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Abstract: Finding a suitable support is a key process in the life history of climbing plants. Climbers 

that find a suitable support have greater performance and fitness than those that remain prostrate. 

Numerous studies on climbing plant behavior have elucidated the mechanistic details of support 

searching and attachment. Far fewer studies have addressed the ecological significance of support-

searching behavior and the factors that affect it. Among these, the diameter of supports influences 

their suitability for twining plants. When support diameter increases beyond some point climbing 

plants are unable to maintain tensional forces and therefore lose attachment to the trellis. Here we 

further investigate this issue by putting pea plants in the situation to choose between supports of 

different diameters while their movement was recorded by means of a three-dimensional motion 

analysis system. The results indicate that the way climbing plants move can vary depending on 

whether they are presented with one or two potential supports. Furthermore, when presented with 

a choice between a thin and a thick support, the plants showed a distinct preference for the former 

than the latter. The present findings shed further light on how climbers make decisions as far as 

support search is concerned, and provide evidence that plants adopt one of several alternative plas-

tic responses in a way that optimally corresponds to environmental scenarios. 
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1. Introduction 

Scientists have long been intrigued by the specialized adaptations of climbing plants 

that enable them to compete for necessary resources such as sunlight [1]. But, despite this 

prolonged fascination, we know surprisingly little about how climbers make ‘decisions’ 

with regard to stimulus searching and attachment behaviors. Indeed, climbing plants can 

be an ideal model system to study the decision-making in plants because they show rapid 

changes in response to environmental cues [2]. For them, finding a suitable support upon 

which they can climb is among the most important factors affecting their growth and de-

velopment [3]. 

The study of climbing plant behavior is chiefly based on Darwin’s observations on 

the oscillatory movements of exploring stems and tendrils (i.e., circumnutation) [4]. He 

noted that vines are not only able to locate potential supports and grow towards them, 

but they can even show aversion towards them [4]. He first described this effect with re-

gard to Bignonia capreolata L. tendrils that initially seized and then let go of sticks that were 

inappropriate in terms of size. If, because of its thickness a stimulus was perceived as 

‘inadequate’, after initially seizing it, the tendrils let go of it [4]. A similar phenomenon 

was observed when herbaceous twining vines met a very thick trunk. Instead of winding 

around the tree trunk, they wound around themselves. As far as annual vines were con-

cerned, Darwin commented that, independently of diameter constraints, it would have 

been maladaptive for the vines to wrap around thick, hence large, trees, as they would 

improbably reach higher light levels by the end of the growing season [4].  

The cases cited above provide a degree of support to speculative claims that some 

climbing plants can judge the thickness of potential supports and modify their 
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circumnutation patterns to a greater or lesser extent depending on features of potential 

supports with respect to what would be expected by chance movement. Experimental ev-

idence demonstrating that this might indeed be the case has been forthcoming from recent 

studies that used kinematic analysis to characterize the movements of the tendrils of pea 

plants (Pisum sativum L.) [5-9]. Guerra and colleagues demonstrated that pea plants are 

able to perceive a support and modulate the kinematics of the tendrils’ aperture depend-

ing on its thickness [7]. The aperture of the tendrils refers to the maximum distance be-

tween the tips of the tendrils reached during movements leaning towards a support. The 

average and the maximum velocity of the tendrils were found to be higher for thinner 

supports compared to thicker ones. In temporal terms, it took more time for the tendrils 

to reach peak velocity and maximum aperture when the supports were thinner [5,7]. Fur-

ther, they modulate the production of a number of secondary velocity peaks (i.e., sub-

movements) as a function of the support’s thickness [6]. The frequency of submovements 

tends to increase when the support is thick. This signifies that they need to make more 

adjustments in order to establish contact points along the support [6].  

These results are in line with the above evidence highlighting that for climbing plants 

thinner and thicker supports are different [4,10-13] with the grasping of thick supports 

being more ‘difficult’ since it is more energy-consuming with respect to grasping thinner 

ones. In fact, it implies that the plant not only needs to increase the length of its tendrils 

in order to efficiently wrap itself around the stimulus [14] but also has to strengthen ten-

sional forces to counteract gravity [2,15] and modulate kinematics [7].  

