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Abstract

:

This work aimed to (i) determine the reliability of a portable Bluetooth colourimeter for fruit colour measurements; (ii) characterise the changes in quantitative skin colour attributes in a nectarine cultivar in response to time from harvest; and (iii) determine the influence of row orientation and training system on nectarine skin colour. The skin colour attributes measured with the colourimeter, namely L*, a* and b*, were calibrated and validated against a reference spectrophotometer. C* and h° were obtained from a* and b*. Skin colour was measured in situ from 42 days before to 6 days after harvest on ‘Majestic Pearl’ nectarines subjected to different row orientations and training systems. Validation models showed high reliability of colour estimations. The trends of colour attributes over time were characterised by cubic regression models, with h° proving to be the best parameter to describe changes of colour over time, with a clear link to the maturation process. No significant effects of row orientation and training system on skin colour were observed at harvest. Overall, the device proved reliable for fruit colour detection. Results of this study highlight the potential of h° as a quantitative index to monitor ripening prior to harvest in ‘Majestic Pearl’ nectarines.
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1. Introduction


Fruit quality represents an important driver for future increases in value for exported Australian stone fruit. Stone fruit quality is not well defined, and it is strongly affected by the preferences of consumers, who generally demand red fruit with high sugar content. Fruit colour is one of the quality parameters that tends to be stable among different markets. Consumers prefer red nectarines and peaches, and apricots with red blush, as they are commonly associated with flavour and sweetness, and they suit celebrations of events such as Christmas or the Chinese New Year. The main skin components responsible for red colour formation in nectarines and peaches are anthocyanin pigments [1]. Growers need to guarantee consistent and optimal fruit colouration by applying best orchard and post-harvest practices. The most common orchard practices adopted to maximise fruit red colouration are the use of modern cultivars, summer and winter pruning to reduce tree vigour, crop load management, defoliation and the use of reflective mulch cloths to maximise fruit light interception, with the latter being less adopted in stone fruit compared to pome fruit. Water deficit has little to no direct influence on pigment formation in stone fruit but can reduce vegetative growth that, in turn, leads to increased red colouration [2,3]. Skin colour degradation may also be caused by storage disorders such as inking [4] or physical damage such as bruises. Traditionally the skin background colour—the colour of the part of the fruit surface that is not covered by the red blush [5]—proved to be a sensitive maturity indicator in peach [6]. However, in modern plum, peach and nectarine cultivars with uniform skin colour, background colour is often not distinguished from the overcolour, making it difficult to be used as a maturity index. Instead, Australian stone fruit growers prefer to use destructive measurements of soluble solids concentration and/or flesh firmness as the main parameters to assess maturity in situ.



Stone fruit growers typically track fruit colour development by visual assessments in the orchards and during the post-harvest supply chain. The adoption of objective measurements of colour using RGB cameras or spectrometers is less common. Handheld colourimeters such as the CM-2600d spectrophotometer (Konica Minolta, Tokyo, Japan) have been used to determine fruit colour development prior to harvest, but despite their high precision, they are not widely used due to the difficulty associated with extracting and interpreting the data, and to their relatively high cost. Therefore, visual judgement based on previous knowledge and growers’ experience remains the most important tool to assess in situ fruit skin colour. In addition, growers working with modern peach and nectarine cultivars (i.e., fully coloured fruit) are less interested in measuring fruit colour as it does not represent a very accurate indicator of fruit quality.



In colour-measuring devices, reflectance spectra of the measured specimen are often used to determine colour in the CIELAB colour space [7]. This three-dimensional space is characterised by quantitative colour attributes—namely L* (i.e., a lightness coefficient), a* [i.e., a scale of redness to greenness ranging from −60 (green) to +60 (red)] and b* [i.e., a scale of yellowness to blueness ranging from −60 (blue) to +60 (yellow)] [8]. Hue angle (h°) and chroma (C*) are two further colour indices that can be calculated from L*, a* and b* [9]. The h° is calculated as the arc tangent of b*/a* and represents a 360° wheel where 0° (or 360°) is true red, 90° is true yellow, 180° is true green and 270° is true blue; C* represents colour vividness on a scale from 0 (diluted with white or darkened with black) to +60 (no colour dilution) and is calculated as the square root of a*2 + b*2 [10]. A three-dimensional colour space framework and the relative L*, a*, b*, C* and h° scales are summarised in Figure 1.



Byrne et al. [11], Luchsinger and Walsh [12] and Nunes [5] observed that the value of a* of the skin background colour is related to maturity in Prunus persica L. Batsch (i.e., nectarine and peach). Robertson et al. [13] and Ferrer et al. [14] highlighted relationships between skin h° and maturity in ‘Cresthaven’ and ‘Calanda’ peach cultivars, respectively. Both a* and h° are likely to be good indicators of maturity, with the latter being, in theory, the ideal parameter in fruit that possess a yellow intermediate step in the shift between green (immature) to orange-red (mature) or in fruit that simply go from green to yellow during ripening. Flesh a* and h° were strongly correlated with maturity in yellow peach cultivars [15]. In peaches and nectarines, fruit skin colour is influenced by environmental factors such as light [16,17,18] and irrigation [3,19]. Maturity assessment solely based on skin colour may be misleading, as stone fruit ripening is reflected in soluble solids concentration, flesh firmness, ethylene emission, titratable acidity and other parameters [6].



