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Abstract

:

Understanding the crop growth and yield response to variable irrigation and the relationship between crop eco-physiological and morphological parameters is critical for identifying a balanced irrigation management strategy and developing decision support systems for early detection and information for on-ground decisions. Experiments were conducted to evaluate the effect of variable irrigation treatments on dry bean [Phaseolus vulgaris L.] growth traits (plant height, leaf area index, normalized difference vegetation index), seed yield (SY), and yield components (pods plant−1, seeds pod−1, 100-seed weight (SW), and pod harvest index (PHI)) and to develop empirical models between dry bean growth and environmental conditions, SY, and yield components. Five irrigation treatments i.e., FIT (full irrigation treatment), 125% FIT, 75% FIT, 50% FIT, and 25% FIT were investigated. Water deficit at the beginning of the crop growth [vegetative growth (V1-V2) stage], dramatically reduced dry bean growth and development and resulted in a significant reduction in SY. However, the degree to which vegetative growth and SY was reduced depends on the weather conditions. Reducing irrigation by 25% below FIT resulted in an average reduction of 30% in SY. This reduction in SY was significantly correlated with a decline in pods plant−1 and SW. Moreover, the empirical models between growth traits and growing degree days (GDD) have a strong correlation, while growth traits and SY and yield components are moderately correlated. The data and empirical models presented in this research provide valuable information in predicting and estimating dry bean SY in-season and allow for corrective management decisions.
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1. Introduction


In the U.S., dry bean (Phaseolus vulgaris L.) is produced in 17 states with a variety of practices and yield differences and responsible for 6% of the world output. The semi-arid to the arid region of the Central High Plains (CHP) (i.e., Colorado, Nebraska, and Wyoming) is among the most important edible dry bean producing regions in the U.S. It is estimated that 20–25% of the U.S dry bean crop is produced in this region. Over the last decade, an overall increase of 34% was observed in dry bean production in the CHP region [1]. For example, in 2017 CHP region harvested approximately 90,000 ha of dry bean with an average seed yield (SY) of 2650 kg ha−1. However, with inadequate precipitation during the growing season and high evaporative demand in the region, the productivity of dry bean is largely dependent on supplement irrigation [2]. Moreover, with increasing water demands from non-agricultural sectors, climate change and variability, increasing frequency of droughts, declining water tables, changing water rights, and the increasing cost of irrigation, it is important to evaluate the various water management strategies for dry bean production. Also, in states like Wyoming, producers are facing significant management options (conversion from furrow to sprinkler irrigation) to conserve irrigation water resources. For example, the adoption of sprinkler irrigation in Wyoming has increased by 50% from 1990 to 2018 [3]. Producers are seeking guidance on how to make maximum use of available water supply, how to efficiently manage on-farm irrigation scheduling, as well as information on crop water use, yield, crop water use efficiency, and how to minimize the energy cost. The answer to these aforementioned questions requires scientifically-based and practical management strategies that can aid producers in their decision-making process to enhance water use efficiency to achieve maximum profitability.



The effect of water stress on dry beans can vary depending on the frequency, duration, timing and intensity of stress and is highly variable in response due to interacting factors [4,5,6]. It is generally accepted that water stress adversely affects the physiological, morphological, and growth traits of dry bean [7], however, the magnitude to which the reduction occurs varies from region to region and there is a lack of consistency in the reported response of dry bean to water stress. Ramirez and Kelly [8] reported that the characteristics of many dry bean traits reduced under water stress conditions and resulted in reduced SY from 22% to 71%. In the upland central plateau of Mexico, Gallegos and Shibata [9] reported many morphological traits were negatively affected by water stress, which resulted in a reduced number of leaves and reduced the SY by 34% to 50%. A water stress study conducted by Stoker [10] on dwarf beans in the sub-tropical climate of New Zealand reported a 13% to 24% reduction in SY caused mainly by the abscission of flowers and young pods. In another study, Miller & Burke [11] reported maximum dry bean SY and biomass when irrigated to replace 100% of estimated crop evapotranspiration (1.0ETc) and observed no significant increase in SY or biomass above 1.0ETc. While, Webber et al. [12], found no significant differences in aboveground biomass and SY for common bean for the three irrigation levels tested (moderate, recommended, and above recommended). In addition to this, water stress decreases root growth and results in decreased nutrient uptake [13], and also, decreases nitrogen fixation in root nodules [14,15,16] by reducing the contact between root and soil and thereby, impacting the growth and SY.



In general, the SY of dry bean under water-stressed conditions is dependent on the crop growth rate and on the efficiency with which plants partition dry matter to the grain. In-depth evaluation and knowledge of various crop eco-physiological and morphological traits, the extent of environmental influence, and its relationship with SY can be a very valuable tool for several applications and decision making, especially to plant breeders, since these traits can be easily measured and may serve as selection criteria. In general, the extent of environmental influence is generally characterized by growing degree days (GDD), primarily represented by thermal or heat units, which is often used to model crop growth and other crop growth related indices [17]. Also, easy-to-measure crop growth variables such as plant height can be used to predict more complex crop growth variables and vice-versa [18]. The models further allow for easy parameter conversions of crop growth indices and for the use in assessing plant growth without destructive sampling and to build more accurate whole-plant growth models with fewer required parameters and improve simulations at a regional scale. Therefore, an understanding of the dry bean response to irrigation levels and the relationship between various crop ecophysiological and morphological parameters, SY, and yield components will not only help identify and select a balanced irrigation management strategy for maximum SY and water-use efficiency but also develop decision support systems for early detection and inform the on-ground decisions. However, despite its importance, only a few studies have focused on understanding dry bean growth, SY, and yield component response to irrigation levels, especially in the arid to semi-arid climate. A companion paper to the research presented here [19] presents the effect of water stress on dry bean soil moisture dynamics, crop evapotranspiration (ETc), and crop water production functions. The objectives of this study were (i) to evaluate the effect of irrigation rates on dry bean growth, SY, and yield components, (ii) to develop empirical models for dry bean growth traits, and (iii) understand and quantify the relationship between dry bean growth and SY, and yield components in the semi-arid to the arid climate.




2. Materials and Methods


2.1. Site Description, Experiment Design, and Management Practices


Field experiments were conducted in 2017, 2018, and 2019 crop growing seasons at the University of Wyoming, Powell Research and Extension Center (PREC), located in the inter-mountain region of Wyoming, near Powell, Wyoming (lat: 44°46′35.03′′ N and long: 108°45′32.50′′ W, 1333 m above sea level). The climate is characterized as arid to semi-arid with long-term average annual and growing season (May to September) precipitation of 159 mm and 110 mm, respectively with significant inter-annual and growing season variation in both magnitude and timing. The soil at the location is a Garland loam with a saturation point (SP), field capacity (FC), and permanent wilting point (PWP) of 0.43 m3 m−3, 0.29 m3 m−3, and 0.15 m3 m−3 for 0.3 and 0.6 m soil depth. The top 0.6 m soil is categorized as deep, well-drained, medium-textured soil with slope ranges from 0 to 1 percent, while the deeper layers are dominated by sands, gravel or cobbles with FC and PWP of 0.17 m3 m−3 and 0.08 m3 m−3, respectively. The total available water holding capacity of the soil profile is 111 mm per 0.9 m profile, with an average bulk density of 1.50 g cm−3. The particle size distribution is 38% sand, 37% silt, and 24% clay, with 1.3% organic matter content in the topsoil.



Dry bean (Phaseolus vulgaris L.) cv. Othello was planted on 3 June, 6 June, and 5 June; at 0.56-m row spacing (east-west direction) and harvested on 8 September, 10 September, and 6 September in 2017, 2018, and 2019, respectively. For all years, experimental field was disc plowed and then roller harrowed, and seedbed was prepared before sowing. Each plot was 30 rows (17 m) wide and 40.5 m long. The seeding rate was 222,395 ha−1, planting depth was 0.05–0.06 m, for all the growing seasons. All the plots were fertilized evenly with the same amount of nitrogen and phosphorous based on the soil samples taken from different locations in the field before the start of crop growing season. The residual soil nitrogen was credited and subtracted from the final nitrogen amount needed. In 2017 growing season, fertilizer in the form of mono-ammonium phosphate and urea was broadcasted at a rate of 55 kg ha−1 of nitrogen (N) and 33 kg ha−1 phosphorus pentoxide (P2O5). In 2018 and 2019, in addition to N (41 kg ha−1 in 2018 and 19 kg ha−1 in 2019) and P2O5 (3 kg ha−1 in both 2018 and 2019), zinc sulphate was applied at a rate of 6 kg ha−1 in both years. Other field managements such as weed, disease, and pests was conducted in accordance with standard conventional management.