In light of these considerations, the aim of the current study is twofold. First, to as-

certain what pea plants do when confronted with differently sized supports. To test this, 

after germination pea plants have been exposed to both a thin and a thick support. We 

hypothesized that if pea plants inevitably prefer thinner supports, then we should observe 

a significantly higher frequency of movements directed toward them. Second, to ascertain 

whether such a decisional process impacts on the kinematics of tendrils’ circumnutations, 

we compared a ‘choice’ condition termed as the “double-support” (DS) condition in which 

a thin and a thick support were present in the environment with a “single-support” (SS) 

condition where only a thin support was present in the environment. On the basis of the 

pioneering observations by the Darwin [4], we expect a preference for thin than thick sup-

port. Further we foresee differences across conditions evident at the level of movement 

kinematics, despite the plants will prefer the thinner support they might still keep into 

account the thicker one (as a potential option for an everchanging environment) by pro-

gramming a hybrid kinematical patterning accounting for differently sized supports. 

2. Results 

2.1. Qualitative results 

For all plants and in both experimental conditions (i.e., DS and SS), the tendrils dis-

played a circumnutating growing pattern. As soon as a plant sensed the support it strate-

gically altered the tendril's movement trajectory, so to bend towards the support (Figure 

1a, b). For the DS condition, plants exhibited a very strong preference for the thin support, 

and grew less than the plants for the SS condition by the time they grasped the support 

(Figure 1c, d). Eight of the nine plants for the DS condition began to grow and move to-

ward the thin support relatively early, even while they were too tiny to reach out for any 

support. These plants were able to aim fairly precisely toward the thin support and grasp 

it by modulating/twisting the angles of the new petiole, and this is visible to the naked 

eye (see movie M1). Only one plant made an attempt to cling onto the thick support, but 

ultimately failed and fell. 
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Figure 1. (a) A frame representing an exemplar plant grasping the support for the single-support 

(SS) condition and the graphical representation of its trajectory (b). (c) A plant grasping the thinner 

support for the double-support (DS) condition and the graphical representation of its trajectory (d). 

2.2. Kinematic results 

 The descriptive statistics and the kinematic results when comparing the DS with the 

SS conditions are provided below (Tables 1 and 2). Please remember that here the com-

parison is between the thin support for the SS condition and the thin support for the DS 

condition. This is because for the DS condition plants always choose the thinner support. 

2.2.1. Number of circumnutation 

For the DS condition subjects performed, on average, 24.924 (SD 4.247, SE = 0.303, 

95% CI: [24.327, 25.521]) circumnutations, whereas for the SS condition they performed 

on average 26.553 (SD = 6.156, SE = 0.439, 95% CI: [25.688, 27.418]) circumnutations. The 

Bayesian Mann-Whitney U analysis revealed a Bayes factor (BF10) of 314.656, suggesting 

that there is a decisive difference between the SS and the DS conditions with respect to the 

number of circumnutations (BF10 = 314.656, BF01 = 0.003, W = 14220, R-hat = 1.008, 95% CI: 

[–0.657, –0.229]). 

2.2.2. Circunnutation duration 

The duration of the circumnutation was on average, 66.746 mins for a single circum-

nutation (SD = 13.190, SE = 0.940, 95% CI: [64.893, 68.600]) for the DS condition, whereas 

for the SS condition, it was on average 69 mins (SD = 14.451, SE = 1.030, 95% CI: [66.969, 

71.031]). The Bayesian Mann-Whitney U analysis revealed a Bayes factor (BF10) of 0.387, 

suggesting anecdotal evidence that there is no difference between the SS and the DS 
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conditions with respect to circumnutation duration (BF10 = 0.387, BF01 = 2.584, W = 17083, 

R-hat = 1.000, 95% CI: [–0.354, 0.029]). 