After harvest, RGB cameras and spectrometers can be the core technology of colourimeters used in laboratories or as part of modern fruit sorting systems in packhouses that grade fruit into different classes based on quality characteristics. Recently, the use of ground-based mobile platforms to acquire tree-scale imagery to estimate tree size, flower cluster number and crop load has become popular in the apple and almond industry. This new technology offers the opportunity to measure fruit colour in situ. Overall, there is an increasing demand for cost-effective, user-friendly Ag-tech devices that can precisely assess fruit colour both in situ and post-harvest and that can be easily interfaced with smartphones for rapid data storage and display.



This work aimed at (i) determining the reliability of a portable Bluetooth colourimeter to rapidly measure skin colour by comparing results with a reference spectrophotometer over a range of colour cards and stone fruits, (ii) characterising the changes in skin colour attributes of a nectarine cultivar over time prior to harvest, and (iii) determining the influence of row orientation and training systems on nectarine skin colour.




2. Materials and Methods


2.1. Determination of the Reliability of a Portable Colourimeter


2.1.1. Instrument Description


A portable Bluetooth colourimeter prototype (Rubens Technologies Pty Ltd., Rowville, VIC, Australia, Figure 2) was tested for the measurement of L*, a* and b*, C* and h°. The colourimeter featured separate red, green and blue (RGB) light intensity sensors as well as a total luminance sensor, all equipped with an IR light blocking filter. The light source was a white LED controlled via integrated logic. The colourimeter was connected to a smartphone via Bluetooth and logged data on the smartphone memory through a data logger app (“IDT data logger”) available for iOS devices. The app is available in the iOS App Store (Instruments & Data Tools Pty Ltd., Rowville, VIC, Australia) [20]. RGB data were converted into CIELAB (i.e., L*, a* and b*) and CIELCH (i.e., L*, C* and h°) using a Python code [21]. The app allowed the collection of as many measurements per fruit as desired and safely stored data in the smartphone’s internal memory prior to data sharing. Data was then exported in a csv (comma-separated value) file format. In addition, the smartphone application was designed to read the labelling of near field communication (NFC) tags, which were coded with specific reference identifiers for scanned specimens (e.g., tree, fruit, treatment, replicate).




2.1.2. Calibration of Colour Attributes


The colourimeter was calibrated on 115 RAL K7 colour cards (calibration set) against a reference spectrophotometer (CM-2600d, Konica Minolta, Tokyo, Japan). One measurement per card was collected with each device. The calibration of the colourimeter’s L*, a* and b* against the reference spectrophotometer was carried out to transform the native RGB values into CieLAB colour space, and to correct the non-linearity of the colourimeter. The values of C* and h° were calculated from a* and b* as specified in the introduction.




2.1.3. Validation of Colour Predictions


The reliability of the colourimeter was assessed using a validation dataset composed by 160 scans on different reference surfaces, as detailed below:




	
A calibration greyscale set (QPcard 102) with four greyscale colours: dark grey (L* = 25, a* = 0 and b* = 0), medium grey (L* = 48, a* = 0 and b* = 0), light grey (L* = 80, a* = 0 and b* = 0) and white (L* = 95, a* = 0 and b* = 0). Five measurements were taken on each greyscale colour (n = 20).



	
20 ‘Angeleno’ plums (Prunus salicina L.).



	
20 ‘Golden May’ apricots (P. armeniaca L.).



	
20 ‘Snow Flame’ white peaches (P. persica L. Batsch).



	
20 ‘September Sun’ yellow peaches (P. persica L. Batsch).



	
20 ‘Rose Bright’ yellow nectarines (P. persica L. Batsch).



	
20 ‘Autumn Bright’ yellow nectarines (P. persica L. Batsch).



	
20 ‘Majestic Pearl’ white nectarines (P. persica L. Batsch).








Fruit of each cultivar had a good colour variability. Measurements were taken in a single spot that was marked with a circular area using a permanent marker. The same area was then scanned with the reference CM-2600d spectrophotometer.





