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A plant phenotyping approach was applied to evaluate growth rate of containerized tree seedlings during the precultivation phase following seed germination. A simple and affordable stereo optical system was used to collect stereoscopic red–green–blue (RGB) images of seedlings at regular intervals of time. Comparative analysis of these images by means of a newly developed software enabled us to calculate (a) the increments of seedlings height and (b) the percentage greenness of seedling leaves. Comparison of these parameters with destructive biomass measurements showed that the height traits can be used to estimate seedling growth for needle-leaved plant species whereas the greenness trait can be used for broad-leaved plant species. Despite the need to adjust for plant type, growth stage and light conditions this new, cheap, rapid, and sustainable phenotyping approach can be used to study large-scale phenome variations due to genome variability and interaction with environmental factors.
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INTRODUCTION

Worldwide, an estimated two billion ha of forests are degraded (Minnemayer et al., 2011; Stanturf et al., 2014). In addition to the continuing anthropogenic alterations of global ecosystems (Foley et al., 2005; Kareiva et al., 2007; Ellis et al., 2013), the anticipated effects of global climate change are expected to lead to further deforestation and forest degradation in the future (Steffen et al., 2007; Malhi et al., 2008; Zalasiewicz et al., 2010; Stanturf et al., 2014). Recently, restoration of degraded land has received increasing attention due to its potential to reconcile agricultural development and forest conservation (Robertson and Swinton, 2005; Kissinger et al., 2012). Among the many techniques and tools available for restoration strategies (Stanturf et al., 2014), container seedlings may be the most cost-effective when the planting season is to be extended or adverse sites are to be planted (Brissette et al., 1991; Luoranen et al., 2005, 2006; Stanturf et al., 2014). Container seedlings are produced to meet desired characteristics for outplanting under specified conditions (Brissette et al., 1991; Landis et al., 2010). This requires the artificial production of high-quality forest planting stock material (Wang et al., 2007; Cole et al., 2011) able to successfully survive and grow after outplanting (Wilson and Jacobs, 2006). To achieve this, there is an urgent need to improve the phenotypic assessment of containerised tree seedlings.

The phenotype of a plant is the result of a complex interaction between morphological, ontogenetical, physiological, and biochemical factors (Gratani, 2014). A thorough knowledge of the phenotypic variation occurring spontaneously in nature or after induction by non-intrinsic factors such as environmental stressors is essential for a better understanding of all events taking place in the life of a plant (Grant-Downton and Dickinson, 2006; Kuromori et al., 2009). For the purposes of this paper, we refer to phenotyping as a method to measure plant growth using non-invasive technologies that have become increasingly available in recent years (Fiorani and Schurr, 2013). Unfortunately, measurements of relative growth rate on a mass basis still depend on destructive and time-consuming approaches (Walter et al., 2007; Fiorani and Schurr, 2013; Humplík et al., 2015) with the result of limiting the possibility to examine (1) a large number of samples enabling metadata analysis, and (2) the same sample repeatedly over time (Furbank and Tester, 2011; Busemeyer et al., 2013; Rahaman et al., 2015). To overcome these constraints and to increase the usefulness of phenotype investigation, new approaches based upon the use of technologically advanced equipment that do not affect the samples under examination have been attempted (Tsaftaris and Noutsos, 2009; Walter et al., 2015). Among these, the one based on a non-destructive image analysis seems to achieve a good reliability for rapid phenotyping measurements of a number of plant traits (Li et al., 2014; Humplík et al., 2015). The reliability of this approach was demonstrated in shoot growth rate analyses in which increments measured as differences of digital area showed a high degree of correlation with those obtained by traditional fresh or dry weights measurements (Humplík et al., 2015; Rahaman et al., 2015; and reference herein). A further improvement of this approach is likely to contribute to a better understanding of the principles governing plant biomass distribution in all organs during the lifespan of a plant, a factor of primary importance for phenotype determination. Similarly, other investigations based on measurements of morphometric parameters (i.e., leaf area, stem height, number of tillers, and inflorescence architecture) of plant growth in controlled and natural conditions could benefit from adopting this non-destructive approach (Busemeyer et al., 2013; Fiorani and Schurr, 2013; Rahaman et al., 2015). Moreover, in recent years a large body of literature is rapidly accumulating, mainly for Arabidopsis and agricultural plant species, demonstrating how non-destructive analysis of plant phenotype supports other omics approaches to plant science (Edwards and Batley, 2004; Kuromori et al., 2009). However, despite the undeniable merits of this non-destructive method, it cannot be ignored that a number of biases affect these measurements due to overlapping, twisting, curling, and circadian movement of plant organs during image acquisition, especially when 2D color red–green–blue (RGB) image is taken from a single direction (top view) (Lati et al., 2013; Tessmer et al., 2013; Humplík et al., 2015). Indeed, it is difficult to reliably separate overlapped plant canopies into individual plants and the development and implementation of these methods is limited to early growth stages of a specific plant (Jin and Tang, 2009). To overcome these biases the utilization of a stereo vision system has advantages over conventional 2D machine vision-based plant sensing systems (Jin and Tang, 2009; Piron et al., 2009; Lati et al., 2013). Even though stereo vision system appear promising for estimation of plant growth parameters and development of models, development and implementation of these methods is still limited in terms of species and plant developmental stage (Lati et al., 2013).

