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Simple Summary: Intrigued by the ability of climbing peas to detect and grasp structures such as 

garden reeds, we adapted a method classically used to investigate the grasping movement of ani-

mals to the study of grasping movements in plants. We used time-lapse photography to document 

the behavior of pea plants, grown in the vicinity of a support pole. Using this footage, we analyzed 

the kinematics of tendrils growth and found that their approach and grasp exhibited movement 

signatures comparable to those characterizing the reach-to-grasp movement of animals. Through 

our method it may be possible to demonstrate that plants may be more sentient than we give them 

credit for: namely, they may possess the ability to act intentionally. 

Abstract: In this article we adapt a methodology customarily used to investigate movement in 

animals to study the movement of plants. The targeted movement is circumnutation, a helical or-

gan movement widespread among plants. It is variable due to a different magnitude of the trajec-

tory (amplitude) exhibited by the organ tip, duration of one cycle (period), circular, elliptical, 

pendulum-like or irregular shape and the clockwise and counterclockwise direction of rotation. 

The acquisition setup consists of two cameras used to obtain a stereoscopic vision for each plant. 

Cameras switch to infrared recording mode for low light level conditions, allowing continuous 

motion acquisition during the night. A dedicated software enables semi-automatic tracking of key 

points of the plant and reconstructs the 3D trajectory of each point along the whole movement. 

Three-dimensional trajectories for different points undergo a specific processing to compute those 

features suitable to describe circumnutation (e.g., maximum speed, circumnutation center, cir-

cumnutation length, etc.). By applying our method to the approach-to-grasp movement exhibited 

by climbing plants (Pisum sativum L.) it appears clear that the plants scale movement kinematics 

according to the features of the support in ways that are adaptive, flexible, anticipatory and 

goal-directed, reminiscent of how animals would act. 

Keywords: kinematics; circumnutation; plant behavior; plant movement 

 

1. Introduction 

Although terrestrial plants are unable to move from one place to another, they are 

very much in tune with their environment and are very capable of a variety of move-

ments. Plants may not move as far or as quickly as animals, but some of their movements 

achieve many of the same functional ends as those of animals [1,2]. Here we focus on 
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circumnutation, a helical movement of elongating plant organs that has been investi-

gated for decades [3]. Changes in circumnutation patterns can provide useful insights for 

auto-ecological and physiological studies (e.g., [4]), and contribute to explaining the 

mechanisms that drive gravitropism [5–7], circadian rhythms [8–10] and growth rate [11]. 

Despite its importance as a plant physiological signature, the standard approach for cir-

cumnutation analysis still needs to be consolidated. Some studies make use of time-lapse 

images and adopt video processing to extract movement-related features [5,6,8,10,12–15]. 

For instance, Stolarz and colleagues [16] described a structured approach for 2D plant 

circumnutation analysis and developed a software (i.e., Circumnutation Tracker) for the 

extraction of key parameters with a standard set up that includes time-lapse video ac-

quisition of the plant from a top view of the circumnutation movement, manual har-

vesting of the coordinates and parameters calculation. Their time-lapse video acquisition 

works on standard video formats, but it does not take into account possible lens distor-

tion of the cameras that may introduce discrepancies between the real movement and 

recorded movement. A top view positioning of the camera has been adopted in a variety 

of studies [5,10,14,17], but it determines constraints on camera position and the type of 

points that can be investigated (points with circumnutating movement along with the 

camera view). A two-dimensional top view also limits the trajectory analysis of the 

camera’s field of view, precluding the recording of movements in other directions. In this 

respect, some studies tried to improve this set up by adding side view contextual acqui-

sition [5,14,17]. As manual harvesting of coordinates can become a heavy process with 

the increase of video duration and points to track, Stolarz and colleagues [16] considered 

the automatization of this process as a next step for a future development of their system. 

Johnsonn et al. [13] described a possible approach for 3D movement reconstruction 

with a system that records stereovision pictures by rotating two mirrors with a control 

mechanism. Their system is still under development and its use is strongly linked to the 

hardware, which has been built to meet the specific needs of their experimental setup, 

making its adaptation to other experimental conditions difficult. 

More recently, Raja et al. [15] have proposed a minimalistic 1D approach that relies 

on nonlinear methods of behavioral analysis to uncover the dynamics of plant nutation. 

This approach focuses on the time dependencies characterizing the processes that give 

rise to circumnutation patterns and may help for the identification of alternative param-

eters than those derived from classic kinematics. 

Continuing on this analysis, Bastien and colleagues ([18]; see also Porat et al. [19], 

Gallentine et al. [20]) developed computational 3D models to emulate growth dynamics 

in rod-like organs, including the effect of external stimuli in the environment. They fo-

cused on the limits of experimental measurements of nutation that use the projection of 

the apical part of the organ in the plane orthogonal to the gravitational field. They show 

that a complete kinematic description should consider geometrical and local effects in the 

3D space and should not restrict the analysis to the position of the apical tip. They also 

stress the importance of future development of measurements considering proper 3D 

kinematics. 

Here, we present an easy-to-scale system solution that: (1) leverages a pair of com-

mercial cameras for 3D plant movement reconstruction; (2) compensates for possible lens 

distortion artifacts allowing a more robust computation of coordinates; and (3) imple-

ments semi-automatic trajectories that harvest and extract the circumnutation parame-

ters. This approach is adaptable to different plants and experimental setups, which per-

mits the investigation of motion in plants and allows for a comparison with the kine-

matical ways used to investigate movements in animal species. 