Table 1. Descriptive statistics for the considered dependent measures 

 95% CI 

  Group Mean SD SE 
Coefficient  

of variation 
Lower Upper 

Number of circumnutations  
DS 24.924 4.247 0.303 0.170 24.327 25.521 

SS 26.553 6.156 0.439 0.232 25.688 27.418 

Circumnutation duration (min)  
DS 66.746 13.190 0.940 0.198 64.893 68.600 

SS 69.000 14.451 1.030 0.209 66.969 71.031 

Distance from the circumnutation 

center to the origin (cm) 
DS 16.004 10.145 0.723 0.634 14.579 17.430 

SS 28.660 25.146 1.792 0.877 25.127 32.194 

Length of the circumnutation ma-

jor axis (mm) 

 

 

DS 91.214 38.929 2.774 0.427 85.744 96.684 

SS 72.908 43.538 3.102 0.597 66.791 79.026 

Circumnutation length (mm)  
DS 243.403 124.957 8.903 0.513 225.84

6 

260.96

1 SS 188.148 115.972 8.263 0.616 171.85

3 

204.44

3 
Circumnutation area (mm2)  

DS 4992.504 4634.422 330.189 0.928 4341.3

25 

5643.6

84 SS 3217.099 3505.097 249.728 1.090 2724.6

01 

3709.5

98 Amplitude of maximum peak ve-

locity (mm/min)  

DS 6.541 5.650 0.403 0.864 5.748 7.335 

SS 4.660 2.840 0.202 0.610 4.260 5.059 

Note. DS = double-support condition; SS = single-support condition; SD = standard deviation; SE = standard error; CI = credible interval 

 

2.2.3. Distance from the circumnutation center to the origin 

The center distance from the origin was 16.004 cm (SD = 10.145, SE = 1.030, 95% CI: 

[14.579, 17.430]) for the DS condition, whereas it was 28.660 cm (SD = 25.146, SE = 1.792, 

95% CI: [25.127, 32.194]) for the SS condition. The Bayesian Mann-Whitney U analysis re-

vealed a Bayes factor (BF10) of 43.665, suggesting that there is a decisive difference between 

the SS and the DS with respect to the center distance from origin for the plants’ conditions 

(BF10 = 43.665, BF01 = 0.023, W = 15057, R-hat = 1.007, 95% CI: [–0.596, –0.192]). 

2.2.4. Length of the circumnutation major axis 

The length of the circumnutation major axis was 91.214 mm (SD = 38.929, SE = 2.774, 

95% CI: [85.744, 96.684]) for the DS condition, whereas it was 72.908 mm (SD = 43.538, SE 

= 3.102, 95% CI: [66.791, 79.026]) for the SS condition. The Bayesian Mann-Whitney U anal-

ysis revealed a Bayes factor (BF10) of 734.705, suggesting that there is a decisive difference 

between the SS and the DS conditions with respect to the length of circumnutation major 

axis (BF10 = 734.705, BF01 = 0.001, W = 24455, R-hat = 1.016, 95% CI: [0.275, 0.676]). 

2.2.5. Circumnutation length 

The circumnutation length for the DS condition was 243.403 mm (SD = 124.957, SE = 

8.903, 95% CI: [225.846, 260.961]), whereas for the SS condition, it was 188.148 mm (SD = 

115.972, SE = 8.263, 95% CI: [171.853, 204.443]). The Bayesian Mann-Whitney U analysis 

revealed a Bayes factor (BF10) of 980.421, suggesting that there is a decisive difference be-

tween the SS and the DS condition with respect to circumnutation length (BF10 = 980.421, 

BF01 = 0.001, W = 24433, R-hat = 1.015, 95% CI: [0.290, 0.693]). 

2.2.6. Circumnutation area 
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The area of circumnutation for the DS condition is on average 4992.504 mm2 (SD = 

4634.422, SE = 330.189, 95% CI: [4341.325, 5643.684]), whereas for the SS condition is 

3217.099 mm2 (SD = 3505.097, SE = 249.728, 95% CI: [2724.601, 3709.598]). The Bayesian 

Mann-Whitney U analysis revealed a Bayes factor (BF10) of 1267.886, suggesting that there 

is a decisive difference between the SS and the DS condition with respect to the area of 

circumnutation (BF10 = 1267.886, BF01 = 0.0008, W = 24611.5, R-hat = 1.008, 95% CI: [0.299, 

0.697]). 

2.2.7. Amplitude of maximum peak velocity 

The amplitude of maximum peak velocity was on average 6.541 mm/min (SD = 5.650, 

SE = 0.403, 95% CI: [5.748, 7.335]) for the DS condition, whereas it was 4.660 mm/min (SD 

= 2.840, SE = 0.202, 95% CI: [4.260, 5.059]) for the SS condition. The Bayesian Mann-Whit-

ney U analysis revealed a Bayes factor (BF10) of 4137.588, suggesting that there is a decisive 

difference between the SS and the DS condition with respect to amplitude of maximum 

peak velocity (BF10 = 4137.588, BF01 = 0.0002, W = 25438, R-hat = 1.014, 95% CI: [0.380, 

0.780]). 