We have specifically developed a simple and flexible optical system together with its associated imaging and processing software able to compare acquired images and to obtain, rapidly and efficiently, measurements of height and greenness of young containerised seedlings during the precultivation period. Unlike most of the commercially available solutions for plant phenotyping which are costly and require a large space (Granier et al., 2006; Tsaftaris and Noutsos, 2009), our system is low cost and has the dimension of a bench instrument. In particular, the small size characteristic makes the system easily transportable and combinable with other equipment as well as with high potential to be straightforward integrated in mass-industry. In the present paper, we describe this in-house developed optical system together with the results obtained from a growth kinetics study on tree seedlings grown in a growth chamber, from seed germination to 5-weeks-old plants. Plant biomass is defined as the total mass of all the above- and below-ground parts at a given point in a plant’s life (Roberts et al., 1993; Humplík et al., 2015; Wang and Ruan, 2016). The rationale for testing the functioning of our system with this important parameter is twofold: (a) its considerable influence on the plant phenome, and (b) its great variability in response to environmental factors (Coleman et al., 1994; Di Iorio et al., 2011; Montagnoli et al., 2012, 2014; Chiatante et al., 2015). In order to widen the implementation and development of stereo vision method, seedling analysis was performed with four different species characterized by different canopy geometries and development, two broad-leaved (Fagus sylvatica L., Quercus ilex L.) and two needle-leaved (Picea abies L., Pinus sylvestris L.). Since different species and types of plants are characterized by differences in architectural organization (Barthélémy and Caraglio, 2007; Díaz et al., 2016), the effectiveness of our in-house built optical system and its corresponding software was characterized by using both broad-leaved and needle-leaved. We present also a comparison between the data obtained by automated imaging analysis with those obtained with the traditional destructive method.

MATERIALS AND METHODS

Plant Material and Growth Chamber Characteristics

Seeds of four tree species (Fagus sylvatica L., Quercus ilex L., Picea abies L., and Pinus sylvestris L.) were provided by the National Forest Service (National Centre for Study and Conservation of Forest Biodiversity-Peri, Italy) and sorted for uniform size. Seeds of F. sylvatica were first hydrated by soaking for 24 h in tap water; then seeds were surface sterilized with 3,5% household bleach for 2 min, and rinsed four times with sterile water to remove all traces of bleach. Afterward, seeds were treated with “Teldor” fungicide (3 ml in 1 l of sterile water per 10 min) and placed under a hood for 3 h to improve fungicide adherence to the seed coat. Finally, seeds were subjected to cold stratification in perlite at 4°C for 2 months. Seeds of Q. ilex were hydrated by soaking them for 24 h in tap water and sown without further pretreatment. P. sylvestris and P. abies seeds were directly sown directly without any pretreatment. A total of 104 seeds were sown in four different mini-plug plastic container trays (QPD 104 VW – 104 cells; 33 mm × 33 mm × 45 mm; 40 mm/height; 27 cc) (QuickPot by HerkuPlast-Kubern, Germany), containing sterile stabilized peat growing medium Preforma VECO3 (Jiffy® Products). The temperature and humidity settings in the growth chamber are detailed in Table 1. The trays were placed on a steel table with a 50 mm-high edge in order to fill it up with water. The mini-plugs had drainage holes in their base, allowing watering from underneath. Watering operations were made every 3 days during germination and every 2 days during growth period to maintain constant water content in each tray. Seed germination was 78% for Q. ilex, 66% for F. sylvatica, 78% for P. sylvestris, and 96% for P. abies. Plants were grown under fluorescent light (FLUORA T8), yielding approximately 120 μmolm-2 s-1 (Light Meter sensor – HD2302.0 – Delta Ohm, Italy) at tray height. Each plant species was grown independently in the same chamber until the harvest date. A single growth chamber was used to allow for a strict control of environmental factors (uniform conditions) and seedling development (coetaneous cohort).

TABLE 1. Growth chamber settings (number of dark/light hours, relative temperatures, and humidity) for each species.

[image: image]

Experimental Design

For each species, four trays were grown for a total of 416 seedlings (104 seedlings per tray). To investigate the kinetics of plant growth, half a tray was considered for destructive analysis and the other half for non-destructive image analysis. The first sampling point was 14, 15, and 21 days after germination (a.g.) depending on the plant species. Following samplings were carried out at intervals of no less than 6 days and not more than 12 days depending on the plant species, for four sampling points and 4 weeks of growth period.

Measurement of Shoot Height and Plant Biomass

At each sampling date, plant height of seedlings for non-destructive analysis (n = 52) was measured manually with a wooden measuring stick from the base of the seedling to the highest leaf. Furthermore, five seedlings per tray (20 seedlings in total per species) were randomly collected at each sampling point. Leaves, shoots, and roots from each seedling were oven dried (52 h at 75°C) and weighed in order to measure total plant biomass.

Optical System

The optical data acquisition system consists of two digital color cameras equipped with identical lenses from Edmund Optics: 1/1.8” CMOS, 1280 × 1024 pixels, sensor area 6.79 × 5.43 mm, 5 mm fixed focal length lens, field-of-view of 65.5° (UI-1240SE: USB 2.0 uEye industrial camera from IDS Imaging1). A rugged USB cable is used for both data transmission and supplying the current to the camera electronics.

The cameras are mounted next to each other as close as possible (∼5.5 cm) for stereographic imaging technique for the image color extraction of plant-green and for plant height estimation.

Image Capture

Shoot stereoscopic images were taken at the same time as the destructive sampling. The trays were manually moved into the image capture cabinets where one stereoscopic image – top view – of each experimental half tray was taken. The tested optical sensing system is based on image acquisition and data processing using in-house developed algorithms derived from hue-saturation-value (HSV) analysis of the image data. Shoot height sensing is based on analysis of reflected light by using a stereoscopic imaging system (Figure 1). Total leaf area or green biomass sensing is based on analysis of reflected light using the percentage of green ground coverage by foliage when observed from above. The same hardware is used for extraction of plant greenness and stereoscopic analysis. The depth of focus of the image is a combination of sensor size, focal length and aperture of the lens, and the distance between camera and object. This system can measure various leave colors (e.g., green, red–brown) and different seedling heights (e.g., 4–5 cm, 15–20 cm). The green pixel selection is sensitive to the light source; the proper configuration is also controlled by the .ini file for the respective camera. In particular, parameters in .ini file such as timing (pixel clock, frame rate, exposure time), master and color gain (red, blue, and green), were adjusted given their effect upon green pixel selection. In fact, by setting these parameters it was possible to level out the image colors recorded by the two cameras as well as to distinguish more clearly leaves within the background frame. A long enough sequence of these images can be used to provide a time-series of plant growth – averaged either over the entire scene, or for individual plants. The achieved resolution of the height map is about 1mm that is adequate to follow plant development. After image capture, all images were analyzed using uEyeDualcam and HeightMap software products (Acreo Swedish ICT).
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FIGURE 1. (A) Scheme of optical sensing set-up based on stereoscopic measurements. (B) Optical system for measuring shoot height and greenness; zoom-in shows the dual cameras for stereoscopic imaging.