2. Materials and Methods 

The solution proposed in this paper is based on the acquisition and analysis of the 

plant’s movement through a stereovision system that generates time-lapses of the plant 

and reconstructs its 3D movement. The system workflow (Figure 1) envisages the acqui-
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sition of temporally equally spaced images of the plant by two fixed calibrated cameras. 

A semi-automatic point tracking process is applied to reconstruct the 3D trajectory of 

custom landmarks over the entire acquisition. Finally, the descriptive features of the 3D 

movement of the plant are computed from the analysis of the trajectories. The following 

sections illustrate the process details. The system has been extensively used for a specific 

experimental setup designed to investigate circumnutation pattern of climbing peas (Pi-

sum sativum L. var. saccharatum cv Carouby de Maussane; hereafter P. sativum) 

 

Figure 1. Sequence of the steps for 3D reconstruction and processing of the movement of the plant. 

2.1. Instrumentation 

A pair of RGB-infrared cameras has to be set for each plant under investigation. In 

our experimental setup we installed two cameras (i.e., IP 2.1 Mpx outdoor varifocal IR 

1080 P) inside each thermo-light-controlled growth chamber. Both cameras were placed 

on the same side of the chamber to obtain a complete view of the organ to track, thus 

enabling a stereovision image recording. The cameras were set to acquire standard RGB 

images in high light conditions and automatically switch to infrared recording mode in 

low light condition. Each camera was wired with Ethernet cables to a wireless router 

(D-link Dsr-250n, D-Link Corporation Ltd., Taiwan) connected via Wi-Fi to a PC used as 

a data storage unit. A dedicated software, CamRecorder (Ab.Acus s.r.l. Milan, Italy), was 

developed to synchronize acquisition and customize frame rate (0.0056 Hz for the ex-

perimental protocols tested) for each pair of cameras. 

2.2. Cameras Calibration and Stereovision 

We developed a Matlab procedure (Camera Calibrator app) to reduce the cameras’ 

optical lens distortions and avoid geometrical position errors [21–24]. This procedure is 

run for each of the two lenses by ingesting 20 pictures of a paper-printed chessboard 

(squares’ side 18 mm, 10 columns, 7 rows) from multiple angles and distances, in natural, 

non-direct light conditions. The reprojection error is evaluated and images with high 

mean residual error (>1 pixel) are discarded and substituted with new pictures. This 

process is repeated until a set of 20 images with a low reprojection error is obtained. The 

lens distortion parameters computed for each camera are used to compensate the effects 

on the acquired images. 

In addition to the aforementioned process for the computation of cameras’ intrinsic 

parameters, the extrinsic parameters for each pair of cameras have to be computed as to 

obtain the cameras’ relative positions. From the 2D positions of the images acquired by 

the two cameras, the 3D position for each point is reconstructed. The cameras’ relative 

positions were calculated with the same Matlab procedure from simultaneous pictures of 
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a chessboard target with known landmarks. The target was placed in the middle of the 

growing chamber before plant growing onset. 

2.3. Video Processing 

The dedicated software SPROUTS (Ab.Acus s.r.l. Milan, Italy) was developed by 

using Python 3.7 to enable a user-friendly tracking for the considered key landmarks. The 

software is designed to work for any kind of growing setup that provides image streams 

from two cameras. Through a simple interface users can: (1) perform a semi-automatic 

tracking of custom number of key points, (2) compute 3D trajectories of each tracked 

point in real word dimensions and (3) save them as .cvs files containing the coordinates 

of the point in each frame. Initially, the user is asked to identify the points to be tracked 

on the first image, then a tracking algorithm estimates the position of the points on the 

following frames. The user is allowed to check for position estimation errors eventually 

introduced by the automatic tracking procedure: the user can re-mark the point to be 

tracked on the first available image, supervise the tracking process and eventually adjust 

the trajectory of the point being tracked. At the end of the tracking process, the user can 

review the position of the tracked points in all the images and eventually correct the po-

sitioning errors. Such semi-automatic tracking is implemented using the Lucas Kanade 

computer vision method [25] based on optical flow, using a size of the search window of 

10 by 10 pixels, a maximal pyramid level number (iterative lowering of image resolution) 

equal to 20 and the termination criteria of 30 maximum iterations. Three-dimensional 

trajectories are obtained from 2D trajectories acquired for both the left and right-side 

cameras using the Matlab triangulating function [26]. A sample for the 2D trajectory ex-

tracted for one camera is shown in the supplementary video 1, whereas an example of the 

reconstructed 3D trajectory is shown in supplementary video 2. 

2.4. Features Extraction 

Finally, the 2D and 3D positions and kinematic features are calculated from coor-

dinates of landmarks with a dedicated procedure. The extraction module was developed 

in Matlab 2020a and was designed to process the 3D trajectory files obtained from the 

previously introduced Video Processing steps. The 3D point position reconstruction al-

gorithms provide the x, y and z coordinates of each point of the trajectory in a reference 

system with its origin on the lower left corner of the calibration chessboard. Since the 

positioning of the chessboard cannot be consistent on all the experiments, to enable the 

extraction computation of the correct features, the points’ reference system is ro-

to-translated to the plant’s reference system. 

The new reference system is built such that the system origin coincides with one of 

the points along the vertical axis of the plant not showing relevant movement during the 

acquisition. The y-axis of the new 3D system corresponds to the plant’s vertical axis, 

while the x and z axes lay on the plane perpendicular to the y-axis containing the system 

origin. To correctly identify the plant’s vertical axis and origin, the user is required to 

position two points along the plant’s axis during the video processing. The vertical axis is 

the line passing through these two points. In the case of pea plants (P. sativum), the y-axis 

was set as the line passing through the first and second internode, with the system origin 

being the first internode (Figure 2). 
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Figure 2. Plant reference system. The y-axis corresponds to the plant vertical axis and the x-axis 

and z-axis describe the perpendicular planes. The picture shows a pea plant (P. sativum) where the 

vertical axis has been identified as the line passing through the first and the second internode, with 

the first internode being the origin. 