2.2. The Effects of Time, Row Orientation and Training System on Nectarine Skin Colour


2.2.1. Study Site and Experimental Design


The study was conducted during season 2020/21 in the sundial orchard experiment at the Tatura SmartFarm (36°26′7″ S and 145°16′8″ E, 113 m a.s.l.) in the Goulburn Valley, Victoria, Australia. The sundial orchard is a circular orchard of approximately 1.3 ha and hosts the nectarine cultivar ‘Majestic Pearl’ and the apple cultivar ‘ANABP 01’ (marketed as Bravo™). Both the nectarine and apple cultivars were planted in a semicircle of the orchard in four different row orientations: E–W, NW–SE, N–S and NE–SW. Each row orientation had 5 parallel rows of trees at 3.5 m between rows and 1 m between trees. Rows were 36 m in length. ‘Majestic Pearl’ trees were at their 3rd leaf stage and were trained to: (i) vertical trellis (VT), (ii) Tatura trellis (TT), (iii) cantilever trellis 1 (CT1, i.e., trellis and posts leaning 30° to the left-hand side when moving from the centre towards the perimeter of the Sundial orchard), and (iv) cantilever trellis 2 (CT2, i.e., trellis and posts leaning 30° to the right-hand side when moving from the centre towards the perimeter of the Sundial orchard). Each training system was replicated four times across the four-row orientations, which acted as four complete blocks of a randomised complete block design. The four training systems were randomly assigned to the four experimental units within each row orientation block. The experimental units were plots, each plot comprising 45 trees across five rows—with three fruits from each of the central three trees in the central row used as measurement units. The central three trees in each plot remained the same, whereas fruit selected for measurements were selected randomly at each measurement time. A detailed description of the Sundial orchard can be found in the Victorian Horticulture Industry Networks website [22].



‘Majestic Pearl’ fruit was harvested on 19 January 2021. This cultivar is highly relevant for stone fruit growers as its fruit has uniform red colouration and is typically harvested before the Chinese New Year, making it an ideal export candidate for Asian markets.




2.2.2. Colour Measurements


The colourimeter was used to estimate L*, a*, b*, C* and h° on ‘Majestic Pearl’ fruit skin. The different row orientations and training systems in the sundial orchard experimental setup led to diverse light exposure regimes that might have potentially affected skin colour formation.



In situ colour measurements were collected on a random cheek of the fruit (i.e., not selecting a specific visual characteristic such as colour intensity or overcolour/background colour) on 9 fruit per plot. Measurements were carried out at six measurement times: 42, 35, 21 and 14 days before harvest, once at harvest and once at 6 days after harvest (on trees left unharvested to determine if colour underwent significant changes after harvest). Commercial harvest time was defined using a combination of historical data, growers’ practices, flesh firmness, soluble solids and index of absorbance difference. At each measurement session, colour measurements were collected on fruit at a height between 1.2 and 1.8 m from the ground. Nine fruits were measured for each of the 16 row orientation × training system combinations. Overall, a total of 144 fruits (i.e., 9 fruit × 4-row orientations × 4 training systems) were measured at each measurement date.





2.3. Data Analysis


Exploratory data analysis was conducted to identify patterns and any outliers in the calibration datasets. The calibration models of colourimeter’s L*, a* and b* against the reference CM-2600d spectrophotometer’s L*, a* and b* were obtained with regression analysis. The calibration models were applied to the colourimeter output and the prediction of L*, a* and b* in the validation dataset was compared to the observed L*, a*, b* obtained with the reference CM-2600d spectrophotometer. Lin’s concordance correlation coefficient (rc) [23] was used to determine the degree of agreement (in terms of both precision and accuracy) between colourimeter’s L*, a* and b* and the CM-2600d spectrophotometer’s L*, a* and b* after validation. The root mean square error (RMSE) was used to report the uncertainty in estimates from the colourimeter.



Plot means for L*, a*, b*, C* and h° were subjected to repeated measures analysis of variance (ANOVA) based on a linear model (1).


Yijk = µ + Ri + Tj + εij + Dk + (RD)ik + (TD)jk + εijk



(1)




where Yijk is the plot mean corresponding to the i-th row orientation (i = 1, …, 4) and j-th training system (j = 1, …, 4) at k-th day from harvest (k = 1, …, 6), µ is general mean, Ri is the fixed effect of i-th row orientation, Tj is the fixed effect of j-th training system, εij is the between-plots random residual term, Dk is the fixed effect of k-th day from harvest, (RD)ik the fixed effect of interaction between i-th row orientation and k-th day from harvest, (TD)jk is the fixed effect of the interaction between j-th training system and k-th day from harvest, and εijk the within-plots random residual term. The two random residual terms εij and εijk were assumed to be normally distributed with zero mean and constant variance as required for a valid application of ANOVA, which was found to hold good as indicated by the ANOVA diagnostic plots of residuals after fitting Model (1). The between-plots random residual term εij forms the basis for testing the statistical significance of the effects of row orientation and training system. The within-plots random residual term εijk forms the basis for testing the statistical significance of the effects of day from harvest, and its interactions with row orientation and training system. The Greenhouse-Geisser epsilon correction was applied to adjust for within-plots temporal correlation and lack of sphericity to obtain correct estimates of the F probabilities for the D, RD and TD terms in the model.



The results from repeated measures ANOVA for L*, a*, b*, C* and h° indicated consistently significant differences (p < 0.001) for D and non-significant differences (p > 0.05) for RD and TD interactions. This provided a logical basis to fit only a single regression model relating D with each of five variables L*, a*, b*, C* and h°, rather than fitting separate regression models for each row orientation and training system. The form of the relationship between D and each of the five variables L*, a*, b*, C* and h° was consistently observed to be cubic. Accordingly, a cubic regression model was fitted for each of them based on plot means using ReML Regression (2).