Software for Data Acquisition with Optical System

The control of the cameras is carried out using a vendor-supplied software library, uEye (from IDS GmbH). This library is linked to a graphical user interface (GUI) developed in-house in Microsoft Visual C++. From now on, our developed GUI software executable is referred to as uEyeDualCam.

This uEyeDualCam software has been designed to both functioning for the configuration of individual parameters for each camera as well as the extraction of the “green-only” information for each picture taken. In particular, the automatic setup of individual parameters configuration can be performed by means of special initialization (.ini) files for each camera. The .ini files can be edited by hand providing individual setups for the different light sources because, for example, the green-pixel selection is sensitive to the characteristics of the light source. Moreover, the “green-only” information can be extracted and saved in the PNG format, as a picture. The extraction of the pixels with the relevant shades of plant color is accomplished by converting the color information from RGB format into the HSV format. Both formats are commonly used in image processing and the conversion algorithm is free. This step is relatively simple but time-consuming as each image contains approximately 1.3 Mpixels for our system. Afterward, the uEyeDualCam software allow editing the selection of useful HSV color information corresponding to the “green-only,” whatever color characterize leaves of the species analyzed (e.g., bright green, reddish green, or orange). The shades of useful color form a cylindrical segment in the HSV color space. The uEyeDualCam software selects only pixels within that segment, whereby the non-plant pixels are replaced by the black color. At this point, the uEyeDualCam software provides the percentage of plant pixels for the currently processed image.

A separate set of processing tools (HeightMap software) was developed for the function of height-mapping of each stereoscopic image pair. A discussion of the basic principles of stereoscopic analysis is available from Ensenso and Ids Imaging Development Systems GmbH (2012). In particular, the HeightMap software recalculated greenness using “green-only” information in order to create a plant height map (cm) of the tray conferring a value to the pixel of selected images. Thus, the main innovation in our work is the removal of the soil background and keeping only the plant information within each image. This improves the processing speed and the ability of the tool to match/correlate the relevant image pixels without interference. The current revision of the HeightMap software allows for computing the height distribution of each image at the pixel level, within a selectable sub-set of the scene. The HeightMap software provides a pixel map for the entire scene that can be saved in the monochromatic PNG format.

Statistical Analysis

Morphological measurements were square root or log transformed to ensure normal distributions and equal variances for the use of parametric statistics. Analysis of variance (one-way ANOVA) was carried out to test the effect of time on plant height, greenness, and biomass. Post hoc Bonferroni tests were conducted to detect significant differences between sampling days. An independent samples t-test was applied to test the significance of differences between plant height obtained by destructive sampling and plant height obtained by sensor analysis for each sampling date. Analyses of parametric methods were applied at a 95% significance level.

Data of plant height and greenness were related to seedling biomass and allometric equations were obtained by regression analysis. Significant equations were used to develop a regression growth model for each species based on the variation of plant height or greenness over time. In order to test the performance of applied models, the relative root mean squared error (RMSE%) and the relative model bias (BIAS%) were calculated by comparing biomass values predicted from plant height or greenness model with actual biomass values in the range of measured values. Statistical analysis was carried out using statistical software package SPSS 17.0 (SPSS Inc, Chicago IL, USA).

RESULTS AND DISCUSSION

Shoot Height and Plant Biomass

Results on plant height did not show significant differences between manual and software measurements for all four species and sampling points (Figure 2) demonstrating that the combination of optical sensors and software analysis constitutes a valuable alternative to destructive methods. Shoot height throughout the experiment showed different patterns for needle- and broad-leaved species (Figure 2). In the case of both needle-leaved species, no significant increment of plant height was detected after the emergence of cotyledons (p = 0.240 and p = 0.256 for P. abies and P. sylvestris, respectively; Figures 2A,B) as internode elongation did not occur during the consecutive emissions of new leaves at this early developmental stage. Therefore, seedlings reached almost maximum height at the first sampling point (day 14th and 15th a.g., respectively), with a slight not significant increment detectable at the last sampling point (day 42nd a.g.; Figures 2A,B). Our results fall within the range of the rates measured by other researchers for pine species (Jarvis and Jarvis, 1964; Grime and Hunt, 1975; Grotkopp et al., 2002). Moreover, our findings are in line with those of other authors (Evans, 1972; Causton and Venus, 1981; Hunt, 1982; Grotkopp et al., 2002) who showed that growth of Pines typically increases sharply between 2 and 4 weeks after seedling emergence and then declines over time. This is probably due to the invaders habit of Pinus species characterized by high growth rate, small seed mass, and short generation time (Grotkopp et al., 2002; de Chantal et al., 2003). Broad-leaved species showed a different growth pattern. Plant height increased significantly (p < 0.001) throughout the experiment that reached a maximum value of 13 and 7 cm for F. sylvatica and Q. ilex, respectively, at the third sampling point (day 28th and 40th a.g.), without further increment until the end of the experiment (Figures 2C,D). As plant growth at this stage of seed development is still depending on endogenous factors (Bentsinka and Koornneef, 2008; Baskin and Baskin, 2014), the observed pattern is probably attributable to species-specific growth habits. Despite the importance of early seedling development, studies evaluating this process remain scarce or absent (Walter et al., 2007) as in the case of F. sylvatica and Q. ilex. Concerning plant biomass development, all four species showed a significant power function increase (p < 0.001) throughout the experiment (Figure 3). Moreover, the two broad-leaved species (Figures 3C,D) showed a 10-fold higher total biomass than needle-leaved species (Figures 3A,B).
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FIGURE 2. Plant height (cm) during early seedling development measured by optical sensors (dark gray) and destructive sampling (light gray) for Picea abies (A), Pinus sylvestris (B), Fagus sylvatica (C), and Quercus ilex (D). Data refer to each sampling date after germination and are represented as means (n = 52) ± 1 SE. Lowercase letters indicate statistically significant differences (p < 0.05) between each sampling date (a, b, and c) and between sensor and destructive analysis (x, y, and z).
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FIGURE 3. Plant biomass (g) measured by destructive sampling for seedlings of Picea abies (A), Pinus sylvestris (B), Fagus sylvatica (C), and Quercus ilex (D). Data refer to each sampling date after germination and are represented as means (n = 5) ± 1 SE. Lowercase letters indicate statistically significant differences (p < 0.05) between each sampling date.