Once the reference system is aligned to the plant’s system, the software detects cir-

cumnutating movements. Taking the X–Z components of the 3D movement, the software 

computes the angle (α) between the horizontal axis (x-axis) and the movement vector of 

each frame, considered as the vector between the tracked point at frame t (P2) and the 

same point at frame t-1 (P1) as shown in Figure 3a. Figure 3b shows the result of the 

whole trajectory, with a five-sample moving average. A single circumnutation movement 

is considered as the movement occurring between two local maxima of the α angle. Fig-

ure 4 shows the result of the extraction of all the circumnutations from the trajectory ob-

tained from a P. sativum in 35 hours of movement. 
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Figure 3. (a) α angle computed as the angle between the horizontal axis and the vector of movement between consecutive 

frames. The movement vector is identified as the vector between the point position in a specific frame (p1) and the point 

position in the next frame (p2). Movement vector is shown in red for two sample cases: between first and second frame 

(left) and between ninth and tenth frame (right). (b) α angle along the whole movement after a five-sample moving av-

erage application. Red dots represent local maxima, two consecutive local maxima encompass a single circumnutation. 

 

Figure 4. All circumnutations extracted from a complete trajectory of the circumnutating point shown in Figure 2 on the 

X–Z plane after 35 hours of movement. In each box, the trajectory of the tracked point is shown for an identified cir-

cumnutation. A red cross represents the starting point of the circumnutation. A black circle represents the support. The 

reported measurement units of all axes are in millimeters. 
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After the circumnutations segmentation, a set of features aimed at describing the 

movement of plants is computed. Such features can be classified in four different func-

tional categories: circumnutation related features, whole movement related features, 

point related features and experimental specific features. Along with the features pro-

vided by the literature [8,11,12,16], we enlarged the panorama of measures available with 

extra features representative of the movement of the plant. Below are the details on each 

computed feature. 

2.5. Circumnutation Related Features 

Circumnutation related features provide a quantitative description of each circum-

nutation extracted from the movement segmentation. Along with the metrics related to 

circumnutation’s kinematics, the algorithm also computes indices related to circumnuta-

tion’s shape and orientation. Such features are: 

1. Duration: seconds needed to complete the whole circumnutation movement. It is 

computed as the time between two local maxima of the α angle shown in Figure 3a. 

2. Mean/Max/Min Circumnutation Speed: values for mean value, maximum value and 

minimum value for the speed traveled by the circumnutating point along each cir-

cumnutation. 

3. Circumnutation Path Length: the overall 3D path travelled by the circumnutating 

point. Computed as the sum of all the Euclidean distances between subsequent 

point positions during the single circumnutation: 

�������������� ���ℎ �����ℎ = � ���(�) − �(� + 1)�
�

+ ��(�) − �(� + 1)�
�

+ ��(�) − �(� + 1)�
�

��� 

���

 (1)

where: 

T: total number of points in the circumnutation; �(�), �(�), �(�): point 3D coordinates 

at time t; �(� + 1), �(� + 1), �(� + 1): point 3D coordinates at time t + 1 

4. Circumnutation Center: geometric center of gravity in the X–Z plane computed as 

the mean of each coordinate for all the points constituting the circumnutation. 

5. Circumnutation Center Distance from Plant origin: euclidean distance between the 

Circumnutation Center and the plant origin in the X–Z plane. 

6. Circumnutation Center Speed: speed of the Circumnutation Center computed as the 

distance traveled by the Circumnutation Center in two consecutive frames on the X–

Z plane divided by the time between frames. 

7. Circumnutation Centroid: considering the points of the trajectory described by the 

circumnutation on the X–Z plane, the algorithm identifies the region of interest as 

the closed line obtained by linking such points. The pixels in the polygon area are set 

to 1, while the others are set to 0. The Circumnutation Centroid is calculated as the 

geometric center of gravity in the X–Z plane computed as the mean of each coordi-

nate for all the points with value 1 contained in the circumnutation area. 

8. Circumnutation Centroid Distance from Plant origin: the Euclidean distance be-

tween the Circumnutation Centroid and the plant origin in the X–Z plane. 

9. Circumnutation Centroid Speed: speed of the Circumnutation Centroid computed as 

the distance traveled by the Circumnutation Centroid in two consecutive frames on 

the X–Z plane divided by the time between frames. 

10. Circumnutation Main Axis: the principal axis of the ellipsoid of the circumnutation, 

computed as the maximum distance between two points of the circumnutation tra-

jectory in the X–Z plane. 

11. Circumnutation Area: the sum of pixels with a value equal to 1 obtained from the 

binarization of the circumnutation trajectory on the X–Z plane as described for the 

calculation of Circumnutation Centroid. 
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12. Direction: clockwise or counterclockwise. For each circumnutation, the software 

computes the sum of all the angles between the movement vector at time t and the 

movement vector at time t+1. The direction, then, is determined according to the 

following logic: if the resulting sum is equal to 2π ± 1.2, then the direction is coun-

terclockwise, or else if the resulting sum is equal to −2π ± 1.2, then the direction is 

clockwise. For all other cases, no direction is assigned. The pseudocode shown be-

low describes the direction estimation logic. 

