
Determination of structural parameters of single plants
and canopies using 3D techniques

Kumulative Dissertation

zur

Erlangung des Doktorgrades der

Mathematisch-Naturwissenschaftlichen Fakultät

der Heinrich-Heine-Universität Düsseldorf

vorgelegt von

Dipl.-Biol.

Bernhard Biskup

aus Bergisch Gladbach

März 2009



Aus dem

Institut für Chemie und Dynamik der Geosphäre (ICG-III): Phytosphäre
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Hiermit erkläre ich, dass ich die vorliegende Dissertation eigenständig und ohne fremde Hilfe
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Zusammenfassung

Bildverarbeitungsverfahren sind essenzieller Bestandteil vieler lebenswissenschaftlicher Ana-

lyseverfahren. In zunehmendem Maße leisten sie als digitale Messwerkzeuge wesentliche Bei-

träge zur Beantwortung zentraler biologischer Fragen. Um quantitative Aussagen zu ermögli-

chen, müssen genaue und robuste Verfahren entwickelt werden, die auf die besonderen Belange

der zu untersuchenden biologischen Systeme eingehen.

Die quantitative Erfassung von 3D-Strukturen auf verschiedenen Skalenebenen ist ein für viele

pflanzenwissenschaftliche Fragestellungen wichtiges Thema: so spielt die kurz- und langfristige

Anpassung der räumlichen Verteilung und Ausrichtung der Blätter in einem Kronendach eine

wichtige Rolle für die Lichtnutzungseffizienz in komplexen Beständen. Die aktive Ausrichtung

der Blätter zur Sonne ermöglicht dabei die optimale Ausnutzung (Diaheliotropismus) bzw. Li-

mitierung (Paraheliotropismus) der verfügbaren Strahlungsenergie. Die Pflanzenarchitektur hat

einen entscheidenden Einfluss auf die Ressourcen-Nutzungseffizienz. Ihre Optimierung mit-

tels Züchtung gewinnt aufgrund der zunehmenden Notwendigkeit, mehr Nahrung, Futter und

Treibstoff (Biomasse) auf tendenziell schwindender Anbaufläche zu produzieren, immer stärker

an Bedeutung. Bislang war es schwierig, derartige Untersuchungen quantitativ durchzuführen,

weil entsprechende Methoden fehlen.

Mittels Fernerkundung wird versucht, die Produktivität von Pflanzenbeständen auf großer Fläche

verlässlich und schnell zu messen, um z. B. Vorhersagen über Erträge landwirtschaftlicher Nutz-

flächen und Wälder zu treffen oder zur Modellierung des Klimawandels die CO2-Fixierung

abzuschätzen. Die komplexe 3D-Struktur von Pflanzen stellt dabei eine besondere Herausfor-

derung dar, da sie das spektrale Signal in vielfältiger Weise beeinflussen und auf diese Weise

die Schätzung vegetationsbezogener Parameter (z. B. Photosyntheseleistung) verfälschen kann.

Zur hochpräzisen Erfassung pflanzlicher Wachstumsprozesse sind verbesserte technologische

Ansätze notwendig, die über bereits für andere Zwecke etablierte Stereoverfahren hinausgehen.

An Bedeutung gewinnt neben dem Anspruch erhöhter Präzision auch der Anspruch, pflanzliche

Eigenschaften im Hochdurchsatz zu vermessen (sogenannte morphometrische und physiologi-

sche Phänotypisierung).

Ziel dieser Arbeit war es, verschiedene optische 3D-Rekonstruktionsverfahren zur Bestimmung

von Strukturparametern pflanzlicher Oberflächen bis hin zu Kronendächern zu entwickeln und

diese auf biologische Fragestellungen anzuwenden. Dabei bieten optische Verfahren gegenüber

alternativen Methoden zur Strukturbestimmung (z. B. Gap Fraction-Analyse, Stratified clip-

ping, Point-Quadrat-Methoden, Digitizer) häufig Vorteile: sie sind nichtinvasiv, erlauben ei-

ne schnelle, wenig arbeitsintensive Aufnahme, bieten z. T. eine hohe räumliche und zeitliche

Auflösung und sind potentiell zur Fernerkundung geeignet. In dieser Arbeit wurden verschiede-

ne prototypische Anwendungen zur 3D-Vermessung von Pflanzen entwickelt, die den verschie-

denen Anforderungen der biologischen Datenerfassung gerecht werden mussten.
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Um dynamische Veränderungen von Blattstellungen quantitativ analysieren zu können, wurde

ein korrelationsbasiertes Zwei-Kamera-Stereosystem entwickelt. Das Verfahren umfasst fol-

gende wesentliche Schritte: (1) Kalibrierung des Stereosystems, (2) Rektifizierung und Vor-

behandlung der Eingabebilder, (3) Korrespondenzsuche, (4) 3D-Rekonstruktion, (5) Segmen-

tierung von Blattflächen, (6) Bestimmung der Blattwinkel. Das Verfahren wurde prototypisch

auf unterschiedliche biologische Problemstellungen angewendet: (1) Anhand der Verteilung der

Blattneigungswinkel wurde moderater Trockenstress diagnostiziert. (2) Nyctinastische Bewe-

gungen einzelner Blätter von Glycine max wurden gemessen, wobei mit dem Sonnenaufgang ei-

ne Erhöhung der Oszillationsfrequenz bei gleichzeitig gesenkter Amplitude festgestellt wurde.

(3) Tagesgänge der Blattwinkelverteilung eines geschlossenen Bestandes von Glycine max (cv.

Pioneer 93B15) und die paraheliotrope Blattbewegung wurden quantifiziert. In einer zweiten

Studie konnte mittels des Stereosystems in Verbindung mit Gaswechsel- und Chlorophyllfluo-

reszenzmessungen gezeigt werden, dass Ertragssteigerungen unter erhöhter atmosphärischer

CO2-Konzentration durch eine gesteigerte maximale Elektronentransportrate ETRmax und nicht

durch Strukturunterschiede der äußeren Blattschichten verursacht werden.

Zur Untersuchung von Wachstumsprozessen auf komplexen 3D-Strukturen wurde ein weite-

res Stereoverfahren entwickelt, das auf dem Prinzip des optischen Flusses basiert. Beispielhaft

wurden unterschiedliche pflanzliche Oberflächen auf unterschiedlichen Größenskalen (Früchte,

Wurzelknollen, Blätter, Moose, Kronendächer) und unter unterschiedlichen Lichtverhältnissen

rekonstruiert. Das Verfahren verwendet eine größere Anzahl von Kamerapositionen zur 3D-

Rekonstruktion und erlaubt auf diese Weise eine genaue Tiefenschätzung.

Auch in Screening-Verfahren mit hohen Durchsätzen sind 3D-Verfahren von großem Nutzen,

müssen aber den Rahmenbedingungen der Online-Analyse zumindest nahekommen, um rele-

vant eingesetzt werden zu können. Ein Hochdurchsatz-Screeningsystem (GROWSCREEN 3D)

wurde entwickelt, das mittels 3D-Vermessung die hochgenaue Bestimmung von Wachstumsta-

gesgängen von Blattscheiben erlaubt und so zur Phänotypisierung von Wachstumsdynamiken

geeignet ist. Darüber hinaus erlaubt es, die Wirkung wachstumsbeeinflussender Substanzen zu

quantifizieren. Die Verwendung von 3D-Oberflächeninformationen ermöglichte die akkurate

Bestimmung der Oberfläche, die durch Messung der projizierten Fläche nicht möglich gewesen

wäre (Absinken des Flüssigkeitsspiegels und gewölbte Oberflächen durch differentielles Wachs-

tum). Mit GROWSCREEN 3D konnten selbst solche Wuchsraten quantitativ bestimmt werden,

die unter dem Einfluss des Herbizids Glyphosat auf den Shikimat-Stoffwechselweg stark verrin-

gert waren. Änderungen der Wachstumsdynamik, die durch ein Fehlen der Stärke-Biosynthese

in der Arabidopsis thaliana Mutante starch-free 1 (stf-1) hervorgerufen werden, konnten mit

dem System aufgelöst werden. Isolierte Blattscheiben zeigten die gleichen charakteristischen

Änderungen in der Wachstumsdynamik des Phänotyps, die von ganzen Pflanzen bekannt wa-

ren. Ein weiteres Hochdurchsatz-Screeningsystem (GROWSCREEN FLUORO; nicht Teil die-

ser Dissertation) wurde entwickelt: Es erlaubt die nicht-invasive, simultane Untersuchung von

Wachstum und Photosynthese.
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Summary

Image processing is essential to many biological analyis techniques. To an increasing degree,

image processing contributes to finding answers to central biological questions. Exact and

robust methods, tailored to the particular biological system in question, are needed to allow

quantitative measurements.

Quantitative 3D measurements of structures at different scales are relevant to the investigation

of various biological problems. E.g., short- and long-term adaptions of the spatial distribution

and orientation of leaves in a canopy greatly determine light use efficiency in complex stands.

Active re-orientation with respect to the sun enables optimal use (diaheliotropism) or limitiation

of the available ratiation energy. Plant architecture strongly influences resource use efficiency.

Optimization of architecture by means of breeding is continously gaining importance, driven by

the necessity to produce more food, feed and fuel (biomass) while the amount of cultivable land

is decreasing. To date, it has been difficult to study plant architecture in a quantitative manner

due to the lack of appropriate methods.

Remote sensing is an important approach to measuring plant productivity on large areas quickly

and reliably. It is used e.g. to predict yield of agricultural area or forests or to estimate CO2

fixation for modelling climate change. The complex 3D structure of plants poses a particular

challenge to remote sensing, because it alters the spectral signal in a complex fashion, distorting

estimation of vegetation parameters (e.g. photosynthetic performance).

Attempting to make highly precise measurements of plant growth requires enhanced technolog-

ical approaches, going beyond stereo approaches established for different applications. Along

with the pursuit for higher precision, there is an increasing demand for high-throughput mea-

surements of plant properties (so-called morphometric and physiological phenotyping).

A primary goal of this dissertation was the development of optical 3D reconstruction techniques

for determining structural parameters of plant surfaces on different scales (up to canopies), and

to apply the techniques to biological problems. Oftentimes, optical techniques have advantages

over alternative techniques (e.g. gap fraction analysis, stratified clipping, point-quadrat, dig-

itizers): they are non-invasive, may provide high spatial and temporal resolution may be are

suitable for remote sensing. In this dissertation, several prototypical applications for 3D mea-

surements of plants were developed, meeting the particular needs of collection of biological

data.

To analyse dynamic changes of leaf orientation, a correlation-based 2-camera stereo system was

developed. The processing comprises the following essential steps: (1) calibration of stereo

system, (2) rectification and preprocessing of input images, (3) correspondence search, (4) 3D

reconstruction, (5) segmentation of leaf areas, (6) measurement of leaf angles. The technique

was applied to different biological problems: (1) drought stress was diagnosed by analyzing

the distribution of leaf inclination angles. (2) nyctinasitic leaf movements of Glycine max were
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measured, revealing an increase in oscillation frequency and a concomitant decrease in am-

plitude. (3) the diurnal course of inclination angle of Glycine max (var. Pioneer 93B15) and

paraheliotropic leaf movements were quantified. A second study using the same stereo system

in conjunction with gas exchange and chlorophyll fluorescence measurement revealed that yield

increases under elevated [CO2] are caused by an increase in maximum electron transport rate

ETRmax rather than by structural differences in the outer canopy.

To investigate growth processes on complex 3D structures, another stereo technique based on

the principle of optical flow was developed. Plant surfaces were reconstructed on different

scales (fruit, tubers, leaves, mosses, canopies) and under varying illumination. The technique

makes use of a higher number of camera positions, thereby enabling high precisions depth

measurements.

Three-dimensional reconstruction are also useful in high-throughput screening. However, they

must allow for online analysis to be of any practical relevance. In the scope of this disserta-

ton, a high-throughput screening system (GROWSCREEN 3D) was developed, which allows

measuring diel growth dynamics of floating leaf discs with high precision. Thus, it is useful for

phenotyping of growth dynamics. Moreover, it allows quantification of the effects of substances

on growth. Making use of 3D information allows accurate determination of surface area, which

would not be possible with only the projected area available (sinking level of nutrient solution

and convex surfaces due to differential growth). GROWSCREEN 3D was able to measure even

growth rates that were strongly reduced under the influence of the herbicide glyphosate on the

shikimate pathway. Changes in growth dynamics caused by missing starch biosynthesis in the

Arabidopsis thaliana mutant starch-free 1 (stf-1) could be resolved by GROWSCREEN 3D. Iso-

lated leaf discs exhibited the same characteristics in growth dynamics of the phenotype that was

known from whole plants. Another high-throughput system (GROWSCREEN FLUORO; not

in the scope of this dissertation) was developed that is suitable for non-invasive, simultaneous

investigation of growth and photoysynthesis.
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16 1 Introduction

1 Introduction

The determination of plant structure and plant growth dynamics in an automated and quantita-

tive manner is an important and timely task of plant biology. Towards a quantitative understand-

ing, this doctoral dissertation is concerned with the development and establishment of stereo

vision systems and techniques for measuring structural parameters of plants. The proposed sys-

tems are applicable on different scales, from single leaf discs to canopies to the ecosystem level.

The biological problems addressed encompass diurnal growth rates of leaves, leaf movements,

and leaf orientation under drought stress and under elevated atmospheric CO2 concentration.

1.1 Motivation

Plant development is governed by a multitude of abiotic and biotic factors, oftentimes causing

feedback (e.g. self-shading). Efficient use of available sunlight can be viewed as the primary

objective a plant needs to fulfill. Secondary objectives are, among others, to withstand wind

and to minimize transpiration. In an evolving plant community, light conditions may change

rapidly, as competing plants grow higher and increase their leaf area. On the other hand, diel

variations in light intensity and direction mean sub-optimal light intensities in the morning and

late afternoon, but saturating intensities at noon. Depending on the latitude and time of year,

such effects may become so severe that a plant must regulate the intensity of incident light.

Diaheliotropic leaf movements (Jurik et al. 1990) increase intensity, while paraheliotropic leaf

movements decrease intensity, thus avoiding photoinhibition, reducing leaf temperature and in-

creasing water use efficiency (Ludlow & Björkman 1984; Forseth & Teramura; Gamon &

Pearcy 1989; Jurik et al. 1990; Kao & Forseth 1991; 1992; Muraoka et al. 1998; King 1997;

Falster & Westoby 2003). Flexible leaf orientation can be viewed as a means to maximize car-

bon gain under highly variable conditions (Muraoka et al. 1998). Assessing the structure and the

dynamics of structural changes of plant canopies is of vital interest to ecophysiology. Because

most plants develop in three-dimensional space, being able to measure structural parameters in

three dimensions seems desirable.

1.2 Stereo Vision and 3D reconstruction

Stereopsis, i.e. the fusion of different projections of a scene on the retinae of the eyes of humans

and some animal species, was studied as early as 1838 (Wheatstone 1838), who found that the

difference between the two eyes’ images (binocular disparity) is perceived as depth. Today, an

analogous problem, the reconstruction of surfaces in three-dimensional (3D, Euclidean) space

from images, is dealt with in the science computer stereo vision (Trucco & Verri 1998; Hartley

& Zisserman 2004). The principal steps required are: (1) Camera & stereo calibration; (2)

Finding correspondences; (3) 3D reconstruction.



1.2 Stereo Vision and 3D reconstruction 17

1.2.1 Perspective (pinhole) camera

When a point in 3D space is projected through a camera lens onto a camera sensor array, one

dimension (depth) is lost. That is, multiple points lying on the same ray of sight will be projected

to the same point in an image. The mapping of a point in Euclidean 3-space (R3) to an image

(R2) (perspective projection) occurs as follows:

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
x

y

z
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X

Y

Z

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

with the focal length f , the world point (X,Y,Z)T and the image point (X,Y,Z)T (in world coor-

dinates).

As in human vision, at least two views (images) are required to recover depth, because only

the intersection of two rays uniquely identifies the point in space. Using more than two views

increases accuracy and is well-suited e.g. for laboratories where cameras may be mounted

permanently. However, such an approach is more expensive and practical handling may be

more cumbersome in outdoor situations. Therefore, the techniques presented in this dissertation

(with the exception of Biskup et al. 2009) are based on two-view configurations.

1.2.2 Camera & stereo calibration

Camera calibration

Camera calibration is a prerequisite for determining metric information from images. In the

context of this work, it is the act of recovering the intrinsic parameters of a camera. Intrinsic

parameters encompass the focal length, the principal point (where the optical axis crosses the

image plane, the radial and tangential distortion parameters. Given the intrinsic parameters, a

camera can be used as a direction sensor, i.e. each pixel is associated with a particular ray of

sight. High calibration accuracy is essential for accurate measurements from images.

Camera calibration has long been used in classical, film-based photogrammetry (Conrady 1919),

with geographical mapping as the main application. However, the necessity for precise, quan-

titative photogrammetry arose with World War I and the emergence of aerial reconnaissance

(Clarke & Fryer 1998) and early stereoscopic plotting. In general, camera calibration is achieved

by observing one or more images of a calibration target, i.e. a two- or three-dimensional object

of known geometry. Such calibration targets need to be crafted with sufficient precision, or

they may cause severe errors in estimating camera parameters. Three-dimensional targets have

the advantage of providing sufficient information for camera calibration using a single image

(Heikkilä 2000), but are more difficult to manufacture than two-dimensional targets. In more
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recent times, interest in calibration was revitalized due to the emergence of computer vision.

