18.73

	
13.90

	
19.04

	
15.33

	
24.23




	
30%

	
19.93

	
22.34

	
10.79

	
18.11

	
16.15

	
12.11




	
35%

	
18.60

	
15.11

	
23.07

	
16.53

	
14.33

	
15.33
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