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Abstract

:

Understanding the relationship between leaf phenology and physiological properties has important implications for improving ecosystem models of biogeochemical cycling. However, previous studies have investigated such relationships only at the ecosystem level, limiting the biological interpretation and application of the observed relationships due to the complex vegetation structure of forest ecosystems. Additionally, studies focusing on transpiration are generally limited compared to those on photosynthesis. Thus, we investigated the relationship between stem sap flux density (SFD) and crown leaf phenology at the individual tree level using the heat dissipation method, unmanned aerial vehicle (UAV)-based observation, and ground-based visual observation across 17 species in a cool temperate forest in Japan, and assessed the potential of UAV-derived phenological metrics to track individual tree-level sap flow phenology. We computed five leaf phenological metrics (four from UAV imagery and one from ground observations) and evaluated the consistency of seasonality between the phenological metrics and SFD using Bayesian modelling. Although seasonal trajectories of the leaf phenological metrics differed markedly among the species, the daytime total SFD (SFDday) estimated by the phenological metrics was significantly correlated with the measured ones across the species, irrespective of the type of metric. Crown leaf cover derived from ground observations (CLCground) showed the highest ability to predict SFDday, suggesting that the seasonality of leaf amount rather than leaf color plays a predominant role in sap flow phenology in this ecosystem. Among the UAV metrics, Hue had a superior ability to predict SFDday compared with the other metrics because it showed seasonality similar to CLCground. However, all leaf phenological metrics showed earlier spring increases than did sap flow in more than half of the individuals. Our study revealed that UAV metrics could be used as predictors of sap flow phenology for deciduous species in cool, temperate forests. However, for a more accurate prediction, phenological metrics representing the spring development of sap flow must be explored.
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1. Introduction


Leaf phenology is the study of annually recurring biological events in plant leaves, such as budburst, development, and senescence, which are tightly linked to plant productivity and water use, especially in deciduous tree species. Leaf phenology is highly sensitive to changes in climatic conditions, particularly air temperature [1,2]. For example, field and remote sensing evidence, predominantly from northern hemisphere regions, shows that a warming climate has advanced the timing of leaf-out and prolonged the growing season in the last half-century [3,4], which may alter the seasonal cycle of ecosystem CO2 fluxes and energy balance [5]. However, when predicting such impacts on biogeochemical cycling with dynamic vegetation and ecosystem process models, leaf phenology is one of the most difficult processes for parameterizing such models because the mechanism behind leaf phenology and its response to environmental drivers are complex [6,7,8]. In this context, simultaneous observation of leaf phenology and physiological functions in forest ecosystems provides important implications for improving the parameterization and structure of such process-based models and, thus, our understanding of how plant communities and terrestrial ecosystems respond to climate change [9].



Leaf phenology has traditionally been evaluated using ground-based visual observations. However, this method is labor intensive, prone to human error, and difficult to apply to trees in dense and multi-layered forests wherein an observer cannot see the entire canopy. Consequently, remote sensing approaches using satellite and tower-mounted digital cameras have become popular for monitoring leaf phenology in forest ecosystems because they enable continuous monitoring of leaf phenology due to fixed viewing geometry and allow objective evaluation of leaf phenology using the reflectance data of acquired images. Especially, a tower-mounted digital camera called a “phenocam”, which is categorized as a near-surface remote sensing approach, can provide ecosystem-level leaf phenology at a higher temporal frequency and finer spatial resolution than satellite remote sensing without being obscured by clouds, enabling detailed comparison of leaf phenology with ecosystem carbon and water flux obtained by the eddy covariance method [10,11]. Because canopy color derived from phenocam imagery depends on both the leaf amount and the color of individual leaves, it reflects both physiological and structural characteristics of the canopy, such as leaf area index (LAI), leaf chlorophyll and carotenoid concentrations [12,13,14,15,16,17], which are key components of canopy photosynthesis and transpiration. Therefore, phenocams have been installed in many flux sites in various ecosystems, such as temperate and boreal forests, savannas, and grasslands, and time-series data of canopy greenness or redness have been used to analyze seasonal changes in ecosystem gas flux, especially for CO2, e.g., [9,10,18,19,20,21].



Although several studies have reported tight correlations between phenocam-derived color metrics and gross primary production (GPP) across seasons in temperate deciduous forest ecosystems, e.g., [22,23,24], many others found large discrepancies between GPP and phenological metrics, especially for the pattern within the growing season; that is, phenocam-derived metrics tend to result in both earlier spring peak and later onset of autumn decrease compared to canopy photosynthesis [9,13,14,18]. Although mid-growing season phenology has received less attention than phenology at the beginning and end of the growing season, it determines the attainment of full photosynthetic capacity and its period, thus affecting the annual sums of GPP. Many possible explanations for the dissimilarity have been inferred, for example, earlier saturation of green signal at relatively low LAI [13], slower development of leaf physiological properties than leaf area [18], spring increase in leaf carotenoid content and subsequent decrease in the fraction of green signal from the canopy, [14] and earlier decrease in leaf physiological properties than the onset of leaf fall, e.g., [25]. However, it is difficult to clarify the cause of these discrepancies from ecosystem-level studies because the observed patterns and relationships between flux and leaf phenology integrate the responses of multiple species, age classes, and canopy layers within the ecosystem; thus, biological interpretation of these relationships is far from trivial. Additionally, phenocam tends to overrepresent dominant trees located closest to the field of view, which causes a footprint mismatch between the flux and optical measurements, especially in species-rich forests with complex structures, leading to errors in the flux–leaf phenology relationship [26]. Consequently, it is difficult to apply the flux–leaf phenology relationship obtained at the ecosystem level to other sites, even in the same biome. In this context, identifying the flux–leaf phenology relationship at the individual tree level is an important step for disentangling the cause of dissimilarity in the ecosystem-level relationship.



Drones, also referred to as unmanned aerial vehicles (UAVs), are other near-surface remote sensing tools that have been increasingly used to monitor leaf phenology [27,28]. Although the temporal resolution of the acquired images is lower than that of phenocams, UAV can produce aerial images at the same spatial resolution as phenocams and cover vast areas, ranging from hectares to multiple square kilometers. This enables the identification and analysis of an extensive number of individual crowns across seasons and years, with the same spatial standard. With respect to flux measurement at the tree level, there is no suitable approach for linking CO2 flux measurement to UAV-derived phenology because tree-level CO2 flux measurement requires enclosing the entire crown with a gas exchange chamber, impeding UAV observation [29]. In contrast, stem sap flow measurements using heat dissipation probes can provide a time series of tree-level transpiration data on an hourly to daily scale without enclosing the crown with the chamber, and thus can be directly linked to UAV observation. Additionally, the sap flow sensor is simple to construct, easy to install, and inexpensive compared with other approaches, such as the whole tree chamber, enabling us to measure multiple trees for examining inter- and intra-species variations in flux–leaf phenology relationships. Furthermore, although transpiration is an important factor influencing latent heat flux and photosynthesis, previous studies have primarily focused on the relationship between leaf phenology and canopy photosynthesis but not transpiration, probably because the H2O flux obtained by the eddy covariance method encompasses processes other than transpiration, such as evaporation of soil water, canopy intercepted water, and other free water surfaces, which do not directly correlate with leaf phenology. Although fundamental factors controlling tree transpiration (i.e., amount of leaf area and leaf physiological properties) are similar to those controlling photosynthesis, leaf water-use efficiency (i.e., the ratio of photosynthesis to transpiration) is not constant across seasons [30,31]. Thus, we expected that leaf phenological metrics related to transpiration would differ from those related to photosynthesis. Furthermore, because the spatial scales of stem sap flow and UAV-derived crown leaf phenology are identical at the tree level, we can expect closer correlations between sap flow and UAV-derived phenology than the flux–leaf phenology relationships observed at the ecosystem level. However, to the best of our knowledge, no study has identified the relationship between sap flow and camera-derived leaf phenology at the individual tree level in temperate deciduous species.