Shoot Greenness

Shoot greenness of the seedlings showed significant variation throughout the experiment (p < 0.001) with different patterns for each of the considered species (Figure 4). In the case of F. sylvatica, the maximum value was reached at the third sampling point (day 28 a.g.; Figure 4C) remaining stable until the end of the experiment. P. abies, P. sylvestris, and Q. ilex (Figures 4A,B,D) showed a continuous increase in greenness throughout the experiment reaching maximum values at the last sampling point (day 42, 42 and 49 a.g., respectively). In general, broad-leaved species showed 10–20 time fold higher values of greenness than needle-leaved species (Figures 4C,D). Seedling leaves of F. sylvatica covered almost 80% of the trays at day 21 a.g. while Q. ilex reached 80% tray coverage at day 49 a.g. (Figures 4C,D). On the other hand, P. abies and P. sylvestris covered less than 7% of the total tray area at 42 days a.g. (Figures 4A,B).
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FIGURE 4. Plant greenness (%) measured by optical system analysis for seedlings of Picea abies (A), Pinus sylvestris (B), Fagus sylvatica (C) and Quercus ilex (D). Data refer to each sampling date after germination and are represented as means (n = 52) ± 1 SE. Lowercase letters indicate statistically significant difference (p < 0.05) between each sampling date.



Regression Model

In order to test our non-destructive measurement method as a tool for monitoring tree seedling growth, patterns of tray greenness and seedling height obtained by software analysis, were related to seedling biomass data obtained by classical destructive analysis. The power function was selected as best fit for all the relationships. This might be explained by Richards (1959) which demonstrated that in the allometric relationship between two correlated growth characteristics, throughout plant development, if the known growth characteristic is conforming to one curve type, any other unknown characteristic increasing allometrically with it will have the same family of growth curve. In our case, plant height and greenness growth characteristics were related to plant biomass which developed in time conforming to power function curve.

The relationship between tray greenness and seedling biomass showed a good correlation for all species until the tray was almost fully covered (Figures 5). However, in the case of F. sylvatica almost the whole tray was covered in less than 1 month but, as its biomass continued to increase after full coverage (Figures 3C and 4C), a lower coefficient of determination (Figure 5C) was observed. This might be due to deviation in the segmented plant’s area occurring when different plant leaves overlap (Jin and Tang, 2009; Lati et al., 2013). Alternative approaches are offered by stereovision-based models which allow plant characterization using 3D spatial properties. A weak relationship between seedling height and biomass was found in the case of the two needle-leaved species (Figures 6A,B) while a strong relationship was found for the two broad-leaved species (Figures 6C,D). Indeed, both needle-leaved species (P. abies L. and P. sylvestris L.) did not significantly increase plant height during the growth period (Figures 2A,B) despite the continuous increment of seedling biomass. Regression growth models, derived from the relationship of both height and greenness with biomass and their variation with time (Table 2), were compared with allometric equations obtained by destructive sampling (Figure 7). Therefore, the greenness regression growth model showed the best and the only fit for P. abies and P. sylvestris (Figures 7A,B). Moreover, the RMSE values showed the best fit to the plant height regression growth model for F. sylvatica and Q. ilex (Figures 7C,D). As highlighted by previous studies (Downie et al., 2012; Humplík et al., 2015; Walter et al., 2015), image analysis is a robust method to record three-dimensional information. Our study confirms this, showing a good fit to models with destructive data. Furthermore, in the present work is clearly demonstrated how crucial the choice of the parameter to analyze is, depending on the species under investigation and the growing conditions. In particular, for our system, the possibility to choose plant greenness or plant height parameters enhances the analysis over the other already existing systems. In particular, the results obtained by stereo optical system were highly comparable with results obtained with direct destructive methods. This highlighted how the ‘choose’ function strongly reduced problems often occurring in image-based phenotyping such as overlapping, twisting, curling, and circadian movement. Indeed, in the case of broad-leaved species (F. sylvatica and Q. ilex) that fully cover a tray, the plant height parameter works better than greenness because new leaves, although related to an increase of plant height, overlap with other leaves and quickly cover the entire tray. On the other hand, the greenness parameter works better than plant height for needle-leaved species (P. abies and P. sylvestris) because new leaves do not overlap while plant height remains almost constant during the early growth period.
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FIGURE 5. Relationships between greenness and plant biomass for seedlings of Picea abies (A), Pinus sylvestris (B), Fagus sylvatica (C), and Quercus ilex (D). Data refer to all sampling dates.
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FIGURE 6. Relationships between plant height and plant biomass for seedlings of Picea abies (A), Pinus sylvestris (B), Fagus sylvatica (C), and Quercus ilex (D). Data refer to all sampling dates.