While digital cameras use a different way of capturing images, the lens systems are equivalent.

Since the number of exposures is no longer a cost factor in digital photography, calibration

methods are likewise no longer restricted to using few images. Moreover, the availability of

computers enables the use of more complex calibration models and non-linear optimization.

Closely related to camera calibration is image undistortion, the act of removing distortions.

In pre-digital times, reprojection of distorted images through the same lens or through special

reduction lens systems was one way (Baker 1980) to neutralize distortions. Another way was

to build stereographs with distortion correction facilities or to use correction curves (Clarke &

Fryer 1998). Using a computer, undistortion can straightforwardly be achieved by resampling

the distorted image at the appropriate positions as determined during calibration.

In this dissertation, the calibration method implemented by Bouguet (2005) (based on the work

of Zhang 1999; 2000) was used in Biskup et al. (2007); Rascher et al. ([AgrForestMeteorol]);

Biskup et al. (2009). The calibration method requires a sufficient number (> 20 image pairs

of a planar chessboard pattern (created with an ordinary laser printer). Knowing the size of

the chessboard, the above mentioned calibration parameters can be estimated, with focal length

and principal point in metric units. The method was chosen because it is well-established in

computer vision (e.g. Zelnik-Manor & Irani 2002; Würmlin et al. 2002; Mulder et al. 2003;

Hartley & Zisserman 2004) and practicable under field conditions. Many calibration techniques

have been developed solely with indoor laboratory conditions in mind. The emerging field of

self-calibration (e.g. Faugeras et al. 1992), which deals with obtaining calibration parameters

without calibration targets may simplify the calibration task in the future; however, in many

cases, self-calibration relies on constraints (e.g. minimum number of different views, limited

view configuration) and on information about the scene, e.g. lines pointing to a vanishing

point, or orthogonal lines, as oftentimes present in indoor scenes (Hartley 1992). Moreover,

self-calibration tends to be less robust than standard calibration procedures. Camera calibration

in the context of the measurements discussed here required only limited time and labor. One

advantage of a practically usable self-calibration procedure would be an increased working

volume (i.e. space volume in which accurate 3D measurements are possible): regardless of the

exact method used, calibration only gives information about the volume in which the target is

imaged; moving farther away from this volume, calibration quality degrades. A compromise

would be to use a calibration target and to increase the working volume with additional point

correspondences from the environment (Zhang 1999). One-dimensional targets (e.g. poles with

equidistant beads; at the expense of requiring more images) could also increase the working

volume while still allowing handling under field conditions (e.g. wind gusts; Zhang 2002).

Stereo Calibration

Having two calibrated cameras is not sufficient for 3D reconstruction. It is also necessary to

determine the relative orientation of two cameras that form a stereo rig, which is achieved
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through stereo calibration. Highly accurate stereo calibration is essential to derive accurate

3D models. In general, the calibration parameters are specified as a rotation matrix R and a

translation vector t (extrinsic parameters) that transform the first camera reference frame, C, to

the second camera reference frame, C′, according to the rigid motion equation:

C′ = RC+ t

When two simultaneously triggered cameras are used, the calibration method by Bouguet (2005)

(see above) can be extended to stereo calibration. By knowing corresponding projections of

many 3D points to both images of a stereo pair, R and t can be recovered. This approach was

chosen in Biskup et al. (2007) and Rascher et al. ([AgrForestMeteorol]). In contrast, in Biskup

et al. (2009) and Biskup et al. (2009), a single camera was moved by a highly precise displace-

ment stage. Since both cameras were looking in parallel directions and the stereo baseline b (i.e.

the distance between camera centers) was known, calibration was trivial since R = I (identity

matrix) and t = (b,0,0)T (hardware calibration).

1.2.3 The correspondence problem

The problem of identifying corresponding points, i.e. projections of the same point in 3D space

in two or more images, is known as the correspondence problem of stereo vision. The task

is complicated by noise, occlusions and complex reflective properties of the viewed objects.

Finding a high proportion of true correspondences strongly influences the quality of the depth

map. There is a multitude of approaches to finding correspondences; some of the more common

are described below.

Algorithms less suitable for imaging plants

Several classes of correspondence search algorithms exist, many of which are of limited prac-

tical use in solving the problem of reconstructing plants in 3D. E.g., reconstruction from long

image sequences (hundreds of images) from different views (Pollefeys et al. 2000) has the ad-

vantage of not requiring camera and stereo calibration. It was used successfully to reconstruct

buildings. However, since acquiring a longer sequence takes time, the method is not applicable

in the presence of wind, because stereo matching requires a rigid scene. Shape from shading (see

e.g. Zhang et al. 1999) attempts to recover shape, given the reflection properties of the scene

material and the direction of illumination. The strength of this method is the ability to cope

with large untextured surfaces, where correlation or feature-based methods fail due to ambigu-

ity. However, since plant leaves have complex reflective properties and outdoor illumination

cannot be controlled, the approach seems feasible only under controlled laboratory conditions.

Space carving (Dyer 2001), a volumetric technique, is most suitable for compact objects. Re-
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cently, progress has been made by using an array of monocular depth cues (e.g. color, haze,

texture gradients, defocus or geometric hints like converging lines) to estimate depth. While re-

quiring only one image would be a practical advantage, it is arguable whether the approach will

work on plant scenes, given their complex structure and reflective properties. However, Saxena

et al. (2008) were able to increase reconstruction accuracy with respect to ground truth by using

a combination of monocular and stereo information, similar to human vision (e.g. Stevens &

Brookes 1988).

Feature-based algorithms start by identifying salient features like corners or edges. Because

such features tend to be sparse, the resulting depth map will also be sparse, requiring interpo-

lation. Feature-based algorithms can be particularly useful if additional knowledge about scene

geometry is available, e.g. indoor scenes which are known to be bounded by vertical walls.

With real-time requirements such as robot vision and control, operating on a comparably small

set of 3D points can be reasonable and sufficient for a task like robot motion planning.

Optical-flow based methods

A different approach is to use the concept of optical flow (Lucas & Kanade 1981; Horn &

Schunck 1981) for measuring disparities. Optical flow is the distribution of apparent velocities

of moving brightness patterns in an image, caused either by moving the camera or objects of the

scene (Horn & Schunck 1981). The approach is based on the brightness constancy assumption,

which states that the intensity of surface elements projected on the camera sensor is (almost)

constant between images. A sequence of images taken by a camera moving along a baseline

with small, equidistant displacements is interpreted as a spatio-temporal volume. Because par-

tial derivatives are used for disparity estimation, optical-flow-based methods are also termed

differential. By using optimal digital filters (convolution kernels; filters that are optimized for

measuring orientations; Scharr 2004) to compute grey value derivatives, differential techniques

are very accurate. However, occlusions pose a problem because the flow field is assumed to

be continuous. The image acquisition set-up must account for the limited disparity range that

can be detected with optical-flow based methods (determined by the size of the derivative fil-

ters), i.e. working volume is more limited than with correlation-based methods (this may be

overcome with warping or hierarchical methods; Brox et al. 2004; Mémin & Pérez 1998).

In the frame of this dissertation, an optical-flow-based algorithm was used in Biskup et al.

(2009). In contrast to Biskup et al. (2007) and Rascher et al. ([AgrForestMeteorol]), the study

did not focus on the leaf level; instead, different fruit and other plant organs were reconstructed

on a small scale. With the ultimate goal of measuring growth rates of plant organs (Scharr

& Küsters 2002), a highly precise algorithm was favored there. On the large scale, a canopy

envelope was reconstructed .
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1.2.4 3D reconstruction

Once the stereo rig has been calibrated and correspondences have been established, the scene

(i.e. the original 3D points) can be reconstructed. In the general case with non-parallel cameras,

the following system of equations needs to be solved for a, b and c:

apl−bRTpr+ c(pl×RTpr) = t

where pl and pr denote corresponding image points in the left and right images, R and t are the

extrinsic parameters of the stereo rig. ‘×’ denotes the vector cross product. This computation is

simplified if both cameras are oriented in parallel (Biskup et al. 2007).

Correlation-based methods

Correlation-based (area-based) algorithms determine disparities by computing a cost function

over a disparity range and selecting the extremum as the true disparity. Such algorithms assume

the scene is locally fronto-parallel. This assumption usually holds if (1) the area in question is

small (e.g. a small rectangular window), and (2) if the camera displacement is small enough

so perspective distortion is negligible. Area-based algorithms have difficulties with occlusions,

i.e. parts of the scene that are only visible in one image but occluded by other parts of the

scene in the second image. Several approaches have been taken to cope with the occlusion

problem: (1) multiple view stereo vision, in which many different camera positions are used in

the attempt to cover the entire surface under investigation (see e.g. Pollefeys et al. 2000). (2)

Multiple windows: correlation scores of differently-shaped windows are computed, and only

the best matching window is used (presumably one which excludes an occlusion boundary; e.g.

Fusiello et al. 1997). A similar approach is to use color information to determine an appropriate

window size and shape (Yoon & Kweon 2006).

An area-based algorithm was used in this dissertation for reconstructing canopies (Biskup et al.

2007; Rascher et al. [AgrForestMeteorol]) as well as leaf discs (Biskup et al. 2009). Since

the orientation of individual leaves was under investigation, a sufficiently large image area was

available with this method and border effects at which the chosen algorithm was less accurate

were not relevant. The good performance of the algorithm made it a good choice for a field

system in which it is desirable to get results quickly.

1.2.5 Applications of 3D reconstruction

During the past 10–15 years, 3D reconstruction has found its way into many application areas,

like robot vision and robotic navigation (e.g. Olson et al. 2007), medical imaging (e.g. Preim

& Bartz 2007), quality control and material testing (e.g. Leopold et al. 2003), automotive sen-

sors (e.g. van der Mark & Gavrila 2006; Morat et al. 2007), Cultural heritage preservation



22 1 Introduction

(e.g. Pollefeys et al. 2001) and remote sensing (Omasa et al. 2003; 2007), to name the most

important areas. The main reason for this is the increasing availability of computing power at

decreasing cost, making sophisticated processing and even real-time applications feasible. On

the algorithmic side, accuracy improvements have paved the way to high-precision applications

(Scharstein et al. 2001).

1.3 Canopy structure

1.3.1 Importance of canopy structure

Plant canopy structure and its impact on ecosystem productivity, micro-climate and light avail-

ability has been a subject of investigation for a long time (e.g. Monsi & Saeki 1953; Ross

1981). In many cases, thorough knowledge of the orientation and distribution of leaves within a

canopy is a prerequisite to scaling leaf-level processes to ecosystem level. A better understand-

ing of canopy structure is required to answer a variety of questions to address problems such as

(1) the refinement of photosynthesis models, (2) general clarification of plant functions and (3)

distribution of growth within canopies. The biophysical and biochemical details of photosyn-

thesis have been thoroughly studied in many aspects (Hoover 1937; Hill & Scarisbrick 1940;

Emerson 1958; Balegh & Biddulph 1970; Mitchell 1961; Deisenhofer et al. 1985; Kühlbrandt

et al. 1994; Frenkel 1995). The impact of light spectrum and intensity, temperature humidity,

water availability and other factors could readily be investigated in laboratory settings. How-

ever, at the scale of whole plants or canopies, the local set of abiotic parameters becomes highly

heterogeneous.

1.3.2 Abiotic factors influenced by canopy structure

Light penetration

The amount of available light decreases deeper into the canopy. The attenuation of available

light is mostly governed by the position of the sun, the density of leaf material and the orienta-

tion of leaves (e.g. Monsi & Saeki 1953; Hirose 2005; Ort & P. 2003). Often, the outer canopy

is exposed to saturating light intensities, while the layers below receive less than saturating

light. Permanent or short-term modifications of canopy structure increase the canopy carbon

gain (Muraoka et al. 1998; Ort & P. 2003; Roden 2003). Vertical gradients in leaf inclination

(with steeper angles higher in the canopy) help to achieve tolerable intensities of incident light

(Kuroiwa 1971; Falster & Westoby 2003).
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Temperature and humidity

At high leaf temperatures, C3 photosynthesis is strongly impaired by photoinhibition. Steeper

leaf angles are thought to increase water use efficiency and to decrease the risk of overheating

(King 1997; Falster & Westoby 2003). A close coupling leaf temperature commonly is com-

monly assumed in modelling, although it is well-known that leaf temperature may differ from

ambient temperature due to transpiration, convective heat loss (Miller 1972; Smith 1978b). It

has only recently been shown that canopy leaf temperature is indeed under close regulation, the

leaves of many tree species maintaining an optimum temperature across 50° of latitude (Helliker

& Richter 2008).

The degree of canopy closure also affects humidity within the canopy (Baldocchi 1989). Higher

humidity generally causes stomatal opening and has been shown to increase photosynthetic

rates (Cowan 1977; Farquhar 1978; Lange et al.; Bunce 1982). As a downside, a high canopy

humidity may promote infestation by fungal pests (e.g. Del Ponte et al. 2006).

Canopy-air CO2 concentration

The canopy-air CO2 concentration ([CO2]c) is characterized by strong diurnal, seasonal and

multi-annual variation. Typically, [CO2]c increases during the night due to respiration, and re-

mains elevated for several hours after sunrise before declining (Ziska et al. 2001). The degree of

coupling of above- and within-canopy [CO2] is governed by canopy structure Verma & Rosen-

berg (1976); Rasse et al. (2002). [CO2]c may strongly affect net plant productivity (Rasse et al.

2002).

1.3.3 Direct vs. indirect methods of measuring structural parameters of canopies

Numerous methods have been developed to measure certain aspects of canopy structure, each

having their assets and drawbacks (e.g. measurement speed, manual labor, cost, invasiveness).

Oftentimes, an original basic approach was later refined using more advanced technology.

Direct methods

Methods like layer-by-layer stratified clipping (Monsi & Saeki 1953) to determine the LAI

(leaf area index) or compass-protractors (Campbell & Norman 1989; Muraoka et al. 1998) to

measure leaf inclination and azimuthal orientation gave useful insights into regulation of light

capture efficiency, while being very labour-intensive. Such methods are referred to as ‘direct’

methods (Campbell & Norman 1989; Pearcy & Yang 1996) because information is derived

from looking at individual leaves. Other examples of direct methods are allometry and litter

collection (see e.g. Breda 2003). In many cases, technical advances reduced the amount of labor
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involved in applying direct methods. For instance, Lang (1990) developed a non-image-based

device to automatically record 3D positions, ultimately allowing to determine positions and

orientations of leaves in a canopy. This approach was later advanced by Rakocevic et al. (2000);

it has a strong benefit when investigating the topology of a canopy, but is too labor-intensive

to be used even on moderate scale. Commercial instrumentation like the ‘Li-COR 3100C Area

Meter’ (Li-COR Biosciences, Lincoln, Nebraska, USA) allow economic area measurements on

cut leaves.

Indirect methods

In contrast to direct methods, ‘indirect’ methods provide statistical information, i.e. information

on a particular stand. For example, the point quadrats method (Levy & Madden 1933; Wilson

1960) allows measuring leaf area per unit ground by passing needles through vegetation and

recording the number of contacts between needle and vegetation. The same information can

nowadays be obtained by optical methods. The gap fraction, i.e. the probability of not hitting

a leaf when casting a ray through a canopy (Chen & Cihlar 1995) can be determined using a

hemispherical lens. Gap fraction may either be determined photometrically, i.e. using light

intensity as a function of incidence angle (implemented e.g. in the ‘Li-COR LAI-2000 Canopy

Analyzer’, Li-COR Biosciences, Lincoln, Nebraska, USA), or image-based, by applying image

segmentation to hemispherical images (implemented e.g. in SCANOPY; Regent Instruments,

Ottawa, Ontario, Canada).

1.3.4 Existing 3D approaches to measuring structural parameters of canopies

Techniques making use of three-dimensional information have only developed in the past years,

namely with the emergence of low-priced digital photography. Previous attempts (Herbert 1995;

Ivanov et al. 1995) used conventional photography and photogrammetric methods to obtain 3D

information. Since image correspondences had to be established by hand, only very sparse 3D

information could be obtained. Nevertheless, the authors demonstrated the utility of 3D infor-

mation for answering ecophysiological questions. More recently, Omasa et al. (2003; 2007)

used airborne LIDAR (light detection and ranging) to reconstruct forest canopies. Using mod-

ified lasers to overcome problems with reflective properties of leaf tissue, and highly precise

INS (inertia navigation systems), the authors were able to create good-quality reconstructions.

However, the technique is very cost-intensive (e.g. it requires a helicopter) and acquisition takes

fairly long because of the small sensor footprint. Omasa et al. (2007) used a LIDAR sensor to

reconstruct an individual plant under laboratory conditions to map multi-sensor data to the 3D

model (e.g. thermographic information). Quan et al. (2006) developed a semi-automatic tech-

nique to create a complete 3D surface model of a plant. However, the system requires a high

degree of manual intervention and is primarily geared towards computer graphics rather than

biological applications.