Y = b0 + b1 X + b2 X2 + b3 X3 + (RO/Plot/D)



(2)




where Y is L*, a*, b*, C* or h°, X is days after harvest, and (RO/Plot/D) represents the design structure with a/representing nesting: date of observation (D) nested within Plot, and Plot nested within row orientation (RO). The three design structure elements RO, Plots (nested within RO) and D (nested within Plot within RO) were each assumed to be normally distributed with zero mean and constant variance as required for a valid application of a ReML-based regression model, which was found to hold good as indicated by the ReML diagnostic plots of residuals after fitting the Model (2). The adjusted coefficient of determination (Adj. R2) was used to determine the goodness of fit of the model. The RMSE of the fitted models were reported in percentage (RMSE divided by the range of values of the colour attribute) to allow comparisons between errors of models obtained with colour attributes that were in different scales.



Data were analysed with Genstat 21st edition (VSN International Ltd., England, UK). Repeated measures ANOVA was carried out using the AREPMEASURES procedure.





3. Results


3.1. Accuracy and Precision of a Portable Colourimeter


3.1.1. Calibration of Colour Attributes


The uncalibrated colourimeter’s L*, a* and b* were related to the reference L*, a* and b*—i.e., obtained with the spectrophotometer—by quadratic relationships, as suggested by scatterplots in Figure 3. The quadratic models had R2 > 0.9 (Table 1) and were used to calibrate the L*, a* and b* measurements obtained with the colourimeter from the uncalibrated readings (i.e., L*u, a*u and b*u). The calibration algorithms were loaded onto the colourimeter’s firmware so that the output data was pre-processed with the correction.




3.1.2. Validation of Colour Attributes


Predicted values of L*, a* and b* in the validation samples were very similar to the reference spectrophotometer’s values (Figure 4). In fact, a rc > 0.90 was observed when testing precision and accuracy of L*, a* and b* prediction (Table 2), meaning that the predicted data aligned satisfactorily with reference observations. A small deviation in the linearity of the relationship persisted in the low portion of L* data (L* < 40) since the calibration was undertaken with a sample that lacked L* values in the 20–40 range. However, the RMSE suggested that the prediction accuracy error remained relatively low even for L* (Table 2). This confirmed the suitability of the portable Bluetooth colourimeter for rapid skin colour assessments in peaches, plums, nectarines and apricots.





3.2. Colour Development over Time and the Effects of Row Orientation and Training Systems


3.2.1. Colour Development over Time


The skin colour attributes of ‘Majestic Pearl’ nectarines changed from 42 days-before to 6 days-after commercial harvest (Figure 5) because of fruit maturation and the linked changes in pigment concentrations (i.e., decrease in chlorophyll and increase in anthocyanins).



The trends of L*, a*, b*, C* and h° over time were described using cubic regression fits (Figure 5). No significant changes were observed in any of the colour attributes between measurements recorded at harvest and at 6 days after harvest, as the fitted curves plateaued at harvest. L* did not significantly change between −42 and −21 days prior to harvest, although it reached a maximum value at −21 days and then dropped to its lowest value at harvest (Figure 5). Skin a* significantly increased from −35 days and stabilised at a value of approximately 23 at −14 days. Skin b* was highest at −35 days and then started a consistent decrease until b* ~10 at harvest. C* values remained at approximately 35 from −42 to −14 days from harvest and then dropped to 25 at harvest. Lastly, h° had the highest values (i.e., ~85) at −42 and −35 days from harvest and then gradually decreased towards harvest, when h° reached values <30°.



Table 3 shows the cubic regression equations used for the relationships between colour attributes and time from harvest. The relationships between colour attributes and time were very solid, as the Adj. R2 of the models were always > 0.75. The highest Adj. R2 was observed when using h° to predict harvest time (Table 3). Similarly, h° was the colour attribute that had the lowest percent standard error of the prediction, with an estimated relative error of approximately 13%. Therefore, h° can be considered the preferred colour attribute to describe colour changes in ‘Majestic Pearl’ nectarines within the time window selected in this study. The colour attributes at harvest (y0) represent a good indication of the values achieved when fruit are ripe. These skin colour values can be set as thresholds for automated harvest decision-making, as all the colour attributes plateaued at harvest time.




3.2.2. Effects of Row Orientation and Training System


Over the entire period of measurements (i.e., from −42 to +6 days from harvest) b* and h° were significantly affected (p < 0.05) by row orientation, whereas L*, a* and C* were not significantly affected (Table 4). In particular, the E–W row orientation appeared to significantly differ from other row orientations. Fruit measured in the E–W row orientation had significantly higher b* (i.e., yellower) and h° (i.e., more yellow than red) than fruit from NE–SW, N–S and NW–SE. Overall, fruit redness seemed to be penalised by planting trees in E–W rows.



In the same period of measurements, training systems had a significant effect (p < 0.05) on L*, C* and h° (Table 5). L* and C* were lowest in CT1 and CT2, respectively, indicating lighter skin colouration, and less yellowness and colour intensity in these training systems. Skin h° was lowest in CT1 and highest in VT; thus, fruit on trees trained to CT1 showed improved red colouration, whereas VT had a detrimental effect on redness.