Five irrigation levels, full irrigation (FIT), 75% FIT, 50% FIT, 25% FIT, and 125% FIT were evaluated with three replications laid out in a randomized complete block design (RCBD). FIT in this research represents the conditions in which the crop was irrigated when soil water depletion was approximately 35–40% of the total available water, to avoid any potential water deficit impact on crop yield. 125% FIT irrigation treatment was added to assess the impact of over-irrigation on dry bean production. Experimental plots were irrigated using a nine span GPS guided linear-move sprinkler irrigation system with variable rate irrigation (VRI) zone control capability (Valmont Industries, Valley, NE, USA). All the experimental plots were placed in the first three spans of the lateral move irrigation systems in 2017 and 2018 and fourth-fifth-and sixth span in 2019. The irrigation system is fed by the surface water supplies using a large diameter hose attached to a pressurized mainline. The irrigation system consists of a lateral pipeline (0.2 m diameter) with eighteen sprinkler drops spaced at 2.3 m apart on each span. The sprinkler system uses model R3000 rotator (Nelson Irrigation, Walla Walla, Washington, USA) with 69 kPa pressure regulators installed 1.5 m above ground. For each irrigation event, a prescription map was developed using the Valley® VRI-iS prescription program version 8.55, which was then uploaded to the Valley® AutoPilot Linear Control Panel (Valmont Industries, Valley, Nebraska).



Irrigation scheduling was determined using a daily water balance approach [20], which was determined for FIT. The daily water balance considered irrigation and precipitation as inputs, while groundwater contribution was assumed to be negligible, and ETc, deep percolation, and runoff were considered as outputs [19]. Irrigation was applied when the water deficit in the root zone of the FIT treatments was equal to the minimum allowable depletion (MAD; 35–40% of the available soil water). Irrigation was applied one or two times a week to meet the ETc needs. Water deficit values calculated from this approach were also adjusted with measured soil moisture data throughout the growing season. For each growing season, volumetric soil moisture measurements were made preferably twice a week throughout the growing season in each plot at three depths, 0.3 m, 0.6 m, 0.9 m using the CPN 503DR Elite hydroprobe neutron moisture gauge (CPN, Inc., Concord, California, USA). The uniform irrigation of 12.7 mm immediately after planting and 12.7 mm at emergence was applied in all three growing seasons. The purpose of these irrigations was to create a good seedbed and to encourage a full and even plant stand across treatments. The deficit irrigation treatments were initiated while dry bean crop was still in early vegetative stage (V1-V2) on 21 June, 28 June, and 3 July in 2017, 2018, and 2019 growing season, respectively. At the beginning of each growing season, sprinkler irrigation system performance was verified using the catch can test. A total of 14 irrigation events occurred in 2017, a total of 13 irrigation events occurred in 2018, and only 11 irrigation events occurred in 2019. A detailed description of the dates and amount of each irrigation application for each treatment for each growing season is presented in Table 1.




2.2. Growth Parameters, Seed Yield (SY), and Yield Components Measurements


The growth of the plant can be expressed via several variables. In this study, the measurement of the Leaf Area Index (LAI) which is related to the photosynthetic potential of the crop canopy was carried out using LI-COR 2200-C plant canopy analyzer meter (LI-COR, Inc. Lincoln, Nebraska, USA). This equipment calculates the interception of blue light (320–490 nm) at 5 zenith angles (148° field-of-view) utilizing the gap fractions sensed at five different angles taken above and below the canopy. These data are then used to compute foliage amount and orientation. The Normalized Difference Vegetative Index (NDVI) which is the ratio of reflectance of photosynthetically active radiation in the visible and near-infrared regions of the spectrum was measured using GreenSeeker handheld crop sensor NDVI meter (Trimble Inc., Sunnyvale, California, USA). This device measures light reflected from the canopy at 660 nm (red) and 770 nm (near-infrared) bands.



Soil-plant analysis development (SPAD) chlorophyll measurement was carried out by SPAD-portable Chlorophyll meter (Spectrum Technologies, Inc., Aurora, Illinois, USA) by measuring the third uppermost trifoliate leaf. This equipment measures the ratio of the light absorbance in the red and near-infrared region and gives a SPAD value. In addition, plant height (h) was measured using a measuring stick. Measurements of LAI, NDVI, SPAD, and h were initiated after plants had germinated and had attained the 4th trifoliate stage. In 2017, the measurements were started on 7 July, on 26 June in 2018, and in 2019 on 2 July. Afterward, the readings were taken every week from three locations at random from every plot. The h measurements were stopped after the canopy interlocked, and no increase in height was observed. All LAI, NDVI, and SPAD measurements were taken under clear sky conditions between 9 A.M. to 4 P.M.



At harvest, SY samples were collected by hand-harvesting an area of 3 × 1.1 m2 from three locations from each plot and threshing to quantify SY per hectare. SY was adjusted to 14% moisture content after threshing. In addition to this, two-plant samples were also collected from the same locations to quantify the yield components i.e., pods plant−1, seeds pod−1, weight seed−1, 100-seed weight (SW), and pod harvest index (PHI). PHI is defined as the ratio of the dry weight of the seed to the dry weight of pod at harvest (seed weight plus pod weight).




2.3. Growing Degree Days (GDD)


Temperature and solar radiation play a key role in plant growth and development when other factors are not limiting. Crop canopies experience and accumulate heat units throughout the season. This accumulation of heat is termed as a thermal unit or growing degree days (GDD). The GDD is closely related to the phenology of crops and plants. In this study, GDD was calculated using a daily scale and represented by cumulative GDD based on the approach presented by McMaster & Wilhelm [21] as:


  GDD =  [     T  max   +  T  min    2   ]  −  T  base    



(1)




where    T  max     and    T  min     are daily maximum, and minimum temperatures (°C) and    T  base     is taken as 5 °C. Tbase is the temperature below which the plant’s physiological processes are temporarily hampered or stopped [22]. Both upper and lower air temperature threshold was applied, with Tmin below 5 °C was taken as 5 °C and Tmax was taken as 30 °C. Tmax and Tmin data used was collected from Wyoming Agricultural Climate Network (WACNet) weather station located at the experimental site [23]. Because of the high dependency of crop growth and development on GDD, all the dry bean growth indices studied in this research such as LAI, NDVI, and h was related to cumulative GDD and also with days after planting (DAP).




2.4. Statistical Analysis


Analysis of variance (ANOVA) was performed using the mixed procedure available in the Statistical Analysis Software (SAS). Tukey’s Honest Significant Difference test at a 95% confidence interval was used to identify potentially significant differences between maximum LAI, NDVI, h, average SPAD-Chlorophyll, SY and yield components (pods plant−1, seeds pod−1, weight seed−1, SW, and PHI) observed for the whole growing season. Moreover, a two-way ANOVA was performed to study the interaction between various growth and yield parameters and years. Also, the coefficient of determination (R2) was used to determine the correlation between developed relationships.