1.3 Canopy structure 25

1.3.5 New approaches to measuring structural parameters

In this dissertation, two novel stereo-based approaches to measuring structural parameters are

proposed. The first is an optical-flow based approach which was investigated in a feasibility

study (Biskup et al. 2009). The second, correlation-based, approach (Biskup et al. 2007) is

presented along with case studies demonstrating the quantification of leaf angle distribution.

The same approach was used to elucidate whether maximum ETR (electron transport rate)

or the structure of the upper canopy is responsible for differences in yield between soybean

cultivars under elevated atmospheric [CO2].

Leaf angles

In Biskup et al. (2007) and Rascher et al. ([AgrForestMeteorol]), 3D reconstructions of indi-

vidual soybean plants or the outer parts of soybean canopies were performed. Using the 3D

model, areas corresponding to leaves or parts of leaves were segmented by manual or automatic

procedures. The inclination of these segments was determined with respect to a reference plane.

Likewise, the azimuth orientation (compass direction) of the segments was determined based

on known orientations of the cameras.

1.3.6 Possible applications of the newly developed 3D techniques

Canopy photosynthesis models

Modelling canopy photosynthesis is a long-standing idea. Based on pioneering work by Boy-

sen Jensen (1932), Monsi & Saeki (1953) established the theory for modelling light penetra-

tion into canopies and the resulting canopy photosynthesis. In short, they applied Beer’s law,

I = I0e−K·LAI, to estimate light attenuation, with I denoting the PPFD with respect to a horizon-

tal plane, and K denoting the extinction coefficient. However, actual canopies violate Beer’s

law because leaves have a finite size and are not distributed uniformly. Furthermore, leaves are

usually not horizontal. These deviations are reflected in K, typically ranging from 0.7 to 1.0 for

planophile leaf angle distributions and ranging from 0.3 to 0.5 for erectophile leaf angle distribu-

tions (Monsi & Saeki 1953). Taking into account leaf transmittance, the light response curve of

photosynthesis and dark respiration, Monsi & Saeki (1953) calculated the canopy photosynthe-

sis P. The Monsi-Saeki model was later confirmed for a broad range of real canopies. Despite

its good predictive quality, several assumptions proved too general: photosynthetic character-

istics actually vary between leaves, especially between dark and shaded leaves (e.g. Boardman

1977). However, Saeki (1959) pointed out that the contribution of shaded leaves to canopy pho-

tosynthesis is usually marginal (also see Long et al. 2006b; Humphries & Long 1995). Another

generalization was the assumption of diffuse light (i.e. overcast sky). Under clear-sky condi-

tions, the proportion of direct light is substantial, thus light intensities will be overestimated by



26 1 Introduction

the Monsi-Saeki model. The authors developed the notion of an optimal LAI, i.e. the LAI that

maximizes canopy photosynthesis. According to their predictions, Pmax is achieved at steeper

leaf angles under high irradiance, and at horizontal leaf angles under low light intensities. The

predicted trend has been observed in real canopies, but leaf inclinations are typically below their

predicted values. This deviation is possibly due to inter-specific competition (Hirose 2005).

The Monsi-Saeki theory provided the basis for later models (e.g. De Wit 1965; Idso & De Wit

1970; Röhrig et al. 1999). Common to all approaches is the necessity to supply an estimate of

the leaf angle distribution to the model. While the leaf angle distributions are well-established

for a variety of species (e.g. Falster & Westoby 2003), especially such species that are capable of

heliotropic leaf movements may differ profoundly in their leaf angle distribution even between

cultivars (Wofford & Allen 1982; Rosa et al. 1991; Rosa & Forseth 1995; Bawhey et al. 2003).

Moreover, leaf inclination may be affected by the water status of the plant (Rosa et al. 1991).

Thus, being able to measure leaf angles with a method as proposed in this dissertation (Biskup

et al. 2007) can be useful to parameterize canopy photosynthesis models.

Virtual plants

The increased availability of processing power enables new approaches to modelling canopy

photosynthesis and other canopy processes. Rather than making simplified assumptions about

light attenuation (e.g. according to Beer’s law; Monsi & Saeki 1953), it has become possible

to explicitly model plant organs in three-dimensional space. Depending on its scope and pur-

pose, a model may incorporate reflective, optical or mechanical properties, temperature, growth

processes or a combination of several. Such spatially explicit, structural-functional plant mod-

els have brought about the term virtual plant (for review, see De Visser et al. 2002; Godin

2000). A typical approach to generating plant models is by Lindenmayer systems (L-systems;

Lindenmayer 1968), formal grammars that have proved useful to generate a vast array of bio-

logical shapes and topologies. L-systems generate self-similar fractals. The initial theory did

not allow for modelling plant shapes and was later refined for this purpose (Frijters & Linden-

mayer; Hogeweg & Hesper 1974). The first realistic images were presented by A. R. Smith

(Smith 1978a; 1984). Originating from computer-graphics oriented generation of plant models

(Prusinkiewicz et al. 1988), the research group of P. Prusinkiewicz refined the L-systems the-

ory and applied it to many areas relevant to plant biology, such as architecture and physiology

of growing trees (Allen et al. 2005), growth simulation on the basis of biomechanical models

(Prusinkiewicz 2004; Smith et al. 2007), models for developmental biology (Giavitto et al.

2002) and interaction of growing plants with environmental factors (water availability, light;

Měch & Prusinkiewicz 1996).

Using an alternative approach to L-systems, Barczi et al. (2007) developed a simulation archi-

tecture, AMAPsim, that is able to integrate multiple user-supplied external models, each captur-

ing a certain structural or functional aspect. In the core of the system lies the plant model that
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defines how a plant develops. The plant model consists of virtual buds with a potential growth

determined by their physiological age. The buds grow according to stochastic processes, re-

sulting in a plant architecture that accurately mimics real plants. External models, such as light

interception models (Soler et al. 2003; Chenu et al. 2007), source-sink related models (Green-

Lab; Yan et al. 2004), xylem transport or biochemechanical models (Sellier et al. 2006) may

interact with the core model via well-defined interfaces. AMAPsim is a promising approach

because it is designed for integration of multiple models, and because the underlying growth

model allows modification of development processes at particular physiological ages, in partic-

ular tissues, without affecting the rest of the plant (Barczi et al. 2007; Rey et al. 2007).

Another, well-established virtual plant model is YPLANT (Pearcy & Yang 1996; Falster &

Westoby 2003). YPLANT capitalizes on the static structure of a plant and is used for com-

puting light interception and whole-plant carbon gain. Structural parameters (internode and

leaf positions) may be collected on real plants using a digitizing device (Pearcy & Yang 1996;

Sinoquet & Rivet 1997; Rakocevic et al. 2000). Since YPLANT does not simulate growth, the

digitized positions and the topology derived thereof are only a snapshot of the developing plant.

Structural comparison of crop cultivars

Structural parameters such as leaf angle distribution and vertical foliage distribution can help

to discriminate differences in growth and development between different cultivars. e.g. as basis

for breeding decisions. In Rascher et al. ([AgrForestMeteorol]), the stereo system described in

Biskup et al. (2007) was used to augment measurements of leaf area index (LAI) and specific

leaf weight (SLW) to compare the canopy structure of the soybean cultivar Pioneer 93B15

under ambient and future (elevated) CO2. Several authors suggested that light use efficiency of

a canopy may be increased by targeted modification of leaf inclination, namely by achieving

steeper inclined upper canopy leaves that permit deeper light penetration (Sakamoto & Shaw

1967; Kuroiwa 1971; Humphries & Long 1995; Reynolds et al. 2000).

Leaf movement

As illustrated in Biskup et al. (2007) by the example of nyctinastic leaf movement in soybean,

measurements of leaf angles at an adequate frequency may elucidate short-term responses to

stimuli such as light, temperature changes, mechanical irritation or application of substances.

While conventional techniques have been applied successfully to study leaf movement (e.g.

Herbert 1983; Rosa et al. 1991; Rosa & Forseth 1995; Herbert 1992; Jurik & Akey 1994), a

stereo technique bears the advantage of being non-invasive, which may be especially important

when investigating thigmo-sensitive plants. Moreover, imaging techniques allow higher acqui-

sition rates, possibly with multiple plants at a time. Plant movements are generally thought to be

brought about by osmotic motors (Moran 2007; Coté 1995). In many cases, opposing volume

and turgor changes in specialized organs, pulvini cause leaf motion: powered by H+ ATPase in
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the plasma membrane, fluxes of K+, Cl− and sometimes malate change the osmotic potential,

not unlike the mechanism regulating guard cell conductivity (Schroeder & Hedrich 1989). Leaf

movements may be very fast; for instance, the shrinking violet (Mimosa pudica) displays a pro-

nounced seismonastic response in the range of seconds (Fromm & Eschrich 1988). The almost

instantaneous response of the Venus flytrap (Dionea muscipula) is achieved by the osmotic mo-

tor releasing the pre-tensed, unstable leaf (Forterre et al. 2005). A paraheliotropic response

to stressful light intensities may be induced within minutes (Koller et al. 1995; Forseth &

Ehleringer 1983). On the other hand, removing stress factors may cause an equally fast relax-

ation.

The high temporal resolutions possible with the 3D techniques introduced in Biskup et al.

(2007) and Biskup et al. (2009) gives access to the kinetics of stimulus response reactions

that manifest in changing leaf orientation.

Shade avoidance

Shade-intolerant plants, i.e. plants that are not capable of long-term survival under low light

intensities (Gilbert et al. 2001) must avoid being overtopped and shaded by other plants. One

way to detect the risk of shading early is the perception of a proximity signal (Ballaré et al.

1990; Gilbert et al. 2001; Franklin & Whitelam 2005). The signal consists of the ratio of red

(R; 655 nm to 665 nm) and far-red (FR; 725 nm to 735 nm) photon irradiances. This ratio is

close to 1 and fairly stable under different weather conditions. Due to scattering of the poorly

absorbed FR, the R:FR ratio underneath a canopy is strongly decreased, ranging from 0.05

to 0.7 (Franklin & Whitelam 2005). The proximity signal is perceived via phytochrome pho-

toreceptors, but there is evidence that a green-light receptor is involved at least in Arabidopsis

thaliana (Mullen et al. 2006). Shade responses may manifest in shoot growth, causing a plant

to overtop competitors (e.g. Gilbert et al. 2001), or differential petiole growth in rosette plants,

causing leaves to bend up to avoid shade (Mullen et al. 2006). The intensity of the proximity

signal depends on the size, vertical distribution and spatial orientation of leaves surrounding a

plant. To estimate signal intensity, Gilbert et al. (2001) used LAI and leaf angle information

to compute the leaf area projected on a cylinder representing the plant receiving the proximity

signal.

3D growth of plant surfaces

On a microscopic scale, the sequential replica method (Williams & Green 1988; Williams

1991) can be used to track the three-dimensional position of individual cells over several di-

vision cycles. The method is non-destructive; in short, a deformable material (dental polymer

moulds) is used to create replicas of plant tissue. Then, epoxy raisin is used to prepare casts

for observation in a scanning electron microscope (SEM). Kwiatkowska (2004) used two SEM

views of the same object to perform 3D reconstructions of the positions of cell walls to measure
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the surface growth of the shoot apical meristem of A. thaliana, a structure of approx. 200 μm

in diameter. Three-dimensional information gives a valuable insight into the spatio-temporal

development of the meristematic tissue.

Coen et al. (2004) devised a conceptual framework for modelling 3D growth, using the regional

parameters growth rate, anisotropy, direction and rotation. The virtue of their approach is that it

allows to study control by, as well as response to, genetic regulation. The authors suggest using

their framework to test hypotheses about genetic regulation, comparing modelled morphogene-

sis with actual measurements on mutants.

Optical-flow-based 3D reconstruction lends itself to measuring growth (in terms of surface ex-

pansion in three dimensions) of fruit or leaves (Küsters 2004; Scharr & Küsters 2002). The

surface of fruit is usually convex, and leaves often move while growing, thus causing projec-

tive artifacts when measuring growth rates based on 2D information. Measuring growth in 3D

avoids such artifacts. Sufficient surface structure (contrast) is essential for accurate growth mea-

surements with optical-flow-based techniques. In Biskup et al. (2009), the positive effects of

spray marking and structured light on the quality of 3D reconstruction are demonstrated by a

range of example plant organs.

Canopy growth

Rather than looking at single leaves, the increase in leaf material may be studied in terms of

increasing envelope surface area. As demonstrated in (Biskup et al. 2009), the proposed small-

baseline approach may deliver such an envelope. Differential measurements at consecutive time

points allows quantification of canopy growth.

1.4 Application: elevated atmospheric CO2 concentrations

1.4.1 Future atmospheric gas concentrations

Global change subsumes a variety of gradual, consistent atmospheric, ecological and other

environmental changes, some of which are likely to be of anthropogenic origin. The most

prominent phenomenon is an increase in atmospheric [CO2] which is mostly due to combustion

of fossile fuels by both industry and cars (IPCC 2007). CO2 acts as a greenhouse gas, i.e. it

increases absorption of infrared radiation emitted by earth, thereby increasing the temperature

of the atmosphere. Atmospheric [CO2] has risen by approx. 30% since the beginning of the

industrial revolution to a current level of approx. 380 ppm (IPCC 2007; Tans 2008), a value

unprecedented over more than 400000 years (Petit et al. 1999). The future development of

atmospheric temperature is uncertain because of various feedback effects, e.g. evaporation of

water, which is also a greenhouse gas, or melting polar ice which reduces albedo (IPCC 2001),

but future [CO2] will undoubtedly increase (IPCC 2007).
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Increasing concentrations of atmospheric nitrogen oxides, which arise from increased combus-

tion of fuels, produce rising levels of surface ozone (O3). O3, apart from acting as a greenhouse

gas, is toxic for animals (e.g. WHO 2003) and plants (e.g. Bermejo et al. 2003), there most

notably by reducing content and activity of the enzyme ribulose-1,5-bisphosphate carboxy-

lase/oxygenase (Rubisco), thus reducing carbon assimilation (Heath 1994; Reid et al. 1999).

Like [CO2], [O3] is expected to rise by as much as 20% until the middle of this century (IPCC

2001).

When considering global food supply, any large scale effects on crop yields due to changes in

the atmospheric concentrations of CO2 and O3 are of great importance. Elevated [CO2] could,

as a substrate of photosynthesis, increase yields. On the other hand, elevated [O3], being a

severe stress factor for plants, could counter such effects. Even by now, elevated [O3] causes

crop damages on an economically important scale. E.g., 30 million hectares (worth 19 billion

US$; USDA 2006) of soybean are grown in the US; annual losses due to O3 damages have

been estimated to amount to 2 billion US$ (Murphy et al. 1999).

1.4.2 Free air carbon enrichment (FACE)

To estimate the impact of changes in [CO2] and [O3], several free air concentration enrich-

ment facilities (FACE) have been set up around the world. Enrichment of atmospheric gases is

achieved by measuring the momentary concentration and instantaneously adding the appropri-

ate amount of gas via nozzles arranged around the test plot (Miglietta et al. 2001). Fumigation

with CO2 is typically done only at daytime when carbon assimilation takes place to reduce

costs, and when sufficient wind is present to ensure homogeneous fumigation. FACE sites were

typically set up to study a small number of important crop plants (soybean, corn, rice) or for-

est ecosystems (e.g. loblolly pine (Pinus taeda) in the Duke Forest FACE experiment (Rogers

& Ellsworth 2002) or Populus in EuroFACE, Italy (Miglietta et al. 2001) in detail, often over

several years.

Enclosure versus FACE studies

Experimental set-ups seem to have strong influence on observed effects of elevated [CO2].

Chamber (enclosure) studies tend to overestimate biomass increase as compared to FACE ex-

periments. Long et al. (2004) (also see Long et al. 2006a) suggest a variety of reasons for

systematic errors, the most important being (1) using pot-grown instead of field-grown plants,

which has previously been observed to have influence on the response to elevated CO2, (2) re-

duced transmission of sunlight, (3) increased temperature, (4) increased water vapor pressure

deficit, (5) altered air flow. The authors advocate the use of FACE experiments to measure [CO2]

response under conditions as realistic as possible. Some authors stated contrasting opinions, ar-

guing that carefully set up enclosure experiment may be well-suited, provided that confounding
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factors such as growth conditions are ruled out (Ziska & Bunce 2007; Körner 2006). Given

the multitude and diversity of direct and indirect responses to elevated [CO2, the use of several

approaches seems justified to elucidate the mechanisms.

1.4.3 Effects of elevated atmospheric [CO2] concentrations on plants

CO2 fertilization

A well-known effect of elevated [CO2] is CO2 fertilization, an increase in growth mainly due

to stimulation of photosynthesis (Farquhar & von Caemmerer; Makino & Mae 1999). The

effect is used commercially in greenhouse cultivation, where [CO2] is typically raised to approx.

