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Abstract

:

Monitoring individual tree crown characteristics is an important component of smart agriculture and is crucial for orchard management. We focused on understanding how UAV imagery taken across one growing season can help understand and predict the growth and development of pistachio trees grown from rootstock seedlings. Tree crown characteristics (i.e., height, size, shape, and mean normalized difference vegetation index (NDVI)) were derived using an object-based image analysis method with multispectral Uncrewed Aerial Vehicles (UAV) imagery flown seven times over 472 five-year-old pistachio trees in 2018. These imagery-derived metrics were compared with field-collected tree characteristics (tree height, trunk caliper, crown height, width and volume, and leaf development status) collected over two months in 2018. The UAV method captured seasonal development of tree crowns well. UAV-derived tree characteristics were better correlated with the field tree characteristics when recorded between May and November, with high overall correlations in November. The highest correlation (R2 = 0.774) was found between trunk caliper and June UAV crown size. The weakest correlations between UAV and field traits were found in March and December. Spring leaf development stage was most variable, and mean NDVI values were lowest in March, when leaf development starts. Mean NDVI increased orchard-wide by May, and was consistently high through November. This study showcased the benefits of timely, detailed drone imagery for orchard managers.
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1. Introduction


Smart agriculture approaches that combine agronomy with technological innovation can improve yield quality and quantity by helping farmers to more efficiently manage orchards. One of the most important factors in smart agriculture is monitoring individual tree crown characteristics (e.g., size, shape, and condition), which are crucial for orchard management decision-making [1,2]. Tree crown characteristics can be captured in the field and via remote sensing. Recently, with their commercialization and increasing availability, a key component to smart agriculture is the use of Uncrewed Aerial Vehicles (UAVs; also known as drones), given their ability to provide clear, high resolution images in which individual trees can be discerned. UAVs can be quickly and repeatedly deployed for on-demand remote-controlled or autonomous flights, while being less expensive than piloted aircraft operations. Additionally, UAVs are able to carry multiple sensor configurations (e.g., red-green-blue/RGB, multispectral, hyperspectral, thermal and LiDAR), which can obtain imagery and elevation data that can be processed into a host of geo-referenced products, such as high resolution orthomosaic images, point clouds, digital terrain models (DTMs), digital surface models (DSMs), and canopy height models (CHMs) [3,4,5,6]. These products can be used to map individual tree crown characteristics throughout a growing season. Specifically, imagery and related products (e.g., CHMs) can be used to map the outline of individual trees, and multispectral imagery can be used to create spectral indices like normalized difference vegetation index (NDVI), which can be used to assess tree crown condition. All of these tree crown characteristics have been linked to orchard management activities such as irrigation, fertilization, pesticide and fungicide application, pruning, as well as yield estimation [1,2]. One protocol of mapping individual tree crowns is that of object-based image analysis (OBIA), wherein pixels in high resolution imagery are grouped (or “segmented”) into discrete units (or “image-objects”) of meaningful non-overlapping clusters of neighboring pixels based upon common color, texture, shape and/or elevation characteristics, using a range of algorithms [7,8,9,10,11,12,13]. We used a modified OBIA approach to map individual tree crowns in a pistachio orchard in California throughout the 2018 growing season (see Section 2).



The pistachio nut has been cultivated for human consumption in the Middle East for thousands of years. Production in the US is relatively recent; the first commercial harvest in California was in 1976 [14]. Pistachios are now a major domestic and export crop worth over $1.6 billion annually in the US, as well as a significant contributor to the California economy and contribute to the diversity of the American diet. California recently became the number one producer of pistachio nuts worldwide and accounts for >99% of US production, with the remainder being produced in Arizona and New Mexico (https://americanpistachios.org/growing-and-harvesting/history, accessed on 8 January 2022).