The main objective of this study was to assess the potential of UAV-derived leaf phenological metrics for tracking the seasonal dynamics of sap flow (i.e., sap flow phenology) at the individual tree level across multiple species. To achieve this objective, we examined seasonal changes in crown colors using UAV imagery, in conjunction with stem sap flow measurements using the thermal dissipation method, for 17 deciduous broad-leaved species in cool temperate forests for two years (2019–2020). We also monitored crown leaf cover using ground-based visual observations to evaluate the contribution of changes in leaf amount to sap flow phenology. Additionally, because sap flow is sensitive to day-to-day fluctuations in environmental factors (unlike leaf phenology), we used a Bayesian model driven by phenological metrics and environmental factors to compare sap flow and leaf phenology directly.




2. Materials and Methods


2.1. Study Site and Samples


This study was conducted in a 1.5 ha permanent plot in a cool temperate forest on the eastern side of Mt. Sobatsubu in Shizuoka Prefecture, Japan (35°8′2.5″N, 138°2′43.1″E; 1400 m above sea level, Figure A1). The mean temperature and average annual precipitation for the study years (2019–2020) were 9.7 °C and 3262.5 mm, respectively (precipitation data were obtained from records at the Kawanehoncho meteorological station, provided by the Japan Meteorological Agency; http://www.jma.go.jp/jma/index.html, accessed on 31 March 2022). The plot comprised 43 tree species, including 1100 trees with a diameter at breast height greater than 5 cm. The canopy trees had an average height of approximately 18 m, a total basal area of 51.3 m2 ha−1, and a stand leaf area index of 4.1 m2 m−2. The study plot faced southeast and had moderate relief, with slopes most frequently between 10 and 30%. The canopy and sub-canopy layers (ca. > 15 m and 5–15 m, respectively) were predominated by Acer shirasawanum Koidz. (40.2% of the total basal area); other overstory tree species included Fagus crenata Blume (7.4%), Betula grossa Siebold & Zucc. (5.7%), Fraxinus spp. (5.6%), and Acer nipponicum H.Hara (4.5%). The understory vegetation (<5 m) was substantially less than that expected under normal conditions because of continuous excessive browsing by Sika deer since 2007 and mass flowering and die-off events of dwarf bamboo (Sasa borealis (Hack.) Makino & Shibata) in 2016. Although the study plot was surrounded by a fence in 2016, the vegetation had not recovered completely. Two canopy access towers, 15–20 m in height, were established in the plot (Figure A1), and standard micrometeorological conditions, such as radiation, temperature, humidity, and wind speed, were continuously monitored from April to December at the top of one of the two towers located in the southern part of the plot. Electric power for all types of sensors and dataloggers was provided by solar panels mounted on the south tower and the roof of a field accommodation adjacent to the plot.



During the two consecutive years (2019 and 2020), we chose 29 canopy trees belonging to 17 species (Table 1, Figure A1). Because the UAV approach is prone to be affected by below-crown vegetation, such as understory vegetation, sub-canopy trees, and branches of neighboring trees, we selected target trees with small below-crown vegetation as much as possible, especially for species showing later bud break. Additionally, to minimize errors in ground visual observation, we selected trees for which the entire crown was visible from the ground through gaps around the trees. We changed the sample trees by year, except for the four trees that were continually measured for two years, because suitable tree samples could not be found within 25 m (limit of cable length for sap flow measurement) from the solar panels. Consequently, we obtained data from 33 individuals in total.




2.2. Observation of Leaf Phenology


Leaf phenology of the sampled tree crown was monitored using ground-based visual observations and UAV observations conducted on the same day from late April to mid-November at a weekly to biweekly frequency, depending on weather conditions. Measurements were taken on 21 and 24 distinct occasions in 2019 and 2020, respectively (Table A1).



With respect to ground-based visual observation, the observer looked at the target crowns from various directions using binoculars and estimated the percentage of unfolded leaves and the mean leaf size as the percentage of mature leaf size. Photographs of the target crown were also taken on each occasion to check the accuracy of the mean leaf size derived from visual observations. Crown leaf cover (CLCground) was then calculated as a product of the percentages of unfolded leaves and leaf size, and the result was categorized into one of the seven classes as follows: 0%, 10% (1–19%), 30% (20–39%), 50% (40–59%), 70% (60–79%), 90% (80–99%), and 100% (Figure S3 in the supplementary materials of [28]). Ground observations were performed by the same person throughout the seasons to minimize any errors associated with different observers. Because changes in leaf color were not considered in the evaluation of CLCground, CLCground represents changes in the relative amount of leaf area. A preliminary experiment showed that CLCground was closely correlated with the effective plant area index derived from hemispherical photographs (Figure A2). Further details of ground-based visual observation are described in the paper by Budianti et al. [28].



For UAV observations, aerial photographs were taken using a commercial drone (DJI Phantom 4 pro, DJI-Innovations Inc., Shenzhen, China) equipped with an RGB camera (DJI FC6310) with an 8.8 mm nominal focal length and a 1” CMOS 20-megapixel sensor with 2.41 × 2.41 µm nominal pixel size. Prior to each UAV flight, the camera was configured for continuous shooting with the following settings: infinity focus, ISO 800, and exposure time of 1/1000 s. The photographs were stored in JPEG format with super-fine compression. Although a clear day was chosen to conduct UAV flights based on the weather forecast, weather conditions at the study site were generally unstable due to rapidly changing regional weather conditions (i.e., fog and cloud). Therefore, the UAV was manually operated to change flight plan flexibly according to the weather conditions. To ensure sufficient overlap of images to produce an orthophoto (80% longitudinal and 50% lateral overlap [33]), the UAV was operated at roughly 1.2 m s−1, with the camera taking images every 2 s, and at least five flights were conducted over the 1.5 ha plot (25 min per flight). The flight height was 35–45 m above the ground (i.e., 15–20 m above the crown surface of sample trees). To minimize the effect of variable illumination on the UAV image due to the solar incidence angle, the flights were conducted at midday (between 10:00 and 14:00) on most occasions, whereas variable illumination conditions during flight inevitably occurred on some occasions due to the unstable weather conditions at the study site (Table A1).