700 ppm (Nelson 2002). In terrestrial C3 plants, the stimulation of photosynthesis is caused

by two properties of Rubisco: firstly, its Michaelis constant (KM) for the substrate CO2 is

close to contemporary ambient [CO2] (J. & Salvucci 2002), thus elevation of [CO2] will cause

an increase the carboxylation rate. Secondly, photorespiration gets suppressed because CO2

competitively inhibits the Rubisco oxygenation reaction (Long 1991; Long et al. 2004).

In C4 plants, because their photosynthetic apparatus nearly always operates under CO2-saturated

conditions, little immediate fertilization occurs. However, because stomatal conductance will

decrease, an indirect stimulation of photosynthesis and production due to improved water use

efficiency may result (Ghannoum et al. 2000; Leakey et al. 2004). There are pronounced

differences in the degree of fertilization between genera and between ecosystems (Makino &

Mae 1999). In most ecosystems, positive effects on net primary production are limited by the

availability of nitrogen (Vitousek et al. 1997) and also phosphorus and calcium in tropical soils.

Adverse effects of elevated [CO2]

Aside from the positive effects on assimilation, elevated [CO2] has a number of negative effects,

manifesting as yield decrease. An increased assimilation rate due to an improved efficiency of

Rubisco under elevated [CO2] usually causes accumulation of carbohydrates in the leaf, slowing

down the carboxylation reaction by end product inhibition (Arp 1991; Sawada et al. 2001).

Notably, plants possessing a large and adaptable sink capacity (e.g. in the form of roots and

tubers) are not affected by down-regulation of photosynthesis(Usuda & Shimogawara 1998).

Along the same line, the leaf sheath in rice has been shown to provide temporary sink capacity,

effectively avoiding down-regulation of photosynthesis (Watanabe et al. 1997). Extreme starch

accumulation may reduce photosynthesis by physically damaging chloroplasts (e.g. Cave et al.

1981) or by slowing diffusing of CO2 in the chloroplast (e.g. Nafziger & Koller 1976). The

carbon:nitrogen (C:N) ratio typically increases under prolonged exposure to elevated [CO2]

(Roger et al. 2000) states an average increase of C:N by 12% when doubling [CO2]. This

increase may be irrelevant for pure energy crops, but critical for the nutritional value in terms

of protein content (Hocking & Meyer 1991; Conroy et al. 1994; Rogers et al. 1996; Pal et al.
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2004).

Recently, elevated [CO2] was found to effectively disable the herbivore defense mechanism

in soybean (Zavala et al. 2008). The authors found that higher levels of carbohydrates made

soybean grown under elevated [CO2] more attractive to two herbivore species (Japanese soy-

bean beetle (Popillia japonica) and western corn rootworm (Diabrotica virgifera virgifera)). At

the same time, the wound hormone Jasmonic acid was down-regulated. The authors propose

that increased herbivory under the condition of suspended defense mechanisms may exceed the

yield increase due to elevated [CO2]. While the study was conducted in an intense monoculture,

it is an example of the manifold effects of elevated [CO2].

The soil fauna may be strongly affected by atmospheric CO2 concentrations. Lesaulnier et al.

(2008) observed an increase in heterotrophic decomposers and ectomycorrhizal fungi on one

hand, and a decrease on nitrate-reducers on the other hand at the Rhinelander FACE site, a

population of Populus tremuloides. The total abundance of microbes did not change. The

authors view the increased production of detritus under elevated [CO2] as the main reason for

the observed rearrangement in soil biota populations.

1.4.4 Measurements at SoyFACE

Several measurement campaigns in the context of this dissertation (Biskup et al. 2007; Rascher

et al. [AgrForestMeteorol]) were conducted on soybean at the SoyFACE facility at Urbana,

IL, USA (Rogers et al. 2004; Ainsworth & Long 2005; Morgan et al. 2006). At SoyFACE,

soybean and corn, both the most important crops used in the Midwest of the USA are cultivated

according to standard agricultural practice. There were four experimental blocks: one control

plot with ambient (378 ppm) [CO2], elevated (550 ppm) [CO2], elevated (1.5 × ambient) [O3],

and a combination of elevated [CO2] and [O3], in four replicates. Each plot was 20 m in

diameter. Measurements in the scope of this dissertation were carried out on plots under ambient

and elevated [CO2].

1.5 Plant growth

Growth is a fundamental property of plants. It is defined as the irreversible increase in volume

and substance (Nultsch 2001; Raven et al. 2004). In contrast to most animals, plants are

typically sessile and thus have to cope with fluctuations in environmental conditions. Due to

their modular structure, plants grow during their entire lifetime (Scanlon 1998; Walter & Schurr

1999). Modifications of the building plan are a means to adapt to environmental conditions.

Cell turgor is the driving force behind plant growth, whereas cell wall extensibility restricts

growth (Vissenberg et al. 2000; Cosgrove et al. 2002). The dynamics of leaf and root growth

reflects their adaptation to the exposure of these organs to the environment: roots live in a
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slowly changing temperature regime, but experience high spatial heterogeneity of nutrients.

Consequently, they exhibit little regulation and respond quickly to changes in environmental

conditions (Nagel et al. 2006). Leaves of dicots are exposed to strong diurnal variations of light

and temperature and thus have developed circadian growth patterns (Walter & Schurr 2005). In

contrast, growth zones of monocot leaves are protected by older leaves and thus less exposed to

environmental fluctuations (Ben-Haj-Salah & Tardieu 1995; Walter & Schurr 2005).

Assuming exponential growth A(t2) = A(t1)eRGR(t2−t1), the relative growth rate RGR is defined

as follows:

RGR[d−1] =
100

t2− t1
ln

(
A(t2)

A(t1)

)

1.5.1 Spatial and temporal patterns of leaf growth in dicots

The process of plant growth is the result of an interplay between a huge number of genes and

many environmental factors, each of which may vary over time (Koornneef et al. 2004). Growth

occurs simultaneously in many parts of the plant; the distribution of growth rates is shaped by

carbon allocation and structure formation (Walter & Schurr 1999).

Leaf growth exhibits a variety of patterns, both temporally and spatially. During the devel-

opment of dicot leaves, a fixed amount of cells is produced (meristematic growth). Then, the

cells undergo expansion until maturity is reached. On a temporal dimension, the mean diel

growth rates gradually decrease until maturity. For instance, mean growth rates of tobacco

leaves decrease exponentially, reaching maturity after approx. two weeks (e.g. Avery 1933;

Walter & Schurr 1999). Leaf development proceeds from tip to base in a wave-like fashion (van

Volkenburgh 1985). While the majority of cells of growing leaf tissue transition from division

to elongation, the two processes are not entirely separated (Heckenberger 1998).

More pronounced than this leaf ageing is the diel variation of growth rates (circadian rhythm)

(Dale 1988; van Volkenburgh 1999; Walter & Schurr 2005). Dicot leaves are adapted to coping

with drastic changes an maintaining optimal performance. Leaves of monocots usually exhibit

a maximum RGR during the middle of the day, whereas dicots do not show a general preference

(Walter & Schurr 2005). The difference may arise from the absence of an endogenous control

in monocots where growth rates have been found to be coupled to meristem temperature (Ben-

Haj-Salah & Tardieu 1995).

On a spatial dimension, leaves of some dicot species, e.g. N. tabacum Walter & Schurr (1999;

2005), Coccoloba uvifera and Sanchezia nobilis (Walter et al. 2004), Rhizinus communis (Wal-

ter 2000) and A. thaliana (Wiese et al. 2007) have been shown to exhibit a base-tip gradient of

growth rates. While such patterns may be obscured by small-scale temporal and spatial vari-
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ations, such patterns clearly emerge when integrating over 24 h. The presence of a base-tip

gradient is thought to originate from earlier reduction and cessation of cell division and elonga-

tion in the tip region (Poethig & Sussex 1985; Granier & Tardieu 1998; Schmundt & Schurr

1998). On the other hand, e.g. leaflets of Glycine max (Ainsworth et al. 2005) or Populus

deltoides (Walter et al. 2005; Matsubara et al. 2006) lack a base-tip gradient.

1.5.2 Classical measurement methods

A straight-forward way of assessing leaf growth is to measure leaf length and elongation with

a regular spacer. The approach allows measuring large sample sizes. Using allometric relation-

ships (i.e. empirical form factors; Schurr 1997; Walter & Schurr 1999), the area of a leaf can

be determined with sufficient precision, allowing to determine growth rates on a coarse scale

based on calibration measurements for a particular species or cultivar. This approach, while

inexpensive and simple, does not offer spatial resolution. Fresh and dry weight of a leaf are also

good, albeit destructive, indicators of growth (e.g. Leister et al. 1999). The temporal resolution

of elongation measurements was considerably enhanced by the application of linear variable

differential transducers (LVDT; Watts 1974; Degli Agosti et al. 1997).

1.5.3 Measuring growth at sub-leaf resolution

The first attempt to measure spatially resolved leaf growth was reported by Avery (1933), who

applied ink dots. A similar approach, albeit facilitated by image processing, was taken by

Küsters (2004), who used spray marks applied with a toothbrush to enhance contrast for image

processing, and by Hamamoto et al. (2006), who applied ink with an ink jet printer and subse-

quently tracked the trajectories of the dots with motion analysis software. Using modern image

sequence processing techniques, Schmundt & Schurr (1998) were able to measure leaf growth

at a high spatial and temporal resolution, without depending on spray markers. The authors

employed the structure tensor technique (Bigün & Granlund 1987; Schmundt & Schurr 1998;

Haußecker 1999). In short, motion (as when observing growth processes in time) gives rise to

grey level displacements between consecutive images of the same plant organ. The orientation

of such displacements in the space-time cube immediately yields the velocities. The structure

tensor mathematically describes the local orientation of grey values. The approach, now termed

DISP (digital image sequence processing) in the context of growth measurements, was suc-

cessfully employed in several studies (e.g. Walter 2000; Ainsworth et al. 2005; Matsubara

et al. 2006; Berns et al. 2007; Wiese et al. 2007) and was also extended to allow measuring

three-dimensional growth of plant organs (Küsters 2004).
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1.5.4 High-throughput leaf growth measurements

The DISP method, while giving a wealth of information, is less suitable under high-throughput

requirements, which call for a simple and robust approach. Using imaging techniques, the

projected area of a whole plant can be measured to obtain growth time series (Leister et al. 1999;

Granier et al. 2006; Walter et al. 2007). Using A. thaliana, there is little overlap during the first

weeks of growth. By correlating area with fresh and dry weight measurements, Walter et al.

(2007) verified that increase in projected leaf area is a good estimate for growth rates. Temporal

resolution is in the range of days. However, differences in projected leaf area that arise from

differences in habitus between phenotypes, e.g. hormone-induced differential growth (Nielsen

& Ulvskov 1997) or altered leaf inclination in phytochrome mutants (Mullen et al. 2006), cannot

be detected with this method. To combine the spatial resolution of DISP methods with the high-

throughput benefits of image-based area measurements, a two-step approach seems useful: in

a first step, a high-throughput technique could be used to identify candidate phenotypes, which

could be analyzed in more detail using DISP.

1.5.5 Leaf disc growth measurements

Excised leaf discs typically retain their ability to grow for several days or even weeks (Powell &

Griffith 1960; Glinka & Meidner 1968; Nunes et al. 1983; Walter 2000; Stiles & Van Volken-

burgh 2004; Walter & Schurr 2005). However, accurate image-based measurement of relative

growth rates (RGR) is hampered by the fact that sinking water levels cause a decrease in pro-

jected area, which may be tolerable if actual RGR is high but will lead to grossly incorrect

results at small growth rates. Especially when diel characteristics of growth are investigated,

the dynamics will be skewed because of the varying contribution of the actual growth signal.

In this dissertation, an image-based screening system is presented (Biskup et al. 2009) which

overcomes these problems by measuring leaf disc area in 3D instead of its projection.

1.5.6 Growth as a phenotypic characteristic

Growth is a complex, quantitative phenotypic trait: the potential growth rate of a particular

organ is determined by a multitude of genes. A. thaliana is a suitable model plant for conduct-

ing quantitiative trait loci (QTL) analyses (El-Lithy et al. 2004). In the context of metabolic

phenotypes, alterations of diel growth dynamics in conjunction with quantitative analysis of

substances at different daytimes (e.g. Wiese et al. 2007), are more indicative than comparisons

of day-to-day area increase; diel RGR patterns may be affected by a mutation, without a substan-

tial impact of total diel RGR (Wiese et al. 2007). In this dissertation, phenotypic differences due

to altered starch metabolism were shown (Biskup et al. 2009). Moreover, a novel combination

of non-invasive imaging methods was used to study the dynamics of growth and photosynthesis

under stress conditions (Jansen et al. [FunctPlantBiol]).
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2 Synopsis

The objective of this dissertation was to develop and implement 3D imaging techniques to mea-

sure structural parameters of plant canopies, individual leaves and leaf discs. On a large (ecosys-

tem) scale, an accurate model of an extended canopy was created (Biskup et al. 2009). On a

medium scale, a novel stereo imaging system (Biskup et al. 2007) was used to reconstruct soy-

bean canopies (few m2) to measure leaf orientation. The approach revealed that yield increases

under elevated [CO2] are caused by an increase in maximum electron transport rate ETRmax

rather than by structural differences in the outer canopy (Rascher et al. [AgrForestMeteorol]).

On an even smaller scale, leaf inclination angles of individual soybean plants were measured

to diagnose drought stress and to track leaf movements (Biskup et al. 2007). The principle of

3D reconstruction was also applied in the development of a high-throughput image-based sys-

tem for growth phenotyping of leaf discs, demonstrating the increased measurement accuracy

crucial for revealing subtle differences in diel growth cycles due to difference in treatment or

phenotype (Biskup et al. 2009).
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Röhrig M., Stützel H. & Alt C. (1999) A three-dimensional approach to modeling light inter-

ception in heterogeneous canopies. Agronomy Journal 91, 1024–1032.

Rosa L. M., Dillenburg L. R. & Forseth I. N. (1991) Responses of soybean leaf angle, photo-

synthesis and stomatal conductance to leaf and soil water potential. Annals of Botany 67,

51–58.

Rosa L. M. & Forseth I. N. (1995) Diurnal patterns of soybean leaf inclination angles and

azimuthal orientation under different levels of UVB radiation. Agricultural and Forest Mete-

orology 78, 107–119.

Ross J. (1981) The Radiation Regime and Architecture of Plant Stands. Dr. W. Junk Publishers,

The Hague, The Netherlands.

Saeki T. (1959) Variation of photosynthetic activity with aging of leaves and total photosynthe-

sis in a plant communitiy. Botanical Magazine, Tokyo 72, 404–408.

Sakamoto C. M. & Shaw R. H. (1967) Light distribution in field soybean canopies. Agronomy

Journal 59, 7–9.



50

Sawada S., Kuninaka M., Watanabe K., Sato A., Kawamura H., Komine K., Sakamoto T. &

Kasai M. (2001) The mechanism to suppress photosynthesis through end-product inhibition

in single-rooted soybean leaves during acclimation to co2 enrichment. Plant Cell Physiology

42, 1093–1102.

Saxena A., Chung S. H. & Ng A. Y. (2008) 3-d depth reconstruction from a single still image.

Int. J. Comput. Vision 76, 53–69.

Scanlon M. J. (1998) Force fields and phyllotaxy: an old model comes to age. Trens in Plant

Science 3, 413–414.

Scharr H. (2004). Optimal filters for extended optical flow. In International Workshop on

Complex Motion (IWCM) 14–29.
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A stereo imaging system for measuring structural
parameters of plant canopies

BERNHARD BISKUP, HANNO SCHARR, ULRICH SCHURR & UWE RASCHER

Institute of Chemistry and Dynamics of the Geosphere ICG-III (Phytosphere), Research Centre, Jülich GmbH, 52425 Jülich,
Germany

ABSTRACT

Plants constantly adapt their leaf orientation in response to
fluctuations in the environment, to maintain radiation use
efficiency in the face of varying intensity and incidence
direction of sunlight. Various methods exist for measuring
structural canopy parameters such as leaf angle distribution.
However, direct methods tend to be labour-intensive, while
indirect methods usually give statistical information on
stand level rather than on individual leaves. We present an
area-based, binocular stereo system composed of commer-
cially available components that allows three-dimensional
reconstruction of small- to medium-sized canopies on the
level of single leaves under field conditions. Spatial orienta-
tion of single leaves is computed with automated processes
using modern, well-established stereo matching and seg-
mentation techniques, which were adapted for the proper-
ties of plant canopies, providing high spatial and temporal
resolution (angle measurements with an accuracy of approx.
�5° and a maximum sampling rate of three frames per
second). The applicability of our approach is demonstrated
in three case studies: (1) the dihedral leaflet angle of an
individual soybean was tracked to monitor nocturnal and
daytime leaf movement showing different frequencies and
amplitudes; (2) drought stress was diagnosed in soybean by
quantifying changes in the zenith leaflet angle distribution;
and (3) the diurnal course of the zenith leaf angle distribu-
tion of a closed soybean canopy was measured.

Key-words: canopy; leaf movement; screening; stereo
imaging; systems biology; 3D reconstruction.