��: 

� ������������(�(�), �(� + 1))

����������

=  2� ± 1.2 

 

����:  ��������� = “������� − ���������” 

���� ��: 

� ������������(�(�), �(� + 1))

����������

 =  −(2� ± 1.2) 

 

����:  ��������� = “���������” 

����: ��������� = “����” 

 

(2)

where: 

movementsC: set of all movement vectors in a single circumnutation; �(�): move-

ment vector at time t; �(� + 1): movement vector at time t + 1 

2.6. Whole Movement Related Features 

Whole movement related features provide descriptions of the plant's complete 

movement, from circumnutation onset to movement end. Such features are: 

1. Max Circumnutation—Circumnutation Path Length: maximum value of the 3D 

Circumnutation Path Length for all the circumnutations. Example shown in Figure 

5. 

 

Figure 5. Left: value of circumnutation path length along the circumnutations. Each point represents the 3D path trav-

elled by the circumnutating point during a circumnutation. The red arrow points at the maximum value. Right: circum-

nutation with maximum value of circumnutation path length displayed in red inside the whole movement trajectory. 
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2. Max Circumnutation–Circumnutation area: maximum value of Circumnutation 

Area in the X–Z plane for all the circumnutations. 

3. Direction switches: sum of all direction switches in circumnutations along the whole 

movement. Example shown in Figure 6. 

 

Figure 6. Example of trajectory with three direction switches. Counterclockwise circumnutations 

are highlighted with red brackets, whereas clockwise circumnutations are highlighted with green 

brackets. No brackets mean no main direction identified. Red crosses represent changes in the di-

rection of the switches (from counterclockwise to clockwise and vice versa). 

2.7. Point Related Features 

Point related features are metrics related to circumnutating point kinematics along 

the movement. Such features are: 

1. Mean and Maximum Speed: mean and maximum speed of the point reached along 

with the whole movement. Speed is computed as the distance traveled by the point 

between consecutive frames divided by the time between frames. 

2. Time of maximum speed: the time at which maximum speed is reached both as ab-

solute time and as a percentage with respect to the whole movement. 

2.8. Experimental-Specific Features 

The system was used intensively on the climbing pea plant (P. sativum) to quantify 

its circumnutating movement toward a support (e.g., a stimulus). To exploit aspects re-

lated to this experimental setup the software was evolved to compute extra experimental 

specific features. 

In details: 

1. Center/Centroid distance from stimulus: the Euclidean distance between Circum-

nutation Center/Centroid and the stimulus in the X–Z plane. 
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2. Angle between circumnutation main axis and plant stimulus axis: the angle between 

Circumnutation Main Axis and plant-stimulus axis computed as the line passing 

through the plant origin and the stimulus on the X–Z axis. 

3. Minimum distance from stimulus: the 3D Euclidean distance between the stimulus 

and its closest point of the circumnutation trajectory. 

3. Testing the Methodology 

The complete system has been tested by different operators on a population of 49 

snow peas (P. sativum) in eight individual growth chambers equipped with eight differ-

ent camera couples without major issues reported. 

A possible shortcoming of the system is the manual positioning of the points’ posi-

tions, both in the first frame and when positioning corrections are required. 

Indeed, this manual intervention could result in an operator-dependent effect on the 

data. In order to verify the independence of measures extracted from the operator, two 

different users have been asked to perform a complete tracking of a circumnutating point 

on the same timelapse of a growing chamber and processing the same circumnutating 

point in order to compare trajectories obtained and the impact of operator intervention 

on features extracted. The two 3D trajectories obtained have been compared to check that 

the procedure was stable across users. For each tracked frame, the distance between the 

point’s position obtained by the two operators has been computed. The histogram of 

differences between the two trajectories is shown in Figure 7. The main differences ob-

served are in the range between 0 and 5 mm with 90% of the points tracked showing less 

than 5 mm difference. 

 

Figure 7. Histogram of relative distances between trajectories obtained from two different users 

showing that main differences between points are in the range between 0 and 5 mm. 

The correlation coefficients were computed between the trajectories obtained by the 

two users. Values of the correlation coefficients are reported in Table 1. 
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Table 1. Correlation coefficients obtained for the three axes of the 3D trajectories obtained from 

different users. 

Axis Correlation Coefficient 

x 0.999 

y 0.998 

z 0.993 

The level of agreement between the two operators on circumnutation related fea-

tures has been evaluated computing Intraclass Correlation Coefficient (ICC) between 

features extracted from the first user and the second user. The ICC has been computed 

using the absolute agreement of the two-way random effect model following [27]. Results 

obtained on 29 circumnutations are shown in Table 2. 

In addition to the computation of the ICC, a hypothesis test has been performed 

with the null hypothesis that ICC = 0, and all features considered scored a p-Value < 0.05. 

From the ICC values obtained, all the features, except for cen-

ter_distance_from_origin and centroid_distance_from_origin, were scored higher than 

0.75, showing an excellent correlation. Centroid_distance_from_origin scored a 0.72 ICC 

value, showing good correlation, and center_distance_from_origin scored a 0.55 ICC 

value, showing fair correlation. In all cases, the p-Value obtained was <0.05, reporting the 

significance of values obtained. Overall, the analysis of the manual interventions impact 

revealed that the system results are stable across different users, indicating the reliability 

of the data obtained through the proposed methodology. 

Table 2. ICC values obtained comparing circumnutation related features over 29 circumnutations 

obtained from the same 3D trajectory extracted from two different users. 