The UCB-1 hybrid is the main pistachio rootstock used in the US, developed by Dr. Lee Ashworth at the University of California, Berkeley [15]. It was originally selected for commercial use because of its resistance to Verticillium wilt and frost tolerance [16] and seeds are produced annually from controlled crosses between specific clones of Pistacia atlantica (female) x P. integerrima (male). The majority of pistachio rootstocks are currently produced from seed and are genetically variable because of segregation in the gametes of each parent. This results in differences in morphology among individual rootstocks and in performance in the field [17,18,19]. In commercial orchards, P. vera cultivars grafted onto UCB-1 rootstocks grow unevenly. Reduced vigor and stunting of some trees are of particular concern to growers because it results in decreased nut yield and/or quality [17,18,19]. Stunted trees usually have smaller trunk calipers and exhibit different branching and growth characteristics. Nurseries commonly rogue as many as 10 to 15% of their UCB-1 seedlings based on early growth parameters, such as tree height and other visual clues. This selection is being made on seedlings that are only a few weeks to months old and before planting in commercial orchards. Our previous data show that such traits in very young trees are poor predictors of size and vigor in older trees and therefore seedling selection based on phenotypic characteristics is unlikely to be effective [18].



In 2013, 960 UCB-1 seedlings were planted in the UC Davis experimental orchard at Russell Ranch. This planting was specifically made to study the degree of phenotypic variation in UCB-1 and to look for superior UCB-1 individuals that might be used as clonal rootstock. In a collaboration between the UC Davis Foundation Plant Services (FPS) and the USDA Agricultural Research Service (ARS)’s National Clonal Germplasm Repository at Davis, field measurements of variability among these F1 individual trees began immediately. During summer 2016, every second tree was removed to provide the remaining 480 trees enough space for further growth. Repeated phenotypic measurements have been made annually since January 2014, including measurements of variation in growth, branching, and active growth period.



This project is focused on understanding how UAV imagery taken multiple times during a growing season can meaningfully help to understand and predict the growth and development of pistachio trees in the experimental Russell Ranch orchard in north central California, USA. Physical field data (gathered February through March of 2018) of various phenotypic traits and UAV imagery (seven missions from March through December) were collected for the 472 pistachio trees at the experimental orchard. Specifically, our objectives were to:




	(1)

	
use UAV-captured data to create a database of all 472 UCB-1 tree crowns in the orchard over the growing season using OBIA methods;




	(2)

	
populate the tree database with tree characteristics measured in the field early in the growing season (i.e., tree height, trunk caliper, crown height, crown width, crown volume, and leaf development) and via UAV imagery analysis captured seven times over the growing season (i.e., crown height, crown area, crown perimeter, crown shape, and mean NDVI);




	(3)

	
investigate the field-based and UAV-based datasets, and explore any predictive relationships between the UAV data across the growing season and the physical field data;




	(4)

	
contribute to the growing body of knowledge about the use of UAV imagery in the monitoring and management of agricultural crops.










2. Materials and Methods


2.1. Study Area


UC Davis Russell Ranch Sustainable Agricultural Facility (38.54, −121.85) west of Davis, California (Figure 1), is located 18 m above sea level. The entire facility is 120 ha in size and includes a wide variety of row and tree crops dedicated to long-term research on irrigated and dry-land agriculture in a Mediterranean climate. The facility has an average rainfall of 497.84 mm and a range of temperature of 3.33–33.89 °C. Prior to planting, a micro-emitter Netafim (Fresno, CA, USA) irrigation system (1.905 cm drip tube with 7.57 L emitter) was installed in the field to apply groundwater from a local well approximately every 10 days during each growing season. In 2013, 960 UCB-1 (P. atlantica x P. integerrima) pistachio seedlings were planted in a 2.54 ha experimental orchard. By the end of the 3rd year in 2016, the tree crowns started to overlap and therefore the orchard was thinned by removing every alternate tree, leaving a total of 480 trees. We conducted this study on 472 trees in total. Management goals for this pistachio orchard include understanding the relationship between rootstock and subsequent tree growth and productivity, in order to guide activities such as early roguing of plants [18]. Establishment and measurements pistachio trees were described in [18].




2.2. Physical Field Data Collection


Physical field data of various phenotypic traits of ungrafted UCB-1 trees were manually collected in the field during February and March 2018 as previously described in [18]. Tree structure data collected included tree height from the ground based on tallest branch (cm), crown height from the lowest branch to the top of the tree (cm), crown diameter (cm), and trunk caliper 30 cm from the ground (cm). Crown height was measured from the base of the lowest branch to the top of the tree, and crown diameter is the average of the diameter measured in two perpendicular directions with the widest diameter measured first, thus it represents the average equatorial diameter of that crown. Crown volume (m3) was calculated using the formula for the volume of a sphere:


volume = 4/3πa2b,



(1)




where a is crown diameter and b is crown height. Square meters of crown diameter was calculated in order to determine crown size.