Abbreviations: CDT, central daylight time; FWHM, full
width at half maximum; HSV, hue, saturation, (brightness)
value; LAI, leaf area index; LIDAR, light detection and
ranging system; MTA, mean tilt angle; RANSAC, random
sampling consensus; ROI, regions of interest; SoyFACE,
soybean free-air concentration enrichment.

INTRODUCTION

Plants, being sessile organisms, must constantly adapt to a
spatially and temporally fluctuating environment. This

adaptation is manifested in long-term growth patterns as
well as in short-term changes in foliage orientation. There-
fore, the structure of plant canopies is highly dynamic,
changing on various timescales, from minutes to seasons
(Schurr, Walter & Rascher 2006). A predominant factor
governing adaptations is the intensity and incidence direc-
tion of sunlight. Structural changes in plants have been
studied for decades and different approaches for measur-
ing structural parameters of plant canopies have been
taken in the past, addressing different scales, from small
herbaceous plants to entire forest stands (Campbell &
Norman 1989). A classical direct approach for determining
leaf angle distributions is to use compass-protractors or
inclinometers to measure individual leaf angles (Ross
1981; Herbert 1983; Campbell & Norman 1989; Daughtry
1990). The method is semi-invasive, as leaves are touched
while angles are measured and it is labour-intensive; thus
the possible temporal resolution is limited. In his seminal
work, Lang (1973) proposed a system to digitize three-
dimensional (3D) coordinates (also see Lang 1990). Select-
ing appropriate geometrical structures (e.g. triangles) on
the leaf surface, the author was able to measure orienta-
tion of single leaves in space quite efficiently. Sinoquet and
co-workers have advanced this technique, using an elec-
tromagnetic digitizer to compose 3D models of entire
plant stands. They carried out extensive work on the mod-
elling of plant canopies (Sinoquet & Rivet 1997; Sinoquet
et al. 1998; Rakocevic et al. 2000). One drawback of the
digitization approach is the long acquisition time. Rako-
cevic et al. (2000) reported 3–7 h for a 10 ¥ 10 cm canopy
of white clover. While this approach arguably yields very
comprehensive information about position and orientation
of leaves and stem, short-term dynamic changes in leaf
orientation are inaccessible.

LIDAR systems have been greatly advanced in recent
years and have been used successfully to reconstruct tree
canopies on different scales. LIDAR systems have been
applied to forest canopies to estimate parameters like tree
height, diameter at breast height or biomass (Lefsky et al.
1999; Omasa et al. 2003; Parker, Harding & Berger 2004;
Tanaka, Park & Hattoria 2004; Omasa, Hosoi & Konishi
2007). However, LIDAR systems are still expensive, and if
single leaf resolution is desired, scanning time increases
considerably. Because 3D reconstruction requires a rigid
scene, leaf-level measurements with LIDAR seem feasible
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only in laboratory studies where wind can be avoided, and
for plants that do not exhibit short-term leaf movement.

Gap fraction analysis (Chen & Cihlar 1995) is a well-
established indirect measurement method, commercially
available, for example, in the Li-Cor LAI-2000 plant canopy
analyser (Li-Cor Biosciences, Lincoln, NE, USA). The gap
fraction is the fraction of view not obscured by foliage in a
particular zenith view angle class. The method makes
assumptions about foliage distribution and azimuthal sym-
metry and is therefore not suitable for measuring leaf angles
in smaller stands for which these assumptions do not hold.
Other indirect methods exist that usually make some
assumptions about the canopy structure and tend to be
specialized (see, e.g. Campbell & Norman 1989; Deckmyn,
Nijs & Ceulemans 2000). Indirect approaches share the
property of providing statistical rather than per-leaf infor-
mation. Several authors have used film-based stereo photo-
grammetry (Herbert 1995; Ivanov et al. 1995) or stereo
imaging to obtain 3D reconstructions of plants. Andersen,
Reng & Kirk (2005) have developed a trinocular stereo
system for automatic inspection of crops. They tested their
system on ray-traced images of cereal plants.Nielsen,Ander-
sen & Granum (2005a) conducted a comparative study using
multi-camera configurations to reconstruct ray-traced
images of broad-leaved as well as narrow-leaved plants.The
focus of their work was to compare different algorithms to
ground truth (also see Nielsen et al. 2005b), which would
have been hard to obtain for a real plant scene. They found
that the combination of descriptive parameters such as pres-
ence or absence of texture, surface orientation, depth range
or proportion of occlusion influences the quality of recon-
struction, resulting in a complicated trade-off.

Here, we present a binocular field stereo system that can
be used to create partial 3D models of the outer canopy
of small stands (currently a few square meters), allowing
access to structural information on the level of single leaves,
if necessary at a comparatively high temporal resolution of
three frames per second. The system is assembled of mod-
erately priced, consumer-grade digital single-lens reflex
cameras. In this paper, we describe a processing pipeline
which is based on established algorithms and which allows
the separation of single leaves and the semi-automated
quantification of leaf orientation in space, independent of
the viewing angle. We demonstrate the accuracy of the
system by three applications: (1) studying temporal dynam-
ics of leaflet inclination in a soybean plant; (2) quantifying
changes in leaflet inclination angle distribution in a small
drought-stressed soybean canopy; and (3) measuring the
diurnal course of the zenith leaf angle distribution of a
closed soybean canopy.

STEREO CAMERA SYSTEM

Image acquisition hardware

Image pairs were acquired using two identical, unmodified
EOS 350D Digital Rebel XT single-lens reflex cameras with
Canon EF 50 mm f/1.8 I fixed focal length lenses (Canon Co.

Ltd., Tokyo, Japan). The camera model was chosen because
of its resolution of 8 megapixels, the comparably low sensor
noise, the moderate price and the possibility of remote
control.The lenses were selected because of their reasonably
low distortion and their general-purpose field of view. The
cameras were triggered simultaneously either by using a
custom-made remote control release cable (directly coupled
focusing and trigger channels), or by a custom-made control
cable switched via the parallel port of a personal computer.
Identical settings (focal length, aperture, shutter time, etc.)
were used for both cameras.The cameras were set to manual
mode to ensure synchronous triggering (within 20 ms), thus
avoiding non-deterministic focusing and exposure time cal-
culations. Synchronous triggering is important for outdoor
measurements because plants may be very susceptible to
wind, and stereo matching requires a rigid scene. Field mea-
surements with soybean under different wind conditions
showed that reconstruction was reliable in moderate wind
and moving canopy; however, it failed in stormy conditions.
The cameras were set to produce JPEG images with a reso-
lution of 3456 ¥ 2304 pixels at 24-bit colour depth and best
available image quality. Images in our case studies were
downsampled by a factor of 5. The resulting resolution
(691 ¥ 460 pixels) was sufficient for reconstruction.Cameras
were mounted in a fixed position relative to each other on a
500 mm X-95 bar (Linos Photonics GmbH & Ko. KG, Göt-
tingen,Germany).To maximize the overlapping field of view,
the cameras were adjusted such that their optical axes con-
verged somewhere within the observed scene. The distance
between camera centres, the stereo baseline, is a trade-off
between precision and loss of information due to occlusion:
the larger the baseline, the more precise the depth estimate
will be, but the higher the proportion of occluded leaf area.
Depending on the application, a tripod was used to mount
the stereo rig, or the rig was moved by hand to capture
images from arbitrary directions. Rather than attempting an
accurate positioning of the cameras (hardware calibration)
which would be difficult with our consumer-grade cameras
and stereo rig, cameras and rig were calibrated and images
were subjected to epipolar rectification (see next section).
We used the following stereo rig settings (baseline b,
working distance w): (1) for accuracy measurements:
b = 13.0 cm, w ª 57 cm; (2) leaf movement case study:
b = 16.9 cm, working distance of approx. w ª 2 m; (3)
drought stress case study: b = 18.2 cm, w between 2 and 4 m;
(4) b = 46.1 cm, w ª 2.80 m (mean canopy height).

Calibration of cameras and stereo rig

Stereo calibration is a prerequisite for metric 3D recon-
struction. It amounts to finding the intrinsic parameters
(focal length, principal point, radial and tangential distor-
tion) of the cameras and the extrinsic parameters (rotation
matrix and translation vector) of the stereo rig (Conrady
1919; Brown 1966, 1971; Hartley & Zisserman 2004). The
knowledge of these parameters allows to relate pairs of
image points (left, right) to 3D world points. The stereo rig
was calibrated before each series of measurements. Lenses
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were focused to the appropriate distance and the focus
setting was fixed with adhesive tape to avoid changes in the
intrinsic camera parameters (especially focal length and
principal point) after calibration.

Stereo calibration was carried out using the OpenCV
computer vision library (Intel Inc., Santa Clara, CA, USA).
This approach uses a chessboard of known dimensions
observed from a number of unknown positions (Zhang
1999, 2000; Fig. 1a). It is a flexible and robust and thus
pragmatic approach to calibration, originally targeted at
desktop vision systems rather than highly controlled labo-
ratory or industry set-ups; the calibration target can simply
be printed out with a laser printer and put on a flat surface
which, however, is not required to be crafted with high
accuracy. We typically used calibration targets of 7 ¥ 10
chessboard fields, each field 40 or 80 mm in size (depending
on the distance of the stereo rig to the scene), taking image
pairs of at least 20 different positions all over the working
volume.The target should not appear too small in the image
to be useful for calibration (Zhang 2000). As a rule of
thumb, we ensured it covered at least one-fourth of the
entire image.Thus, working distance is limited by the size of
the calibration target.

Epipolar rectification

The calibration parameters were used to rectify image pairs
for epipolar geometry (Fig. 1c,d). During this step, new pro-
jections of both images are generated such that epipolar
lines coincide with scan lines (i.e. pixel lines). This reduces
the following stereo correspondence search to a 1D
problem (as opposed to 2D in the unrestricted case, drasti-
cally reducing computing time (see, e.g. Trucco & Verri
1998; Hartley & Zisserman 2004). At the same time, lens
distortions are removed. Simple bilinear interpolation was
used for resampling the rectified images, producing satisfac-
tory results. Stereo rectification produces a distortion-free
image pair of the same dimensions as the original images,
with corresponding features having the same y image coor-
dinate, and a new set of calibration parameters (2 ¥ intrin-
sic, 1 ¥ extrinsic). These parameters are valid for the virtual
cameras used to obtain the new projections. The virtual
cameras have parallel optical axes (’standard camera
configuration’).

Colour segmentation of foliage

Oftentimes, the green colour of plants can be used to
discard the background. Because segmentation for green
leaves is difficult to perform in the RGB (R: red, G: green,
B: blue) colour space, the stereo image pair was trans-
formed into the HSV (H: hue, S: saturation, V: colour bright-
ness value) colour space. Next, a three-channel thresholding
was applied to remove all but the green plant pixels. For
each channel, only those pixels were accepted whose H, S
and V values were all within configurable bounds. Bounds
(thresholds) were set to min = 49°, max = 169° for H;
min = 19.6%, max = 100% for S; and min = 13.7%,

max = 100% for V, indoors and outdoors. Once selected by
manual inspection, the bounds resulted in good segmenta-
tion of green plant material from the background and
usually did not have to be adjusted except for V in very low
illumination. We tested the segmentation approach using
the same thresholds on broad-leaved plants other than
soybean, with similar success. Lee (1998) proposed a more
elaborate HSV Bayesian classification approach which
enables separation into different species; however, for the
experiments presented here, our simple scheme suffices. To
remove jagged object borders, the segmentation mask
obtained in the previous step was subjected to binary mor-
phological opening/closing. This was done to improve the
quality of visualization.

Stereo matching

Stereo matching is a fundamental problem of computer
vision (see, e.g. Brown, Burschka & Hager 2003), for a
review). For binocular stereo vision, it amounts to finding
corresponding pixels between two images taken from dif-
ferent viewpoints. The difference in image coordinates
between corresponding points (typically in the x direction)
is called disparity. Knowing the calibration parameters of
the stereo rig and pixel disparities, a 3D reconstruction of
the scene can be achieved.

We used an area-based (correlation-based) stereo algo-
rithm. Firstly, the so-called disparity space was calculated,
that is, the correlation criterion C(x, y, d) for a range of
potential disparities. This was achieved by comparing a
fixed window in one image to a shifting window in the
second. The extremum of the cost function was assumed to
denote the actual disparity (see, e.g. Trucco & Verri 1998).
We tested several combinations of stereo algorithms and
came to the conclusion that the procedure described here is
well suited for plant canopies. The correlation criterion C2

(Faugeras et al. 1993) was used. Given the greyscale images
as functions of the x and y image coordinates, I1(x, y) and
I2(x, y), C2 is calculated as
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where the correlation window is given by
(2n + 1) ¥ (2m + 1), i and j are window pixel indices (i runs
from -n to n and j runs from -m to m), and d denotes
horizontal disparity. Note that vertical disparity is assumed
to be zero, as is appropriate, because the algorithm operates
on rectified images. The true disparity is assumed where C2

is maximal. We used a rectangular correlation window of
17 ¥ 7 pixels for all experiments.

Matching is robust against changes in illumination due to
the fact that C2 is invariant to changes in image intensity of
the form I′ = aI1 and I2 = bI2. To increase the resolution of
depth estimation, that is, to achieve sub-pixel accuracy, a
three-point parabola fit was applied to the extremum of the
correlation function in disparity space (Fusiello, Roberto
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Figure 1. Stereo set-up and procedure to derive three-dimensional (3D) surface of leaves in natural canopies. (a) Chessboard calibration
pattern. (b) Disparity map. Scale bar indicates disparity range from –35 (black) to +99 pixels (white). Pixels for which the left-right
consistency check failed are black. (c,d) Stereo image pair after epipolar rectification. Corresponding features have approx. the same y
image coordinate in both images. (e) Plane fitted to ROI using RANSAC algorithm. Thin points denote inliers (distance to plane < 1 SD);
thick points denote outliers. Triangle denotes RANSAC sample with highest proportion of inliers. (f) 3D reconstruction of a soybean leaf
consisting of three leaflets. Black lines: normal vectors to fitted plane; red contour: projected ROI used for plane fitting.
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& Trucco 1997). Incorrect disparity estimates (e.g. due to
matching ambiguities or occlusions) were largely elimi-
nated by applying a left-right consistency check (Fua 1991;
Faugeras et al. 1993): only correspondences that were con-
sistently found matching left-to-right and right-to-left were
accepted. For efficiency, both disparity searches were per-
formed in the same disparity space (Mühlmann et al. 2002).
The result of stereo matching is a disparity image (Fig. 1b).

3D reconstruction

To calculate Euclidean coordinates from known disparities,
stereo triangulation was performed. In the general case of
arbitrarily oriented cameras, 3D reconstruction amounts to
solving a linear system of equations. However, because we
used rectified images, the reconstruction problem reduces to
the special case Z fbd= −1 where Z denotes depth, f denotes
focal length, b is the stereo baseline and d is the disparity
(Trucco & Verri 1998). The remaining components of
the Euclidean coordinates are calculated as X xZf= −1 and
Y yZf= −1 where x and y are the image coordinates of the
left point of a corresponding pair of rays.

Leaf inclination angles

Guided by the input images, ROIs corresponding to single
leaflets were selected interactively such that edges of
roughly 10 pixels (at 20% resolution) were excluded, pre-
venting border effects due to occlusions and fixed correla-
tion window shape. Each ROI consisted of a set of 3D
points belonging to a single leaf or a part of it.

A planar surface model was used to extract leaflet incli-
nation angles. This model was fitted to the 3D point set
encompassed by each individual ROI (Fig. 1f).To cope with
noise, false matches and filter artefacts, a robust algorithm
was needed. Plane fitting was done in a two-step approach.
(1) A RANSAC robust fit (Fischler & Bolles 1981) was
performed to remove outliers. The basic assumption of
RANSAC is that data are composed of inliers, that is, data
points that can be explained by the given model, and outli-
ers, that is, data points not fitting the model. RANSAC
operates by repeatedly drawing a minimal set of data points
(three 3D points in the case of a plane) and determining the
number of inliers according to some distance criterion (�1
SD in our case). The data set corresponding to the largest
number of inliers is then chosen for further refinement of
the fit. (2) The refined plane fit was done by analysing the
covariance matrix J of the outlier-free point cloud. The
eigenvector with respect to the smallest eigenvalue of J
corresponds to the normal vector of the plane, while the
remaining eigenvectors span the plane. The variance of
point distances to the fitted plane (i.e. the model error) was
used to accept or reject ROI.

We were interested in leaflet inclination angles (zenith
angles), j. To determine j, we used a horizontal reference
plane. This could be an artificial target as in the leaf move-
ment and the closed canopy experiments, or simply the
ground, as in the drought stress experiment. The leaflet

inclination, j, corresponding to the dihedral angle between
two planes a1X + b1Y + c1Z + d1 = 0 and a2X + b2Y +
c2Z + d2 = 0, that is, between the leaflet and the reference
plane is given by

ϕ = ⋅arccos ˆ ˆn n1 2 (2)

= + +
+ + +

arccos
a b a b a b

a b c a b c
1 1 2 2 3 3

1
2

1
2

1
2

2
2

2
2

2
2

(3)

where ˆ and ˆn n1 2 are the normal vectors to the planes.