The LSDs for the row orientation × days from harvest interaction (RO × D) in Table 4 and for the training system × days from harvest interaction (TS × D) in Table 5 show that significant differences caused by either row orientation or training system were cancelled at harvest. The h° trends in Figure 6 help visualise the moment at which differences between treatments disappeared. Initially, fruit from E–W trees had quite different responses in h° compared to other row orientations (Figure 6A), but colour attributes became very similar among row orientations in the last 10 days prior to harvest. Similarly, fruit from trees trained to CT1 had better red colouration and showed differences in h° compared to other training systems until 20 days prior to harvest, then drew closer to them (Figure 6B). Similar patterns were observed for the other colour attributes that were found significantly different (Table 4 and Table 5), but results were not presented as h° can be considered the most important skin colour measurement in nectarines.






4. Discussion


The handheld Bluetooth colourimeter used in this study proved accurate and precise for the detection of L*, a* and b* in stone fruit, as demonstrated by the cross-validation results shown in Figure 4 and Table 2 on a comprehensive dataset that included different stone fruit crops. The instrument allows for very rapid measurements and can be used for data collection in situ or post-harvest as it is interfaced via Bluetooth connectivity with a smartphone application that serves as data logger and stores data in the internal memory. The use of an external data logging device such as a smartphone or a tablet contributes to the reduction in the instrument’s size and weight, making it a portable tool that can be easily carried to the measurement site (i.e., orchard, packhouse, cool store, distribution centre).



The adoption of quantitative colour parameters such as L*, a*, b*, C* and h° for fruit quality and maturity determination helps overcome an often obsolete, qualitative and subjective classification into visual colour categories and opens the door to powerful machine learning algorithms that can quickly monitor fruit colour changes over time and in real time. For example, algorithms for the detection of L*, a*, b* C* and h° have a great potential for precision agriculture applications involving Agriculture technologies such as robots, drones and mobile platforms for automation of common practices such as fruit maturity estimation or robotic harvesting. However, this concept is only valid for fruit crops and cultivars that show a clear pattern of colour change when approaching maturity.



A distinct skin colour response in ‘Majestic Pearl’ nectarines was observed during the final 42 days prior to harvest. This response was reflected in all the colour attributes under study and was characterised by cubic regression fits, with a plateauing of the values at harvest (Figure 5). The colour attribute that best described fruit colour responses in this time range was h°—previously shown to be strongly correlated with anthocyanin content [24] and important maturity parameters in sweet peppers [25], peaches [13,14] and papaya [26]. This is an indication of the fact that h° could be successfully linked to maturity in crops whose fruit are subjected to colour changes (e.g., from green to yellow to orange, orange-red or red) during ripening, due to alterations in skin pigments (e.g., loss of chlorophyll and gain of flavonoids, carotenoids or anthocyanins). Our results agree with Ferrer et al. [14], who considered h° the best indicator of visual colour appreciation in ‘Calanda’ yellow peaches.



The plateauing of colour response curves observed in Figure 5 suggests that fruit colour in ‘Majestic Pearl’ nectarines can be tracked using sensors or machine vision prior to harvest, and fruit picking and associated harvest logistics can be scheduled upon reaching predefined thresholds of values, with stronger focus on h°. Based on the values of y0 reported in Table 3, a harvest threshold for ‘Majestic Pearl’ could be estimated for when average skin h° plateaus at ~22°.



The significant effects of row orientation and training system on colour was the weighed result of measurements performed at different times and did not reflect colour differences at harvest (Table 4 and Table 5). This suggests that trees that were either planted in E–W row orientations or trained to CT2, TT and VT managed to increase fruit redness and their colour approached values not significantly different from the treatments with best red colouration at harvest. Thus, skin colouration of ‘Majestic Pearl’ nectarines demonstrated very good plasticity and adaptation to different light environments as, by the time the fruit was harvested, significant differences in colour in fruit from different row orientations and training systems were cancelled. Differences among row orientations became inappreciable at approximately 10 days prior to harvest, whereas differences among training systems disappeared at approximately 20 days prior to harvest (Figure 6). The overall scarcer red colouration observed in the entire period between −42 and +6 days from harvest in fruit from trees planted in E–W rows is in keeping with the light regime models published by Trentacoste et al. [27]. The authors observed that N–S, NE–SW and NW–SE hedgerows intercept more light annually, than those oriented E–W, suggesting a potentially lower exposure of fruit to light over summer in rows orientated E–W. In contrast, DeJong and Doyle [28] measured no differences between the cumulative light intercepted by N–S and E–W hedgerows in peach, considering the total interception of the two sides of the hedgerows. Lal et al. [18] showed that ‘Fantasia’ nectarines on Tatura Trellis had higher a* and anthocyanin content than other training systems. In our study, TT trees were outperformed by CT1 in terms of red colouration (i.e., a* and h° in Table 5) over the period between −42 and +6 days from harvest, although differences disappeared at harvest. Overall, the exposure of fruit skin to direct light is subjected to the interaction of canopy architecture, row orientation, irrigation and pruning strategies, but this study highlighted the ability of ‘Majestic Pearl’ fruit to maintain uniform colour characteristics at harvest among a diverse combination of treatments.