Feature ICC 

duration_circumnutation 0.995 

x_center_coordinates_XZ 0.947 

z_center_coordinates_XZ 0.841 

x_centroid_coordinates_XZ 0.937 

z_centroid_coordinates_XZ 0.784 

center_distance_from_origin 0.55 

centroid_distance_from_origin 0.72 

length_major_axis 0.998 

line_integral 0.999 

area_circumnutation 0.999 

speed_center_XZ 0.955 

speed_centroid_XZ 0.981 

min_speed_circumnutations 0.967 

max_speed_circumnutations 0.989 

mean_speed_circumnutations 0.999 

center_distance_from_stimulus 0.836 

centroid_distance_from_stimulus 0.853 

angle_axis_stimulus 0.862 

min_dist_stimulus 0.986 

4. Discussion 

Although the processes by which circumnutation occurs are well understood, the 

controlling mechanism underlying circumnutation is still unknown [8]. Informative 

content of circumnutation plays a key role in the study of the behavior of plants, hence 

the importance of having tools to ease and standardize the extraction and processing of 

circumnutation’s key features in 3D space can be crucial. Highly variable characteristics 
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between different plant species require a flexible method to allow wider applicability of a 

standard approach to different plant structures and moving behaviors. The system pro-

posed in this article addresses this need and makes a step forward to define a standard 

approach for 3D movement extraction and analysis in plants. An omni-comprehensive 

approach to the problem has been proposed and implemented from the data acquisition 

protocol and instrumentation to the data extraction and the features processing software 

and methodologies. A set of descriptors for the movement of plants has been proposed, 

starting from the circumnutation concept, with the aim of providing a quantification of 

the motion behavior of the plants. Some of these features have been already proposed 

and validated in previous studies, and a step forward was taken in the approach pro-

posed in this paper, by extending their applicability from 2D to 3D space. In addition to 

this set of features, new descriptors inspired by the circumnutating movement charac-

teristics and the standard kinematic analysis, have been proposed and implemented. 

Even though the system allows for a 3D reconstruction in time of custom selected points, 

the descriptive features extracted so far mainly focuses on the kinematic description of 

the organ tip, that may give an incomplete picture of motion (as also suggested by Bas-

tien et al., [18]). We feel that a precise 3D reconstruction of different key points as identi-

fied on the plant may provide a more precise tool for the validation of computational 3D 

models [18,19]. A future development of our system should focus on the relative move-

ment of selected points, the first approximation of the overall 3D structure or on a 3D 

surface reconstruction of the organ. Recently, the kinematical approach for the study of 

movements in plants has been disputed. Raja et al. [15] criticize what they name “kine-

matics of nutation” approaches, supporting the thesis that kinematical patterns are blind 

to temporal dependencies versus what they define a “dynamical methodology” for the 

study of plants dynamic of nutation. Despite the term “dynamics”, they do not consider a 

model of forces that drives the movement, as used in classical mechanics, but mostly 

focus on the temporal evolution of kinematic variables and the analysis of time series. 

They compute other kinematics-based descriptive features of behavioural dynamics such 

as harmonicity, predictability and complexity. Raja’s criticism builds on the interpreta-

tion of kinematics approaches as methodologies that merely provide movement patterns 

through the averaging of features along plant’s movement, supposing the absence of 

temporal dependencies. Overcoming the aforementioned interpretation, in this paper we 

have clarified that kinematic approaches also address the evolution of the movements of 

plants across time, building upon the computation and extraction of time series. Fur-

thermore, some inherent limitations are present in the approach proposed by Raja et al. 

[15], where the information reduction through a single-point and single-coordinate 

analysis do not allow an evaluation of the behavior of different plant’s segments and 

their interrelation for the movement production. Oppositely, we show that the analysis of 

standard kinematics measures in a multi-point evaluation can reveal specific behavioural 

patterns [2]. In that study, the focus was on the relative movements of multiple tendrils 

belonging to the same circumnutating organ in climbing plants, where zoomorphic ref-

erences (e.g., wrist, digits) were adopted with the intent of ease the understanding of the 

experimental conditions and to make a direct comparison with a well-understood animal 

movement [28]. 

To elaborate, Charles Darwin and his son Francis [3] observed that the tendrils of 

climbing plants during circumnutation tend to assume the shape of whatever surface 

they come into contact with; that is, they learn progressively the shape of potential sup-

port characteristics [29]. Implicitly this signifies that they perceive the support and plan 

the movement accordingly. In this view climbing plants might represent actions in terms 

of their perceivable consequences. This is a strong inference because studying the inter-

action among organisms and objects is grounded on the requirement of a central nervous 

system (CNS). What the observations collected by the Darwins suggest is that other op-

tions are available, and that they do not require a CNS for adaptive perceptuomotor 

transformations to be happening. Tendrils can develop in different forms with some of 
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them resembling a kind of digit characterized as changes in aperture as the bending to-

wards a potential support progresses. This kind of reach-to-grasp behaviour resembles 

that exhibited by human and non-human primates [28] as well as by other animal species 

such as tetrapods [30–32], which have also evolved significant forelimb prehensile capa-

bilities. In all cases during the course of a reach-to-grasp movement, there is first a pro-

gressive opening of the appendage, followed by a gradual closure of the appendage until 

it matches the to-be-grasped object [33]. Research on reach-to-grasp kinematics has 

proven insightful in revealing how specific kinematic landmarks modulate with respect 

to object properties, including, for instance, object thickness [28]. Results which hold 

across animal species are that the velocity of hand opening during reaching is lower and 

the maximum aperture of the hand is smaller for thinner than for thicker stimuli. In this 

respect, ‘thickness’ offers an ideal opportunity to parallel the ways of grasping in animal 

and climbing plants given that the success of grasping a support by a climber heavily 

depends on the support’s diameter [34]. Differences in support thickness can determine 

changes in energy expenditure, which are visible on parameters characterizing the sup-

port-finding process [35]. With this in mind, we used our method to ascertain whether 

plants of P. sativum have the ability to perceive a potential support in the environment 

and modulate the kinematics of movement of the tendrils according to its thickness 

during the approach phase. The question is whether they are endowed with a purposeful 

behavior that is anticipatory in nature. We reasoned that if the principles of motion 

planning at the basis of animals’ and plants’ approach-to-grasp behavior are based on 

similar basic mechanisms, then the intrinsic properties of a support such as its thickness 

might have considerable effects on the kinematics of tendrils’ aperture during the ap-

proach-to-grasp behavior. The results speak clearly. Not only did the plants acknowl-

edged the presence of the support, but they exhibited a different kinematic patterning 

depending on stimulus thickness ([2]; see also [36,37]; see supplementary video 3). 