Automatic segmentation of leaf regions

In order to cope with a larger amount of leaves and images,
an automatic segmentation technique was developed. This
technique yields planar regions suitable for measuring leaf
angles; it consists of the following steps. (1) Input images
were subjected to a graph-based segmentation algorithm
(Felzenszwalb & Huttenlocher 2004). Using appropriate
parameters, this algorithm yields segments corresponding
to entire leaves or leaf fragments, typically cut along the
midvein (Fig. 2). The algorithm, while being computation-
ally efficient, is aimed to capture conceptually important
global regions of the image and is thus well suited for the
task at hand. (2) Planes were fitted to the 3D point set of
each segment, using only those regions classified as leaf
material by HSV thresholding. The zenith angle j and the
azimuth angle y were computed for each segment with
respect to a reference plane and compass north. (3) The
area A3D was computed on the 3D surface patch of each
segment. (4) The only segments that were kept were those
for which several statistical properties were within empiri-
cally determined thresholds (see legend of Fig. 2). (5) Using
A3D as weights, weighted histograms were computed for j
and y at each sampled point in time.

Accuracy

To determine the accuracy of measured angles viewed from
various directions and in a realistic set-up, we glued two
soybean leaflets to planar surfaces. One plane acted as the
reference. The other plane was inclined forward or back-
ward, its inclination angle adjusted by means of a water-
level inclinometer (precision approx. 1°). We set the
inclination angle to various values and measured the dihe-
dral angle between the two planes (Fig. 3). We used real
leaflets because the quality of reconstruction depends on
the texture of the scene. Except for very steep viewing
angles, our system was able to produce a dense disparity
map for the entire leaflet surface. The slope of the linear
regression, m = 1.02 compared with 1 for the theoretical
relationship y = x shows that the stereo method is able to
measure dihedral angles from a wide range of viewing
angles. The average deviation between angles measured by
stereo and reference angles was 1.9 � 0.3°.
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CASE STUDIES

Experiments with potted plants

Soybean plants (Glycine max L. Merr. Erin) were cultivated
in a greenhouse of the Research Centre Jülich, Germany, at
26 °C at daytime and 18 °C at night, with 16:8 light : dark
regime. Relative humidity was 45% at daytime and higher
(unregulated) at night. The plants were 18 d old when the
experiments were performed. Drought stress-treatment
plants were cultivated like the control plants for 11 d, then
received no more water for the remaining 7 d. To increase
drought stress, these plants were kept at 30% relative
humidity for the last 2 d before the experiments began.

Both control and drought-stressed plants were exposed to
direct sunlight and moderate wind for about 5 h immedi-
ately prior to the measurements.

Closed-canopy experiment

Images were taken on 30 July 2006 in a 16 ha soybean
(G. max) field at the SoyFACE facility in Champaign, IL,
USA (40°02′N, 88°14′W, 228 m a.s.l.); see, for example
Rogers et al. (2004) for a detailed description. The same
1.20 ¥ 0.80 m canopy patch within a field grown at ambient
gas concentrations was imaged every 2 min to record a full
diurnal course. The diurnal course was repeated, but only
one time series is shown.

Nocturnal leaf movement

Three soybean plants were arranged in a laboratory at a
distance of approx. 2 m from the stereo rig. Using a control
program developed by the authors, the acquisition system
was set up to take a stereo image pair every 10 min to
generate a times series. The time series was acquired
between 0020 and 0920 h. The built-in camera flashes were
used to illuminate the scene. For each point in time, the
dihedral angle between leaflet and a horizontal reference
plane was determined. Leaves were droopy, being oriented
down from the horizontal plane.

During night-time, the dihedral angle of a single soybean
leaflet oscillated between –45° and –75°, with a period of
approx. 4 h. With sunrise, oscillations became faster (period
length: approx. 70 min) while exhibiting a smaller ampli-
tude. Leaves became more horizontal, that is, remained less
inclined, with the dihedral angle oscillating between –37°
and –55° (Fig. 4). The phase length of the dominant oscilla-
tion decreased abruptly after sunrise, demonstrating the
signalling effect of light on leaf movements. Oscillations

(a)

(b)

Figure 2. Automatic segmentation of leaf regions. (a) Left input
image (0646 h) with reference plane and compass at bottom. A
constant mask was used to discard segments on the reference
plane. (b) Label image resulting from segmentation.
Segmentation parameters: s = 0.5, k = 100, min = 100
(Felzenszwalb & Huttenlocher 2004). Binary masks previously
obtained from HSV colour segmentation and from applying the
left-right consistency check were both applied to the label image
to exclude invalid regions (black). Only such segments were
considered for determining the zenith leaf angle distribution for
which all of the following criteria held true: (1) variance
s2 < 1 mm2; (2) the 3D surface area A3D was between 200 and
5000 mm2; (3) j � 80°; (4) the segment size was between 100 and
1000 pixels (image resolution: 691 ¥ 461 pixels; (5) at least 20%
of the segment pixels were inliers according to the RANSAC fit.
Only segments with 20° � j � 70° were used to estimate azimuth
angles.
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Figure 3. Accuracy of dihedral angle measurements. X-axis:
reference angles obtained with water-level inclinometer. Y-axis:
angles measured with stereo system. Line: linear regression
(y = 1.02x - 2.26, R2 = 0.9937). The stereo rig was directed 57°
downward from the horizontal plane.
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were obviously caused by several motion components, as
was also observable in the image sequences. In addition, the
stem, although fixed to a pole, showed slight circumnuta-
tions also affecting the angle of the single leaflet.

Leaf inclination during drought

Two batches of soybean plants, well watered and drought
stressed, with nine replicates each, were set up in an alter-
nating pattern in direct sunlight. Within 15 min, 18 stereo
images were taken from arbitrary directions, from a dis-
tance between 2 and 4 m and an inclination of about 20° to
70°. No special care was taken to adjust the camera pose.
Viewing directions were roughly chosen to cover the entire
stand and to avoid excessive overlap. Image pairs were
taken from the drought-stressed and well-watered soybean
plants to diagnose differences in leaf inclination. 211 ROIs
were marked in the images and classified by treatment
(drought-stressed or control). Zenith angle distributions of
drought-stressed and well-watered plants are shown in
Fig. 5. Leaves of both treatments pointed down and were
moved by slight wind, rendering a visual separation of the
two treatments difficult. The stereo system, however, was
capable of detecting the slight differences in the canopy.The
median zenith leaflet angle for well-watered plants was
65.5° as opposed to 75.0° for drought-stressed plants. A
two-sided Kolmogorov–Smirnov (KS) test revealed that the
two distributions differ with high significance (D = 0.27,
P = 0.007). The drought-stressed plants clearly had steeper
inclined leaflets as opposed to the well-watered plants.

Diurnal course of leaf angle distribution in a
closed, natural canopy

To obtain a time series of canopy structure changes, stereo
images of the same plot of a soybean canopy were taken
between 0615 and 1915 h CDT in 2 min intervals.The stereo

rig was mounted 4 m above the ground, pointing vertically
downwards. Zenith and azimuth leaf angle distributions
were determined for each sampled point in time by using
the automatic segmentation technique described earlier
(see also Fig. 2).

Figure 6a,b illustrates the temporal dynamics of leaf incli-
nation. Starting out from 37°, the MTA rises by about 3° h-1

until it reaches its peak of 58° at solar noon (1300 h). After
solar noon, the MTA decreases again, but only at about
1° h-1 to a final value of 50° at 1900 h. Superimposed on the
dominant frequency, there are faster oscillations which are
mostly due to leaf movement caused by wind. These oscil-
lations are effectively suppressed by applying a 1 h running-
average filter. Figure 6a shows that the zenith angle
distribution is broader before noon, but transiently gets
very narrow around solar noon. First results quantifying the
circular mean azimuth angle of leaves (Batschelet 1982)
indicated that the compass orientation of leaves was domi-
nated by the local shape of the canopy due to planting rows
(data not shown).

In our case study, individual measurements are affected
to a certain degree by noise due to wind gusts or drastic
illumination changes. However, by employing a simple
smoothing filter, fluctuations on a diurnal scale may still be
recovered. Moreover, if wind shields are used, the major
source of noise can be alleviated. Other fluctuations on a
scale of several minutes probably result from the limited
size of the observed canopy patch. Such effects could be
minimized by pooling observations from different patches.

DISCUSSION

We introduced a stereo system for measuring structural
parameters of plant canopies and highlighted three possible

Figure 4. Leaf movement as quantified by stereo approach.
Dihedral leaflet angle for one selected leaflet versus time. The
measured leaflet angle results from a superimposition of
longitudinal and lateral movement of the leaf under observation.
Starting time: 0020 h; end time: 0920 h. Sunrise: 0554 h.
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Figure 5. Soybean drought stress leaflet zenith angle
distribution. Dotted line: control; solid line: drought-stressed. A
zenith angle of 0° corresponds to a horizontal leaf. All observed
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A stereo imaging system 1305

© 2007 The Authors
Journal compilation © 2007 Blackwell Publishing Ltd, Plant, Cell and Environment, 30, 1299–1308

62



applications of our approach. Our simple stereo system
built from commercially available components can provide
a useful tool for obtaining quantitative data on canopy
structure, including dynamic and short-term changes. The
accuracy measurements (Fig. 3) suggest that our stereo
approach is capable of repeatable leaf angle measurements
from various directions. However, very steeply inclined
leaves are inaccessible because their projected leaf area is
too small for stereo matching. The inclination angle time
series (Fig. 4) obtained from the leaf movement experiment
indicates that angle measurements with our stereo system
are able to resolve short-term changes in leaf inclination.
The expressiveness of such experiments could be increased
by determining the principal orientations of a leaf or leaflet
(leaf normal, midvein and its transverse) separately rather
than the ‘all-inclusive‘ dihedral angle, allowing the monitor-
ing of the dynamics of different motion components simul-
taneously (Herbert 1983). Our method can readily be
applied under field conditions and is robust against wind
movements and variations in illumination. It can thus
readily deliver structural parameters (e.g. dihedral angle of
single leaves, leaf angle distribution, time constants of leaf

movements) to scale leaf level processes to the canopy.
We demonstrated the measurement of temporal dynamics
of zenith angle distribution in a closed canopy (Fig. 6).
Employing an automatic segmentation technique, leaf
angle information can be extracted from a large amount of
stereo images in a consistent fashion.

Leaves within natural canopies are constantly changing
orientation because of endogenous mechanisms (Fig. 4)
and external factors such as water availability, (Fig. 5) and
direct methods to quantify these structural changes are nec-
essary. Structural changes in canopies were recently high-
lighted to have the potential to increase photosynthetic
efficiency of crops (Long et al. 2006). An optimized canopy
architecture could increase crop yield considerably, pro-
vided that excessive light would be transmitted more effi-
ciently into lower layers of the canopy (Humphries & Long
1995). Within limits, canopy structure can be ‘designed’
using classic breeding techniques or genetic modification
(Reynolds, van Ginkel & Ribaut 2000); better knowledge
of canopy structure could further enhance such efforts.
Our approach could also be applied on the level of single
plants and for automated mutant screening, revealing, for
example, mutations that affect endogenous plant move-
ment, or static leaf orientation. Structural parameters
obtained by optical remote sensing are also important to
parameterize vegetation-atmosphere transfer models.
Three-dimensional canopy structure greatly influences
radiation and turbulent energy transfer and directly mea-
sured input parameters are identified as important factors
to increase reliability of current models (Yang & Friedl
2003).
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from small baseline stereo images to measure the three-dimensional

surface from the leaf to the canopy scale
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Biskup B., Küsters R., Scharr H., Walter A. & Rascher U. (2009) Quantification of plant surface

structures from small baseline stereo images to measure the three-dimensional surface from

the leaf to the canopy scale. Nova Acta Leopoldina (in press) 96.
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• Measurement of soybean canopies on different scales

• Implementation of small baseline algorithm and adaptation to different plants

• Preparation of manuscript (with co-authors)
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Abstract

Structural changes are one key feature of plant life and determine performance of 

plants in their natural environment. Shape and structure of single organs (e.g. 

leaves) and whole canopies constantly adjust to environmental factors. Currently 

only  a  limited  number  of  methods  are  available  to  directly  measure  these 

structural  changes  under  natural  conditions.  Here,  we present  and review the 

potential of small baseline stereo for mapping the surface of plant organs and 

canopies in 3 dimensions. To avoid occlusion, we suggest using a small baseline 

stereo  approach,  where  images  from  different  camera  positions  differ  only 

slightly.  Scaling  this  approach  to  the  canopy  is  possible,  and  we  mapped 

extended canopies of several meters diameter. On the ecosystem scale, a robotic 

arm was used to take mosaics of stereo images of the 40×40 m2 canopy of the 

tropical rainforest mesocosm of Columbia University's Biosphere 2 Laboratory, 

an enclosed artificial ecological model system. This revealed a map of the outer 

canopy demonstrating the potential to give better insight into light penetration 

within the canopy and to provide quantitative data  about  the structure  of the 

outer canopy of plant ecosystems.
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Zusammenfassung

Strukturänderungen  sind  ein  charakteristisches  Merkmal  pflanzlichen  Lebens 

und haben einen maßgeblichen Einfluss auf die Leistungsfähigkeit von Pflanzen. 

Form und Struktur einzelner  Organe (z. B.  Blätter)  und ganzer Kronendächer 

passen sich permanent ihren Umweltbedingungen an. Zur Zeit existiert nur eine 

begrenzte  Zahl  von  Verfahren  zur  Messung  der  Oberflächenstruktur  von 

Pflanzen  unter  natürlichen  Bedingungen.  In  dieser  Arbeit  stellen  wird  das 

Potential  von  Small-Baseline-Stereoverfahren  zur  Vermessung  pflanzlicher 

Oberflächen  und  Kronendächern  dar,  d.h.  Einzelbilder  wurden  von  nah 

beieinander  liegenden  Positionen  aufgenommen  und  daraus  eine  Tiefenkarte 

errechnet. Das Verfahren ist auch für größere Kronendächer geeignet; es wurden 

3D-Modelle  von  Kronendächern  mit  mehreren  Metern  Durchmesser  erzeugt. 

Auf Ökosystemskala wurden mittels eines Roboterarmes zahlreiche Stereobilder 

eines 40×40 m2 Kronendachs des tropischen Mesokosmos im Biosphere 2 Labor 

(einem abgeschlossenen, künstlichen ökologischen Modellsystem der Columbia 

University) aufgenommen und fusioniert. Das resultierende 3D-Modell ist von 

großem  Nutzen  für  die  Untersuchung  der  Lichtdurchdringung  und  die 

Gewinnung  quantitativer  Daten  über  die  Struktur  des  äußeren  Kronendachs 

pflanzlicher Ökosysteme.
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Fig. 1 3-D reconstructions of Arabidopsis thaliana (L.) Heynh. achieved with different pre-

treatments of the plant. (a,b) No pre-treatment. (c,d) Spray-marked. (e,f) Illuminated with 

structured light. Left Column: input image; Right column: disparity map, grey values code for 

depth and areas of insufficient reconstruction were masked out (black patches). Insets: height 

profiles along the line shown in right column.
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 12 

Abbreviations: 13 

6 leaf incidence angle, i.e. angle between sun and leaf normal 14 

� leaf absorbance, i.e. proportion of absorbed PPFD 15 

A photosynthetic CO2 uptake rate (μmol m-2 s-1) 16 

ETR photosynthetic electron transport rate (μmol electrons m-2 s-1) 17 

ETRmax maximum photosynthetic electron transport rate at light saturation (μmol electrons 18 

m-2 s-1) 19 

F fluorescence of the light-adapted leaf 20 

F0 minimum fluorescence of the dark-adapted leaf 21 

Fm maximum fluorescence of the dark-adapted leaf 22 

Fm’ maximum fluorescence of the light-adapted leaf 23 
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Fv/Fm maximum quantum efficiency of PS II (Fv = Fm - F0) 1 

LAI leaf area index (m2 of leaf / m2
 of ground) 2 

NPQ non-photochemical quenching (rel.) 3 

PPFD photosynthetic photon flux density (� = 400 - 700 nm) (μmol photons m-2 s-1) 4 

PPFDdir direct photosynthetic photon flux density on a horizontal surface (� = 400 - 700 nm) 5 

(μmol photons m-2 s-1) 6 

PPFDdiff diffuse photosynthetic photon flux density (� = 400 - 700 nm) (μmol photons m-2 s-1) 7 

PPFDinci effective incident photosynthetic photon flux density on the leaf surface (� = 400 - 8 

700 nm) (μmol photons m-2 s-1) 9 

PS photosystem 10 

Vc,max maximum apparent carboxylation capacity of Rubisco (μmol m-2 s-1) 11 

�F/Fm’ effective quantum efficiency of PS II (�F = Fm’ - F) measured at ambient light 12 
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ABSTRACT 1 

Previous studies of elevated carbon dioxide concentration ([CO2]) on crop canopies have found 2 

that radiation-use efficiency is increased more than radiation-interception efficiency. It is 3 

assumed that increased radiation-use efficiency is due to changes in leaf-level physiology; 4 

however, canopy structure can affect radiation-use efficiency if leaves are displayed in a manner 5 

that optimizes their physiological capacity, even though the canopy intercepts the same amount 6 

of light. Patterns of leaf display have not been examined in soybean in response to elevated 7 