3. Results and Discussion


3.1. Weather Conditions


Daily average temperature (Tavg), daily average relative humidity (RHavg), wind speed (u3) at 3 m above the ground, daily average incident shortwave radiation (Rs), and precipitation for 2017, 2018, and 2019 growing season is presented in Figure 1. Substantial variations were observed in weather variables during each of the three years. Compared to long-term average values, 2017 was the driest, 2018 was milder, while 2019 was the wettest growing season. The temperature typically increases from May to July when it peaks and then decreases. For the 2017 growing season, the Tavg for June, July, and August was 18.5 °C, 22.9 °C, and 20.2 °C, respectively. In 2018, the Tavg was 0.9 °C, 1.1 °C, and 0.8 °C lower, while in 2019, the Tavg was 1.9 °C, 1.9 °C, and −0.4 °C lower than 2017 for June, July, and August, respectively. The difference between the Tmax for the three growing seasons was highest for June and July with 2018 being 1.22 °C, and 1.96 °C cooler than 2017. Whereas 2019 was 2.4 °C, and 3.4 °C cooler than 2017 for June and July. Also, the total number of days with temperature above 30 °C for the growing season was 50, 35, and 35 days for 2017, 2018, and 2019 growing seasons, respectively. RHavg was higher by 9.5% for the 2018 growing season, and 11.2% for the 2019 growing season compared to the 2017 growing season. In 2017, the dry bean growing season received only 37 mm of precipitation compared to a total of 74 mm in 2018, and 90 mm in 2019. However, the total number of days receiving precipitation in 2017 and 2018 growing season was 17, whereas, in 2019 the total number of days was 31. Because of the apparent differences between Tmax, Tmin, and Tavg, there were differences in GDD between the years. Figure 2 represents the dynamics of daily and cumulative GDD for 2017, 2018, and 2019 dry bean growing season at the research site. Overall, because of the warmer climate in 2017, the cumulative GDD was higher for 2017 compared to 2018 and 2019 with a total cumulative GDD of 1443°C, 1366°C, and 1330°C from planting to harvesting, respectively.




3.2. Effect of Irrigation Treatment on Dry Bean Growth Dynamics and Other Canopy Traits


Irrigation amount plays a key role in the growth dynamics of the dry bean crop. Any deviation from the trends observed for FIT for any growth trait can indicate plant growth anomaly and allows for early detection of stress agents and mitigation steps. In this study, the weekly measured LAI, NDVI, and h as a function of GDD and DAP were used to study the seasonal progression in response to irrigation treatments (Figure 3). In addition, the following section also discusses the inter-relationship between various growth traits that provide means to estimate more complex indices from relatively simple measurements such as h.



3.2.1. Plant Height (h)


The effect of variable irrigation rate on measured dry bean h and its seasonal progression as a function of GDD for the three growing seasons is presented in Figure 3, while Table 2 represents the maximum h achieved over the growing season. As expected, h increases up to certain growth stages and reaches the maximum value and becomes constant. As evident from Figure 3, water deficit can limit h; however, the magnitude to which the h is limited and when it attains the maximum value varies with the magnitude of water deficit. For example, an analysis of variance (ANOVA) indicated a significant effect of water deficit on maximum h attained at p < 0.05 for the 2017 and 2018 growing season, while no differences in maximum h were observed for 2019 (Table 2). The reason for the non-significant differences between the treatments in 2019 can be attributed to the cooler temperature and a higher amount of precipitation received than the 2017 and 2018 growing seasons. The 2019 growing season received 77 mm of rainfall until 55 DAP (R3-R4 growth stage), due to which water deficit difference among treatments were not significant enough to impact growth since most of the vegetative growth had already taken place. This finding is in accordance with the study by Rosadi et al. [24], they reported that minor differences in water deficit levels may not affect h, whereas more severe water deficit is required for any major effect.



As expected, for all years the 25% FIT achieved the lowest h, with maximum h (0.36 m, average of three years) observed during the R1 (early flower) growth stage, and as the water deficit was progressively relieved, h continued to increase with maximum h of 0.41 m observed for 50% FIT during R3 (early pod set). No further increase in h was observed beyond R1 and R3, for 25% FIT and 50% FIT, respectively, except in 2019 growing season, when higher precipitation resulted in continued increase in h up to R7 (pod filling). Whereas, maximum dry bean h of 0.46, 0.52, and 0.53 m was observed for 75% FIT, FIT, and 125% FIT during R7 growth stage (pod fill and maturation), respectively, and no major differences in the phenology was observed between the years. Increasing h with increasing irrigation application amount observed in this study may have been due to the positive effect of irrigation in maintaining the turgor pressure of the cells which results in optimum plant growth [25]. In addition, our study also indicated no significant differences in h between FIT and 125% FIT, nor were differences present between 25% FIT and 50% FIT.



A two-way ANOVA was conducted that examined the effect of years and treatments on the h. A significant interaction was observed between years and treatments on h (p < 0.005). The maximum attained h for 2019 for 25% FIT and 50% FIT was significantly higher than the 2017 and 2018 growing season due to higher precipitation, whereas, no significant differences were observed for 75% FIT, FIT and 125% FIT. The findings reported in this research are in accordance with the results of Nielsen & Nelson [6] and Shenkut & Brick [26]. They reported that both water stress severity and timing results in shorter bean h, with maximum reduction in dry bean h being observed when water was withheld during the vegetative growth stages. Similarly, Asemanrafat and Honar [27] observed that dry bean h decreased with an increase in water stress and reported no significant differences in h between excess and full irrigation treatments.




3.2.2. Leaf Area Index (LAI)


The leaf area index (LAI) is one of the important indices used to represent the crop growth and related to many aspects of mass and energy balance of vegetative surfaces and often considered challenging to measure and estimate [17,28]. Normally, for annual crops under no-stress conditions, the LAI increases from the vegetative stage to the reproduction stage, attains maximum value and decreases due to the shedding of leaves at physiological maturity. Seasonal dynamics of dry bean LAI, with maximum values and the date of maximum values as a function of GDD and DAP for the growing seasons differed between the irrigation rates (Figure 3 and Table 2). A significant effect (p < 0.05) of water deficit on the maximum LAI attained during the growing season was observed for the 2017 and 2018 growing season. However, the differences were not significant for the 2019 growing season. The significant precipitation events during the early growth stages (vegetative to flowering) in 2019 resulted in negligible differences in water deficit among treatment and differences in LAI appeared late in the season. For all the growing seasons, FIT and 125% FIT had greater LAI than other treatments likely due to greater application of water during the vegetative and reproductive growth stages. The lowest LAI values were observed for 25% FIT. For all deficit irrigation treatments, water deficit early in the vegetative growth stages resulted in reduced leaf growth and rate of leaf emergence. In 2017, no significant difference in LAI was observed between 50% FIT and 75% FIT whereas the difference in 2018 was significant. For all irrigation treatments, LAI trend was very similar, representing a parabolic distribution; however, the magnitude at different crop growth stages and time to attain the maximum LAI was slightly different between different irrigation treatments, except in the 2019 growing season. For example, for 25%FIT, maximum LAI (<3.0) was attained earlier in the development at R2-R3 growth stage (mid flower to early pod set; 44–50 DAP) compared to FIT where maximum LAI (>4.5) was attained at R4-R5 growth stages (early to mid-pod set; 58–65 DAP). A similar magnitude and response to water deficit on dry bean LAI was observed by Boydston et al. [29] in south-central Washington, USA. They tested six different genotypes of pinto beans and reported a mid-season LAI of 3 for deficit irrigated plots compared to 5.6 for FIT. Similar reduction on dry bean LAI with water stress was observed by Gunton and Evenson [30] and Nielson and Nelson [6]. They noted that maximum reduction in leaf area occurs when water stress is imposed during the vegetative stage. A two-way ANOVA showed a significant interaction between the years and treatments on LAI [F (8, 30) = 13.9, p < 0.001]. Similar to the results for maximum attained h, LAI was higher for 25% FIT, and 50% FIT for 2019 growing season compared to 2017 and 2018 growing season, whereas, no significant differences were found among other treatments for the three-growing season.