As shown in Figure 8, the average tendril’s velocity was significantly greater for the 

thin than for the large support, and the maximum velocity was significantly higher for 

the thin than for the thick stimulus. The time at which the tendrils reached the maximum 

velocity, calculated as a percentage of total movement time, was significantly earlier for 

the thick than for the thin support. The maximum distance between the tendrils was 

scaled with respect to the size of the support. It was significantly greater for the thin than 

for the large support. In addition, the time at which the tendrils reached the maximum 

aperture calculated as a percentage of the total movement time occurred significantly 

earlier for the thick than for the thin support. Based on these findings, the plants appear 

to behave in ways that are adaptive, flexible, anticipatory and goal-directed similar to 

how animals do. During the movement towards the support the plants scale, the maxi-

mum aperture and the velocity of the tendrils’ opening with respect to the thickness of 

the support increased. This evidence suggests that plants are able to process the proper-

ties of the support and are endowed with a form of perception underwriting a 

goal-directed and anticipatory behavior (Guerra et al., [2]). A caveat of these findings, 

however, is that our results indicate an opposite pattern of that reported in previous 

animal literature (e.g., Castiello & Dadda, [28]). Remember that the reach-to-grasp in 

animals demonstrates consistency across studies with regard to results such as a lower 

maximum peak velocity and an earlier and smaller maximum hand aperture for smaller 

stimuli relative to larger stimuli [28]. In general, this pattern has been explained in the 

terms that smaller stimuli require more accuracy and therefore lowering down the ve-

locity allows for dealing with accuracy requirements. 
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Figure 8. The tendrils’ kinematics was scaled with respect to the size of the supports. Velocity (a) and tendrils aperture (b) 

profiles for the movements performed toward either the thick or the thin supports. Arrows indicate the occurrence of 

maximum peak velocity and maximum grip aperture depending on the thickness of the supports. Please note that when 

the support is thicker, the peak velocity is anticipated, and the maximum aperture of the tendrils is reached earlier for the 

thicker with respect to the thinner support. Reprinted from Guerra et al. [2]. 

A possible explanation for this discrepancy may reside in the fact that for plants 

reaching to grasp thick supports is a more energy consuming process than grasping 

thinner ones. Indeed, the grasping of a thick support implies that plants have to increase 

the tendrils’ length in order to efficiently coil the support [38] and to strengthen the ten-

sional forces to resist gravity [35]. Since these processes are characterized by a high 

Adenosine triphosphate (ATP) consumption, coiling thicker supports results in more 

energy expenditure [34]. Coherently, the reduction of movement velocity during the ap-

proaching maneuver may allow climbing plants to preserve energy for the coiling phase 

so as to reduce the risk of errors and assure a firm attachment to the support. In this 

sense, the accuracy trade-off of plants may be mediated by the consumption of energy. 

The reduction of movement velocity may also serve to lengthen the time window 

within which tendrils establish contact points with the support. Previous literature has 

shown that climbing plants modify strategically contact points when twining around 

supports of different diameters [34]. Therefore, the extra time needed to reach a thicker 

support may allow climbing plants to correct tendrils trajectories and select more accu-

rately contact points in order to twine more firmly the support. Indeed, when plants have 

no other choice but climbing a thick support, they could have the necessity to slow down 

the movement so as to accumulate more evidence about its the physical characteristics 

and implement corrective adjustments to reduce the scatter of tendrils end-position. 

Overall, these data support the hypothesis that despite plants and animals have two very 

unique evolutionary adaptations for multicellular life, each depending on unique king-

dom-specific sets of cells, tissues and organs, they might have evolved signaling net-

works and mechanisms based on a common toolset from our unicellular common an-

cestor. 

5. Conclusions 

In conclusion, here we describe a kinematical system solution for the investigation of 

the mechanisms underlying the movements of plants. This described approach has 
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proved sensitive enough to provide key information regarding various aspects which 

drive circumnutation patterns. Furthermore, the system defines the framework for a 

systematic investigation on plant’s nutation. The very fact that it allows to extract key 

parameters allowing a comparison between plants and animals in terms of movement 

planning and control makes it a valuable tool for comparative biology. 

Supplementary Materials: The following are available online at 

www.mdpi.com/article/10.3390/ani11071854/s1, Supplementary video 1: A sample for the 2D tra-

jectory extracted from one camera; Supplementary video 2: Example of the reconstructed 3D tra-

jectory; Supplementary video 3: Different kinematic patterning depending on stimulus thickness. 

Author Contributions: V.S., M.B. and U.C. conceived the reported methodology. W.B. helped with 

the implementation of the methodology. B.B., F.C., S.G. and Q.W. ran the experiments. V.S. and 

U.C. wrote the manuscript. A.P and F.P. helped in the establishment of the growth conditions of 

the plants used in the experiments and with data interpretation. All authors critically revised the 

manuscript and contributed to the design of the experiments in which the methodology has been 

used. 