2.2.8. Correlational analyses 

We noticed a non-significant difference for circumnutation duration across condi-

tions while the amplitude of peak velocity increased for the DS with respect to the SS 

condition. We felt that this may indicate the put in place of a sort of isochrony principle 

[16] by the plants (see Discussion section). To test this, we performed Pearson’s correlation 

analysis [17] between circumnutation length and the amplitude of peak velocity [18]. The 

results indicate a significant correlation between these measures (Pearson’s r = 0.715, p-

value = .000, 95% CI: [0.663, 0.760]; Figure 2) 

Figure 2. Pearson’s correlation coefficient between the “circumnutation length” and the “amplitude 

of peak velocity”.  

 

 

 

 
 

Table 2. Two-sided Bayesian Mann-Whitney U test for the DS and the SS conditions 
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  BF₁₀ W    R-hat 

Number of circumnutation  314.656  14220.000  1.008  

Circumnutation duration  0.387  17083.000  1.000  

Distance from the circumnutation center to the origin  43.665  15057.000  1.007  

Length of the circumnutation major axis  734.705  24455.000  1.016  

Circumnutation length  980.421  24433.000  1.015  

Circumnutation area  1267.886  24611.500  1.008  

Amplitude of maximum peak velocity  4137.588  25438.000  1.014  

Note.  Result based on data augmentation algorithm with 5 chains of 1000 iterations. 

 

3. Discussion 

In the current study, we examined the behavior of pea plants raised in the presence 

of either a single support or two supports differing in size. The results suggest that their 

kinematical patterning differs depending on whether they are exposed to either one or 

two potential supports. And that when they are put in the position to choose between a 

thin or a thick support, they manifest a clear preference for the former. These findings 

support Darwin’s [4] and others’ [3,11,19] observations suggesting that when support di-

ameter increases beyond a certain point, climbing plants are unable to maintain tensional 

forces that facilitate coiling and attachment to the support. Thus, a support with a large 

diameter appears to be unsuitable for coiling and climbing.  

But how climbing plants do avoid an unsuitable host and choose a suitable one? A 

common believe is that the physiological mechanisms underlying behavioral responses in 

plants tend to be caused by non-integrated, local reactions [20]. As proposed by Saito, 

these ‘reactions’ might also be at the basis of the decision-making processes related to 

support diameter characterizing tendrils’ coiling [12]. In this view, changes in the coiling 

responses may be caused by local reactions in the tendrils. For instance, in many climbing 

plants, the coiling of tendrils is thought to be caused by the contraction of the gelatinous 

fibers (G fibers) after stimuli have been contacted [12,21]. Put simply, at the basis of climb-

ers’ support selection there might be a passive and automatic mechanism that makes it 

possible to select a support with an appropriate diameter. 

A point worth noting is that most studies on how climbers select a support based on 

diameter information focus on the final coiling response, with no or little reference to the 

choreography assumed by the tendrils during the approach phase [7,8,22]. To fill this gap, 

we have measured the kinematics of tendrils’ circumnutation from the start of their 

growth until they grasped the support. The emerging picture might suggest a trade-off in 

terms of metabolic use. Grasping a thicker support would imply the growth of longer 

tendrils, which in turn would be more demanding in terms of energy consumption. This 

metabolically based decision would also reflect on movement kinematics as the move-

ment towards thicker supports is much slower than for thinner supports [7] and implies 

a great deal of on-line adjustments [6]. Therefore, a certain degree of information pro-

cessing is required to integrate, interpret, and compute the relative information that de-

termines a preference for thin supports. 