3.2.3. Normalized Difference Vegetation Index (NDVI) and Soil-Plant Analysis Development (SPAD)


The normalized difference vegetation index (NDVI) and soil-plant analysis development (SPAD) chlorophyll are two of the most important and frequently used vegetative indices for the monitoring of crop growth and development. These traits are used to monitor plant growth and to detect the presence of abiotic stress, and it could be used in various breeding programs for the selection of genotypes with drought tolerance [31,32,33,34,35]. NDVI and SPAD values in response to five irrigation treatments are presented in Figure 3 and Figure 4. Similar to LAI, under non-stress conditions, the NDVI increases as the plant gains biomass from planting to the pod-filling stage and decreases thereafter due to the shedding of leaves as the plant matures and more ground is visible, following a parabolic trend. Compared to LAI, for the 2017 and 2018 growing season, differences in maximum NDVI attained during growing seasons were moderate, with the lowest NDVI observed for 25% FIT, and the maximum observed for 125% FIT (Table 2). Also, the differences in maximum NDVI attained between 75% FIT and FIT, and 125% FIT was not significant. However, no significant difference in NDVI values before flowering was observed between treatments in the 2019 growing season, but this was followed by a small difference in NDVI toward pod- fill and physiological maturity. Contrary to LAI, where maximum LAI was attained early in growing season for deficit irrigation treatments, maximum NDVI for all treatments was observed during the R4 (mid pod set) growth stage. For 2017 and 2018, NDVI decreased significantly under the severe water deficit during branching and vegetative growth stage compared to the optimal irrigation treatments.



Average SPAD values for different treatments showed a slight negative trend for as irrigation rate increased in 2018 (R2 = 0.62) and 2019 (R2 = 0.92) but not for the 2017 growing season. The magnitude of SPAD for a given irrigation treatment exhibits substantial inter-annual variation (driest 2017 to wettest 2019) as it is influenced by the in-season irrigation management, precipitation amount and timings and other climatic variables, which varied substantially between the years (Figure 2 and Figure 3). The highest values were observed for the most severe water deficit treatment (25% FIT) which decreased towards higher irrigation treatments (Figure 4). However, no significant (p > 0.05) differences in SPAD values were observed between irrigation treatments. A similar observation was made by Boydston et al. [29], who observed a significantly higher SPAD value for deficit irrigation, and lower SPAD value for full irrigation; however, the increased SPAD was not found to be a consistent indicator of water deficit for pinto beans which agrees with our observations reported here.



To further understand the effect of water deficit on dry bean growth, relationships were developed between the measured growth traits and irrigation amount (Figure 5). Since there are no significant differences in SPAD values among different irrigation treatments, relationships were developed only for LAI, NDVI, and h. It was observed that a seasonal irrigation amount in the range of 250–270 mm promoted optimum growth (highest LAI, NDVI, and h). Irrigation beyond that range did not lead to any significant increase in plant growth. In the 2017 and 2018 growing season, the quadratic equations indicated that irrigation explained 93% and 94% variability in LAI, 98% and 99% in NDVI, and 96% and 92% in h, respectively. However, the equations only explained 98%, 55%, and 31% of the variability in LAI, NDVI, and h in 2019, respectively. This may be due to the higher precipitation amount which resulted in minor water deficit differences among treatments.




3.2.4. Growth Models of Dry Bean


As already evident from the results of LAI, NDVI, and h, all the traits followed a similar trend in response to irrigation levels and there was a considerable influence on the magnitude of the response. However, all the aforementioned traits are influenced by local environmental conditions and management practices. In general, calendar days [Day after planting (DAP)] are often used to predict crop development. However, in many cases, DAP models can be misleading, especially for the early growth stages. For example, a cool early season can greatly delay the plant development or hotter than normal weather can advance the dry bean growth from mid-pod stage to physiological maturity. The extent of environmental influence is generally determined by GDD which is often used to model crop growth and other crop-growth-related traits [17,36]. In addition, the GDD-based models can be transferred for use in different regions with similar conditions without major deviations. Table 3 represents the generalized function of each growth trait using the pooled data for three growing seasons as a function of GDD as well as DAP. Functions were developed using the fourth-order polynomial function for LAI and NDVI and the second order for h with R2 ranging from 0.36 to 0.97. Similar higher-order polynomial functions (second to fourth order) were reported by Kukal and Irmak [37] for maize, soybeans, sorghum, and winter wheat for LAI, h, and other growth indices related to normalized cumulative growing degree days.



In addition to estimating growth traits using thermal energy available to crops, models were developed to understand the inter-relationship among LAI, NDVI, and h (Figure 6). These models were developed by pooling 2017, 2018, and 2019 growth indices data under different irrigation treatments. Prediction models to quantify traits such as LAI are critically important because of the high cost of instruments used to measure certain parameters, and skills needed. In general, h is relatively the cheapest and most straightforward of all the growth parameters to measure under field conditions but extremely complicated using remote sensing, where NDVI can easily be assessed using the crop reflectance data. These models further allow for easy parameter conversions and for the use in assessing plant growth without destructive sampling and help build more accurate whole-plant growth models with fewer required parameters and improve simulations at a regional scale. It was observed that LAI was linearly related to h, with h explaining 75% of the variability in LAI (pooled data); however, a curvilinear relationship was observed for NDVI, with h explaining 76% of the variability in NDVI. For dry beans, no increase in NDVI values was observed as soon as h reached 50 cm (Figure 6) and canopies interlocked. A curvilinear relationship with NDVI, and LAI explained a 70% variation in LAI (Figure 6c). Similar to dry bean h, no increase in NDVI values was observed beyond LAI values of 4. These results are in agreement with Nemeskéri et al. [38], who used GreenSeeker 505 portable model and LAI2000 Plant Canopy Analyzer to measured NDVI and LAI and reported a strong positive relationship between LAI and NDVI, with NDVI explaining 82% and 94% of the variability in LAI in 2011 and 2013, respectively, for snap beans in Hungary. Similar results were reported by Papadavid et al. [39], who used remote sensing methods to model LAI and h using vegetation indices and found the exponential equation was equally good for estimating the relationship between LAI and NDVI (R2 = 0.93) across the entire growth stages. To best of our knowledge, these empirical models are among the first investigated models developed using measured data for dry beans. Nevertheless, the models developed in this research allows for easy parameter conversions and for the use in assessing plant growth without destructive sampling and help build more accurate whole-plant growth models with fewer required parameters and could improve and lessen the costs of simulations at a regional scale using remote sensing technology. These models can further be used to understand and quantify the response of dry bean growth to different environmental variables across different dry bean grown regions. In addition, the models developed in this study can also be used to supplement remote sensing (Unmanned Aerial Systems (UAS)/Satellite) data. For example, in recent years many studies have used satellite or UAS reflectance data to monitor various crop growth indices to access crop health and development [40,41]. However, in many cases, remotely-sensed measurements are not able to capture the progression of crop growth and development due to constraints such as cloud cover, precipitation, UAV flight restriction, and other operational challenges, etc. Under these conditions, the models developed in this study help to improve simulations on a regional scale by substituting model calculated values for the period of missing data, and also improve accuracy by validating remotely accessed data against the regional models.





3.3. Effect of Irrigation Treatment on Dry Bean Seed Yield (SY) and Yield Components


All agricultural production systems aim to get higher crop yield per unit of land area with optimal resource use. Crop yield is a function of crop growth and development and yield components under different irrigation and management practices. Five yield traits, SY, number of pods plant−1, seeds pod−1, SW, and PHI were investigated. In addition, inter-relationship between SY and yield components were evaluated to determine the most sensitive yield component in response to irrigation rates. A companion paper Sharma and Rai [19] presents the effect of water stress on the dynamics of dry bean soil moisture and ETc and studied the response of dry bean SY to irrigation and ETc by developing irrigation and crop water production functions.



3.3.1. Dry Bean Seed Yield (SY)


Water deficit significantly (p < 0.05) influenced the dry bean SY in all three growing seasons with significant inter-annual variation (Table 4). For all growing seasons, the average SY showed a decreasing trend in response to increasing water deficit. In 2017, SY varied from 264 kg ha−1 (SD = 94 kg ha−1) for 25% FIT to 3630 kg ha−1 (SD = 719 kg ha−1) for FIT, while in 2018 SY varied from 278 kg ha−1 (SD = 65 kg ha−1) for 25% FIT to 3826 kg ha−1 (SD = 257 kg ha−1) for 125% FIT. In the 2019 growing season, SY varied from 1436 kg ha−1 (SD = 61 kg ha−1) for 25% FIT to 3665 kg ha−1 (SD = 109 kg ha−1) for FIT. No significant increase in SY was observed for irrigation beyond FIT in any of the growing seasons. The SY under 75% FIT was significantly lower (p < 0.05) than the SY obtained under FIT in 2018; however, no difference in SY between these two treatments was observed in 2017 and 2019. Several researchers have found dry bean to show a similar decline in SY under water deficit [6,42,43]. Miller & Burke [11] reported a linear increase in dry bean SY for increasing irrigation rates up to 1.0ET and no significant increase beyond this threshold. Al-Kaisi et al. [44] found that the dry bean biomass kept increasing up to the irrigation rate of 1.33ET. However, the irrigation beyond 0.67ETc did not result in a significant increase in SY under drip irrigation in that study.