5. Conclusions


In summary, the results of this study confirm the suitability and utility of a portable Bluetooth colourimeter for rapid in situ and post-harvest assessments of fruit skin colour in stone fruit. Furthermore, the use of the device to track colour development in ‘Majestic Pearl’ nectarines prior to harvest is encouraged. The most suitable quantitative colour attribute used as a harvest indicator in this cultivar was h° and it was observed that when this value plateaus at ~22°, fruit colour variations over time become non-significant and fruit are ready for harvest.



Different light exposure of fruit due to different training systems and row orientations did not significantly affect skin colour at harvest. Results need to be validated over several years of data to take into account the size of growing trees that might, at some stage, influence fruit colour by excessive foliage shading. In addition, only fruit positioned between 1.20 and 1.80 m above ground level were considered in this study; hence, fruit located elsewhere in the canopy may react differently. Nevertheless, the results of this study suggest that growers’ efforts to manage tree architecture and planting design in ‘Majestic Pearl’ should be focused mostly on improving other crop characteristics (e.g., sugar content, yield, crop load), as there was a distinct “catch up” in colour in this cultivar in the different row orientations and training systems. This is likely to be the consequence of intense worldwide breeding programmes that have selected uniform fruit colour as one of the main traits for modern stone fruit cultivars, as colour remains a paramount indicator of fruit quality for consumers at retail stores.
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Figure 1. Schematic representation of L*, a*, b*, C* and h° in a three-dimensional colour space. 
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Figure 2. Portable Bluetooth colourimeter used for in situ measurement of L*, a* and b* and calculation of C* and h° in a ‘September Sun’ peach fruit. 
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Figure 3. Scatter plots of uncalibrated colourimeter’s L* (L*u, (A)), a* (a*u, (B)) and b* (b*u, (C)) against reference spectrophotometer’s L*, a and b* completed on 115 colour cards (calibration set). 
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Figure 4. Scatter plots of validation datasets of colourimeter’s L* (A), a* (B) and b* (C) (predicted) against reference spectrophotometer’s L*, a* and b* (observed), respectively. 
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Figure 5. Cubic regression fits of skin L* (A), a* (B), b* (C), C* (D) and h° (E) against time (n days from harvest) in ‘Majestic Pearl’ nectarine fruit. Significant differences are shown with Fisher’s Least Significant Difference (LSD, 5%) bars. 






Figure 5. Cubic regression fits of skin L* (A), a* (B), b* (C), C* (D) and h° (E) against time (n days from harvest) in ‘Majestic Pearl’ nectarine fruit. Significant differences are shown with Fisher’s Least Significant Difference (LSD, 5%) bars.
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Figure 6. Cubic models of skin hue angle (h°) against time (n days from harvest) in ‘Majestic Pearl’ nectarine fruit subjected to different row orientations (A) and training systems (B). Significant differences are shown with Fisher’s Least Significant Difference (LSD, 5%) bars. 
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[image: Horticulturae 07 00255 g006]







[image: Table] 





Table 1. Quadratic equations used to calibrate the uncalibrated colourimeter’s L* (L*u), a* (a*u) and b* (b*u) against reference spectrophotometer’s L*, a* and b*. Standard errors reported in brackets after each coefficient. Coefficient of determination (R2), significance level (p) and sample size (n) reported.






Table 1. Quadratic equations used to calibrate the uncalibrated colourimeter’s L* (L*u), a* (a*u) and b* (b*u) against reference spectrophotometer’s L*, a* and b*. Standard errors reported in brackets after each coefficient. Coefficient of determination (R2), significance level (p) and sample size (n) reported.





	Colour

Attribute
	Equation
	R2
	p
	n





	L*
	L* = 1.58 + 3.92 L*u − 0.0423 L*u2
	0.947
	<0.001
	115



	a*
	a* = 5.87 + 22.9 a*u − 1.87 a*u2
	0.976
	<0.001
	115



	b*
	b* = − 12.5 + 26.2 b*u + 2.90 b*u2
	0.983
	<0.001
	115
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Table 2. Lin’s concordance correlation coefficient (rc) with 95% confidence intervals (in brackets) and root mean square error (RMSE) reported for the validation models obtained with colourimeter’s L*, a* and b* (predicted variables) against spectrophotometer’s L*, a* and b* (observed variables).






Table 2. Lin’s concordance correlation coefficient (rc) with 95% confidence intervals (in brackets) and root mean square error (RMSE) reported for the validation models obtained with colourimeter’s L*, a* and b* (predicted variables) against spectrophotometer’s L*, a* and b* (observed variables).