Each acquired image set was processed into a georeferenced orthophoto using the Context Capture software (Bentley Systems Inc., Exton, PA, USA). Although the entire image processing (i.e., bundle adjustment and reconstruction of three-dimensional model) was performed nearly automatically by the software [33], seven ground control points in the plot, determined using a global navigation satellite system with a precision of less than several centimeters (Figure A1), were included in the process to refine georeferencing. Additionally, to mitigate the negative effect of unsteady illumination conditions on orthophoto production, a color equalization algorithm was used in the software, which ensures consistent appearance of the acquired images even under largely different illumination conditions. Orthophotos were successfully produced at the centimeter resolution, except for three occasions in November 2019 when orthophotos could not be produced owing to mechanical trouble with the UAV camera (Table A1).




2.3. Measurements of Sap Flow and Environmental Factors


Sap flux density (SFD) of the tree stems was measured with the thermal dissipation method using self-made Granier-type sensors [34] installed 1.5 m above the ground. Each sensor consisted of two probes (2 cm long and 2 mm in diameter). The upper probe included a heater supplied with 0.2 W constant power. The heat was dissipated into the sapwood and provided an estimate of the vertical sap flux surrounding the probe. For each sample tree, one sensor was installed at 0–2 cm depth in the sapwood, with the two probes separated by 15 cm. All sensors were installed on the north side of the stem and covered by a shelter of reflective insulation to avoid thermal disturbance by radiation, wind, and rainfall. Each tree was continuously monitored from mid-April (before bud break) to the end of November (after all the leaves had fallen) at 30 sec intervals, and 30 min averaged data were recorded on a data logger (CR1000, Campbell Scientific, Logan, UT, USA) with a peripheral multiplexer (AM16/32, Campbell Scientific, Logan, UT, USA). However, occasionally, data loss occurred due to equipment failure caused by frequent lightning and animal attacks and also due to power supply problems during prolonged rainy days in July and September (Figure A3). The recorded temperature difference between the two probes was converted into the SFD, as described by Granier [34]. The highest temperature difference (ΔTmax) was defined as the zero-flux condition for each day. The ΔTmax values determined for each day were generally similar throughout the experimental period (data not shown).



Solar radiation above the canopy was measured using a solar radiometer (LI-200, Li-Cor, Lincoln, NE, USA), and air temperature and humidity in the canopy layer were measured using a thermohydrograph (CS215, Campbell Scientific Inc., Logan, UT, USA). Meteorological data were sampled and recorded at the same frequency as the sap flow measurements and on the same data logger. The vapor pressure deficit (VPD), calculated from the temperature and relative humidity using the Tetens formula [35], was also recorded on the data logger using a customized logging program written in CRBasic (Campbell Scientific Inc., Logan, UT, USA).




2.4. Data Analysis


2.4.1. UAV-Derived Leaf Phenological Metrics


We manually delineated the boundaries of the 29 target crowns (i.e., the regions of interest) in orthophotos based on the ground survey and calculated four phenological metrics for the delineated crown space using ArcGIS software (version 10.7, ESRI, Redlands, CA, USA) as follows:


GCC = G/(R + G + B)



(1)






GEI = 2G − (R + B)



(2)






GRVI = (G − R)/(G + R)



(3)






Hue = (G − B)/(DNmax − DNmin) × 60, if R = DNmax



(4)






Hue = (B − R)/(DNmax − DNmin) × 60 + 120, if G = DNmax










Hue = (R − G)/(DNmax − DNmin) × 60 + 240, if B = DNmax








where GCC, GEI, and GRVI are green chromatic coordinate, green excess index, and green-red vegetation index, respectively. R, G, and B are the mean values of the red, green, and blue digital numbers, respectively, in the target crown space. DNmin and DNmax are the minimum and maximum digital numbers (DN) of the RGB channels, respectively. To compare the four metrics on the same scale, all the metrics were normalized from 0 to 1 using the minimum and maximum values of these metrics over seasons.



For the three occasions in November 2019 when orthophoto construction failed, the phenological metrics were calculated directly from the aerial JPEG images that had a similar perspective to the orthophotos. Additionally, although we chose sample trees with small below-crown vegetation as much as possible, significant influence of the below-crown vegetation on the start dates of the spring rising phase was found for five of the 29 trees. In that case, we removed the influence by post-processing the orthophotos, for example, by adjusting the size of the region of interest and/or exchanging the below-crown vegetation image with the adjacent ground image.




2.4.2. Calculation and Normalization of Daytime Total Sap Flow


To characterize the seasonal dynamics of sap flow (i.e., sap flow phenology), the daytime total SFD (SFDday) was calculated for each sample tree by summing the SFD values from 5:00 to 20:00. Although nighttime SFD is generally marginal, we excluded it from our analysis because nighttime SFD gradually increased from summer to autumn in response to nighttime VPD for more than half of the individuals (Figure A4), complicating the model for the environmental response of SDF (Equation (6) in the next subsection). The SFDday of the individual trees was also normalized from 0 to 1 in the same manner as that used for the phenological metrics. Normalization allowed us to compare seasonal dynamics and environmental responses between trees with different absolute magnitudes. Although exploration of phenological metrics reflecting absolute SFDday is also an important challenge, quantification of absolute SFD values requires calibration of sap flow sensors by destructive tree sampling and investigation of spatiotemporal variations in SFD within the stem [36,37,38], which was difficult to achieve because of legal restrictions on tree harvesting and limited equipment. Therefore, a comparison of the UAV metrics and absolute SFD was beyond the scope of this study.




2.4.3. Modelling the Phenology of Sap Flow


Wullschleger et al. [39] described the seasonal dynamics of sap flow in temperate deciduous tree species using the following empirical function:


SFD = FLAI·(a·Rs + b·VPD)



(5)




where FLAI is the normalized leaf area index (LAI), Rs is the solar radiation (MJ m−2 day−1), VPD is the vapor pressure deficit (hPa), and a and b are coefficients. To evaluate the potential of the leaf phenological metrics for predicting sap flow phenology, we replaced FLAI of Equation (5) with normalized leaf phenological metrics (PMnorm), and adapted the hierarchical Bayesian framework as follows:


SFDday t = PMnorm t·(at·Rs_day + bt·VPDday)



(6)




where Rs_day and VPDday are the daily total Rs and the daytime mean VPD, respectively. The subscript of each variable and coefficient, i.e., t, refers to an individual tree. Additionally, to determine the phenological transition dates of sap flow, we estimated the seasonal dynamics of PMnorm using the double logistic model given by Gu et al. [40]:


PMnorm t = c1t/[1 + exp {−(Tt − T1t)/d1t}]e1t − c2t/[1 + exp {−(Tt − T2t)/d2t}]e2t



(7)




where T is the day of the year, and c1, c2, d1, d2, e1, e2, T1, and T2 are coefficients. Because PMnorm is estimated from the measured SFDday and environmental factors using Equations (6) and (7), we referred to it as optimized SFD (SFDopt). The SFDday values estimated by SFDopt were closely correlated with the measured values across all individuals (r2 = 0.89 and root-mean-square error, RMSE = 0.093 for all pooled data, data not shown).