Moreover, dry bean SY for the same treatment exhibited the inter-annual variation as a function of climate conditions coupled with water deficit magnitude and timing (Table 4). A two-way ANOVA revealed a significant interaction between years and treatments in response to water deficit. The SY for deficit irrigation treatments (25% and 50% FIT) was higher in 2019 compared to 2017 and 2018 growing season. Whereas, there were no significant differences in SY between years for 75% FIT, FIT and 125% FIT. Wetter conditions early in the 2019 growing season up to the reproductive stage allowed a significant increase in SY for 25% FIT and 50% FIT compared to the 2017 and 2018 growing season.



Besides one peculiar result observed was lower SY in 2019 growing season compared to 2018 growing season for higher irrigation rates (FIT and 125% FIT), even though vegetative growth had no major difference. The probable reason for this may be the temperature differences among years. The average Tmax for August in 2019 was 29.3 °C compared to 28.1 °C in 2018, which may have negatively impacted the pod setting and maturation. Masaya & White [45] have shown that temperatures above 28 °C can cause flower drop, a reduction in pollen viability, and abortion of fertilized ovules in common beans. Overall, the climatic condition in 2018 and 2019 had a cooler climate and higher frequency of rain events. The added heat stress of high daily Tmax (number of days with Tmax > 30 °C) in vegetative and flowering growth stages in 2017 resulted in greater negative response in dry bean. Higher temperature reduces photosynthesis and results in excessive flower drop and pollen sterility due to tapetal degeneration in dry bean which further reduces the number of pods and seed per pod and SY [43]. Muñoz-Perea et al. [43] using furrow irrigation with cv. ‘Othello’ at the University of Idaho-Kimberly Research and Extension Center in 2003 and 2004, reported a 24% reduction in SY when irrigation was reduced by 65% in the milder growing season whereas the reduction was 34% when irrigation was reduced by 43% in the hotter growing season.



To further understand the reduction in SY under water-stressed conditions, Deficit Irrigation Stress Index (DISI) was quantified. DISI is defined as a relative reduction in SY compared to the SY under non-stressed conditions [46,47,48]. The 25% FIT treatment experienced severe water deficit and had the highest DISI of 93%, 93%, and 61% in 2017, 2018, and 2019, respectively. Withholding 25% of irrigation water from FIT decreased SY by 37% in 2017, 40% in 2018, and 13% in 2019. Besides, increasing irrigation by 25% above FIT resulted in SY reduction by 8.9% in 2017 and 1.8% in 2019, whereas, no effect was observed in 2018. Yonts et al. [49] have reported dry bean SY reduction of 3%, 23%, and 46% for incremental irrigation deficit of 25%, 50%, and 75%, respectively, in comparison to 100% ET under sprinkler irrigation in Nebraska. These reductions in SY on average are lower than the findings of other studies for similar water-deficit treatments. The probable reasons may be the difference in drought tolerance of the dry bean varieties used, and plant population, and partly due to the difference in weather conditions and soil properties. Boydston et al. [29] reported dry bean SY reduction ranging from 32% to 76% when deficit irrigation was imposed for one month after crop emergence in 2015 and 2016 on the Washington State University research farm near Prosser, WA. Asemanrafat and Honar [27] observed SY reduction of 14%, and 31% when irrigation was reduced by 20%, and 40%, respectively, in comparison to 100% ET, whereas SY increase of 4% was observed when irrigation was increased by 20%, under furrow irrigation. Overall, these results indicated that under normal climatic conditions of the inter-mountain region of Big Horn Basin, reducing irrigation by as little as 25% from the FIT can significantly reduce dry bean SY. The steeper decline in dry bean SY for 25% FIT and 50% FIT in all seasons indicated that dry bean in these plots was more severely stressed compared to 75% FIT during the vegetation growth stages, which resulted in less flowering and reduced pod formation.




3.3.2. Yield Components: Pods Plant−1, Seeds Pod−1, Seed Weight (SW), and Pod Harvest Index (PHI)


The pods plant−1, seed pod−1, SW, and PHI are important SY components and their variations help to determine the difference in dry bean SY between the growing seasons (Table 4). All yield components exhibited similar variations to SY in response to irrigation levels, except PHI. Images were captured after the flowering and pod formation growth stages to infer the visual difference in crop canopy and yield components among different irrigation treatments (Figure 7). ANOVA revealed a significant effect of irrigation amount on pods plant−1, SW and seed pod−1 in 2017, 2018, and 2019 (Table 4). For all the growing seasons, the highest pods plant−1, seed pod−1, and SW were observed in FIT, and lowest was observed for 25% FIT, whereas, 125% FIT did not lead to any significant increase in any yield components in any of the growing seasons. Higher yield component values produced in 2019 may be due to comparatively lower water deficit during the vegetative stage [9]. PHI did not significantly vary with irrigation amount for any of the growing seasons. However, PHI was always highest for the treatment that had the highest SY for the individual growing season (Table 4). Moreover, no significant interaction between treatments and years was observed for any of the studied yield components. Reduction in irrigation by 25%, 50%, and 75% compared to FIT resulted in average reduction (average of three years) in pod plant−1 by 19%, 34%, and 59%; seed pod−1 by 6%, 17%, and 23%; and SW by 6%, 19%, and 28%, respectively. These results are in line with Asemanrafat and Honar [27], that reported that pods plant−1 of red-bean cultivar (cv. Akhtar) grown under furrow irrigation increased from 60% ET up to irrigation gradient of 100% ET, while there was no significant difference in pod plant−1 when irrigation rate increased from 100% ET to 120% ET. In another study, Saleh et al. [50] found that pods plant−1 (within a green bean market class) increased from 60% ET to 80% ET and declined for 100% ET in an environmentally-controlled greenhouse experiment. Boydston et al. [29] observed significantly higher SW and PHI under full irrigation (100% ET) than deficit irrigation (52% ET) for the eight pinto bean cultivars tested under sprinkler irrigation.





3.4. Relationship between Dry Bean Seed Yield (SY) and Yield Components


Dry bean SY (kg ha−1) is a function of pods plant−1, seeds pod−1, and SW. To understand the dynamics of dry bean SY variation among different irrigation treatments, relationships were developed between SY and yield components (pods plant−1, seeds pod−1, and SW) (Figure 8). A significant (p < 0.05) positive linear relationship exists between SY and pods plant−1, seeds pod−1, and SW. An increase in yield components increases SY. However, the slopes of the relationships were different for different yield components. For example, a respective unit increase in pods plant−1, seeds pod−1 and SW increased the dry bean SY by 263 kg ha−1, 1390 kg ha−1, and 242 kg ha−1. In general, pods plant−1 and SW were better related to SY and explained 71% and 82% variation in SY. Overall, our research indicated that the SY was affected more by the number of pods plant−1 than by seeds pod−1. The relationship developed in this study confirms the results reported by Nuñez Barrios et al. [4], who found a similar reduction in seeds pod−1, pods plant−1, and individual seed weight in response to water stress. They concluded that drought stress can result in SY losses of up to 60% in common beans and they attributed this to a 63.3% reduction pods plant−1, 28.9% in seeds pod−1 and 22.3% in seed weight. A similar observation was made by Loss and Siddique [7], who reported a significant correlation between faba bean yield with the number of pods plant−1, explaining 79% and 55% variation in yield in 1993 and 1994 in the Mediterranean-type environment. Pandey et al. [46] also reported all three yield components, pods plant−1, seeds pod−1, and seed weight to be important, and a similar decrease in the magnitude of yield components in response to water stress. Overall, dry bean SY is reduced in response to drought due to a reduction in yield components.