Funding: This work was supported by a grant from MIUR to the Department of General Psychol-

ogy, University of Padua (art.1, commi 314–337 legge 232/2016). 

Institutional Review Board Statement: Not applicable. 

Data Availability Statement: Data describing 3D trajectory obtained by 2 different users on the 

same plant video are available here: http://doi.org/10.5281/zenodo.5006765. 

Acknowledgments: The present work was carried out within the scope of the research program 

Dipartimenti di Eccellenza. 

Conflicts of Interest: The authors declare no conflicts of interest. 

References 

1. Huey, R.B.; Carlson, M.; Crozier, L.G.; Frazier, M.R.; Hamilton, H.; Harley, C.; Hoang, A.; Kingsolver, J.G. Plants Versus Ani-

mals: Do They Deal with Stress in Different Ways? Integr. Comp. Biol. 2002, 42, 415–423, doi:10.1093/icb/42.3.415. 

2. Guerra, S.; Peressotti, A.; Peressotti, F.; Bulgheroni, M.; Baccinelli, W.; D’Amico, E.; Gómez, A.; Massaccesi, S.; Ceccarini, F.; 

Castiello, U. Flexible control of movement in plants. Sci. Rep. 2019, 9, 16570, doi:10.1038/s41598-019-53118-0. 

3. Darwin, C.; Darwin, F. The Power of Movement in Plants; Cambridge University Press: Cambridge, UK, 1880; ISBN 

9780511693670. 

4. Parise, A.G.; Reissig, G.N.; Basso, L.F.; Senko, L.G.S.; Oliveira, T.F.d.C.; de Toledo, G.R.A.; Ferreira, A.S.; Souza, G.M. Detection 

of Different Hosts From a Distance Alters the Behaviour and Bioelectrical Activity of Cuscuta racemosa. Front. Plant Sci. 2021, 

12, 12, doi:10.3389/fpls.2021.594195. 

5. Hatakeda, Y.; Kamada, M.; Goto, N.; Fukaki, H.; Tasaka, M.; Suge, H.; Takahashi, H. Gravitropic response plays an important 

role in the nutational movements of the shoots of Pharbitis nil and Arabidopsis thaliana. Physiol. Plant. 2003, 118, 464–473, 

doi:10.1034/j.1399-3054.2003.00080.x. 

6. Kitazawa, D.; Miyazawa, Y.; Fujii, N.; Nitasaka, E.; Takahashi, H. Characterization of a novel gravitropic mutant of morning 

glory, weeping2. Adv. Space Res. 2008, 42, 1050–1059, doi:10.1016/j.asr.2007.10.029. 

7. Mugnai, S.; Azzarello, E.; Masi, E.; Pandolfi, C. Mancuso, Nutation in plants. In Rhythms in Plants; Mancuso S., Shabala S., Eds.; 

Springer: Berlin, Germany, 2007. 

8. Charzewska, A.; Zawadzki, T. Circadian Modulation of Circumnutation Length, Period, and Shape in Helianthus annuus. J. 

Plant Growth Regul. 2006, 25, 324–331, doi:10.1007/s00344-006-0042-5. 

9. Charzewska, A. The rhythms of circumnutation in higher plants. In Floriculture, Ornamental and Plant Biotechnology; Teixeira da 

Silva, J.A. Ed.; Global Science Books: London, UK, 2006; pp. 268–275. 

10. Niinuma, K.; Someya, N.; Kimura, M.; Yamaguchi, I.; Hamamoto, H. Circadian Rhythm of Circumnutation in Inflorescence 

Stems of Arabidopsis. Plant Cell Physiol. 2005, 46, 1423–1427, doi:10.1093/pcp/pci127. 

11. Stolarz, M.; Krol, E.; Dziubinska, H.; Zawadzki, T. Complex relationship between growth and circumnutations in Helianthus 

annuus stem. Plant Signal. Behav. 2008, 3, 376–380, doi:10.4161/psb.3.6.5714. 

12. Buda, A.; Zawadzki, T.; Krupa, M.; Stolarz, M.; Okulski, W. Daily and infradian rhythms of circumnutation intensity in Heli-

anthus annuus. Physiol. Plant. 2003, 119, 582–589, doi:10.1046/j.1399-3054.2003.00198.x. 

13. Johnsson, A.; Solheim, B.G.B.; Iversen, T. Gravity amplifies and microgravity decreases circumnutations in Arabidopsis thali-

ana stems: Results from a space experiment. New Phytol. 2009, 182, 621–629, doi:10.1111/j.1469-8137.2009.02777.x. 

14. Kosuge, K.; Iida, S.; Katou, K.; Mimura, T. Circumnutation on the water surface: Female flowers of Vallisneria. Sci. Rep. 2013, 3, 

1–7, doi:10.1038/srep01133. 



Animals 2021, 11, 1854 16 of 16 
 

 

15. Raja, V.; Silva, P.L.; Holghoomi, R.; Calvo, P. The dynamics of plant nutation. Sci. Rep. 2020, 10, 1–13, 

doi:10.1038/s41598-020-76588-z. 

16. Stolarz, M.; Żuk, M.; Król, E.; Dziubińska, H. Circumnutation Tracker: Novel software for investigation of circumnutation. 

Plant Methods 2014, 10, 24, doi:10.1186/1746-4811-10-24. 

17. Schuster, J.; Engelmann, W. Circumnutations of Arabidopsis thaliana Seedlings. Biol. Rhythm. Res. 1997, 28, 422–440, 

doi:10.1076/brhm.28.4.422.13117. 