All coefficients were interconnected in this model framework and obtained as probability distributions (i.e., posterior distributions) at the individual tree level. Sampling from the posterior distributions of all parameters was performed using the Markov chain Monte Carlo (MCMC) method. We ran 20,000 iterations for each of the three independent MCMC chains after a warm-up of 12,000 iterations, with the chains thinned every five iterations to yield a posterior sample size of 4800. The convergence of the Markov chains for each parameter was checked using R-hat values (<1.1) by comparing the variance within and among chains. The Bayesian framework and related analyses were run in R version 4.1.2 using the ‘rstan’ package [41].




2.4.4. Calculation of Phenological Transition Dates


To determine the phenological transition dates of the leaf phenological metrics, five double logistic models included in the R package ‘phenopix’ [42] were applied to the time-series data of the phenological metrics, and the best-fitted result was selected based on the RMSE (Figure A5). We then defined the days representing 10%, 50%, and 90% of the maximum amplitude of the fitted results during spring green-up phase as the start, middle, and end dates of the rising phase, respectively (i.e., SOR, MOR, and EOR, respectively). In addition, for the decreasing phase after spring peak, we defined the days that represented 90%, 50%, and 10% of the maximum amplitude as the start, middle, and end dates of the decreasing phase, respectively (i.e., SOD, MOD, and EOD, respectively). The transition dates of SFDopt were defined in the same manner.






3. Results


3.1. Leaf Phenology Derived from Ground Observation and UAV Imagery


A typical example of seasonal trajectories of leaf phenological metrics is shown in Figure 1. Although all the metrics showed similar trajectories in the spring, the summer to autumn trajectories were markedly different among the metrics; that is, crown leaf cover based on ground visual observation (CLCground) and Hue had a long peak period, the green chromatic coordinate (GCC), and green excess index (GEI) showed a continuous decline over summer, and the green-red vegetation index (GRVI) had an intermediate pattern between Hue and GCC (Figure 1). These trends were common for all individuals, with several exceptions (e.g., the GEI for Acer rufinerve Siebold & Zucc. in 2019 had a longer peak period than that of the GRVI, Figure A5).



The phenological transition dates derived from CLCground showed large inter-species variations (Figure 2). The mean start and end dates of the spring rising phase (SOR and EOR, respectively) varied by 13.5 and 27 days across the species, respectively. In addition, the mean start and end dates of the decreasing period (SOD and EOD, respectively) varied by 55.5 and 35.5 days, respectively. The climatic conditions in 2020 were characterized by heavier precipitation in July and warmer winter temperature than that in 2019 (Figure A6). Although the influence of such inter-annual variations in climatic conditions was included in the intra-species variations in leaf phenology, the mean intra-species variations in SOR, EOR, SOD, and EOD were 5.4, 6.7, 14.9, and 8.0 days, respectively, which were smaller than the inter-species variations in SOR, EOR, SOD, and EOD.



A comparison of the phenological transition dates derived from CLCground and the UAV metrics is shown in Figure 3. The transition dates derived from the UAV metrics were significantly correlated with those derived from CLCground throughout the spring rising phase irrespective of the type of UAV metric (Figure 3A–C), whereas the RMSE values of the correlations increased as the spring progressed. In contrast, during the decreasing phase, the correlations of the phenological transition dates differed markedly among the UAV metrics, that is, although the Hue-derived transition dates showed significant correlations with the CLCground-derived dates throughout the phase, the GCC and GEI-derived dates were considerably different from the CLCground-derived dates, except for EOD (Figure 3D–F). Regarding GRVI, significant correlations were found in the comparison of MOD and EOD, but not in the comparison of SOD.




3.2. Sap Flow Phenology and Comparison with Leaf Phenology


The daytime total sap flux density (SFDday) also showed clear seasonality, with high values during summer and low values in early spring and late autumn (Figure 4A,B and Figure A3). However, large day-to-day variations governed by radiation (Rs) and vapor pressure deficit (VPD) were found throughout the seasons, making comparisons between sap flow and leaf phenology difficult (Figure 4C–F). Thus, we estimated SFDday from the phenological metrics using the Bayesian model (Equation (6)), and compared the estimated values with the measured values (Figure 5 and Figure A6). Although significant correlations between the measured and estimated SFDday were found irrespective of the type of phenological metric, predicting ability largely differed among the metrics as follows: CLCground > Hue > GRVI > GCC ≈ GEI. For example, the SFDday estimated by CLCground had the best correlation with the measured data in 20 of the 33 individuals. With respect to Hue, the best correlations were found in 10 of the 33 individuals. In contrast, SFDday estimated by GCC or GEI showed the worst correlations for most individuals, with the exception of the Chengiopanax sciadophylloides (Franch. & Sav.) C.B.Shang & J.Y.Huan tree measured in 2020.



For a more detailed comparison of phenology between leaf and sap flow, we reproduced the optimized SFDday (SFDopt) using Equations (6) and (7) and compared the phenological transition dates of SFDopt and leaf phenological metrics (Figure 6). The SOR derived from the leaf phenological metrics was significantly correlated with that derived from SFDopt irrespective of the type of metric, with an RMSE of less than seven days. However, the RMSE values of the correlations increased as spring progressed, and significant correlations disappeared in comparison with the EOR. In contrast, in the decreasing phase, the RMSE values of the correlations decreased as the seasons progressed. Only the transition dates derived from CLCground and Hue were significantly correlated with those derived from SFDopt throughout the decreasing phase.





4. Discussion


We used two years of concurrent UAV observations and sap flow measurements across 17 species to evaluate the potential of UAV-derived leaf phenological metrics for tracking the seasonal dynamics of sap flow (i.e., sap flow phenology). Although both leaf and sap flow phenology showed large inter- and intra-species variations, daytime total sap flux density (SFDday) estimated by the UAV-derived metrics was significantly correlated with the measured SFDday across species and seasons (Figure 5 and Figure A7), suggesting that UAV-derived metrics have potential as predictors of individual-level sap flow phenology in this ecosystem. However, the predictive ability of the UAV metrics largely differed among the metrics, with Hue showing the highest performance (RMSE = 0.135 for all pooled data), the green chromatic coordinate (GCC) and green excess index (GEI) showing the lowest (RMSE = 0.190), and the green-red vegetation index (GRVI) showing intermediate performance (RMSE = 0.154). The superior performance of Hue has also been reported in ecosystem-level comparisons between photosynthesis and phenocam-derived metrics in temperate deciduous forests [23,24]. Because differences in spring trajectories among the UAV metrics were generally small, the observed differences in predictive ability were attributed to differences in summer to autumn trajectories (Figure 1 and Figure A5), that is, Hue had a long peak period, the GCC and GEI showed a continuous decline, and the GRVI had an intermediate pattern between GCC and Hue.