The bud break process followed by leaf development among UCB-1 pistachio seedlings population were recorded per tree in April 2018 on a 0–5 scale: 0—buds only; 1—bud breaking, leaves developing; 2—red leaves, some fully developed; 3—all fully developed red leaves; 4—fully developed red and green leaves; 5—all fully developed green leaves (Figure 2).




2.3. Imagery Collection and Processing


UAV imagery was collected for the orchard over the 2018 growing season (on 28 March, 18 May, 13 June, 22 August, 27 September, 9 November, and 18 December) using a DJI Matrice 100, mounted with both X3 (RGB) and MicaSense RedEdge multispectral cameras. The flights were conducted at 30 m above ground level (AGL), repeating an autonomous grid-pattern mission with 90% forward and side overlaps. To optimize 3D photogrammetric processing of the imagery, the RGB camera was set at a 70° angle (slightly off nadir). These flights were conducted at solar noon with no cloud cover, and standard radiometric correction methods were applied to calibrate the multispectral imagery to reflectance using a MicaSense calibration panel. It is noteworthy that the sky was slightly hazy during the December 18th flight, at which time the seasonal solar noon sun angle was near its lowest point in the horizon. GPS coordinates for six ground control point (GCP) targets, optimally positioned around the perimeter of the orchard, were recorded with a Trimble Geo 7X and later differentially calibrated to less than 5 cm of absolute horizontal error. A customized version of Pix4D Mapper Pro’s ‘3D Models’ template incorporated the GCP coordinates into the processing workflow to render a multispectral orthomosaic (2.01 cm resolution) and a RGB orthomosaic (1.64 cm resolution). DSM and a DTM were simultaneously derived with the RGB orthomosaic. Digital canopy height models (CHMs) were created for each flight date by subtracting the pixel values of the ground level DTM from their corresponding top of canopy level DSM layers. NDVI layers were created from the multispectral orthomosaic using the standard formula, which is defined as the difference between the red and near-infrared (NIR) reflectance divided by their sum [20].




2.4. Crown Segmentation and Database Creation


The CHM images for each date were imported into the open source System for Automated Geoscientific Analyses (SAGA GIS) software application for a watershed segmentation process [21]. A Gaussian filter was applied with minimum height (1.5 m) and width (50 cm) thresholding to segment all tree crowns. The resulting vectorized tree crown segments were imported into ArcGIS Pro 2.3 (Esri, Redlands, CA, USA), where they were checked for errors and manually corrected when necessary, using standard heads-up digitization. Continuing this OBIA approach, tree crown height (cm), crown area (m2), and crown perimeter (cm) were calculated in ArcGIS Pro for each individual tree crown (ITC) polygon, for each of the seven flight dates. From these results, a compactness index [22] was calculated using crown area and perimeter according to the formula:


compactness = p2/(4πa),



(2)




where p is the crown perimeter and a is the crown area. Using this metric, a circle will have a compactness = 1, and more complex, less compact polygons are >1. Zonal statistics were performed using each tree crown polygon at each date with each NDVI product at each date to calculate mean NDVI values for each tree crown. Once the crowns had been created, they were appended with unique IDs, orchard column and row numbers, and the UAV-derived measures were joined with the physical field tree measurements. Figure 3 shows examples of the process used to create the tree crown database.




2.5. Analysis of Field-Based and UAV-Based Crown Characteristics


We explored both the field-based and UAV-based databases. We derived summary statistics for the field-based data and then explored how the field-based leaf development data (taken in early April 2018) varied across the orchard by plotting a frequency diagram of trees and leaf development stage (i.e., 1–5). Next, we ascertained the relationship between leaf development stage and UAV-based mean crown NDVI taken in late March. NDVI is an indicator of vegetation abundance and health, and is based on differing reflectance in the red and NIR portions of the electromagnetic spectrum. We also examined the UAV-based measures of individual tree size, height, shape, and mean NDVI in the growing season via box plots. Key correlations among UAV-based measures over time were investigated via regression analysis.




2.6. Analysis between Field-Based and UAV-Based Crown Characteristics


First, we explored the frequency of trees at various crown sizes and heights using field-based data as well as UAV-based data in the growing season. Next, we calculated R2 and p-values for linear regression equations between each field-based crown characteristic (i.e., tree height, trunk caliper, crown height, crown width, and crown volume) and each UAV-derived crown characteristic (i.e., crown height, crown area, crown perimeter, and crown shape).