	Colour Parameters
	n
	rc
	RMSE





	L*
	160
	0.930 (0.040)
	5.158



	a*
	160
	0.924 (0.043)
	5.747



	b*
	160
	0.946 (0.033)
	4.373
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Table 3. Cubic regressions models for skin colour attributes (y) against time in days from harvest (x) in ‘Majestic Pearl’ nectarine fruit.
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	Colour

Attribute
	Equation
	Adj. R2 x
	y0 y
	% RMSE z





	L*
	y = 36.2 − 0.375 x + 0.0304 x2 + 0.000797 x3
	0.805
	36.2 (0.748)
	20.2



	a*
	y = 25.9 − 0.399 x − 0.0664 x2 − 0.0100 x3
	0.846
	25.9 (1.16)
	20.5



	b*
	y = 11.3 − 0.398 x + 0.0403 x2 + 0.000903 x3
	0.897
	11.3 (0.946)
	16.0



	C*
	y = 27.0 − 0.480 x + 0.00721 x2 + 0.000345 x3
	0.754
	27.0 (0.683)
	25.8



	h°
	y = 22.2 − 0.225 x + 0.123 x2 + 0.00220 x3
	0.931
	22.2 (2.19)
	13.3







x Adjusted coefficient of determination; y predicted values at harvest and their standard error in brackets; z percent root mean square error of the model.
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Table 4. Skin colour attributes of ‘Majestic Pearl’ nectarines subjected to different row orientations. Means, ANOVAs’ p-values and Fisher Least Significant Differences (LSD, 5%) reported.
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Colour

Attribute

	
Row Orientation (RO)

	
Days from Harvest (D)

	
Mean (RO)




	
−42

	
−35

	
−21

	
−14

	
0

	
6






	
L*

	
E–W

	
49.59

	
52.34

	
54.62

	
49.31

	
33.68

	
36.40

	
45.99




	
NE–SW

	
48.01

	
50.83

	
50.49

	
42.15

	
34.68

	
36.60

	
43.79




	
N–S

	
47.13

	
48.88

	
51.03

	
44.67

	
34.68

	
36.63

	
43.84




	
NW–SE

	
45.83

	
49.44

	
50.88

	
45.94

	
34.73

	
35.44

	
43.71




	
Mean (D)

	
47.64

	
50.37

	
51.76

	
45.52

	
34.44

	
36.27

	
-




	
p: 0.106 (RO), <0.001 (D), 0.351 (RO × D); LSD (5%): 2.138 (RO), 2.176 (D), 4.469 (RO × D).




	
a*

	
E–W

	
−3.17

	
−3.68

	
7.52

	
20.51

	
23.64

	
21.96

	
11.13




	
NE–SW

	
−0.47

	
0.84

	
15.99

	
26.78

	
23.96

	
24.78

	
15.31




	
N–S

	
1.81

	
1.82

	
17.35

	
23.97

	
22.35

	
21.68

	
14.83




	
NW–SE

	
3.73

	
1.63

	
15.09

	
22.22

	
23.35

	
20.59

	
14.43




	
Mean (D)

	
0.47

	
0.15

	
13.99

	
23.37

	
23.33

	
22.25

	
-




	
p: 0.053 (RO), <0.001 (D), 0.173 (RO × D); LSD (5%): 3.128 (RO), 2.761 (D), 5.851 (RO × D).




	
b*

	
E–W

	
36.16

	
37.73

	
34.23

	
26.09

	
9.90

	
11.48

	
25.93




	
NE–SW

	
33.72

	
34.40

	
28.65

	
18.51

	
10.57

	
11.84

	
22.95




	
N–S

	
32.20

	
32.81

	
29.01

	
21.30

	
10.23

	
11.11

	
22.78




	
NW–SE

	
29.66

	
33.25

	
29.78

	
22.37

	
10.92

	
9.92

	
22.65




	
Mean (D)

	
32.94

	
34.55

	
30.41

	
22.07

	
10.41

	
11.09

	
-




	
p: 0.044 (RO), <0.001 (D), 0.289 (RO × D); LSD (5%): 2.502 (RO), 2.430 (D), 5.041 (RO × D).




	
C*

	
E–W

	
37.49

	
39.48

	
38.65

	
36.90

	
25.68

	
25.01

	
33.87




	
NE–SW

	
34.97

	
36.75

	
36.68

	
33.50

	
26.33

	
27.80

	
32.67




	
N–S

	
34.96

	
35.58

	
37.03

	
34.65

	
24.78

	
24.61

	
31.93




	
NW–SE

	
32.05

	
35.59

	
37.59

	
34.57

	
26.13

	
23.23

	
31.53




	
Mean (D)

	
34.87

	
36.85

	
37.49

	
34.90

	
25.73

	
25.17

	
-




	
p: 0.109 (RO), <0.001 (D), 0.558 (RO × D); LSD (5%): 2.004 (RO), 2.455 (D), 4.910 (RO × D).




	
h°

	
E–W

	
92.9

	
92.96

	
73.15

	
49.55

	
22.05

	
26.59

	
59.53




	
NE–SW

	
87.59

	
84.6

	
57.59

	
33.61

	
22.84

	
24.19

	
51.74




	
N–S

	
82.06

	
82.23

	
57.39

	
40.14

	
23.73

	
25.55

	
51.85




	
NW–SE

	
78.71

	
83.73

	
60.41

	
42.75

	
24.57

	
24.43

	
52.43




	
Mean (D)