From summer to autumn, both Hue and CLCground showed similar trajectories with optimized SFDday (SFDopt) for most individuals (Figure 6 and Figure A5), but the overall performance for predicting SFDday was higher for CLCground than for Hue (Figure 5). Because CLCground reflects the phenology of only leaf amount, like leaf area index (LAI), the similar trajectory between CLCground and SFDopt suggests that SFDday during the summer to autumn period is mainly controlled by leaf amount and not by leaf physiological properties, such as stomatal conductance (gs). This might be a surprising result because both leaf amount and leaf gs are important factors for controlling tree transpiration, e.g., [43]; furthermore, previous studies have reported that autumn decreases gs accompanied by leaf coloring, which generally starts before leaf fall in deciduous tree species, e.g., [44,45,46]. On the other hand, empirical evidence indicates that seasonal dynamics of sap flow can be described using environmental factors and LAI in temperate deciduous broad-leaved species [39,47]. Regarding the cause of the small contribution of gs, Hiyama et al. [48] found that gs of colored leaves maintained high values until late autumn in Quercus serrata Murray in a Japanese temperate forest. The stomata of senescent leaves lose responsiveness to environmental variables and cannot be closed efficiently, even under low-light conditions (dull leaf phenomenon [43,49,50]), maintaining leaf gs and thus SFDday at high values during the autumn leaf senescence period. In fact, nighttime SFD tended to increase from summer to autumn for more than half of the sampled trees (Figure A4, [37]), supporting this point of view. Therefore, the lack of stomatal control by leaf senescence may explain why CLCground showed better performance for predicting SFDday than the UAV metrics. This implies that camera-based modelling of SFDday during the summer to autumn period should be based on phenological metrics reflecting changes in leaf amount rather than leaf physiological characteristics for deciduous tree species in cool temperate climates. This finding contrasts with canopy photosynthesis in temperate deciduous forests; that is, autumn decline occurred several weeks earlier for photosynthesis than for LAI, e.g., [9,13], probably because leaf photosynthesis starts to decrease with or before leaf coloring [25]. Although plant transpiration is inevitably linked to photosynthesis through the stomatal control of CO2 absorption, our study suggests that phenological metrics different from photosynthesis should be used to model transpiration phenology.



Although the ability to predict sap flow phenology was slightly lower for Hue than for CLCground, Hue showed a seasonal trajectory similar to that of CLCground compared to the other UAV-derived metrics (Figure 3 and Figure A5). This result is consistent with previous findings that Hue can be used as a proxy for seasonal variations in leaf amount in deciduous broad-leaved species [12,24]. Additionally, Mizunuma et al. [24] showed that Hue values were relatively stable for camera models, camera settings, and sky conditions compared with the other indices. Considering the labor intensity of ground observations, Hue would be a suitable factor for modelling tree transpiration on a large scale. However, the seasonal trajectory of Hue is affected by species-specific differences in leaf color. For example, for species showing bright leaf coloring in autumn, such as Acer sieboldianum Miq., the start date of the decreasing phase (SOD) was 20–30 days earlier for Hue than for CLCground (Figure A5), leading to an underestimation of autumn SFDday. In contrast, for species showing unclear leaf coloring (i.e., with a certain amount of chlorophyll remaining in senescent leaves), such as Pterostyrax hispidus Siebold & Zucc., SOD was markedly later for Hue than CLCground, causing an overestimation of SFDday. The timing and extent of leaf coloring vary not only with species but also with the local growth environments of individual trees and inter-annual variations in climatic conditions [8,51,52]. Therefore, the ability of Hue to predict sap flow phenology can also vary with these factors, which should be considered when Hue is used for modelling transpiration phenology.



Previous research based on tower-mounted phenocams has reported that normalized difference vegetation index (NDVI) is more sensitive to changes in canopy LAI than GCC in deciduous broad-leaved forests [53,54]. This is because NDVI incorporates bands at near-infrared (NIR) wavelengths, where the reflectance of leaves is governed by structural characteristics rather than pigmentation. Therefore, phenological metrics using an NIR band may perform better than Hue. However, because NDVI uses a red color band for the calculation, its seasonal trajectory can also be affected by spatiotemporal variations in leaf color [55,56]. For example, NDVI showed an obvious decrease when leaves turned from green to yellow during early autumn in a Japanese deciduous forest [57]. Although superior characteristics of NDVI compared with metrics calculated from RGB images have been reported at the ecosystem level, no study has compared the seasonality of LAI, NDVI, and Hue at individual tree level. As UAVs equipped with multispectral sensors are commercially available, this issue should be tested in future research.



During spring, although the start date of the rising phase (SOR) derived from the UAV metrics showed good agreement with that derived from SFDopt, the end date (EOR, i.e., spring peak) derived from the UAV metrics preceded that derived from SFDopt by several weeks to two months for more than half of the individuals (Figure 6). Consequently, consistent overestimation of SFDday was found during the rising phase, irrespective of the type of UAV metric (Figure A7). Although studies comparing sap flow and leaf phenology are generally limited, similar discrepancies in the spring peak have been reported in the stand-level comparison for Fagus sylvatica L. [58] and in the branch-level comparison for Rhododendron occidentale (Torr. & A. Gray) A. Gray [59]. Furthermore, large discrepancies in spring peaks have been frequently reported in comparisons between canopy photosynthesis and phenocam-derived phenological metrics at the ecosystem level, e.g., [9,10,13]. For example, Keenan et al. [13] showed that the spring peak of canopy GCC derived from phenocam preceded the peak of gross ecosystem production (GEP) by two weeks in temperate deciduous forests. Since they also found similar discrepancies against canopy LAI and leaf chlorophyll concentration, they concluded that the discrepancy in the spring peak between GEP and GCC could be attributed to the saturation of green signals at low LAI (approximately 2 to 2.5 m2 m−2). However, in this study, not only the UAV-derived metrics but also CLCground, which closely correlated with the effective plant area index derived from hemispherical photography (Figure A2), showed a large discrepancy in the spring peak against SFDopt, implying the involvement of factors other than the saturation of the green signal. Muraoka and Koizumi [25] showed that the annual peak of leaf photosynthetic capacity and gs occurred approximately two months after the peak of leaf chlorophyll concentration and crown leaf area for deciduous broad-leaved tree species in Japanese cool temperate forests. Therefore, late maturation of leaf physiological properties may explain the observed discrepancy in the spring peak between SFDopt and the UAV metrics, as anticipated by Richardson et al. [18].



Because the spatial scale between sap flow and leaf phenological metrics was identical at the tree level in this study, we expected a much closer flux–leaf phenology relationship than the relationships obtained in the ecosystem-level comparison, which involves a mismatch of footprint size between flux and optical measurements [26]. However, contrary to our expectation, a large discrepancy in the spring peak was still observed, indicating that strict matching of footprint size is not always important for evaluating flux–leaf phenology relationships. Instead, disentangling the interaction between leaf physiological properties, crown structure, and reflectance is more important for predicting carbon and water fluxes using a remote sensing approach. Although the spring rising phase is relatively short compared to the peak and decreasing phases during summer and autumn (Figure 1), the transition dates and duration of the rising phase are sensitive to climate change, e.g., [60], which has a significant influence on inter-annual variations in carbon and water flux [5]. To clarify the cause of the systematic discrepancy in spring peak (i.e., EOR) between sap flow and leaf phenology, further data accumulation and combined measurements of leaf phenological metrics and physiological properties, such as gs, chlorophyll fluorescence, and pigment compositions, are necessary.