TABLE 2. Regression growth model obtained by actually measured data and by predicted data based on height and greenness measured by optical sensors.
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FIGURE 7. Regression models of biomass growth for seedlings of Picea abies (A), Pinus sylvestris (B), Fagus sylvatica (C), and Quercus ilex (D), calculated by destructive sampling (actually observed; solid line) and by plant height (dotted line) and greenness (dashed line) models. RMSE% and BIAS% values were calculated comparing values predicted by plant height or greenness models with actual observations in the range of measurements (vertical dot-dashed lines).



CONCLUSION

Automatic plant phenotyping is under rapid development due to its potential for comparative phenotyping of a large number of samples in an easy, rapid and not-destructive manner. Therefore, technological effort is being put into the development of a low cost and more accessible phenotyping stereo vision system. Here we present a simple and flexible system that is less inexpensive compared to most of the solutions available today on the market and does not require any specific skills to be run. The data collected refer to a comparative analysis of a number of morphological traits obtained from containerised tree seedlings at their precultivation stage. Results suggest that at present the system is reliable, allowing for straightforward control and adjustment of various plant and light source parameters. Therefore, the system and models developed provided a strong agreement between the actual and estimated growth parameters for plants with interconnected canopies. Although the possibility to adapt the system to other growing conditions, conclusion of the present work are specie-specific and focus on containerized early stage of seedlings. Further implementation in both software and hardware can be done for improving the characterization efficiency of bigger plants, different species and light conditions. Finally, the phenotyping approach used to measure the growth of young seedlings it might also be of support to different omics investigations.

AUTHOR CONTRIBUTIONS

AM make substantial contributions to the study concept and design, to data collection process and relative interpretation. AM writes the article and dealt with manuscript process, improvements and revisions. MT participate to all works aspects such as concept and design, lab work, software development, data collection and analysis. NF contribute to the experiment design, seedlings growth and data collection. BS, JW, DI, and CR make substantial contribution to the software development and hardware settings for image acquisition and analysis. BS and CR equally contribute in drafting and revising the article concerning the optical sensors and image data acquisition parts. GS supervise the research and contribute to all works aspects. DC conceive and supervise the research in all aspects. Give important intellectual content in outlining the article and revising it critically.

FUNDING

The European Commission within the Seventh Framework Programme through Project ZEPHYR (grant number 308313) supported this work.

ACKNOWLEDGMENTS

We are grateful to Dr. Barbara Baesso and Rosaria Santamaria for helping in seedlings production, to National Forest Service (National Centre for Study and Conservation of Forest Biodiversity- Peri, IT) for providing seeds.

FOOTNOTES

1 https://en.ids-imaging.com/store/ui-1240se.html

REFERENCES

Barthélémy, D., and Caraglio, Y. (2007). Plant architecture: a dynamic, multilevel and comprehensive approach to plant form, structure and ontogeny. Ann. Bot. 99, 375–407. doi: 10.1093/aob/mcl260

Baskin, C. C., and Baskin, J. M. (2014). Seeds, Ecology, Biogeography and Evolution of Dormancy and Germination, 2nd Edn. San Diego, CA: Academic/Elsevier.

Bentsinka, L., and Koornneef, M. (2008). Seed dormancy, and germination. Arabidopsis Book 6:e0119. doi: 10.1199/tab.0119

Brissette, J. C., Barnett, J. P., and Landis, T. D. (1991). “Container seedlings,” in Forest Regeneration Manual, eds M. L. Duryea and P. M. Dougherty (Boston, MA: Kluwer Academic Publishers), 117–141.

Busemeyer, L., Mentrup, D., Möller, K., Wunder, E., Alheit, K., Hahn, V., et al. (2013). Breedvision–a multi-sensor platform for non-destructive field-based phenotyping in plant breeding. Sensors 13, 2830–2847. doi: 10.3390/s130302830

Causton, D. R., and Venus, J. C. (1981). The Biometry of Plant Growth. London: Edward Arnold.

Chiatante, D., Tognetti, R., Scippa, G. S., Congiu, T., Baesso, B., Terzaghi, M., et al. (2015). Interspecific variation in functional traits of oak seedlings (Quercus ilex, Quercus trojana, Quercus virgiliana) grown under artificial drought and fire conditions. J. Plant. Res. 128, 595–611. doi: 10.1007/s10265-015-0729-4

Cole, R. J., Holl, K. D., Keene, C., and Zahawi, R. A. (2011). Direct seeding of late-successional trees to restore tropical montane forest. For. Ecol. Manag. 261, 1590–1597. doi: 10.1016/j.foreco.2010.06.038

Coleman, J. S., McConnaughay, K. D. M., and Ackerly, D. D. (1994). Interpreting phenotypic variation in plants. Trends Ecol. Evol. 9, 187–191. doi: 10.1016/0169-5347(94)90087-6

de Chantal, M., Leinonen, K., Kuuluvainen, T., and Cescatti, A. (2003). Early response of Pinus sylvestris and Picea abies seedlings to an experimental canopy gap in a boreal spruce forest. For. Ecol. Manag. 176, 321–336. doi: 10.1016/S0378-1127(02)00273-6

Di Iorio, A., Montagnoli, A., Scippa, G. S., and Chiatante, D. (2011). Fine root growth of Quercus pubescens seedlings after drought stress and fire disturbance. Environ. Exp. Bot. 74, 272–279. doi: 10.1016/j.envexpbot.2011.06.009

Díaz, S., Kattge, J., Cornelissen, J. H. C., Wright, I. J., Lavorel, S., Dray, S., et al. (2016). The global spectrum of plant form and function. Nature 529, 167–177. doi: 10.1038/nature16489

Downie, H., Holden, N., Otten, W., Spiers, A. J., Valentine, T. A., and Dupuy, L. X. (2012). Transparent soil for imaging the rhizosphere. PLoS ONE 7:e44276. doi: 10.1371/journal.pone.0044276

Edwards, D., and Batley, J. (2004). Plant bioinformatics: from genome to phenome. Trends Biotechnol. 22, 5. doi: 10.1016/j.tibtech.2004.03.002

Ellis, E. C., Kaplan, J. O., Fuller, D. Q., Vavrus, S., Klein Goldewijk, K., and Verburg, P. H. (2013). Used planet: a global history. Proc. Natl. Acad. Sci. 110, 7978–7985. doi: 10.1073/pnas.1217241110

 Ensenso and Ids Imaging Development Systems GmbH (2012). Obtaining Depth Information from Stereo Images. Whitepaper. Available at: https://en.ids-imaging.com/whitepaper.html

Evans, G. C. (1972). The Quantitative Analysis of Plant Growth. Berkeley, CA: University of California Press.