3. Results


3.1. Analysis of Field-Based and UAV-Based Crown Characteristics


3.1.1. Field-Based Results


A summary of the tree crown characteristics measured in the field is provided in Table 1. Measuring crown size in the field was a lengthy task, requiring several days to record all the crown heights and widths. We used minimum and maximum values to calculate the range, which is a commonly used measure of variability. The range was calculated by subtracting the lowest value from the highest value. A large range in tree growth characteristics suggested high variability in the sizes of trees.



In April 2018 when leaf development scores were recorded, most of the trees (71%) were at stage 2, with 6% at stage 3 and 15% at stage 4 (Figure 4a). Only 4% of the trees had fully developed red and green leaves. In March, when pistachio leaves had just started to develop, we found the largest variation in leaf development (Figure 4a). Leaves are usually fully developed by the end of April, and NDVI increased as a result. Therefore, the variation in leaf development was confirmed by NDVI, which ranged between 0.3 and 0.9. The highest NDVI value was recorded in June when most of the trees ranged between 0.9 and 1. Canopy NDVI showed seasonal patterns that indicated spring green up and leaf development, followed by fall senescence, processes typical for deciduous trees which marks the duration of photosynthetic activities.




3.1.2. UAV-Based Results


UAV-based measures of individual tree size, height, shape, and mean NDVI throughout the growing season are shown in Figure 5. Early and late season (i.e., March and December) leaf-off or near leaf-off conditions (senescence) make capturing accurate tree height from the CHM difficult (Figure 5a). Tree crown size early in the season was similarly challenging to accurately capture; however, tree crowns continued to grow from May through June and stabilized by mid-season (Figure 5b). Crown shape early in the season is the most compact (i.e., closer to 1) but this is largely due to the smaller leaf-off polygons captured from the CHM (see Figure 3). Tree crowns become less compact throughout the season (Figure 5c). December has the most variability in its crown characteristics, as leaf-off takes place unevenly. Mean crown NDVI varied between 0.2 and 1.0 during 2018 (Figure 5d). The distribution of NDVI showed the greatest range in March, when pistachio leaves have just started to develop. Leaves are usually fully developed by the end of April, and NDVI increased as a result. The NDVI of an area containing a dense vegetation canopy will tend to have positive values, which explains the rapid increase of NDVI values in May through June, with a peak mean NDVI in June, fairly stable measures until November, and slight declines in December (Figure 5d).



Correlation between UAV-measured tree crown characteristics at each flight time is provided in Table 2. UAV-derived crown size was strongly associated with UAV-derived tree height in May through November (highest R2 in June and September: significant R2 = 0.549 and 0.548, respectively). There was also a relationship between UAV-derived crown size and NDVI, with R2 near or over 0.3 in the May to November timeframe. This relationship was strongest in June, with a significant R2 = 0.43. Tree height and NDVI were slightly related in May through June (highest R2 in June of 0.24). Crown shape (i.e., compactness) was not strongly correlated with other crown traits.





3.2. Agreement between UAV- and Field-Based Data


We plotted the frequency of field-based crown size and UAV-based crown size and height for all flights (Figure 6). March and December UAV-based data were the most anomalous: in March, most of the tree crowns derived from the CHM were smaller and shorter than the field data and all other time points. This again is due to the leaf-off conditions in the field. Crown sizes from May through November were consistent and similar to field-based crown size (Figure 6a).



Next, we explored correlations between field-based and UAV-derived crown measures with a linear regression analysis. UAV-derived crown measures from May to November best predicted (i.e., overall stronger R2) field-based crown measures (Table 3). The majority of the strongest predictions were reported for the November flight period. UAV-derived crown size provided the strongest predictor of field-measured trunk dimensions (strongest R2 of 0.774 and R2 consistently above 0.7 for May to November). UAV-derived tree height was a good predictor of several field-based crown measures, including tree height, trunk dimension, crown volume, and crown height (strongest R2 of 0.707, 0.603, 0.617, 0.638, respectively) for May to November. UAV-derived crown size was also a good predictor of field-based crown width, crown volume, and crown size (strongest R2 of 0.657, 0.657, 0.644, respectively) for May to November. There was a weaker predictive fit between UAV-based tree height or tree size and field-based crown width, volume, and size (R2 approximately 0.3) for May to November. There was a weak correlation between UAV-derived crown shape and field-based crown volume or size. No strong predictive relationships were found for March or December data.