3.5. Relationship between Dry Bean Growth Traits and Seed Yield (SY) and Yield Components


As evident from the discussions in the previous sections, it is clear that irrigation amount affects dry bean growth and development as well as SY and yield components. The present hypothesis is that the irrigation amount directly influences the growth of dry beans and indirectly the SY. To test this hypothesis, relationships were developed between maximum values of growth traits (LAI, NDVI, and h) and SY and yield components to understand and assess the role of growth parameters on SY and yield components. Relationships for SPAD-Chlorophyll and Pod harvest index (PHI) are not shown as these parameters did not significantly vary with irrigation levels. These relationships are shown in Figure 9 and the respective functions with the coefficient of determination (R2) values are presented in Table 5.



All the growth parameters had significant positive correlations with SY and yield components (Figure 9), with an increase in vegetative growth leading to an increase in SY. The relationship between SY and h and LAI was described by the linear function, while exponential relationships were observed between SY and NDVI, respectively. In general, the correlation between growth parameters and SY were slightly larger in magnitude and similar in sign to their corresponding relationship with yield components. Pooled data from three years indicated that maximum LAI explained approximately 74%, 62%, 42%, 65% of the variation in SY, pods plant−1, seeds plant−1, and SW, respectively. NDVI was better related to the SY and yield components and R2 varied from 0.54 for seeds pod−1 to 0.86 for SY. Similar observations were made by Mathobo et al. [51], who reported that drought stress in dry bean results in reduced carbon dioxide concentration in leaves, stomatal conductance, transpiration, and photosynthetic rate, which in turn resulted in a decrease in vegetative growth and SY. A review of several studies showed that water stress in crops results in reduced leaf growth and rate of leaf emergence within days, and if continued for weeks leads to reduced leaf size and lateral shoots, and ultimately the SY [52]. The results from our research indicated that water deficit influences dry bean growth, which results in a parallel response in SY and yield components and that the high yielding ability of dry bean is associated with growth traits. Selection for these traits might result in a correlated response for increased yield. However, it is important to note that these relationships indicated that growth traits and yield components are not independent and the increased level of expression of one growth trait may result in a change in others.





4. Conclusions


The objectives of this research were to quantify the effect of irrigation treatments on dry bean growth, SY, and yield components and to develop empirical models between dry bean growth indices and environmental conditions, SY, and yield components in response to water deficit in the arid to semi-arid climate. The models developed in this study are among the first investigated models developed using the measured data for dry beans. The results of this research showed that both dry bean growth and SY were strongly affected by water deficit. However, the degree to which the vegetative growth and SY were reduced was dependent on the weather conditions. Water deficit at the beginning of the vegetative growth dramatically reduced dry bean h, LAI, and NDVI and shortened the number of days to reach the maximum h, LAI, and NDVI. The growth models presented in this research for different irrigation treatments can act as useful tools to assess in-season crop growth and detection of stress. It was observed that an irrigation amount in the range of 250–270 mm promotes optimum growth (highest LAI, NDVI, and h) and result in high SY. Irrigation beyond that range does not lead to a significant increase in plant growth and SY. Reduction in 25% of irrigation from FIT resulted in an average reduction of 30% in dry bean SY. Much higher SY losses of 40–93% should be expected as a result of severe water deficit. Inter-relationship among different growth parameters presented in this study would allow for easy parameter conversions, assessing plant growth without destructive sampling, help build more accurate whole-plant growth models with fewer required parameters, and improve simulations at a regional scale using remote sensing technology.



An indirect objective of this research is to identify the yield components and growth traits that might prove useful as selection criteria for improvement in dry bean SY. Inter-relationship between dry bean SY and yield components indicated that pods plant−1 and SW were better related to SY and explained 71% and 82% variation. Moreover, the relationship presented between growth parameters and SY and yield components indicated that LAI and NDVI both are good predictors of dry bean SY. Both pods plant−1 and seeds pod−1 were better correlated with NDVI than LAI and h. As the plant growth traits can be more easily estimated compared to other yield components, these relationships might be useful in dry bean breeding programs and help in predicting and estimating crop yield in-season and allow for corrective management decisions.
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Figure 1. Daily (a) Average Temperature (Tavg, °C), (b) Average Relative Humidity (RHavg, %), (c) Daily incident shortwave radiation (Rs, MJ m−2 d−1), (d) Precipitation (mm) from planting date to harvest for 2017, 2018, and 2019 growing season. 
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Figure 2. Daily and cumulative Growing Degree Days (GDD, °C) for 2017, 2018, and 2019 dry bean growing season at Powell Research and Extension Center. 
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Figure 3. Seasonal progression of dry bean (a–c) plant height (h), (d–f) Leaf area index (LAI), and (g–i) Normalized Difference Vegetation Index (NDVI) in response to irrigation levels as a function of Growing Degree Days (GDD) for 2017, 2018, and 2019 crop growing season at Powell Research and Extension Center (PREC), Powell. Each value is a mean of three replications. 
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Figure 4. Average SPAD-Chlorophyll under different irrigation levels for dry bean for 2017, 2018, and 2019 growing season. Each value is a mean of three replications under each treatment. Means followed by the same letters are not significantly different at p < 0.05. 
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Figure 5. Effect of seasonal irrigation (I) on maximum growth indices value attained (a) LAI, (b) NDVI, and (c) Plant Height (h). Each data point is an average of three values. 
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Figure 6. Inter-relationships between various growth indices (a) LAI and h, (b) NDVI and h, (c) LAI and NDVI. All points shown are the measured data from experiment fields for the dry bean for all the growing seasons irrespective of treatments. 
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Figure 7. The visual difference in dry bean growth and yield components among different irrigation treatments. The images were captured for 2018. 
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Figure 8. Relationships between (a) Seed yield (SY; kg ha−1) and Pods plant−1, (b) Seed yield (SY; kg ha−1) and seeds pod−1, (c) (SY; kg ha−1) and 100-seed weight (SW). Data was pooled irrespective of treatments and growing season. 
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Figure 9. Correlation between dry bean seed yield (SY; kg ha−1), pods plant−1, seeds pod−1 and 100-seed weight (SW; g) with growth parameters (a,d,g,j) Leaf Area Index (LAI); (b,e,h,k) Normalized Difference Vegetation Index (NDVI); (c,f,i,l) plant height (h) at Powell, Wyoming. Data was pooled irrespective of treatments and growing season. 
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Table 1. Total amount and timing of irrigation under each irrigation treatment for 2017, 2018, 2019 growing season.
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2017