Fiorani, F., and Schurr, U. (2013). Future scenarios for plant phenotyping. Annu. Rev. Plant Biol. 64, 267–291. doi: 10.1146/annurev-arplant-050312-120137

Foley, J. A., DeFries, R., Asner, G. P., Barford, C., Bonan, G., Carpenter, S. R., et al. (2005). Global consequences of land use. Science 309, 570–574. doi: 10.1126/science.1111772

Furbank, R. T., and Tester, M. (2011). Phenomics–technologies to relieve the phenotyping bottleneck. Trends Plant Sci. 16, 12. doi: 10.1016/j.tplants.2011.09.005

Granier, C., Aguirrezabal, L., Chenu, K., Cookson, S. J., Dauzat, M., Hamard, P., et al. (2006). PHENOPSIS, an automated platform for reproducible phenotyping of plant responses to soil water deficit in Arabidopsis thaliana permitted the identification of an accession with low sensitivity to soil water deficit. New Phytol. 169, 623–635. doi: 10.1111/j.1469-8137.2005.01609.x

Grant-Downton, R. T., and Dickinson, H. G. (2006). Epigenetics and its implications for plant biology 2. The “epigenetic epiphany”: epigenetics, evolution and beyond. Ann. Bot. 97, 11–27. doi: 10.1093/aob/mcj001

Gratani, L. (2014). Plant phenotypic plasticity in response to environmental factors. Adv. Bot. 2014, 208747. doi: 10.1155/2014/208747

Grime, J. P., and Hunt, R. (1975). Relative growth rate: its range and adaptive significance in a local flora. J. Ecol. 63, 393–422. doi: 10.2307/2258728

Grotkopp, E., Rejmánek, M., and Rost, T. L. (2002). Toward a causal explanation of plant invasiveness: seedling growth and life-history strategies of 29 pine (Pinus) species. Am. Nat. 159, 396–419. doi: 10.1086/338995

Humplík, J. F., Lazár, D., Husičková, A., and Spíchal, L. (2015). Automated phenotyping of plant shoots using imaging methods for analysis of plant stress responses–a review. Plant Methods 11, 29. doi: 10.1186/s13007-015-0072-8

Hunt, R. (1982). Plant Growth Curves: the Functional Approach to Plant Growth Analysis. East Kilbride: Thomson Litho.

Jarvis, P. G., and Jarvis, M. S. (1964). Growth rates of woody plants. Physiol. Plant. 17, 654–666. doi: 10.1111/j.1399-3054.1964.tb08192.x

Jin, J., and Tang, L. (2009). Corn plant sensing using real-time stereo vision. J. Field Robot. 26, 591–608. doi: 10.1002/rob.20293

Kareiva, P., Watts, S., McDonald, R., and Boucher, T. (2007). Domesticated nature: shaping landscapes and ecosystems for human welfare. Science 316, 1866–1869. doi: 10.1126/science.1140170

Kissinger, G., Herold, M., and De Sy, V. (2012). Drivers of Deforestation and Forest Degradation: A Synthesis Report for REDD+ Policymakers. Vancouver: Lexeme Consulting.

Kuromori, T., Takahashi, S., Kondou, Y., Shinozaki, K., and Matsui, M. (2009). Phenome analysis in plant species using loss-of-function and gain-of-function mutants. Plant Cell Physiol. 50, 1215–1231. doi: 10.1093/pcp/pcp078

Landis, T. D., Dumroese, R. K., and Haase, D. L. (2010). Seedling Processing, Storage and Outplanting. The Container Tree Nursery Manual. Washington, DC: USDA Forest Service. Agriculture Handbook, 674.

Lati, R. N., Sagi Filin, S., and Eizenberg, H. (2013). Estimating plant growth parameters using an energy minimization-based stereovision model. Comput. Electron. Agric. 98, 260–271. doi: 10.1016/j.compag.2013.07.012

Li, L., Zhang, Q., and Huang, D. (2014). A review of imaging techniques for plant phenotyping. Sensors 14, 20078–20111. doi: 10.3390/s141120078

Luoranen, J., Rikala, R., Konttinen, K., and Smolander, H. (2005). Extending the planting period of dormant and growing Norway spruce container seedlings to early summer. Silva Fenn. 39, 481. doi: 10.14214/sf.361

Luoranen, J., Rikala, R., Konttinen, K., and Smolander, H. (2006). Summer planting of Picea abies container-grown seedlings: effects of planting date on survival, height growth and root egress. For. Ecol. Manag. 237, 534–544. doi: 10.1016/j.foreco.2006.09.073

Malhi, J. Y., Roberts, T., Betts, R. A., Killeen, T. J., Li, W., and Nobre, C. A. (2008). Climate change, deforestation, and the fate of the Amazon. Science 319, 169–172. doi: 10.1126/science.1146961

Minnemayer, S., Laestadius, L., and Sizer, N. (2011). A World of Opportunity. Washington, DC: World Resource Institute.