We are aware of the limitations of our study that should be addressed in future studies. First, the sap flow phenology of individual trees was represented by a single sensor installed at a 0–2 cm depth in the sapwood. Although SFDday generally decreases with increasing sapwood depth, previous studies have shown that ignoring radial variations in SFDday causes considerable errors in estimates of tree transpiration, e.g., [38]. Furthermore, the radial profile of SFDday can vary during the season and is correlated with changes in environmental conditions, such as air VPD [61], soil-water content [37,62,63], and irradiance [64]. If such seasonality was present in the radial profile of the SFDday of our investigated species, the SFD obtained from single-sensor measurements would not reproduce sap flow phenology correctly. Therefore, future studies should investigate spatiotemporal variations in SFD within stems to reproduce sap flow phenology at the tree level. Second, reductions in SFDday due to drought stress are rare at this site because of frequent rain events. However, since inter-annual variations in precipitation have tended to increase in Japan since the 1970s (Japan Meteorological Agency), drought conditions may be created in future rainless years. Previous studies have demonstrated that camera-derived leaf phenological metrics cannot detect drought-dependent decreases in physiological properties when canopy color does not change with drought, e.g., [9]. Therefore, two years of observation may be too short to characterize flux–leaf phenology relationships. To enhance the generic applicability of our study results, further data accumulation through long-term monitoring is necessary. Third, image acquisitions using the UAV were often conducted in variable illumination conditions because of rapidly changing regional weather (i.e., frequent fog and cloud cover, Table A1), which causes large spatiotemporal variations in brightness on the canopy surface, creating a bias in phenological metric estimation at the individual tree level. Although the seasonal amplitude of the phenological metrics is markedly greater than that of noise induced by variable illumination conditions in deciduous trees [27,65], homogeneous illumination conditions are still considered essential for precise estimation of phenological metrics. In unstable weather conditions, such as those in the study site, flight time should be shortened by increasing flight height and adopting higher resolution cameras.




5. Conclusions


Although we chose various species with different successional strategies and crown structures, Hue showed close correlations with sap flow phenology across the species because sap flow phenology, especially during summer to autumn, is explained by changes in leaf amount (i.e., CLCground) for most of the individuals, and the Hue is closely correlated with CLCground. Therefore, UAV observations have the potential to track tree-level sap flow phenology for deciduous broad-leaved species in cool temperate climate forests, which can contribute to the accurate prediction of transpiration in forests with complex vegetation structures. However, during the spring rising period, UAV-derived phenological metrics showed a more pronounced early peak than sap flow phenology, irrespective of the type of metric, probably due to earlier development of leaf area than leaf physiological properties. For a more accurate prediction of sap flow phenology, exploration of reflectance indices for tracking spring sap flow should be conducted in future studies.
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Abbreviations




	CLCground
	Crown leaf cover derived from ground observation



	EOD
	End of the decreasing phase



	EOR
	End of the rising phase



	GEI
	Green excess index



	GRVI
	Green-red vegetation index



	gs
	Stomatal conductance



	LAI
	Leaf area index



	MOD
	Mid of the decreasing phase



	MOR
	Mid of the rising phase



	RMSE
	Root-mean-square error



	Rs
	Solar radiation



	SFD
	Sap flux density



	SFDday
	Daytime (05:00–20:00) total sap flux density



	SFDopt
	Optimized daytime sap flux density



	SOD
	Start of the decreasing phase



	SOR
	Start of the rising phase



	UAV
	Unmanned aerial vehicle



	VPD
	Vapor pressure deficit
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Figure A1. Orthophoto of the study site acquired on 25 May 2019 (DOY 145) showing location of ground control points, towers, and field accommodation and the area of sap flow measurement. 
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Figure A2. Comparison between effective plant area index (PAI) derived from digital hemispherical photographs (DHP) and crown leaf cover based on the ground observation (CLCground) for eight canopy trees measured in 2021. To quantify effective PAI from DHP at individual tree level, we chose samples with a large crown but small influence from neighboring trees. The DHP images were acquired using a Nikon D5100 camera (Nikon, Tokyo, Japan) fitted with a 4.5-mm F2.8 EX DC circular fisheye converter (SIGMA, Kanagawa, Japan) and were imported into ImageJ software for post-processing. We defined the processing range for DHP using the circle of interest adjusted according to the crown edges of the individual trees, and calculated effective PAI using CIMES software [66]. All values on panel (I) are normalized to a scale of 0 to 1. Dotted lines are 1:1 lines, and solid lines are linear regression equations as follows: (A) y = 0.766x + 0.142, r2 = 0.886, root mean square error (RMSE) = 0.140; (B) y = 0.806x + 0.003, r2 = 0.903, RMSE = 0.191; (C) y = 0.844x + 0.032, r2 = 0.912, RMSE = 0.144; (D) y = 0.838x + 0.015, r2 = 0.876, RMSE = 0.152; (E) y = 0.720x + 0.113, r2 = 0.828, RMSE = 0.187; (F) y = 0.769x + 0.076, r2 = 0.902, RMSE = 0.164; (G) y = 0.845x + 0.070, r2 = 0.945, RMSE = 0.104; (H) y = 0.899x + 0.022, r2 = 0.943, RMSE = 0.101. 
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Figure A3. Seasonal trajectories of daytime total sap flux density (SFDday) and the optimized SFD (SFDopt) derived from Equations (6) and (7) for all individuals. All values are normalized to the scale from 0 and 1. Abbreviation: DOY, day of the year. 
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Figure A4. Seasonal dynamics of daytime and nighttime sap flux density (SFD) for four representative trees measured in 2019. Nighttime SFD gradually increased from spring to autumn and was found in 19 of the 33 individuals. Abbreviation: DOY, day of the year. 
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Figure A5. Time series of the leaf phenological metrics for all individual trees. Solid lines are fitted results of double logistic models. Fitted results are normalized to a scale from 0 to 1, and the scale of the phenological metrics was adjusted accordingly. Abbreviations: CLCground, crown leaf cover based on the ground observation; GCC, green chromatic coordinate; GEI, green excess index; GRVI, green-red vegetation index; DOY, day of the year. 
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Figure A6. Monthly mean air temperature (T) and solar radiation (Rs), and monthly total precipitation in 2019 and 2020. Precipitation data were taken from the data of the Kawanehoncho meteorological station (the Japan Meteorological Agency, 2021). Error bars indicate the standard deviation. 
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Figure A7. Comparison of the daytime total sap flux density (SFDday) values estimated by leaf phenological metrics and the measured values; individual trees basis (A), all pooled data (B), and comparison of seasonal trajectories (C). Measured SFDday values are normalized to the scale from 0 to 1, and the scale of the estimated SFDday was adjusted accordingly. The solid lines in panels (A,B) are 1:1 lines. Root-mean-square error and coefficient of determination of linear regression analysis for the data in panels (A,B) are shown in Figure 5. Abbreviations: CLCground, crown leaf cover based on the ground observation; GCC, green chromatic coordinate; GEI, green excess index; GRVI, green-red vegetation index; DOY, day of the year. 
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Table A1. Details of the UAV survey and quality of the orthophoto derived using Context Capture. Abbreviations: DOY, day of the year; RMSE, root-mean-square error; nd, not determined. * Two of the seven ground control points (GCPs) showed high RMSE values (1.7–2.0 m) due to a small number of overlapping aerial photos around the GCPs.
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Year