18. Bastien, R.; Meroz, Y. The Kinematics of Plant Nutation Reveals a Simple Relation between Curvature and the Orientation of 

Differential Growth. PLoS Comput. Biol. 2016, 12, e1005238, doi:10.1371/journal.pcbi.1005238. 

19. Porat, A.; Tedone, F.; Palladino, M.; Marcati, P.; Meroz, Y. A General 3D Model for Growth Dynamics of Sensory-Growth 

Systems: From Plants to Robotics. Front. Robot. AI 2020, 7, 89, doi:10.3389/frobt.2020.00089. 

20. Gallentine, J.; Wooten, M.B.; Thielen, M.; Walker, I.D.; Speck, T.; Niklas, K. Searching and Intertwining: Climbing Plants and 

GrowBots. Front. Robot. AI 2020, 7, 118, doi:10.3389/frobt.2020.00118. 

21. Heikkila, J.; Silven, O. A four-step camera calibration procedure with implicit image correction. In Proceedings of the IEEE 

Computer Society Conference on Computer Vision and Pattern Recognition, San Juan, PR, USA, 17–19 June 1997; pp. 1106–

1112. 

22. Scaramuzza, D.; Martinelli, A.; Siegwart, R. A Toolbox for Easily Calibrating Omnidirectional Cameras. In Proceedings of the 

IEEE/RSJ International Conference on Intelligent Robots and Systems, Benjing, China, 9–15 October 2006; pp. 5695–5701, 

doi:10.1109/IROS.2006.282372. 

23. Urban, S.; Leitloff, J.; Hinz, S. Improved wide-angle, fisheye and omnidirectional camera calibration. ISPRS J. Photogramm. 

Remote. Sens. 2015, 108, 72–79, doi:10.1016/j.isprsjprs.2015.06.005. 

24. Zhang, Z. A flexible new technique for camera calibration. IEEE Trans. Pattern Anal. Mach. Intell. 2000, 22, 1330–1334, 

doi:10.1109/34.888718. 

25. Lucas, B.D.; Kanade, T. An iterative image registration technique with an application to stereo vision. In Proceedings of the 

Imaging Understanding Workshop, April 1981; pp. 121–130. Available online: 

https://www.ri.cmu.edu/pub_files/pub3/lucas_bruce_d_1981_2/lucas_bruce_d_1981_2.pdf (accessed on 21 June 2021). 

26. Hartley, R.; Zisserman, A.; Faugeras, O. Multiple View Geometry in Computer Vision; Cambridge University Press (CUP): Cam-

bridge, UK, 2004. 

27. Koo, T.K.; Li, M.Y. A Guideline of Selecting and Reporting Intraclass Correlation Coefficients for Reliability Research. J. Chi-

ropr. Med. 2016, 15, 155–163, doi:10.1016/j.jcm.2016.02.012. 

28. Castiello, U.; Dadda, M. A review and consideration on the kinematics of reach-to-grasp movements in macaque monkeys. J. 

Neurophysiol. 2019, 121, 188–204, doi:10.1152/jn.00598.2018. 

29. Trewavas, A. The foundations of plant intelligence. Interface Focus 2017, 7, 20160098, doi:10.1098/rsfs.2016.0098. 

30. Sustaita, D.; Pouydebat, E.; Manzano, A.; Abdala, V.; Hertel, F.; Herrel, A. Getting a grip on tetrapod grasping: Form, function, 

and evolution. Biol. Rev. 2013, 88, 380–405, doi:10.1111/brv.12010. 

31. Klein, B.G.; Deich, J.D.; Zeigler, H. Grasping in the pigeon (Columba livia). Behav. Brain Res. 1985, 18, 201–213, 

doi:10.1016/0166-4328(85)90028-2. 

32. Whishaw, I.Q. An endpoint, descriptive, and kinematic comparison of skilled reaching in mice (Mus musculus) with rats 

(Rattus norvegicus). Behav. Brain Res. 1996, 78, 101–111, doi:10.1016/0166-4328(95)00236-7. 

33. Jeannerod, M. The Timing of Natural Prehension Movements. J. Mot. Behav. 1984, 16, 235–254, 

doi:10.1080/00222895.1984.10735319. 

34. Putz, F.E.; Holbrook, N.M. Biomechanical studies of vines. In The Biology of Vines; Cambridge University Press (CUP): Cam-

bridge, UK, 1992; pp. 73–98. 

35. Gianoli, E. The behavioural ecology of climbing plants. AoB PLANTS 2015, 7, plv013, doi:10.1093/aobpla/plv013. 

36. Ceccarini, F.; Guerra, S.; Peressotti, A.; Peressotti, F.; Bulgheroni, M.; Baccinelli, W.; Bonato, B.; Castiello, U. Speed–accuracy 

trade-off in plants. Psychon. Bull. Rev. 2020, 27, 966–973, doi:10.3758/s13423-020-01753-4. 

37. Ceccarini, F.; Guerra, S.; Peressotti, A.; Peressotti, F.; Bulgheroni, M.; Baccinelli, W.; Bonato, B.; Castiello, U. On-line control of 

movement in plants. Biochem. Biophys. Res. Commun. 2020, doi:10.1016/j.bbrc.2020.06.160. 

38. Rowe, N.; Isnard, S.; Gallenmüller, F.; Speck, T. Diversity of Mechanical Architectures in Climbing Plants: An Ecological Per-

spective. In Ecology and Biomechanics: A Mechanical Approach to the Ecology of Animals and Plants; CRC Press: Boca Raton, FL, USA, 

2006; pp. 36–59. 