[CO2]. In order to determine the contributions of physiology and canopy structure to radiation-8 

use and radiation-interception efficiency, this study relates leaf-level physiology and leaf display 9 

to photosynthetic rate of the outer canopy. We used a new imaging approach that delivers three-10 

dimensional maps of the outer canopy during the growing season. The 3D data were used to 11 

model leaf orientation and mean photosynthetic electron transport of the outer canopy, which 12 

governs the predominant proportion of photosynthetic light conversion. Leaf orientation changes 13 

did not contribute to increased radiation-use; leaves of the outer canopy showed similar diurnal 14 

leaf movements and leaf orientation in both treatments. Elevated [CO2] resulted in an increased 15 

maximum electron transport rate (ETRmax) and increased capacity of non-photochemical energy 16 

dissipation at high light. Modeling of light interception showed that stimulated leaf-level electron 17 

transport at elevated [CO2], and not alterations in leaf display, was associated with stimulated 18 

radiation-use efficiency and, therefore, increased carbon uptake and biomass production in 19 

elevated [CO2]. This study quantified structure-function relationships in combination, allowing a 20 

quantitative estimate of the contribution of both effects to canopy energy conversion under 21 

elevated [CO2]. 22 
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Introduction1 

The contribution that photosynthetic and leaf area index (LAI) responses make to the 2 

stimulation of plant productivity under elevated [CO2] has been extensively studied (Hirose et al. 3 

1997, Ainsworth and Long 2005, Norby et al. 2005). In forest FACE experiments, the fraction of 4 

enhanced NPP at elevated [CO2] which is attributable to enhanced radiation interception as a 5 

function of greater LAI decreases exponentially with increasing stand LAI, approaching zero at a 6 

LAI of 7 m2 m-2 (Norby et al. 2005). In FACE experiments on C3 grasses there was no 7 

significant stimulation of LAI at elevated [CO2] (Ainsworth and Long 2005). Therefore, it is 8 

generally assumed that leaf-level changes in physiology are the sole driver of enhanced carbon 9 

gain by high-LAI canopies at elevated [CO2] (Ainsworth and Long 2005, Norby et al. 2005). 10 

These analyses do not consider the possibility that at elevated [CO2] changes in leaf display 11 

could contribute to enhanced productivity. This is despite the fact that variation in leaf display, 12 

without any change in LAI, can theoretically alter canopy carbon gain by up to ~40 % as a result 13 

of changes in the distribution of photosynthetic photon flux density (PPFD) incident on leaves at 14 

different canopy positions and its subsequent impacts on the efficiency with which radiation is 15 

converted into photoassimilate (Long et al. 2006). The lack of data on leaf display responses to 16 

elevated [CO2] results from the difficulty in collecting such data. Most commonly, information 17 

on the distribution and orientation of leaves within a canopy is collected manually with either 18 

mathematical instruments (e.g. Pearcy and Yang, 1996) or a three-dimensional digitizer (e.g. 19 

Falster and Westoby, 2003). However, considerable time and labor are required for both methods 20 

and measurements are very difficult to perform in a closed canopy.  21 

A new stereo imaging approach (Biskup et al., 2007) and the Soybean Free-Air CO2 22 

Enrichment (SoyFACE) facility in Champaign, IL. (www.soyface.illinois.edu) provided a unique 23 
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means to test the contribution of changes in leaf display to stimulated productivity of soybean at 1 

elevated [CO2]. The soybean crop was grown over its entire lifetime at ambient or elevated 2 

[CO2] under open-field conditions, without disturbance of microclimate or growing volume 3 

above- or below-ground that could alter patterns of leaf display. In addition, soybean provides a 4 

valuable model system because: (1) its paraheliotropic leaf movements over the diurnal period 5 

may interact with the effects of elevated [CO2] and (2) the environmental and genetic 6 

homogeneity of this experimental setting provided the ideal setting in which to detect subtle 7 

treatment effects.  8 

The stereo imaging approach of Biskup et al., (2007) has the advantage of rapidly 9 

collecting data on the distribution and orientation of leaves across a relative large area (~1 m2) of 10 

a closed canopy. Data collection is limited to leaf surfaces that are directly visible from above 11 

and not occluded by the upper layers of leaves. This fails to provide information on the structure 12 

and function of the shaded canopy layers. Nonetheless, in short, dense canopies, such as 13 

soybean, with high LAI (>6 m2 m-2; Dermody et al., 2006), the upper sunlit leaves dominate 14 

whole canopy carbon uptake as a result of greater incident PPFD, as well as greater stomatal 15 

conductance and photosynthetic capacity resulting from their growth environment and relatively 16 

young physiological age (Morgan et al., 2004). 17 

Previous studies at SoyFACE demonstrated that the 17-18% stimulation of above-ground 18 

net primary productivity (NPP; Morgan et al. 2005) resulting from growth at elevated [CO2] 19 

(~550 ppm) compared to ambient [CO2] (~380 ppm) was driven by a 3% stimulation of the 20 

efficiency of radiation interception by the canopy and a 12 % stimulation of the efficiency with 21 

which intercepted radiation was converted to biomass energy (Dermody et al. 2008). The 22 

improvement in radiation interception efficiency at elevated [CO2] was small despite greater 23 
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peak LAI and leaf area duration, because even under ambient [CO2] LAI is >6 m2 m-2 and almost 1 

all radiation was therefore intercepted (Dermody et al. 2006, 2008). Enhanced radiation 2 

conversion efficiency was the primary driver of greater NPP at elevated [CO2] and was assumed 3 

to be the result of enhancements in photosynthesis that arise from greater carboxylation and 4 

reduced oxygenation by Rubisco (Bernacchi et al. 2006). In order to test this assumption and to 5 

link leaf distribution and orientation to canopy photosynthesis, calculations of the PPFD incident 6 

on individual leaves were combined with measurements of leaf-level electron transport rate to 7 

model upper canopy radiation interception and upper canopy photosynthetic electron transport. 8 

The results are directly relevant to regional biogeochemical land-atmosphere exchanges since 9 

soybean production covers more than 60 million hectares, and represents one of the largest land-10 

use types in the Midwest U.S. 11 

 12 

Material and Methods 13 

Study site 14 

The study was conducted in a 16 ha soybean (Glycine max variety Pioneer 93B15) field 15 

at the Soybean Free Air Concentration Enrichment (SoyFACE) facility in Champaign, Illinois, 16 

USA (40°02' N, 88°14' W, 228 m a.s.l.). The facility operation procedures and crop management 17 

practices have been described in detail previously (Ainsworth et al., 2004; Leakey et al., 2006; 18 

Rogers et al., 2004). Soybean was planted on 25 May 2006 and emerged on 29 May 2006. The 19 

CO2 enrichment systems were installed immediately after planting. CO2 fumigation began on 30 20 

May 2006 and the crop was fumigated until plants were fully mature and leaves had senesced 21 

(October 1, 2006). The experiment contained four experimental blocks, each containing one 22 

control plot (ambient [CO2] of 378 ppm) and one elevated [CO2] treatment plot (550 ppm).  23 
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Field measurements for this study were taken during the period of maximum 1 

photosynthetic uptake by the crops between 26 July and 20 August 2006. In general, 2 

meteorological conditions during this 4 week period were close to ideal for plant growth and leaf 3 

level rates of photosynthesis were at the upper range of observations over the last 5 years 4 

(Bernacchi et al., 2006; Leakey et al., 2009).  5 

 6 

Leaf pigments and parameters 7 

Between 11:00 and 13:00 on 31 July 2006, three leaf disks (11.75 mm diameter) per plot 8 

were sampled and immediately plunged into liquid nitrogen, before analysis for pigment content. 9 

Pigments were extracted from frozen leaf disks ground in 4 ml of 100% chilled methanol (Porra 10 

et al., 1989). Following centrifugation (2500 rpm at 4 ºC for 10 min.), absorbance of methanol 11 

extracts was measured in a 96-well plate reader (HT-Synergy, Bio-Tek, Winooski, VT, USA) at 12 

666, 653 and 470 nm. Chlorophyll a, chlorophyll b and total carotenoid content were calculated 13 

according to (Lichtenthaler, 1987). In the same sampling period, two leaf disks (20.6 mm 14 

diameter) per leaf, from three plants per plot, were sampled before being dried at 70ºC to 15 

determine mass for calculation of specific leaf weight (g m-2).  16 

One terminal leaflet per plot was sampled for absorptance measurements. Leaf 17 

reflectance and transmittance from 400 to 700 nm were measured using an integrating sphere (LI 18 

1800, LI-COR, Lincoln, NE, USA) and spectroradiometer. Leaf absorbance was calculated as: 1 19 

– reflectance – transmittance.  20 

 21 
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Leaf photosynthesis 1 

Chlorophyll fluorescence 2 

The photosynthetic performance of upper canopy leaves was assessed in terms of the 3 

chlorophyll a fluorescence parameters �F/Fm' (effective quantum efficiency of light-adapted 4 

leaves), ETR (photosynthetic electron transport rate) and NPQ (non-photochemical quenching), 5 

using a miniaturized pulse-amplitude modulated fluorescence analyser (Mini-PAM, Walz, 6 

Effeltrich, Germany) with a leaf clip holder described by Bilger et al. (1995). �F/Fm' and ETR 7 

were measured at incident PPFD between 10:00 and 15:00 h over four consecutive days, for a 8 

total of 50 - 80 individual leaves in each plot. Fv/Fm of dark adapted leaves was measured 9 

between 23:00 and 01:00 h on the same dates. The high light flash used to measure saturated 10 

fluorescence had a PPFD of 4000 μmol m-2 s-1 and a duration of 800 ms. All chlorophyll 11 

fluorescence parameters were calculated as described by Rascher et al. (2004). Spot 12 

measurements of photosynthetically active light intensity (PFD, � = 380 - 710 nm) were taken 13 

inside the measuring field by the micro-quantum sensor of the Mini-PAM. ETR was calculated 14 

assuming equal excitation of both photosystems, PS II and PS I, and using the average leaf 15 

absorptance of leaves measured in each plot. Throughout all measurements, special care was 16 

taken not to change the ambient conditions, e.g., the angle of the leaf or shading, thus light 17 

reactions of photosynthesis were in a steady state.  18 

 19 

The measurements of �F/Fm', ETR and NPQ from many leaves and local light 20 

environments were used to calculate canopy light-response curves for each experimental plot. In 21 

general, measurement of light-response curves in this manner better reflects the average 22 
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photosynthetic performance of leaves within a plot, as it eliminates influence from momentary 1 

ambient light conditions and leaf-to-leaf variability.  2 

Maximum apparent electron-transport rate (ETRmax) of the canopy was quantified from 3 

the light response curves, as described by (Rascher et al., 2000; Rascher et al., 2004).  4 

Maximum electron transport rate (ETR) was fitted according to: 5 

)e(ETR=f(x) bx��1max       (1) 6 

where ETRmax and b were independent parameters, and x was light intensity. The parameter 7 

ETRmax describes the extrapolated maximum electron transport rate at high light intensities. 8 

Non-photochemical quenching (NPQ) was fitted with a sigmoidal Hill function: 9 

cc

c

increase

x+d

xNPQ
+NPQ=f(x)

�
min      (2) 10 

where NPQmin, NPQincrease, c, and d were independent parameters, and x was light intensity. The 11 

parameter NPQmin denotes the minimum NPQ prevailing at low light intensities and NPQincrease 12 

describes the increase of NPQ values when leaves were exposed to high light. Therefore, 13 

NPQincrease denotes the dynamic capacity of leaves to increase their NPQ in high light conditions. 14 

c indicates the steepness of the curve; and d is the light level at the inflection point. The 15 

parameters were tested statistically using the Wald Test (Rascher et al. 2000, 2004). 16 

 17 

Gas Exchange 18 

Photosynthetic gas exchange measurements were taken on 20 August 2006. Two leaves 19 

per plot were sampled from the canopy before dawn. Petioles were re-cut under water and leaves 20 

were kept at low light until measurement. This procedure avoided transient decreases in water 21 
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potential, decreased chloroplastic inorganic phosphate concentration, and decreased maximum 1 

photosystem II efficiency, which can occur after a few hours of sunlight and alter the A/ci 2 

response. The response of photosynthesis (A) to changes in intercellular [CO2] (ci) was measured 3 

with portable, steady-state gas-exchange systems (LI-6400, Li-Cor, Lincoln, NE, USA). A red-4 

blue LED light source provided saturating light (1750 �mol m-2 s-1) and measurements were 5 

made at a leaf temperature of 25ºC. Photosynthesis was initially induced at growth [CO2]. The 6 

[CO2] at the leaf surface was reduced stepwise to a lower concentration of 50 �mol mol-1 and 7 

then increased stepwise to an upper concentration of 1100 �mol mol-1. Ten or eleven points were 8 

measured to construct each A/ci curve. Values for ci were calculated according to the method of 9 

von Caemmerer and Farquhar (1981). Light-saturated photosynthesis (Asat) at growth [CO2] was 10 

calculated from A/ci response curves. The response of A to ci was fit with the model of Farquhar 11 

et al. (1980) using maximum likelihood regression to predict the maximum apparent in vivo 12 

Rubisco activity (Vc,max) and maximum apparent electron transport capacity (Jmax), as described 13 

in Long and Bernacchi (2003). 14 

 15 

Canopy structure 16 

Leaf Area Index 17 

A leaf canopy analyzer (LAI-2000, Li-Cor, Lincoln, Nebraska, USA) was used to 18 

measure leaf area index at four places within the canopy of each plot. For each location within a 19 

ring, four below-canopy measurements were coupled with one above-canopy measurement. The 20 

usual assumption that leaves are randomly distributed throughout the canopy does not hold for 21 

row crops such as soybean. Therefore, a lens cover was used to occlude a portion of the field of 22 

view, and separate measurements were taken parallel and perpendicular to the crop rows.  23 
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 1 

Three-dimensional stereo reconstruction of the outer canopy using a stereo imaging system 2 

The outer surface of the soybean canopy was reconstructed in three dimensions using the 3 

stereo camera system described in Biskup et al. (2007). Briefly, this system employs a 4 

correlation-based correspondence analysis between two images taken from different positions, as 5 

well as image segmentation techniques, to compute leaf-level 3D information. Images were 6 

taken on 1 - 2 August 2006 between 7:00 h and 20:00 h. 7 

The stereo rig was mounted on a 4 m pole, facing in nadir direction. The stereo baseline, 8 

i.e. the horizontal distance between the two cameras, was 44.3 ± 2.0 cm, and the cameras 9 

converged at an angle of 7.6 ± 0.5°. Both cameras covered approximately the same field of view. 10 

A horizontal reference plane (105 cm above the ground, horizontally adjusted by a water level 11 

that was visible in every image) was attached to the pole and imaged by both cameras (Fig. 1a; 12 

canopy height was in the range of 90 - 120 cm). Four stereo image pairs (subsamples) were taken 13 

in each of the three replicate plots. Each stereo image covered a canopy section of approx. 170 � 14 

115 cm. Each image pair was reconstructed  and results from the four image pairs per plot were 15 

pooled for further analysis, resulting in a sampled area of approx. 4.0 m2 per plot. 16 

Correspondences between left and right images were determined by comparing correlation 17 

windows of 17 � 7 pixels. The 3D models (surface grids; Fig. 1b) and zenith leaf angle 18 

distributions were obtained from 3D reconstruction as described in (Biskup et al., 2007).  19 

 20 

Calculation of leaf angle distribution 21 

Distribution of leaf inclination and azimuth angles were computed from the stereo 22 

images. Images were segmented using a semi-autonomous algorithm into regions corresponding 23 
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to whole leaves or leaf parts (Biskup et al., 2007). Depending on illumination conditions, leaf 1 

patches of different sizes were selected and results were dependent on the selection of the 2 

comparable size classes. We carefully analyzed the dependency of the results on different size 3 

classes. Most robust results were obtained for leaf patches between 100 and 500 mm2. For each 4 

segment, a plane was fitted to the corresponding part of the 3D model (variance of the fit was set 5 

to 2 mm2). In general 858 - 1772 single leaf patches were reconstructed in each plot with the 6 

lowest number of successfully reconstructed patches at the 17:00h measurement, which was 7 

caused by high contrast shadings in the canopy at this time. The highest number of patches was 8 

reconstructed at 20:00 h because of homogenous illumination. To avoid artifacts because of the 9 

different numbers of successfully reconstructed leaf patches at different times of the day, we 10 

used a Monte Carlo simulation approach and randomly selected leaf patches up to an area of 0.15 11 

times the ground area for each time and treatment. The random selection was repeated 10 times. 12 

Zenith leaf angle distribution was calculated as the histogram of all observed zenith angles in the 13 

interval [0°, 80°], weighted by the 3D area of the surface patch for which the angle was 14 

estimated (Biskup et al., 2007). A zenith angle of 0º indicates a leaf surface that is horizontally 15 

oriented, i.e. parallel to the ground surface. A zenith angle of 90º indicates a leaf lamina that is 16 

vertically oriented (i.e. erect). Azimuth leaf angle distribution was calculated in 10° classes. 17 