4. Discussion


In this study, we used UAV-captured data to create a database of 472 simultaneously planted UCB-1 pistachio tree crowns in an orchard over one growing season from 28 March 2018 to 18 December 2018 using object-based image analysis methods. Our main objectives included creating a tree database with tree crown characteristics measured in the field early in the growing season (i.e., tree height, trunk caliper, crown height, crown, width, crown volume, and leaf development) and via UAV imagery analysis captured seven times over the growing season (i.e., crown height, crown area, crown perimeter, crown shape, and mean NDVI) in order to explore any predictive relationships between the UAV data across the growing season and the physical field data. Our results agree with the growing body of knowledge supporting the use of UAV imagery in monitoring and management of agricultural crops in line with other recent papers [23,24,25]. Several papers have been published focusing on remote sensing and application in nut crops [26,27,28]. However, the morphology of each plant species and variety differs. UCB-1 is the most common rootstock in the US, but there is still little known about this interspecific cross that segregates when seedlings are used as a rootstock and phenotype manifests in the later years when rootstocks are already grafted and planted in the orchard, causing losses in nut production. To our knowledge, this is the first research describing UAV data on an F1 UCB-1 population across one growing season.



4.1. General Lessons


Our work showed that UAV-derived tree crown characteristics predicted field-based tree crown data for trunk caliper, tree height, crown volume, crown height, crown width, and crown size of the measures with R2 near or over 0.6 (max R2 of 0.774) using UAV data captured in May, June, August, September, and November. Early (March) and late (December) season flights, when the trees were mostly or partially without leaves, were less accurate. The strongest correlation was found between trunk caliper and UAV derived crown size (R2 = 0.774) in June. Trunk caliper is a better measurement of overall tree vigor than tree height because some weak trees with narrow calipers tend to bend over and require support. Trees with greater trunk calipers are stronger and much sturdier, which is suitable for handling the shaking required for harvesting [18]. The high correlation found between field-based trunk caliper measures and UAV-derived crown size is important because crown size reflects yield [17]. Pistachio orchards require numerous economic decisions such as yield prediction. More precise measurements of crown size will result in more precise prediction of yield and effective production management.



For pistachios, it is known that tree crown size is correlated with yield [17]. UAV-based crown sizes recorded between May through November strongly predicted field-based crown volume (R2 ranged from 0.559 to 0.657, with the highest in November R2 = 0.657). Early and late season data were the least accurate, likely due to leaf-off conditions, which make the capture of a crown from a UAV unreliable. From May through November, UAV-derived crown size was a strong predictor of several field-based measurements including crown width, crown volume, and crown size with R2 near or over 0.6. Tree crown shape is very important and can affect production quantity and quality as well as harvesting or other farming activities. Pistachio trees exhibit an excurrent branching habit, resulting in conoid shapes and decurrent branching habit; thus, trees have generally rounded shapes [29,30]. When measured using a compactness index, rounded shapes then approached 1. As with crown size, UCB-1 pistachio crown shape in March differed strongly from crown shape in the other months. Crown shapes remained generally the same between May and December, when leaves were fully developed and stayed on the trees. Crown shape was not strongly related to any other crown trait. This is expected because tree crown shape is strongly affected by multiple factors, including genetics, physiology, method of pruning, competition for light, and wind/insect/disease/human damage [31].