These aspects are particularly evident when comparing kinematics for the one and 

the two supports conditions of the present study, signifying that plants can perceive their 

surroundings and generate circumnutation patterns accordingly. When comparing cir-

cumnutation between the thin support for the SS and the DS conditions plants move faster 

and execute less but larger circumnutations for the latter than for the former. This signifies 

that despite they are aiming at supports of a similar size, being exposed to an alternative 

(the thicker support for the DS condition) determines a decisional complexity that is 
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played out in the kinematics of circumnutation. Most importantly, our findings suggest 

that pea plants’ movement seems planned on the basis of the isochrony principle [16]. The 

isochrony principle refers to a spontaneous tendency to increase the velocity of a move-

ment depending on the linear extent of its trajectory to maintain the execution time ap-

proximately constant [23]. In our circumstances, plants maintain movement duration con-

stant and scale velocity in order to cover longer distances as witnessed by the longer cir-

cumnutation paths. This appears to be the easiest and most readily chosen organizational 

option by the plant to program the circumnutational patterning when a decision based on 

alternatives has to be taken.  

 Decision-making has been customarily considered as a people-centric process 

[24,25], implying the making of a choice from a number of alternatives to achieve a desired 

result [26]. In recent years, decision-making has been studied on a variety of organisms 

[27], including plants [28,29]. Dener and colleagues investigated decision-making in the 

root development of pea plant (Pisum sativum) using the risk sensitivity theory (RST) [28]. 

According to RST, the rational decision is the one that maximizes fitness [30]. In the study, 

root growth displayed both risk-prone and risk-averse behaviors, which better support 

the RST hypothesis than previous animal testing. It appears that pea plants make more 

"rational" economic decisions than species such as birds and humans in terms of risk sen-

sitivity [28,31]. Plant decision-making is also explored in the context of the social environ-

ment. Gruntman and colleagues compared the responses of Potentilla reptans centered on 

their ability to outcompete their neighbors for accessing light [29]. Observed shifts in the 

responses between vertical growth, shade tolerance, and lateral growth suggest that 

plants can choose adaptively from several alternatives under light-competition scenarios 

[29].  

Altogether, these findings suggest that plants possess the ability to make decisions 

and adjust their behavior in response to their surroundings. Our findings add this to the 

literature demonstrating that plant behavior is flexible, as opposed to rigid and mechani-

cal [32], reinforcing the idea that plants are open systems with a remarkable ability to deal 

with the complexities of an ever-changing environment [33].  

At this stage, the natural question is how and at which level pea plants implement 

such decisions which translate into specific behavioral patterns. One possible mechanism 

could be light acquisition at the level of the stomata [34,35], which might allow them to 

distinguish the light reflections determined by differently sized supports. Alternatively, 

Souza and colleagues introduced the concept of “plant electrome” describing the totality 

of the ionic dynamics at different scales of plant organization, engendering a constant 

electrical activity [36,37]. Souza and colleagues demonstrated that, rather than pure ran-

dom noise, the amount of complexity characterizing environmental stimuli might alter 

several characteristics of the temporal dynamics of the plant electrome [36,38,39]. It was 

reported that some frequencies (the higher ones) exhibited by non-stimulated plants faded 

after stimulation. Only the lowest frequencies remain, allowing for low-energy-cost long-

distance signaling [37]. In this view, the electrome could be considered as a unifying factor 

of whole plant reactivity in a constantly changing environment and therefore might be a 

good candidate to understand the flexible behavior of plants [37]. 

In conclusion, the results of this study offer a contextual framework for the different 

well-known responses of climbing plants when searching for a support. More im-

portantly, we have demonstrated a decision-making ability in plants, which allows them 

to adaptively ‘choose’ between responses, according to the relative structure of available 

supports. Overall, the results of our study suggest that plants are capable of acquiring and 

integrating complex information about their environment in order to adaptively modify 

their extent of plastic responses. Such complex decision-making in plants could have im-

portant implications for our understanding of the processes that govern plant behavior. 

And open to the possibility that plants may deploy a higher level of ‘cognitive’ complexity 

than previously thought, providing further evidence against traditional views consider-

ing plants as passive organisms. 
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4. Materials and Methods 

4.1. Subjects  

16 snow peas (Pisum Sativum var. Saccharum cv Carouby de Maussane) were chosen 

as study plants. Seeds were potted at 8 cm from the pot's border and sowed at a depth of 

2.5 cm. 

4.2. Type of support 

Two types of wooden support were considered: a ‘thin’ support of 13 mm in diameter 

(Koto -13 mm) and a ‘thick’ support of 40 mm in diameter (Koto - 40 mm; Figure 3a). Both 

supports were 54 cm in height. The supports were inserted 7 cm below the soil surface 

(Figure 3b).  