	
Date

	
DOY

	
Flight Time

	
Mean ± SD Radiation during the Flight

(J m−2 s−1)

	
Number of Photos Used for Orthophoto Production

	
Average Ground Resolution

(cm Pixel−1)

	
RMSE of Reprojection

(Pixel)

	
3D RSME of GCPs

(m)






	
2019

	
18 April

	
108

	
10:30–12:19

	
N/A

	
3012

	
1.62

	
0.62

	
0.003




	
02 May

	
122

	
09:44–10:51

	
466.8 ± 38.7

	
1264

	
1.47

	
0.58

	
0.021




	
10 May

	
130

	
10:09–12:28

	
453.1 ± 14.2

	
3099

	
1.55

	
0.69

	
0.000




	
16 May

	
136

	
11:05–12:28

	
262.7 ± 26.4

	
3092

	
1.15

	
0.84

	
0.001




	
25 May

	
145

	
11:05–13:24

	
505.0 ± 18.5

	
1208

	
1.17

	
0.72

	
0.001




	
31 May

	
151

	
10:02–12:22

	
222.2 ± 80.6

	
1178

	
0.91

	
0.71

	
0.001




	
06 May

	
157

	
10:24–11:29

	
532.5 ± 103.7

	
1703

	
1.30

	
0.80

	
0.001




	
14 June

	
165

	
09:25–11:19

	
191.9 ± 67.6

	
3008

	
1.40

	
0.81

	
0.001




	
26 June

	
177

	
10:00–11:44

	
440.9 ± 37.6

	
1693

	
1.00

	
0.85

	
0.048




	
24 July

	
205

	
12:15–12:35

	
398.3 ± 85.6

	
769

	
1.27

	
0.74

	
0.001




	
31 July

	
212

	
11:08–11:47

	
379.6 ± 151.3

	
536

	
1.26

	
0.72

	
0.000




	
29 August

	
241

	
15:03–16:23

	
108.2 ± 8.4

	
2068

	
1.11

	
0.80

	
0.052




	
10 September

	
253

	
11:26–13:17

	
388.8 ± 47.4

	
2182

	
1.20

	
0.67

	
0.055




	
26 September

	
269

	
12:10–13:44

	
249.2 ± 78.0

	
1850

	
1.29

	
0.74

	
0.048




	
07 October

	
280

	
10:59–12:31

	
275.3 ± 42.3

	
2410

	
1.10

	
0.72

	
0.074




	
16 October

	
289

	
14:39–15:31

	
96.4 ± 45.4

	
1266

	
1.01

	
0.70

	
0.044




	
23 October

	
296

	
10:36–11:50

	
220.3 ± 29.0

	
1412

	
1.02

	
0.67

	
0.060




	
30 October

	
303

	
10:30–11:48

	
336.5 ± 13.4

	
1042

	
1.04

	
0.60

	
0.023




	
05 November

	
309

	
10:37–12:08

	
305.7 ± 36.8

	
nd

	
nd

	
nd

	
nd




	
12 November

	
316

	
10:15–11:33

	
298.44 ± 18.0

	
nd

	
nd

	
nd

	
nd




	
21 November

	
325

	
10:39–12:27

	
N/A

	
nd

	
nd

	
nd

	
nd




	
2020

	
09 April

	
100

	
12:06–13:57

	
438.9 ± 28.3

	
2475

	
1.37

	
0.62

	
0.054




	
15 April

	
106

	
10:07–12:00

	
434.6 ± 41.0

	
2506

	
1.46

	
0.60

	
0.040




	
24 April

	
115

	
09:25–11:45

	
439.4 ± 49.1

	
2271

	
1.24

	
0.62

	
1.172 *




	
29 April

	
120

	
10:32–12:18

	
469.3 ± 13.7

	
2318

	
1.19

	
0.61

	
0.966 *




	
05 May

	
126

	
10:17–12:17

	
315.8 ± 119.7

	
2280

	
1.23

	
0.60

	
0.027




	
11 May

	
132

	
10:04–11:40

	
477.9 ± 43.7

	
2158

	
1.27

	
0.71

	
0.096




	
14 May

	
135

	
10:10–12:35

	
480.8 ± 19.0

	
2614

	
1.14

	
0.77

	
0.089




	
17 May

	
138

	
10:19–11:46

	
460.9 ± 68.8

	
2571

	
1.05

	
0.71

	
0.096




	
22 May

	
143

	
10:25–12:17

	
292.7 ± 73.7

	
2493

	
1.12

	
0.77

	
0.050




	
29 May

	
150

	
09:59–11:58

	
394.3 ± 111.9

	
2305

	
1.05

	
0.70

	
0.106




	
03 June

	
155

	
09:49–11:25

	
372.4 ± 41.7

	
3367

	
0.98

	
0.67

	
0.049




	
09 June

	
161

	
10:04–11:41

	
348.7 ± 76.7

	
2310

	
0.88

	
0.69

	
0.090




	
17 June

	
169

	
13:24–14:33

	
183.7 ± 61.7

	
1534

	
1.03

	
0.79

	
0.054




	
29 June

	
181

	
09:55–11:16

	
299.1 ± 94.9

	
1873

	
0.89

	
0.74

	
0.062




	
07 August

	
220

	
10:24–12:06

	
392.9 ± 33.1

	
1886

	
1.06

	
0.80

	
0.060




	
14 September

	
258

	
10:20–12:31

	
341.7 ± 52.8

	
2218

	
0.94

	
0.66

	
0.102




	
30 September

	
274

	
08:18–10:24

	
280.9 ± 66.7

	
2322

	
1.36

	
0.60

	
0.047




	
07 October

	
281

	
10:15–11:35

	
262.9 ± 47.1

	
2036

	
0.99

	
0.69

	
0.062




	
14 October

	
288

	
09:16–10:58

	
183.3 ± 32.7

	
1920

	
0.91

	
0.60

	
0.053




	
20 October

	
294

	
11:10–12:58

	
353.9 ± 10.4

	
2585

	
0.98

	
0.63

	
0.063




	
30 October

	
304

	
09:16–10:58

	
199.7 ± 119.6

	
2407

	
0.89

	
0.60

	
0.116




	
04 November

	
309

	
14:17–14:58

	
213.8 ± 40.2

	
1074

	
1.15

	
0.61

	
0.055




	
11 November

	
316

	
10:05–11:05

	
305.3 ± 29.9

	
1445

	
1.36

	
0.57

	
0.246




	
22 November

	
327

	
10:43–11:55

	
82.0 ± 16.6

	
1430

	
1.25

	
0.58

	
0.042
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Figure 1. Seasonal trajectories of leaf phenological metrics for Betula grossa Siebold & Zucc. measured in 2020, with a visual explanation of seasons (thin arrows in the upper part of the panel; spring, April–May; summer, June–September; autumn, October–November), phenophases (thick arrows below the panel), and phenological transition dates (symbols). Solid lines are the fitted results of double logistic models. All values are normalized to the scale from 0 to 1. The data points used for curve fitting and the other trees’ data are shown in Figure A5. Abbreviations: DOY, day of the year; CLCground, crown leaf cover based on the ground observation; GCC, green chromatic coordinate; GEI, green excess index; GRVI, green-red vegetation index. 
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Figure 2. Inter-species variations in the phenological transition dates derived from crown leaf cover based on ground observations (CLCground) during the rising phase (A) and decreasing phase (B). Each data point represents the transition date of individual trees. The y-axis of each panel is sorted based on either SOR or SOD. Abbreviations: DOY, day of the year; SOR, start of the rising phase; EOR, end of the rising phase; SOD, start of the decreasing phase; EOD, end of the decreasing phase. 