Montagnoli, A., Di Iorio, A., Terzaghi, M., Trupiano, D., Scippa, G. S., and Chiatante, D. (2014). Influence of soil temperature and water content on fine-root seasonal growth of European beech natural forest in Southern Alps, Italy. Eur. J. For. Res. 133, 957–968. doi: 10.1007/s10342-014-0814-6

Montagnoli, A., Terzaghi, M., Di Iorio, A., Scippa, G. S., and Chiatante, D. (2012). Fine-root morphological and growth traits in a Turkey-oak stand in relation to seasonal changes in soil moisture in the Southern Apennines, Italy. Ecol. Res. 27, 1015–1025. doi: 10.1007/s11284-012-0981-1

Piron, A., Leemans, V., Lebeau, F., and Destain, M.-F. (2009). Improving in-row weed detection in multispectral stereoscopic images. Comput. Electron. Agric. 69, 73–79. doi: 10.1016/j.compag.2009.07.001

Rahaman, M. M., Chen, D., Gillani, Z., Klukas, C., and Chen, M. (2015). Advanced phenotyping and phenotype data analysis for the study of plant growth and development. Front. Plant Sci. 6:619. doi: 10.3389/fpls.2015.00619

Richards, F. J. (1959). A flexible growth function for empirical use. J. Exp. Bot. 10, 290–301. doi: 10.1093/jxb/10.2.290

Roberts, M. J., Long, S. P., Tieszen, L. L., and Beadle, C. L. (1993). “Measurement of plant biomass and net primary production of herbaceous vegetation,” in Photosynthesis and Production in a Changing Environment, eds D. O. Hall, J. M. O. Scurlock, H. R. Bolhar-Nordenkampf, R. C. Leegood, and S. P. Long (Netherlands: Springer).

Robertson, G. P., and Swinton, S. M. (2005). Reconciling agricultural productivity and environmental integrity: a grand challenge for agriculture. Front. Ecol. Environ 3:38–46. doi: 10.1890/1540-9295(2005)003[0038:RAPAEI]2.0.CO;2

Stanturf, J. A., Palik, B. J., and Dumroese, R. K. (2014). Contemporary forest restoration: a review emphasizing function. For. Ecol. Manag. 331, 292–323. doi: 10.1016/j.foreco.2014.07.029

Steffen, W., Crutzen, P. J., and McNeill, J. R. (2007). The Anthropocene: are humans now overwhelming the great forces of nature. Ambio 36, 614–621. doi: 10.1579/0044-7447(2007)36[614:TAAHNO]2.0.CO;2

Tessmer, O. L., Jiao, Y., Cruz, J. A., Kramer, D. M., and Chen, J. (2013). Functional approach to high-throughput plant growth analysis. BMC Syst. Biol. 7(Suppl. 6):S17. doi: 10.1186/1752-0509-7-S6-S17

Tsaftaris, S. A., and Noutsos, C. (2009). “Plant phenotyping with low cost digital cameras and image analytics,” in Information Technologies in Environmental Engineering, eds I. N. Athanasiadis, P. A. Mitkas, A. E. Rizzoli, and J. M. Gomez (Berlin: Springer), 238–251.

Walter, A., Liebisch, F., and Hund, A. (2015). Plant phenotyping: from bean weighing to image analysis. Plant Methods 11, 14. doi: 10.1186/s13007-015-0056-8

Walter, A., Scharr, H., Gilmer, F., Zierer, R., Nagel, K. A., Ernst, M., et al. (2007). Dynamics of seedling growth acclimation towards altered light conditions can be quantified via GROWSCREEN: a setup and procedure designed for rapid optical phenotyping of different plant species. New Phytol. 174, 447–455. doi: 10.1111/j.1469-8137.2007.02002.x

Wang, F., Yu, C. L., and Liu, D. (2007). Effects of plant growth regulators on drought resistance of shrub seedlings. For. Sci. Tech. 32, 56–60.

Wang, L., and Ruan, Y.-L. (2016). Shoot–root carbon allocation, sugar signalling and their coupling with nitrogen uptake and assimilation. Funct. Plant Biol. 43, 105–113. doi: 10.1071/FP15249

Wilson, C. B., and Jacobs, F. D. (2006). Quality assessment of temperate zone deciduous hardwood seedlings. New For. 31, 417–433. doi: 10.1007/s11056-005-0878-8

Zalasiewicz, J., Williams, M., Steffen, W., and Crutzen, P. (2010). The new world of the Anthropocene. Environ. Sci. Technol. 44, 2228–2231. doi: 10.1021/es903118j

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2016 Montagnoli, Terzaghi, Fulgaro, Stoew, Wipenmyr, Ilver, Rusu, Scippa and Chiatante. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fpls-07-01644-t002.jpg
Species

Picea abies L.

Pinus sylvestris L.

Fagus sylvatica L.

Quercus ilex L.

Equation

Actually measured
Predicted based on greenness
Actually measured

Predicted based on greenness
Actually measured

Predicted based on greenness
Predicted based on plant height
Actually measured

Predicted based on greenness
Predicted based on plant height

Models estimate biomass values at a certain time (day).

Biomass = 0.00002 x Time'-8344
Biomass = 0.00004 x Time'-5%%!
Biomass = 0.00003 x Time' 8447
Biomass = 0.00004 x Time' 7889
Biomass = 0.0009 x Time' %6
Biomass = 0.1384 x In(Time) - 0.2741
Biomass = 0.0012 x Time'53!7
0.00007 x Time22141
Biomass = 0.3118 x In(Time) - 0.884
Biomass = 0.0005 x Time'©82¢

Biomass






OPS/images/cross.jpg
3,

i





OPS/images/fpls-07-01644-g007.jpg
Biomass (g)

Biomass (g)

Picea abies L.

0.030

0.0251

0.0201

0.0151

0.0104

0.0054

T
I
1
I
I
1
I
1
I
I
I
I
I
I
I
I
I
I

RMSE% = 13.41
BIAS% = 12.68

Fagus sylvatica L. p

T
40

50

0.50 4

0.40 A1

0.30 4

0.20 A

0.10 A

RMSE% = 6.86
BIAS% = 6.16

RMSE% = 20.69

= BIAS% = 12.34

Pinus sylvestris L.