We recorded NDVI values at several points during the 2018 growing season and compared mean crown NDVI to field data recorded once in April. We recorded a clear signal of growing season tree dynamics showing early season green-up, peak greenness, and end-of-season decline in photosynthetic activity similar to others [32], as well as capturing the natural phenological variations in leaf development that occur every year between March and April. UCB-1 pistachio leaves are green and reddish in color; young leaves are more red, while fully developed leaves are green. NDVI describes the difference between visible red and near-infrared reflectances of vegetation [33,34] but is not as sensitive to the density of red leaves due to differences in the way leaves reflect, transmit, and absorb NIR and red light. Not surprisingly, we found that the best correlation between NDVI and crown size was recorded in June once all the leaves were fully developed and mature. UCB-1 trees actively grow, producing new vegetative shoot tips a few times per year. Bud break and leaf development in UCB-1 pistachio seedlings depend mostly on weather conditions and can differ from year to year; however, leaf development usually occurs during March and April. Leaves are fully developed in May; therefore, NDVI data can be readily captured until the fall because of changes in the length of daylight and temperature, which causes the chlorophyll to break down. Usually, in November and/or December, leaves start to lose their green color and their photosynthetic activity slows down. In December, a decrease in chlorophyll pigments coincided with lower NDVI values, similar to previous findings [35,36]. Once chlorophyll is reabsorbed and the yellow to orange colors become visible, the leaves cannot be detected by NDVI camera. Therefore, we were not able to record NDVI data in December. As a plant canopy transforms from the winter season dormancy to late-summer maturity, its reflectance properties also change. NDVI data can be used to monitor this seasonal variation [37].




4.2. Leaf Development


Leafing-out of woody plants begins the growing season and is affected by several factors such as genotype and climate [38,39,40,41,42,43,44]. There is a significant variation in the timing of leaf-out, both within and among species, but leaf development of almost all temperate tree and shrub species is highly sensitive to temperature [38]. Bud-break is an economically and environmentally important process in woody plants that can vary among populations because of interactions between climate and genotype [39,40]. Leaves are usually fully developed by the end of April. It has been reported that there can be large interspecific differences in leaf-out timing, even when individuals are exposed to the same conditions [38,41]. The development of leaves typically follows a basic process that is flexible and varies according to species, developmental stage, and environmental circumstances. Typically, there is the largest variation in leaf development stage near the end of March and beginning of April in UCB-1 trees every year, during which time leaf development was scored. Because of the opportunity for carbon fixation, it should benefit a tree to leaf-out as early as possible in the spring season. Early leaf unfolding allows a tree or shrub to extend its growing period, produce more assimilates, and increase biomass production. However, Bennie et al. [42] reported that early leafing in trees was correlated with a late frost that could damage its leaves and conducting tissues. Trade-offs between greater productivity and higher risk of frost damage may play a role in the variation in leafing strategies of different species. Establishing the timing of leaf senescence in plants is also crucial but not fully understood because the genetic and physiological basis of the leaf senescence process is complex [43,44,45,46].




4.3. Pistachio as a Model System


Pistachio offers a unique system to study links between crown structure and tree development because in mature trees most of the lateral buds become floral, leaving only the terminal and one or two distal lateral buds, which frequently remain dormant, to produce vegetative growth [47]. Therefore, most shoots are born from terminal buds, resulting in a tree with a relatively open crown. Furthermore, the California pistachio industry has been almost entirely based on a single clonal female cultivar, ‘Kerman,’ that is budded onto seedling rootstocks that are produced through controlled pollination [19]. These rootstocks greatly influence the size and yield of mature trees [48]. Additionally, the more vigorous rootstocks (PGI and UCB-1) result in trees with numerous long, leafy shoots in the uppermost portion of the crown [49], resulting in a crown structure unfavorable for horticultural production. Given that the scion population is genetically uniform, the opportunity exists to study rootstock effects on bud preformation. Furthermore, the horticultural training of pistachio results in trees with uniform populations of shoots because trees are pruned annually to develop the desired crown structure and, once mature, to maintain their size and renew the fruiting wood. Thus, regardless of the tree axis, the shoot population on a mature tree is highly uniform in both chronological and physiological age. This uniformity allows for the study of crown position effects on preformation without other confounding factors (e.g., axis, physiological age, etc.).