4.3. Experimental conditions 

The subjects were randomly assigned to two experimental conditions termed single 

(SS) and double support (DS) conditions. For the SS condition, 8 plants were raised indi-

vidually in the presence of the ‘thin’ support (Figure 3c). For the DS condition (Figure 3d), 

8 plants were raised individually in the presence of both the ‘thin’ and the ‘thick’ support. 

The location of the differently sized supports was counterbalanced across subjects to 

avoid a potential bias due to the direction of circumnutation (clockwise or counterclock-

wise). The supports were positioned so that the first leaf developed by a sprout faced the 

midpoint between the two supports. This was done to prevent a growing bias in favor of 

either one or the other support. 

Figure 3. (a)Graphical depiction of the “thin” and the “thick” support; (b) the location of the support 

in the pot, and how it was inserted in the soil. The single-support and the double-support condition 

are represented in panels c and d, respectively.  

 

4.4. Experimental setup 
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Plants grew individually in a thermo-light-controlled growth chamber (Cultibox SG 

combi 80×80×160 cm; Figure 4). The temperature was set at 26 °C by means of an extractor 

fan equipped with a thermo-regulator (TT125 vents; 125 mm-diameter; max 280 mc/h) and 

an input-ventilation fan (Blauberg Tubo 100 - 102 m3/h). The two-fan combination allowed 

for a steady air flow rate into the growth chamber with a mean air residence time of 60 

seconds. The fan was carefully placed so that air circulation did not affect the plants' 

movements. Cylindrical pots (40cm in diameter, 20cm in depth) were filled with river 

sand (type 16SS, dimension 0.8/1.2 mm, weight 1.4) and positioned at the center of the 

growth chamber. Each plant was exposed for 12 hours (6 a.m. to 6 p.m.) to a cool white 

led lamp (V-TAC innovative LED lighting, VT-911-100W, Des Moines, IA, USA) that was 

positioned 50 cm above each seedling. Photosynthetic Photon Flux Density at 50 cm under 

the lamp in correspondence with the seedling was 350 µmolph/(m2s) (quantum sensor LI-

190R, Lincoln, Nebraska, USA). At the beginning of each experiment, the pots were ferti-

lized using a half-strength solution culture (Murashige and Skoog Basal Salt Micronutri-

ent Solution; see components & organics). The pots were watered three times a week using 

distilled water (Sai Acqua Demineralizzata, Parma, Italy). 

Figure 4. Graphical illustration of the experimental setup (a). Panel b represents how the plants 

were ‘seen’ by the infrared cameras. 

4.5. Kinematic acquisition and data processing 

For each growth chamber, a pair of RGB-infrared cameras (IP 2.1 Mpx outdoor vari-

focal IR 1080P) were placed 110 cm above the ground, spaced at 45 cm to record stereo 

images of the plant (Figure 4). The cameras were connected via Ethernet cables to a 10-

port wireless router (D-link Dsr-250n) connected via Wi-Fi to a PC. The frame acquisition 

and saving process were controlled by CamRecorder software (Ab.Acus s.r.l., Milan, Italy; 

Figure 4). Each camera's intrinsic, extrinsic, and lens distortion parameters were estimated 

using a Matlab Camera Calibrator App. Depth extraction from the single images was car-

ried out by taking 20 pictures of a chessboard (squares' size 18×18 mm, 10 columns × 7 

rows) from multiple angles and distances in natural non-direct light conditions. For stereo 

calibration, the same chessboard used for the single-camera calibration process was 

placed in the middle of the growth chamber. The two cameras synchronously acquired 

the frame every 180 seconds (frequency 0.0056 Hz). RGB images were acquired during the 

daylight cycle and infrared images during the night cycle. The anatomical landmarks of 
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interest were the tendrils developing from the considered leaf. We considered the initial 

frame as the one corresponding to the appearance of the tendrils for the considered leaf. 

The end frame was defined as the frame in which the tendrils start to coil the support. 

Images from both left and right cameras were used in order to reconstruct 3D trajectories. 