	
2018

	
2019




	
Date

	
125% FIT

	
FIT

	
75% FIT

	
50% FIT

	
25% FIT

	
Date

	
125% FIT

	
FIT

	
75% FIT

	
50% FIT

	
25% FIT

	
Date

	
125% FIT

	
FIT

	
75% FIT

	
50% FIT

	
25% FIT






	
6/7

	
12.7

	
12.7

	
12.7

	
12.7

	
12.7

	
6/7

	
12.7

	
12.7

	
12.7

	
12.7

	
12.7

	
6/8

	
12.7

	
12.7

	
12.7

	
12.7

	
12.7




	
6/17

	
19.1

	
19.1

	
19.1

	
19.1

	
19.1

	
6/12

	
12.7

	
12.7

	
12.7

	
12.7

	
12.7

	
6/12

	
12.7

	
12.7

	
12.7

	
12.7

	
12.7




	
6/21

	
19.1

	
14.3

	
10.7

	
3.6

	
7.1

	
6/28

	
19.05

	
12.7

	
9.53

	
6.35

	
3.18

	
6/24

	
23.81

	
19.05

	
14.29

	
9.53

	
4.76




	
6/30

	
25.4

	
19.1

	
14.3

	
4.8

	
9.5

	
7/4

	
25.4

	
19.05

	
14.29

	
9.53

	
4.76

	
7/3

	
25.40

	
25.4

	
19.05

	
12.70

	
6.35




	
7/3

	
25.4

	
19.1

	
14.3

	
4.8

	
9.5

	
7/9

	
25.4

	
19.05

	
14.29

	
9.53

	
4.76

	
7/8

	
31.75

	
25.4

	
19.05

	
12.70

	
6.35




	
7/12

	
31.8

	
23.8

	
17.9

	
6.0

	
11.9

	
7/19

	
25.4

	
19.05

	
14.29

	
9.53

	
4.76

	
7/23

	
31.75

	
25.4

	
19.05

	
12.70

	
6.35




	
7/15

	
31.8

	
23.8

	
17.9

	
6.0

	
11.9

	
7/20

	
25.4

	
19.05

	
14.29

	
9.53

	
4.76

	
7/26

	
31.75

	
25.4

	
19.05

	
12.70

	
6.35




	
7/20

	
31.8

	
23.8

	
17.9

	
6.0

	
11.9

	
7/26

	
31.75

	
25.4

	
19.05

	
12.7

	
6.35

	
7/31

	
19.07

	
12.7

	
9.53

	
6.35

	
3.18




	
7/25

	
31.8

	
23.8

	
17.9

	
6.0

	
11.9

	
7/31

	
31.75

	
25.4

	
19.05

	
12.7

	
6.35

	
8/5

	
25.40

	
19.05

	
14.29

	
9.53

	
4.76




	
8/1

	
31.8

	
23.8

	
17.9

	
6.0

	
11.9

	
8/7

	
31.75

	
25.4

	
19.05

	
12.7

	
6.35

	
8/8

	
31.75

	
25.4

	
19.05

	
12.70

	
6.35




	
8/4

	
31.8

	
23.8

	
17.9

	
6.0

	
11.9

	
8/12

	
31.75

	
25.4

	
19.05

	
12.7

	
6.35

	
8/18

	
25.40

	
19.05

	
14.29

	
9.53

	
4.76




	
8/10

	
31.8

	
23.8

	
17.9

	
6.0

	
11.9

	
8/17

	
31.75

	
25.4

	
19.05

	
12.7

	
6.35

	
8/22

	
25.40

	
19.05

	
14.29

	
9.53

	
4.76




	
8/18

	
25.4

	
19.1

	
14.3

	
4.8

	
9.5

	
8/22

	
25.4

	
19.05

	
14.29

	
9.53

	
4.76

	

	

	

	

	

	




	
8/22

	
25.4

	
19.1

	
14.3

	
4.8

	
9.5

	

	

	

	

	

	

	

	

	

	

	

	




	
Total

	
375

	
289

	
225

	
96

	
160

	

	
330

	
260

	
202

	
143

	
84

	

	
297

	
241

	
187

	
133

	
79
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Table 2. Effect of irrigation treatments on maximum leaf area index (LAI), normalized difference vegetation index (NDVI), plant height (h), and SPAD-Chlorophyll achieved for 2017, 2018, and 2019 growing season at Powell, Wyoming.






Table 2. Effect of irrigation treatments on maximum leaf area index (LAI), normalized difference vegetation index (NDVI), plant height (h), and SPAD-Chlorophyll achieved for 2017, 2018, and 2019 growing season at Powell, Wyoming.





	

	
2017

	
2018

	
2019




	
Treatments

	
LAI

	
NDVI

	
h (m)

	
SPAD

	
LAI

	
NDVI

	
h (m)

	
SPAD

	
LAI

	
NDVI

	
h (m)

	
SPAD






	
25% FIT

	
2.69 a

	
0.39 a

	
0.26 a

	
51.02 a

	
2.92 a

	
0.35 a

	
0.34 a

	
51.79 a

	
3.90 a

	
0.73 a

	
0.48 a

	
48.1 a




	
(±0.25)

	
(±0.04)

	
(±0.04)

	
(±0.57)

	
(±0.16)

	
(±0.06)

	
(±0.07)

	
(±3.52)

	
(±0.33)

	
(±0.02)

	
(±0.02)

	
(±0.8)




	
50% FIT

	
3.67 b

	
0.61 b

	
0.37 a,b

	
51.51 a

	
3.04 a

	
0.60 b

	
0.37 a

	
51.90 a

	
4.06 a

	
0.75 a

	
0.50 a

	
48.0 a




	
(±0.28)

	
(±0.09)

	
(±0.03)

	
(±0.33)

	
(±0.30)

	
(±0.07)

	
(±0.04)

	
(±1.86)

	
(±0.7)

	
(±0.03)

	
(±0.06)

	
(±0.55)




	
75% FIT

	
3.75 b,c

	
0.67 b

	
0.38 a,b

	
51.58 a

	
4.30 b

	
0.74 c

	
0.51 b

	
51.54 a

	
4.35 a

	
0.75 a

	
0.51 a

	
47.8 a




	
(±0.19)

	
(±0.07)

	
(±0.04)

	
(±1.55)

	
(±0.33)

	
(±0.04)

	
(±0.05)

	
(±0.26)

	
(±0.3)

	
(±0.003)

	
(±0.01)

	
(±0.7)




	
FIT

	
4.57 d

	
0.73 b

	
0.47 c

	
51.55 a

	
4.56 b,c

	
0.79 c

	
0.57 b

	
50.58 a

	
4.41 a

	
0.74 a

	
0.51 a

	
47.5 a




	
(±0.31)

	
(±0.03)

	
(±0.11)

	
(±0.67)

	
(±0.20)

	
(±0.01)

	
(±0.00)

	
(±0.09)

	
(±0.30)

	
(±0.03)

	
(±0.004)

	
(±0.15)




	
125% FIT

	
4.44 c,d

	
0.74 b

	
0.47 c

	
51.26 a

	
5.14 c

	
0.80 c

	
0.58 b

	
50.44 a

	
4.62 a

	
0.77 a

	
0.53 a

	
47.5 a




	
(±0.33)

	
(±0.03)

	
(±0.08)

	
(±0.83)

	
(±0.31)

	
(±0.01)

	
(±0.02)

	
(±0.37)

	
(±0.53)

	
(±0.02)

	
(±0.05)

	
(±1.1)




	
Years X Treatments Interaction

	
*

	
*

	
*

	
NS

	

	

	

	

	

	

	

	








Within columns, means followed by the same letters are not significantly different at p < 0.05. Values followed by ‘±’ denote standard deviation (SD). NS stands for non-significant. * stands for significant.
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Table 3. Leaf area index (LAI, m2 m−2), normalized difference vegetative index (NDVI), plant height (h, m) growth models based on growing degree days (GDD), and days after planting (DAP) with pooled data from the 2017, 2018, and 2019 growing season.
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GDD based (x = GDD °C)

	
DAP based (x = DAP)




	
Treatments

	
Equations

	
R2

	
Equations

	
R2






	
Normalized difference vegetative index (NDVI)




	
25% FIT

	
y = 4 × 10−12x4 – 1 × 10−8x3 + 1 × 10−5x2 − 0.0057x + 1.0185

	
0.36

	
y = 2 × 10−7x4 – 5 × 10−5x3 + 0.0042x2 − 0.1237x + 1.4368

	
0.41




	
50% FIT

	
y = 4 × 10−12x4 – 1 × 10−8x3 + 2 × 10−5x2 − 0.0064x + 1.0541

	
0.61

	
y = 3 × 10−7x4 – 7 × 10−5x3 + 0.0051x2 − 0.1426x + 1.5432

	
0.69




	
75% FIT

	
y = 2 × 10−12x4 – 7 × 10−9x3 + 9 × 10−6x2 − 0.0032x + 0.5965

	
0.70

	
y = 2 × 10−7x4 – 4 × 10−5x3 + 0.0034x2 − 0.0949x + 1.0537

	
0.77




	
FIT

	
y = 2 × 10−12x4 – 9 × 10−9x3 + 1 × 10−5x2 − 0.0034x + 0.5623

	
0.79

	
y = 2 × 10−7x4 – 4 × 10−5x3 + 0.0035x2 − 0.0889x + 0.9026

	
0.84




	
125% FIT

	
y = 6 × 10−13x4 – 4 × 10−9x3 + 5 × 10−6x2 − 0.0014x + 0.2964

	
0.85

	
y = 7 × 10−8x4 – 2 × 10−5x3 + 0.0018x2 − 0.0387x + 0.3915

	
0.89




	
Leaf area index (LAI)