4.4. The Benefits of Using UAV Data for Orchard Management


This study presents several insights for orchard managers wishing to integrate UAV data collection into their management strategy. First, there are efficiencies to be gained from the incorporation of drone data collection into management. The calculation of tree height, crown size, and crown volume from drone data was much more time efficient than manual collection. Second, the data recorded with remote sensing technology were more precise than the data collected manually. Height is one of the hardest measurements to make accurately from the ground, especially for larger trees. For example, Wang et al. [50] showed that certain conditions (e.g., forest and tree structure, tree species, tree height, topography, measuring distance, instrument and human errors, etc.) can challenge field inventory of tree height measurements [51]. Third, as the correlation values between UAV and field data are very similar between May and November, these results suggest some flexibility in flight timing. Since pistachio nuts are harvested between late August to early October in California (https://americanpistachios.org/growing-and-harvesting, accessed on 8 January 2022), these results suggest that there is flexibility for managers to collect UAV data before and after the harvesting until November. Finally, there were some lessons learned through this study relating to the mechanics of mission planning and flight. For example, UAV data collected in March, when the trees were beginning to leaf-out, was not useful for capturing tree crowns because of a lack of contrast between branches and underlying surfaces. However, those data were crucial to calculating tree heights later in the season when canopy closure prevented photogrammetry of the ground surface. Furthermore, wind is a consideration during drone flights because moving leaves can cause blurring, which hampers photogrammetric processing. During the May flights, there was higher than normal wind, resulting in blurring, making photogrammetry of eight trees impossible.





5. Conclusions


We compared drone-captured tree crown data derived from OBIA with ground-based field data from 472 simultaneously planted UCB-1 pistachio tree crowns in an experimental pistachio orchard over one growing season from 28 March 2018 to 18 December 2018. High resolution imagery from drones, when processed using OBIA methods, allowed for the capture of individual tree crowns multiple times during the growing season. Tree crown data recorded with a drone between May and November 2018 were highly correlated with field-collected data from March 2018; the strongest fit was between drone-captured tree crown size and field-collected trunk caliper measurements (R2 = 0.774). Since yield in pistachio is related to trunk caliper measures, the high correlation found here between trunk caliper and UAV-derived crown size can be useful for managers to help estimate yield size prior to harvest. Application of remote sensing in agriculture can expand the ability to monitor orchard tree dynamics by providing measures throughout the growing season, rather than at one time (i.e., early in the growing season). Variation in leaf development in March and April affects the accuracy of NDVI data, which show a broader distribution curve that refers to the variability of data.



This study showcased the benefits of timely and detailed drone imagery for orchard managers. The tree database created permitted analysis of tree height, crown size, crown shape, and crown condition. The drone-based crown data strongly predicted field-based crown data. The calculation of tree height and crown size from drone data was more time efficient than manual collection. Several studies are possible in the future. The use of UAV data to determine the best time to harvest crops should be evaluated. In addition, studies should be conducted on the use of terrestrial lidar data to estimate the trunk caliper. Terrestrial lidar is showing great promise in the acquisition of plant structure at extremely fine scales [52,53]. Additionally, the timing of leaf senescence could be potentially studied using hypertemporal multispectral and RGB imagery.
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Figure 1. Russell Ranch experimental orchard in Yolo County, CA, USA. 
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Figure 2. Examples of leaf development on a 1–5 scale in UCB-1 rootstock recorded on 2 April 2018. 
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Figure 3. The same non-grafted UCB-1 trees in the experimental orchard. Top row: UAV-derived True Color; middle row: Canopy Height Model (CHM) (higher values are in lighter tones); bottom row: NDVI for March, June, September, and November 2018. Boxes (a–c) show the tree crown object perimeters of three individual trees throughout the growing season. 
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Figure 4. (a) Frequency of trees at leaf development stages 1–5 recorded on 2 April 2018. (b) Monthly frequency density distributions for non-grafted UCB-1 UAV NDVI vegetation data from February to December 2018. Error bars show standard deviation. 
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Figure 5. Box plots of values for tree crown: (a) height, (b) area, (c) compactness, and (d) mean NDVI from March to December 2018. Boxes indicate 1st and 3rd quantile, whiskers indicate minimum and maximum. 
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Figure 6. Frequency of number of trees at various: (a) crown sizes and (b) tree heights from March to December 2018. Error bars show standard deviation. 
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Table 1. Summary statistics of field-based tree growth characteristics.
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	Value
	Tree Height (cm)
	Trunk Caliper (cm)
	Crown Width (cm)
	Crown Height (cm)
	Crown Volume (cm3)
	Crown Size (m2)





	Min
	250
	4.5
	127
	190
	3.7
	1.6



	Max
	627
	18.5
	623
	570
	96.9
	38.8



	Range
	377
	14
	496
	380
	93.2
	37.2



	Mean
	503
	13.8
	381
	433
	38.8
	15.1



	Median
	510
	14.0
	386
	440
	39.3
	14.9
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Table 2. Correlation analysis (R2) among selected UAV-based measures over time; ** represents significant linear correlations with a p-value less than 0.001. Rows are ordered by the strongest average R2.
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	UAV-Measured
	28 March
	18 May
	13 June
	22 August
	27 September
	9 November
	18 December
	UAV-Measured