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Figure 3. Comparison of leaf phenological transition dates derived from UAV metrics and those derived from crown leaf cover based on ground observations (CLCground). Each point represents data for an individual tree. Dotted lines are 1:1 lines, and solid lines are linear regression equations (p < 0.05) as follows: Panel (A) GCC: y = 0.69x + 38.75, r2 = 0.53; GEI: y = 0.73x + 32.16, r2 = 0.51; GRVI: y = 0.51x + 62.51, r2 = 0.37; Hue: y = 0.73x + 30.89, r2 = 0.37; all p < 0.001. Panel (B) GCC: y = 0.62x + 49.84, r2 = 0.62; GEI: y = 0.69x + 39.26, r2 = 0.69; GRVI: y = 0.50x + 66.11, r2 = 0.59; Hue: y = 0.64x + 44.86, r2 = 0.56; all p < 0.001. Panel (C) GCC: y = 0.45x + 76.80, r2 = 0.54, p < 0.001; GEI: y = 0.40x + 83.07, r2 = 0.54, p < 0.001; GRVI: y = 0.26x + 105.25, r2 = 0.24, p < 0.01. Panel (D) Hue: y = 0.34x + 180.98, r2 = 0.19, p < 0.05. Panel (E) GRVI: y = 0.57x + 114.37, r2 = 0.52; Hue: y = 0.50x + 145.04, r2 = 0.53; all p < 0.001. Panel (F) GCC: y = 0.67x + 100.22, r2 = 0.56, p < 0.001; GEI: y = 0.52x + 144.68, r2 = 0.35, p < 0.001; GRVI: y = 0.57x + 127.77, r2 = 0.47, p < 0.001; Hue: y = 0.39x + 185.80, r2 = 0.26, p < 0.01. Abbreviations: GCC, green chromatic coordinate; GEI, green excess index; GRVI, green-red vegetation index. 
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Figure 4. Seasonal trajectories of daytime total sap flux density (SFDday) and optimized sap flux density (SFDopt) derived from Equations (6) and (7) (A,B) with daily total solar radiation (Rs_day) and daytime mean vapor pressure deficit (VPDday) (C,D) and SFDday response to the environmental drivers (E,F) for Betula grossa Siebold & Zucc. tree. Values of SFDday and SFDopt are normalized to the scale from 0 to 1. The data of SFDday and SFDopt for other individuals is shown in Figure A3. Abbreviation: DOY, day of the year. 
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Figure 5. Comparison of the ability of leaf phenological metrics for predicting daytime sap flux density (SFDday). We evaluated ability based on the root-mean-square error (RMSE) and coefficient of determination (r2) of the linear regression between the estimated SFDday values from Equation (6) and the measured values. The x-axis is sorted based on the measurement year and the RMSE values of crown leaf cover based on the ground observation (CLCground). All regressions showed significant correlations (p < 0.001). The data used for the regression analysis are shown in Figure A7. Abbreviations: GCC, green chromatic coordinate; GEI, green excess index; GRVI, green-red vegetation index. 
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Figure 6. Comparison of phenological transition dates between optimized sap flux density (SFDopt) and leaf phenological metrics. Each point represents data for an individual tree. Dotted lines are 1:1 lines and solid lines are the significant linear regression equations (p < 0.05). For panel (D), three outlier points surrounded by the thick dotted line were excluded from the analysis (when the outlier points were included in the regression analysis, the significant correlations in crown leaf cover based on ground observation CLCground and Hue were still maintained). Abbreviations: GCC, green chromatic coordinate; GEI, green excess index; GRVI, green-red vegetation index. 
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Table 1. List of species used in this study, including the tree size and successional type. Asterisks indicate the tree sample that was continually used for two years. The successional type was determined based on the regeneration status of seedlings in the canopy gaps at the study plot (personal observation) and the data for shade tolerance provided by Niinemets and Valladares [32]. Species for which regeneration status could not be confirmed were classified as “Unknown”. Abbreviations: DBH, diameter at breast height; H, tree height; CA, crown projection area.
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No.

	
Species

	
Successional Type

	
Number of Samples

	
Tree Size




	
2019

	
2020

	
DBH (cm)

	
H (m)

	
CA (m2)






	
1.

	
Acer nipponicum H.Hara

	
Unknown

	
2

	
1

	
19.62–41.11

	
13.70–16.90

	
14.72–28.87




	
2.

	
Acer rufinerve Siebold & Zucc.

	
Mid

	
1

	
1

	
28.63–41.80

	
14.00–15.40

	
15.61–19.81




	
3.

	
Acer shirasawanum Koidz.

	
Late

	
1

	
1

	
28.69–42.44

	
13.50–14.70

	
21.50–45.52




	
4.

	
Acer sieboldianum Miq.

	
Unknown

	
0

	
1

	
23.03

	
N/A

	
15.14




	
5.

	
Betula grossa Siebold & Zucc. *

	
Early

	
1

	
1

	
32.58

	
17.00

	
43.41




	
6.

	
Carpinus japonica Blume

	
Mid

	
1

	
1

	
26.75–61.77

	
12.50–15.00

	
26.46–68.75




	
7.

	
Carpinus tschonoskii Maxim.

	
Mid

	
1

	
1

	
31.07–36.10

	
15.30–22.00

	
25.49–45.47




	
8.

	
Chengiopanax sciadophylloides (Franch. & Sav.) C.B.Shang & J.Y.Huang

	
Mid

	
1

	
1

	
34.87–41.50

	
14.30

	
17.80–29.49




	
9.

	
Cornus controversa Hemsl. *

	
Mid

	
1

	
1

	
55.48

	
20.95

	
117.35




	
10.

	
Fagus crenata Blume

	
Late

	
1

	
2

	
22.96–59.46

	
13.60–23.40

	
12.18–132.99




	
11.

	
Fraxinus lanuginosa Koidz.

	
Mid

	
1

	
1

	
29.01–32.47

	
15.20–15.30

	
31.94–50.00




	
12.

	
Kalopanax septemlobus (Thunb.) Koidz. *

	
Mid

	
1

	
1

	
34.04

	
16.50

	
29.96




	
13.

	
Magnolia obovata Thunb. *

	
Unknown

	
1

	
1

	
50.44

	
16.60

	
63.16




	
14.
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