0.050

0.040 1

0.0304

0.0204

0.010 -

RMSE% = 10.36 !
BIAS% = -9.99 !
I
1
1

Quercus ilex L.

RMSE% = 9.09
: BIAS% = -3.48
0.40 1 ! °
! RMSE% = 22.19 !
! BIAS% = -21.34 4
1 |
0.30 Actually observed /’ [
|
|
|
I
0.20 - :
I
|
i
0.10 - !
I
1
I
. ;
0 50






OPS/images/fpls-07-01644-g005.jpg
>

Biomass (g)

9]

Biomass (g)

Picea abies L.

0.0301

0.0257

0.0201

0.0151

0.0101

0.005+

y = 0.0001x*“"*
R'=0.7664
P <0.001

0.0

1.0

5.0

0.40

0.354

0.304

0.25-

0.20+

0.15-

0.10+

0.054

0.00

1.9782

y = 3E-05x
R =0.5899
P <0.001

20 40 60 80
Greenness (%)

100

Pinus sylvestris L.

0.050
y = 0.0027x %%
R'= 0.8526
0.0404 P<0.001 ®
o ,".
™
0.030
o ..
0.020 1 y °
L P
l'..'
.
0.010 R
)
¢S
0-000 1 1 1 1 1 1
00 10 20 30 40 50 60 70
Quercus ilex L.
0.50
0451 y=0.0565600234x
21 R=0.9397 s
0.40{ P<0.001 °
0.35- -
o
0.30-
' ®
0.25- '
S
0.20- o
0.15- |
o
0104 ® o .- @
0.05{¢®
0.00 : : , :
0 20 40 60 80 100

Greenness (%)





OPS/images/fpls-07-01644-g006.jpg
>

Biomass (g)

(@)

Biomass (g)

Picea abies L.

4.0

0.0301 1
y=0.0014x "
R'=0.112 ®
0.0251 p=0.149
®
¢ °
0.020- ®
®
0.015- g
®
0.010-
»
0.005- L %
o o ¢
o ®
0 T 1 1 1 1
10 15 20 25 30 35
Fagus sylvatica L.
0.40
y = 0.0066x o
0.351 R'=0.7968 o ,
P <0.001 ® n
0.304 * .
o
0.257 S e
* o
0.20-
0.157 ‘o
‘o®®
0.10- P g
0.05 %
0.00 T T T T T T
o 2 4 10 12 14

6 8
Height (cm)

16

B

Pinus sylvestris L.

0.045

0.0407

0.0357

0.030

0.025

0.020

0.015

0.010

0.005

0.000

0.50

0.45

0.40

0.35

0.30

0.25

0.20

0.15

0.10

0.05

0.00

y =0.0022x """
] ®
R =0.061
P=0293
L [
®
™
| " .
.
#
. °
°
| o®
°
®
®
| ®
1 1 1 1 1 1 1
10 15 20 25 30 35 40 45 50
Quercus ilex L.
y =0.0071x" "
R =0.7649 ® °
{ P<0.001 °
_ o o
‘o
- ® ‘
S8
i e
e _ e
| o %
I P
0.0 2.0 4.0 6. 8.0 10.0

0
Height (cm)





OPS/images/fpls-07-01644-g003.jpg
Plant biomass (g)

Plant biomass (g)

Picea abies L. B Pinus sylvestris L.
0.025 - . 0.04
| a
0.020 - L |
0.03 |
jb_ ab
0.015 | ||
0.02 b
—
0.010 |
C
— 0.01
0.005 1 ==
¢ C
0 T T T T 0 T T T T
14 21 32 2 15 26 33 42
. D .
Fagus sylvatica L. Quercus ilex L.
0.40 0.50
a
.
] [ a
0.40 ,'
0.30 1
b
T 0.30 b
b
0.20 - —1—
c 0.20
<
JR— — c
—
0.10 1
d
== 0.10 c —
<
—1—
0 T T T T 0 T T T T
Time (d) Time (d)






OPS/images/cover.jpg
, frontiers

in Plant Science

Non-destructive Phenotypic
Analysis of Early Stage Tree
Seedling Growth Using an
Automated Stereovision
Imaging Method





OPS/images/fpls-07-01644-g004.jpg
Greenness (%)

Greenness (%)

A Picea abies L.

5 -
4 4
3 -
2 -
1 =
0 .
14 21 32 42
Fagus sylvatica L.
100 -

B Pinus sylvestris L.

15 26 33 42

Quercus ilex L.

100 -

80 -






OPS/images/fpls-07-01644-g001.jpg





OPS/images/fpls-07-01644-g002.jpg
Plant height (cm)

Plant height (cm)

Picea abies L.

Pinus sylvestris L.

4
[C] Destructive sampling [C] Destructive sampling
a
B sensor analysis [E sensor analysis a
a X
a X 4l
a a
37 X
3 4
24
2
14
1
0 0
15 26 33 42 14 21 32 42
Fagus sylvatica L. Quercus ilex L.
15
[C] Destructive sampling [C] Destructive sampling
B sensor analysis & sensor analysis
ab a
ab
64
b
10- b z
4 z
z
c c
5 -
p
0 0
15 21 28 38 21 28 40 49
Time (d) Time (d)






OPS/images/logo.jpg
' frontiers
in Plant Science





OPS/images/fpls-07-01644-t001.jpg
Plant species

Pinus sylvestris L.

Picea abies L.

Fagus sylvatica L.

Quercus ilex L.

Photoperiod
(h) day/night

16/8

16/8

16/8
16/8

Temperature
(°C)

21-26

21-26

21-22
21-22

Relative
humidity (%)

80 (germination),
55-70 (growth)
80 (germination),
55-70 (growth)
70
70