	
25% FIT

	
y = −9 × 10−12x4 + 3 × 10−8x3 − 4 × 10−5x2 + 0.0267x − 3.8134

	
0.62

	
y = −6 × 10−7x4 + 0.0001x3 − 0.0133x2 + 0.5692x − 6.6388

	
0.63




	
50% FIT

	
y = −3 × 10−11x4 + 8 × 10−8x3 − 9 × 10−5x2 + 0.0468x − 7.0413

	
0.87

	
y = −2 × 10−6x4 + 0.0004x3 − 0.0307x2 + 1.15x − 13.708

	
0.92




	
75% FIT

	
y = −1 × 10−11x4 + 3 × 10−8x3 − 4 × 10−5x2 + 0.0231x − 3.2712

	
0.92

	
y = −1 × 10−6x4 + 0.0003x3 − 0.0209x2 + 0.836x − 10.197

	
0.94




	
FIT

	
y = −1 × 10−11x4 + 3 × 10−8x3 − 3 × 10−5x2 + 0.0198x − 2.9948

	
0.94

	
y = −1 × 10−6x4 + 0.0002x3 − 0.0165x2 + 0.7127x − 9.2136

	
0.96




	
125% FIT

	
y = −6 × 10−12x4 + 6 × 10−9x3 − 8 × 10−7x2 + 0.0059x − 0.5561

	
0.93

	
y = −8 × 10−7x4 + 0.0001x3 − 0.0100x2 + 0.454x − 5.7071

	
0.93




	
Plant Height (m)




	
25% FIT

	
y = −6 × 10−7x2 + 0.0010x − 0.122

	
0.43

	
y = −0.0001x2 + 0.0178x − 0.2117

	
0.48




	
50% FIT

	
y = −6 × 10−7x2 + 0.0011x − 0.1605

	
0.65

	
y = −0.0001x2 + 0.0197x − 0.2624

	
0.72




	
75% FIT

	
y = −7 × 10−7x2 + 0.0013x − 0.194

	
0.70

	
y = −0.0002x2 + 0.0221x − 0.3039

	
0.76




	
FIT

	
y = −7 × 10−7x2 + 0.0014x − 0.2577

	
0.82

	
y = −0.0002x2 + 0.0245x − 0.3772

	
0.86




	
125% FIT

	
y = −7 × 10−7x2 + 0.0014x − 0.2425

	
0.80

	
y = −0.0002x2 + 0.0247x − 0.3687

	
0.86
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Table 4. Effect of irrigation treatments on dry bean seed yield (SY), pods plant−1, seeds pod−1, SW, and pod harvest index (PHI) for 2017, 2018, and 2019 growing season at Powell, Wyoming.
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2017

	
2018

	
2019




	
Treatments

	
SY

	
Pods Plant−1

	
Seeds Pod−1

	
SW (g)

	
PHI (%)

	
SY

	
Pods Plant−1

	
Seeds Pod−1

	
SW (g)

	
PHI (%)

	
SY

	
Pods Plant−1

	
Seeds Pod−1

	
SW (g)

	
PHI (%)




	
(kg ha−1)

	
(kg ha−1)

	
(kg ha−1)






	
25% FIT

	
264 a

	
7 a

	
2.1 a

	
25 a

	
72 a

	
278 a

	
4 a

	
2.9 a

	
28 a

	
77 a

	
1436 a

	
10 a

	
3.4 a

	
30 a

	
69 a




	
(±94)

	
(±1.8)

	
(±0.2)

	
(±2.8)

	
(±0.8)

	
(±65)

	
(±0.4)

	
(±0.3)

	
(±1.8)

	
(±1.4)

	
(±61)

	
(±0.3)

	
(±0.2)

	
(±0.2)

	
(±12.5)




	
50% FIT

	
1086 a,b

	
13 b

	
2.6 a,b

	
27 a

	
72 a

	
1095 b

	
9 a,b

	
2.5 a,b

	
33 b

	
75 a

	
2524 b

	
12 a,b

	
3.9 a,b

	
33 a,b

	
77 a




	
(±36)

	
(±0.5)

	
(±0.4)

	
(±0.8)

	
(±1.7)

	
(±35)

	
(±3)

	
(±0.3)

	
(±0.6)

	
(±2.5)

	
(±46)

	
(±1.0)

	
(±0.4)

	
(±0.3)

	
(±1.6)




	
75% FIT

	
2304 b,c

	
14 b

	
2.9 a,b

	
34 c

	
74 a

	
2311 c

	
13 b,c

	
3.3 a,b,c

	
37 c

	
77 a

	
3192 b,c

	
14 a,b,c

	
4 b

	
37 b,c

	
79 a




	
(±608)

	
(±3)

	
(±0.3)

	
(±3)

	
(±2)

	
(±513)

	
(±4.5)

	
(±0.1)

	
(±0.8)

	
(±0.6)

	
(±407)

	
(±1.0)

	
(±0.1)

	
(±2.1)

	
(±2.0)




	
FIT

	
3630 c

	
17 b

	
3.0 b

	
37 c

	
75 a

	
3822 d

	
17 c

	
3.6 b,c

	
40 c,d

	
77 a

	
3665 c

	
17 c

	
4.3 b

	
38 c

	
82 a




	
(±719)

	
(±1.1)

	
(±0.2)

	
(±1.6)

	
(±2.8)

	
(±257)

	
(±1.4)

	
(±0.3)

	
(±0.4)

	
(±1.2)

	
(±109)

	
(±1.3)

	
(±0.1)

	
(±1.8)

	
(±1.8)




	
125% FIT

	
3306 c

	
17 b

	
2.9 b

	
36 c

	
75 a

	
3826 d

	
16 b,c

	
3.8 c

	
40 d

	
78 a

	
3599 c

	
16 b,c

	
4 a,b

	
38 c

	
80 a




	
(±1096)

	
(±2)

	
(±0.4)

	
(±2.3)

	
(±3.5)

	
(±289)

	
(±2)

	
(±0.4)

	
(±0.3)

	
(±0.8)

	
(±362)

	
(±3.5)

	
(±0.5)

	
(±2.0)

	
(±0.7)




	
Year X Treatments Interaction

	
*

	
NS

	
NS

	
NS

	
NS

	

	

	

	

	

	

	

	

	

	








Within columns, means followed by the same letters are not significantly different at p < 0.05. Values followed by ‘±’ denote standard deviation (SD). NS stands for non-significant. * stands for significant.
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Table 5. Relationships between dry bean seed yield (SY) and yield components with growth indices. Each model was developed by pooling the data from 2017, 2018, and 2019 growing season.






Table 5. Relationships between dry bean seed yield (SY) and yield components with growth indices. Each model was developed by pooling the data from 2017, 2018, and 2019 growing season.





	
Dependent Variable (y)

	
Independent Variable (x)

	
Function

	
Pooled Model

	
R2






	
SY

	
LAI

	
Linear

	
y = 1569x − 3911

	
0.74




	
NDVI

	
Exponential

	
y = 31.593e6.0001x

	
0.86




	
h

	
Linear

	
y = 9877.5x − 2124.1

	
0.58




	
Pod Plant−1

	
LAI

	
Linear

	
y = 4.5297x − 5.3845

	
0.62




	
NDVI

	
Exponential

	
y = 2.2688e2.4496x

	
0.64




	
h

	
Linear

	
y = 27.129x + 0.3639

	
0.42




	
Seeds Pod−1

	
LAI

	
Linear

	
y = 0.5762x + 0.9539

	
0.42




	
NDVI

	
Exponential

	
y = 1.5779e1.0454x

	
0.47




	
h

	
Linear

	
y = 4.6553x + 1.1307

	
0.52




	
SW

	
LAI

	
Linear

	
y = 5.2942x + 12.875

	
0.65




	
NDVI

	
Exponential

	
y = 19.028e0.8485x

	
0.60




	
h

	
Linear

	
y = 33.892x + 18.588

	
0.51












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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