An ad hoc software (Ab.Acus s.r.l., Milan, Italy) developed in Matlab was used to identify 

anatomical points to be investigated by means of markers, and to track their position 

frame-by-frame on the images acquired by the two cameras to reconstruct the 3D trajec-

tory of each marker. The markers on the anatomical landmarks of interest (i.e., the ten-

drils) were inserted post-hoc. The tracking procedures were at first performed automati-

cally throughout the time course of the movement sequence using the Kanade-Lucas-To-

masi (KLT) algorithm on the frames acquired by each camera, after distortion removal. 

The tracking was manually verified by the experimenter, who checked the position of the 

markers frame-by-frame. The 3-D trajectory of each tracked marker was computed by tri-

angulating the 2-D trajectories obtained from the two cameras. Finally, the trajectory was 

reconstructed with a series of coordinates in 3D (x, y, z), where the x-z plane is the hori-

zontal plane, and the x-y plane and z-y plane as the vertical planes perpendicular to each 

other. 

4.6. Dependent measure 

The considered dependent measures were the following [40]:  

(i) Number of circumnutations: the number of circumnutations performed by a plant from 

the time it was potted to the time it grasped the support.  

(ii) Circumnutation duration: the time taken by a plant to complete a single circumnuta-

tion. 

(iii) Distance from the center of circumnutation to the origin (Figure 5. segment a): The 

distance between the circumnutation center and the plant origin. 

(iv) Length of the circumnutation major axis (Figure 5. segment b): the maximum distance 

between two points of the circumnutation trajectory.  

(v) Circumnutation length (Figure 5. segment c): the length of the overall path computed 

as the sum of all the Euclidean distances between subsequent points during a single cir-

cumnutation. 

(vi) Circumnutation area (Figure 5. segment d): the sum of pixels with a value equal to 1 

obtained from the binarization of the circumnutation trajectory. 

(vii) Amplitude of peak velocity: values for the average of maximum velocity. 
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Figure 5. Graphical representation for some of the considered dependent measure. (a) The distance 

from the center of circumnutation to the origin is represented as red/dash line; (b) the length of the 

circumnutation major axis is represented as blue/dash line; (c) the circumnutation length is repre-

sented as yellow/solid line; (d) the circumnutation area is represented in green. 

4.7. Statistical analysis 

The descriptive statistics including mean, standard deviation (SD), standard error 

(SE), and coefficient of variation have been calculated. Statistical analyses were conducted 

using the Bayesian approach. The objective of Bayesian estimation is to allocate credibility 

to a distribution of alternative parameter values (posterior distribution) that is consistent 

with the observed data, by generating a large number of samples using the Markov chain 

Monte Carlo approach (MCMC). In this study, we adopt the two-sided Bayesian Mann-

Whitney U test since the dependent variables are not normally distributed. Mann-Whit-

ney U test is a non-parametric test that does not require the assumption of normality. The 

analysis was performed using JASP [41] nested within the environment R (see used pack-

ages) [42]. We choose the default prior defined by a Cauchy distribution centered on a 

zero-effect size (δ) and a scale of 0.707 because prior knowledge regarding the exposition 

of plants to a double-support condition is absent [43,44]. Data augmentation is generated 

with 5 chains of 1000 iterations that allows for simpler and more feasible simulation from 

a posterior distribution. In the analysis, W is calculated in the Mann-Whitney U test as the 

smaller of the rank total between the two conditions. Bayes factor (BF) is obtained to quan-

tify the relative predictive performance of two hypotheses [43]. In our study, BF quantifies 

evidence for the presence or absence of the difference between the DS condition and the 

SS condition. The null hypothesis (H0) here is that there is no difference in kinematics 

between the DS and the SS condition. The alternative hypothesis (H1) is that there is a 

difference. The BF10 value is the likelihood given H1 divided by H0. The BF01 value is cal-

culated as H0 divided by H1. The results are reported based on Jeffery’s scheme that pro-

poses a series of labels for which specific Bayes factor values can be considered either “no 

evidence”, “anecdotal (1 – 3)”, “moderate (3 – 10)”, “strong (10 – 30)”, “very strong (30 – 

100)”, or “decisive (> 100)” relative evidence for alternative hypothesis [45]. R-hat is also 

reported to check the degree of convergence of MCMC algorithms based on outcomes 

stability. The closer the value of R-hat is to 1, the better convergence to the underlying 
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distribution. Credible intervals (CI) are set as 95%, which is simply the central portion of 

the posterior distribution that contains 95% of the values. 
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