	Tree height (m)
	0.057 **
	0.532 **
	0.549 **
	0.468 **
	0.548 **
	0.533 **
	0.001 **
	Crown size (m2)



	Vegetation (NDVI)
	0.214 **
	0.3 **
	0.43 **
	0.257 **
	0.272 **
	0.291 **
	0.024 **
	Crown size (m2)



	Vegetation (NDVI)
	0.116 **
	0.178 **
	0.238 **
	0.198 **
	0.153 **
	0.217 **
	0 **
	Tree height (m)



	Tree height (m)
	0.124 **
	0.006 **
	0 **
	0.028 **
	0.006 **
	0.001 **
	0.015 **
	Compactness



	Vegetation (NDVI)
	0.009 **
	0.011 **
	0.039 **
	0 **
	0.022 **
	0.096 **
	0.011 **
	Compactness



	Crown size (m2)
	0.063 **
	0.028 **
	0.001 **
	0.011 **
	0.009 **
	0 **
	0.022 **
	Compactness
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Table 3. Correlation analysis (R2) of field-based tree crown measures and UAV-based tree crown measures for March to December 2018; * and ** represent significant linear correlations with a p-value smaller than 0.01 and 0.001, respectively. Rows are ordered by the strongest average R2.






Table 3. Correlation analysis (R2) of field-based tree crown measures and UAV-based tree crown measures for March to December 2018; * and ** represent significant linear correlations with a p-value smaller than 0.01 and 0.001, respectively. Rows are ordered by the strongest average R2.





	Field-Measured
	28 March
	18 May
	13 June
	22 August
	27 September
	9 November
	18 December
	UAV-Measured





	Trunk caliper (cm)
	0 **
	0.746 **
	0.774
	0.729 **
	0.75
	0.765 **
	0.005 **
	Crown size (m2)



	Tree height (cm)
	0.15 **
	0.631 **
	0.674
	0.685 *
	0.701 *
	0.707 **
	0.157 *
	Tree height (cm)



	Trunk caliper (cm)
	0.285 **
	0.6 **
	0.603 **
	0.572 **
	0.594 **
	0.587 **
	0.204 **
	Tree height (cm)



	Crown volume (m3)
	0.221 **
	0.58 **
	0.6 **
	0.592 **
	0.617 **
	0.616 **
	0.161 **
	Tree height (cm)



	Crown height (cm)
	0.134 **
	0.563 **
	0.608 **
	0.629 **
	0.63 **
	0.638 **
	0.154 *
	Tree height (cm)



	Crown width (cm)
	0 **
	0.577 **
	0.639 **
	0.613 **
	0.598 **
	0.657 **
	0.004 **
	Crown size (m2)



	Crown volume (m3)
	0 **
	0.559 **
	0.65 **
	0.591 **
	0.621 **
	0.657 **
	0 **
	Crown size (m2)



	Crown size (m2)
	0.001 **
	0.566 **
	0.624 *
	0.605
	0.588 *
	0.644
	0.002 **
	Crown size (m2)



	Crown width (cm)
	0.189 **
	0.316 **
	0.304 **
	0.274 **
	0.308 **
	0.297 **
	0.095 **
	Tree height (cm)



	Tree height (cm)
	0.001 **
	0.292 **
	0.363 **
	0.308 **
	0.361 **
	0.371 **
	0.004 **
	Crown size (m2)



	Crown height (cm)
	0.001 **
	0.285 **
	0.346 **
	0.289 **
	0.34 **
	0.348 **
	0.001 **
	Crown size (m2)



	Crown size (m2)
	0.176 **
	0.28 **
	0.267 **
	0.241 **
	0.273 **
	0.264 **
	0.09 **
	Tree height (cm)



	Crown volume (m3)
	0.056 **
	0.016 **
	0.013 **
	0.013 **
	0.032 **
	0 **
	0.004 **
	Crown shape



	Crown size (m2)
	0.055 **
	0.056 **
	0.019 **
	0.019 **
	0.036 **
	0.001 **
	0.015 **
	Crown shape
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