	
85.31

	
85.88

	
62.14

	
41.51

	
23.3

	
25.19

	
-




	
p: 0.019 (RO), <0.001 (D), 0.167 (RO × D); LSD (5%): 5.094 (RO), 5.032 (D), 10.440 (RO × D).
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Table 5. Skin colour attributes of ‘Majestic Pearl’ nectarines subjected to different training systems. Means, ANOVAs’ p-values and Fisher Least Significant Differences (LSD, 5%) reported.
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Colour Attribute

	
Training System (TS)

	
Days from Harvest (D)

	
Mean (TS)




	
−42

	
−35

	
−21

	
−4

	
0

	
6






	
L*

	
Cantilever trellis 1

	
45.62

	
46.22

	
49.08

	
45.51

	
34.13

	
35.87

	
42.74




	
Cantilever trellis 2

	
46.38

	
49.66

	
51.5

	
45.00

	
34.82

	
34.65

	
43.67




	
Tatura Trellis

	
50.89

	
54.19

	
53.12

	
45.83

	
34.00

	
36.04

	
45.68




	
Vertical Trellis

	
47.68

	
51.40

	
53.32

	
45.73

	
34.83

	
38.5

	
45.24




	
Mean (D)

	
47.64

	
50.37

	
51.76

	
45.52

	
34.44

	
36.27

	
-




	
p: 0.041 (TS), <0.001 (D), 0.277 (TS × D); LSD (5%): 2.138 (TS), 2.176 (D), 4.469 (TS × D).




	
a*

	
Cantilever trellis 1

	
5.06

	
5.34

	
17.46

	
23.63

	
23.12

	
21.36

	
16.00




	
Cantilever trellis 2

	
1.83

	
−0.65

	
12.42

	
21.42

	
22.26

	
21.23

	
13.09




	
Tatura Trellis

	
−2.21

	
−2.10

	
15.60

	
24.73

	
23.62

	
23.32

	
13.83




	
Vertical Trellis

	
−2.80

	
−1.98

	
10.46

	
23.68

	
24.30

	
23.10

	
12.79




	
Mean (D)

	
0.47

	
0.15

	
13.99

	
23.37

	
23.33

	
22.25

	
-




	
p: 0.158 (TS), <0.001 (D), 0.122 (TS × D); LSD (5%): 3.128 (TS), 2.761 (D), 5.851 (TS × D).




	
b*

	
Cantilever trellis 1

	
29.25

	
29.64

	
27.58

	
22.32

	
10.31

	
10.86

	
21.66




	
Cantilever trellis 2

	
31.59

	
34.50

	
30.80

	
21.60

	
10.45

	
9.88

	
23.14




	
Tatura Trellis

	
36.41

	
37.38

	
30.34

	
21.72

	
9.67

	
10.66

	
24.36




	
Vertical Trellis

	
34.50

	
36.66

	
32.94

	
22.64

	
11.19

	
12.94

	
25.15




	
Mean (D)

	
32.94

	
34.55

	
30.41

	
22.07

	
10.41

	
11.09

	
-




	
p: 0.052 (TS), <0.001 (D), 0.267 (TS × D); LSD (5%): 2.502 (TS), 2.430 (D), 5.041 (TS × D).




	
C*

	
Cantilever trellis 1

	
32.28

	
33.54

	
36.14

	
35.12

	
25.42

	
24.29

	
31.13




	
Cantilever trellis 2

	
34.09

	
36.72

	
37.14

	
32.98

	
24.98

	
23.52

	
31.57




	
Tatura Trellis

	
37.77

	
38.79

	
38.36

	
36.16

	
25.55

	
25.84

	
33.75




	
Vertical Trellis

	
35.32

	
38.36

	
38.31

	
35.36

	
26.96

	
27.00

	
33.55




	
Mean (D)

	
34.87

	
36.85

	
37.49

	
34.90

	
25.73

	
25.17

	
-




	
p: 0.033 (TS), <0.001 (D), 0.734 (TS × D); LSD (5%): 2.004 (TS), 2.455 (D), 4.910 (TS × D).




	
h°

	
Cantilever trellis 1

	
74.92

	
75.01

	
55.23

	
41.66

	
23.95

	
25.60

	
49.40




	
Cantilever trellis 2

	
82.93

	
87.01

	
63.99

	
42.24

	
23.93

	
24.37

	
54.08




	
Tatura Trellis

	
90.42

	
90.48

	
60.51

	
39.97

	
21.71

	
23.55

	
54.44




	
Vertical Trellis

	
92.98

	
91.03

	
68.81

	
42.17

	
23.60

	
27.23

	
57.64




	
Mean (D)

	
85.31

	
85.88

	
62.14

	
41.51

	
23.30

	
25.19

	
-




	
p: 0.033 (TS), <0.001 (D), 0.114 (TS × D); LSD (5%): 5.094 (TS), 5.032 (D), 10.440 (TS × D).
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