 18 

Determination of intercepted PPFD, integrated PPFD and ETR of sunlit canopy 19 

We aimed to incorporate structural and physiological measurements to derive an 20 

integrated PPFD and ETR of the sunlit canopies. Photosynthesis and canopy structure were 21 

measured in July and August. Thus, we averaged readings of direct and diffuse PPFD between 1 22 

July 1 and 31 August, which yielded average values of direct and diffuse PPFD (PPFDdir and 23 
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PPFDdiff) for the measurement times (09:00, 13:00, 17:00 and 20:00h). From leaf azimuth and 1 

inclination and the modeled position of the sun, we calculated leaf incidence angles (¯) to the 2 

sun for each leaf segment, with an angle of 0° describing a leaf that is perpendicular to the 3 

incoming solar radiation (i.e. receiving maximal radiation). Effective incident PPFD (PPFDinci) 4 

was calculated according to eq 3.  5 

 6 

diffdirinci PPFDPPFDPPFD 	�
� )cos(     (3) 7 

 8 

Effective ETR (ETReff) of the reconstructed leaf patches was calculated using data from the 9 

measured light response curves, according to eq 4: 10 

 11 

)1(max
inciPPFDb

eff eETRETR
�����      (4) 12 

 13 

ETRmax and the factor b were taken from light response characteristics for soybean grown at 14 

ambient or elevated [CO2] (Fig. 2, Table 1). 15 

From information on single leaf orientation and the knowledge of the position of the sun 16 

during the course of the day, we calculated integrated intercepted PPFD and integrated ETR of 17 

the outer, visible canopy. For this, we developed a new approach that is based on an equal 18 

distribution of azimuthal orientation of the outer leaves: (1) We randomly picked leaf segments 19 

(Monte Carlo Approach), (2) we calculated PPFDinci and ETReff of the leaf. (3) We calculated the 20 

casted shadow of the segment on a horizontal plane. The size of the shadow corresponds to the 21 
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intercepted sun light by the leaf and can be used as a measure of the deeper canopy that becomes 1 

shaded. For example, a vertical leaf absorbs a great proportion of the incoming sun-light in the 2 

early morning and late evening, while it casts almost no shadow during solar noon (Fig 1). (4) 3 

We summed PPFDinci and ETReff until the shadows of the segments added to a ground area of 4 

0.4 m2. Ideally we would have summed until the summed shadows reached 1 m2, but some of the 5 

midday pictures had poor reconstruction because of high contrasts and shadows did not exceed 6 

0.7 m2. In order to have appropriate random sampling, a cut-off criterion of 0.4 m2 proved to 7 

give the most robust results that were free of sampling bias. This Monte Carlo procedure was 8 

repeated 100 times for each plot and values were then normalized to 1 m2 ground area. 9 

With this procedure we selected a representative sample of leaves of the outer canopy 10 

that were sun lit and could integrate their PPFDinci and ETReff. The remaining leaves were 11 

shaded and it can be assumed that they only received PPFD well below light saturation. As there 12 

were differences for light response characteristics at low PPFD we neglected those leaves for 13 

simplicity.  14 

 15 

16 

Results 17 

Photosynthesis and photosynthetic pigments 18 

Chlorophyll Fluorescence 19 

Maximum quantum efficiency (Fv/Fm) was high in ambient as well as elevated [CO2]. 20 

Values of 0.80, which were measured 3 hours after sunset, indicate that neither the plants grown 21 

in ambient nor those grown in elevated [CO2] were photoinhibited. 22 
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Light response curves of effective quantum efficiency (�F/Fm') showed the characteristic 1 

trend with an approximately exponential decay of �F/Fm' with increasing PPFD, that was not 2 

significantly different in ambient and elevated [CO2] (Fig. 2a). The initial slope of the ETR 3 

curves was not affected by the [CO2] treatment (Fig. 2b). The maximum values of ETR (ETRmax) 4 

were 12.4% higher under elevated [CO2] (Fig. 2b); however, this was not statistically significant 5 

(Table 1). 6 

Below PPFD of 1000 μmol m-2 s-1, NPQ was maintained at a baseline level of 0.75 - 1 7 

(Fig. 2c). Above 1000 ²mol m-2 s-1, NPQ of plants grown at ambient [CO2] increased and 8 

saturated at � 2.2; NPQ of plants grown at elevated [CO2] increased with no indication of 9 

saturation (Fig. 2c). 10 

 11 

A/ci Response Characteristics 12 

The rate of photosynthesis under growth [CO2] and saturating light (Asat) was 13 

significantly increased by growth at elevated [CO2] despite acclimation of photosynthesis, 14 

observed as reductions in Vc,max (Table 1). Jmax was not significantly affected by elevated [CO2] 15 

(Table 1).  16 

 17 

Leaf pigments and parameters 18 

There were no significant effects of elevated [CO2] on chlorophyll a content, chlorophyll 19 

b content, total carotenoid and xanthophyll content or the ratio of chlorophyll a:b (Table 1). 20 

Mean leaf absorbance in the range of 400 – 700 nm was 0.90 for both treatments, which means 21 

that 90 % of the incident photons were absorbed by the leaves of the soybeans. 22 
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 1 

Canopy structure 2 

Leaf Area Index 3 

Leaf area index (LAI) peaked in the middle of July and then gradually decreased with 4 

leaf senescence towards the end of the growing period (Fig. 3). LAI was 0.5 to 1.0 m2 m-2 greater 5 

on average at elevated [CO2] (F = 11.03, p = 0.014).  6 

 7 

Leaf angle distribution 8 

Leaf zenith angle distributions of canopies grown under both treatments showed a diurnal 9 

course, with leaves being predominantly horizontal in the morning, became increasingly vertical 10 

during midday and horizontal again towards the evening (Fig. 4 left panels). No early morning 11 

measurements were available for this study, but visual inspection confirmed that leaf inclination 12 

was even more planophile immediately after sunrise (see also Biskup et al. (2007)). In contrast, 13 

no clear diurnal course in leaf azimuth orientation was detected (Fig. 4, middle panels). A slight 14 

preference for leaf orientation towards the NNE and SSW direction may be visible, which could 15 

be an effect of the row planting of the soybeans. 16 

Both inclination and azimuth orientations did not differ significantly between ambient 17 

and elevated [CO2] treatment. The ANOVA confirmed the strong effect of time of day (F = 115, 18 

p < 0.001), whereas elevated [CO2] did not have a significant effect (F = 0.98, p < 0.38). Leaf 19 

surfaces were most vertically oriented with respect to ground during solar noon, resulting in a 20 

relatively low incidence angle (¯, Fig 4f). In contrast, ¯ was higher in the morning and the 21 

evening. Again there was no early morning measurement, but we assume that early morning 22 

measurements would be similar to the 20:00 h distribution.  23 
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 1 

Integrated incident PPFD and ETR of sun-lit canopy 2 

Using ¯, the light response characteristics of the soybeans (Fig. 1), and the average PPFD from 3 

July and August, we modeled the integrated incident PPFD and ETR of the outer canopy, 4 

summing up those leaf patches which were representative to the directly sun–exposed part of the 5 

canopy (see Material for details on the approach and Fig. 5 for results). We assume that directly 6 

illuminated leaves are the main contributors to canopy photosynthesis, as light intensity within 7 

the canopy greatly decreases with depth. Integrated incident PPFD was highest during solar noon 8 

(Fig. 5a). During the afternoon, integrated incident PPFD was lower than during morning hours 9 

with a comparable sun angle (09:00 vs. 17:00 hour measurements). This difference was due to 10 

the generally higher cloudiness in the afternoon and the thus reduced incoming radiation. There 11 

was no difference in integrated incident PPFD between the canopy grown in ambient or elevated 12 

[CO2]. 13 

Integrated ETR was also highest during solar noon and decreased towards the morning 14 

and the evening hours (Fig. 5b). A clear difference between the plants grown at ambient and 15 

elevated [CO2] was observed during midday (13:00 h) with integrated ETR of the elevated [CO2] 16 

treatment being 3.7 % higher. There was also a slightly higher integrated ETR at the 09:00 and 17 

17:00 h measurement. As leaf orientation and incident PPFD did not show a difference between 18 

the treatments, the difference in integrated ETR can be assumed to be solely due to the higher 19 

leaf-level electron transport (Fig. 2). 20 

 21 
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Discussion1 

This study used stereo imaging (Biskup et al., 2007) to reveal that there were no significant 2 

effects of long-term growth at elevated [CO2] under field conditions on leaf display in the upper 3 

canopy of a soybean crop. This provides unique evidence in support of the commonly accepted, 4 

but rarely tested assumption, that changes in leaf-level physiology are the primary driver of 5 

enhanced radiation conversion efficiency and, thereby, productivity by high-LAI canopies under 6 

elevated [CO2] (Ainsworth and Long 2005, Norby et al. 2005, Dermody et al. 2008).  7 

The response of photosynthesis is nonlinear and efficiency decreases with increasing light 8 

intensity, with many leaves saturating at light concentrations well below full sunlight. This 9 

means that an efficient manner of display is for uppermost canopy leaves to have low angles of 10 

incidence and lower canopy leaves to have high angles of incidence, such that the maximum 11 

possible fraction of the canopy is at or near the light saturation point, but not exceeding it (Long 12 

et al. 2006). If this can be achieved, it will have a secondary impact of maximizing the 13 

enhancement of photosynthesis by elevated [CO2], which is greater when photosynthesis is 14 

Rubisco-limited rather than RuBp regeneration-limited. In soybean grown at elevated [CO2], the 15 

addition of additional nodes (Morgan et al. 2005) and changes in the density of the canopy 16 

(Dermody et al. 2006) create the potential for altered leaf display that could alter the distribution 17 

of PPFD incident on leaves to either increase or decrease the stimulation of productivity. 18 

However, there were no significant differences in leaf orientation of the outer canopy between 19 

soybeans grown at ambient and elevated [CO2] (Fig. 4). There was also no significant difference 20 

in the diurnal leaf movements in the outer, sunlit canopy grown at ambient and elevated [CO2] 21 

(Fig. 4). As a result, the distribution of PPFD incident upon leaves of the outer canopy was not 22 

different between ambient and elevated [CO2] (Fig 5a).  23 
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There was no effect of growth at elevated [CO2] of leaf absorbance, and therefore we 1 

conclude that changes in the function of this key portion of the canopy under elevated [CO2] are 2 

primarily determined by changes in the efficiency with which absorbed radiation is utilized for 3 

photosynthetic carbon fixation. As in previous studies at this site (Bernacchi et al., 2006), the 4 

average stimulation of ETR (~5 %) under elevated [CO2] was small. However, because 5 

photosynthesis at elevated [CO2] in soybean is co-limited by Rubisco carboxylation capacity and 6 

the capacity of electron transport to support regeneration of RuBp in the Calvin Cycle, small 7 

changes in ETR under elevated [CO2] can translate into a large stimulation of total daily A (20-8 

25 %) as a result of improved quantum efficiency of CO2 fixation (Bernacchi et al., 2006). 9 

Growth at elevated [CO2] resulted in ~12% greater peak LAI, which takes the form of a more 10 

dense canopy (Dermody et al., 2006). However, the increase in canopy carbon gain resulting 11 

from additional shaded leaves is probably small, despite their greater (~13 %) maximum 12 

quantum efficiency of photosynthesis (Dermody et al., 2006). As a consequence, the observed 13 

stimulation of above-ground net primary production (~18 %, Morgan et al., 2005) seems likely 14 

to be primarily determined by the balance of stimulated A (Bernacchi et al 2006) and stimulated 15 

night-time respiration (Leakey et al., 2009) of upper canopy leaves at elevated [CO2]. 16 

Producing germplasm which benefits more in terms of yield enhancement at elevated 17 

[CO2] than current cultivars will be important to meeting growing global food demands under  18 

changing climatic and atmospheric conditions this century (Ainsworth, Rogers and Leakey 19 

2008). Understanding canopy structure and leaf display is an important step towards increasing 20 

crop yields by optimizing the interception and conversion of radiation by the canopy. Soybeans 21 

show strong diurnal leaf movements and thus are a good model system to test for the interplay of 22 

structural properties with environmental factors. The cultivar used in this study, Pioneer 93B15, 23 
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showed distinct paraheliotropic leaf movements. The stereo imaging technique was sufficiently 1 

sensitive to characterize a clear decrease in solar incidence angle around solar noon for plants 2 

grown in both ambient and elevated [CO2] (Fig. 4), a phenomenon common to other soybean 3 

cultivars (Bawhey et al., 2003), which serves to minimize UVB radiation, excessive leaf 4 

temperatures and/or photoinhibition (Bawhey et al., 2003; Rosa and Forseth, 1995; Wofford and 5 

Allen, 1982). However, different cultivars of soybean have been described by varying strategies 6 

of leaf movements (e.g. Wofford and Allen, 1982; Bawhey et al., 2003). For example, in a study 7 

focusing on the terminal leaflet, the cultivar Forrest was found to have the steepest leaf 8 

inclinations in the morning, whereas the cultivar Cumberland had the steepest inclination around 9 

noon (Rosa and Forseth, 1995). This suggests that there is potential to improve soybean yield 10 

enhancement by elevated [CO2] by traditional breeding or biotechnological manipulation to 11 

optimize leaf display.  12 

While optical LAI measurements provide an integrated value of foliage density (Welles 13 

and Norman, 1991), the explicit mapping using the stereo approach (Biskup et al., 2007) allows 14 

modeling of effective electron transport with respect to leaf orientation. Due to increased 15 

occlusion, only the outer levels (up to a cumulative LAI of approximately 2) are accessible with 16 

the stereo approach method. However, since the outer canopy levels are the most responsive to 17 

environmental conditions and are hypothesized to govern light interception into the lower strata 18 

of the canopy (Ward and Strain, 1999; Morgan et al., 2004), this provides a technique with which 19 

to rapidly probe genetic variability in canopy structure and leaf orientation to maximize 20 

productivity under global atmospheric change. 21 

In summary, our results revealed that there was no significant effect of elevated [CO2] on 22 

leaf display in the upper soybean canopy. Therefore, in this soybean canopy, leaf level changes 23 
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in physiology, including increased photosynthetic carbon gain (Rogers et al., 2004; Ainsworth et 1 

al., 2004; Bernacchi et al., 2006), decreased stomatal conductance (Ainsworth et al., 2004; 2 

Bernacchi et al., 2006; Leakey et al., 2006), and stimulated nighttime respiration (Leakey et al. 3 

2009) drive canopy scale changes in radiation conversion efficiency and net primary 4 

productivity.  5 
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Table 1 Leaf characteristics and photosynthetic properties of soybean (cv. Pioneer 93B15) 1 

exposed to ambient and elevated [CO2]. Data show mean values ± standard error. Statistical 2 

differences between treatments were tested with a one-way analysis of variance, with [CO2] as a 3 

fixed effect and block as a random factor. Variables with significantly different values are in 4 

boldface. 5 

 6 
 Ambient [CO2] Elevated [CO2] F, p 

Chlorophyll a 
(mg m-2) 

486.0 ± 32.5 490.0 ± 17.0 0.04, 0.8590 

Chlorophyll b 
(mg m-2) 

189.3 ± 3.7 208.6 ± 26.7 0.58, 0.5268 

Chlorophyll a: 
Chlorophyll b 

2.6 ± 0.2 2.4 ± 0.3 0.78, 0.4708 

Carotenoids  
(mg m-2) 

108.4 ± 13.8 99.0 ± 17.7 5.48, 0.1442 

Absorbance � 
(400 - 700 nm) 

0.903 ± 0.001 0.904 ± 0.001 0.18, 0.6977 

Fv/Fm 
 

0.81 ± 0.003 0.80 ± 0.003 0.50, 0.5185 

ETRmax  
(�mol m-2 s-1) 

247.8 ± 9.1 278.6 ± 11.4 6.96, 0.1186 

Asat  
(�mol m-2 s-1) 

26.8 ± 0.6 31.5 ± 1.6 7.74, 0.0319 

 
 

   

Vc,max  

(�mol m-2 s-1) 
123.9 ± 3.3 106.8 ± 3.0 14.58, 0.0088 

Jmax  
(�mol m-2 s-1) 

221.8 ± 6.3 218.0 ± 12.1 0.08, 0.7883 

 7 
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Fig. 1 Good example of the soybean canopy that was imaged by the stereo system (a) and 3D 1 

surface plot obtained from the stereo image (b). The example was acquired at 17:00h (Results 2 

differed and in the worst case only 15% of the area have been reconstructed). The image covers a 3 

canopy area of approx. 1.02 m². 4 such images from 3 plots each were used to calculate the 4 

distribution of leaf orientation (Fig. 4). Stereo images were taken from nadir orientation 4 meters 5 

above canopy. A horizontal plane (lower right corner of image) served as a reference for nadir 6 

and compass north. Pixels at which no reconstruction was possible were masked out (black 7 

areas) and not used for analyses. The scale bar indicates the depth range from 83 (dark) to 113 8 

cm (light) above ground. Minor ticks indicate increments of 2 cm. Horizontal length bar: 10 cm 9 

at height of reference plane. E.g. the almost vertical leaves above the compass will cast a large 10 

shadow in the morning or evening if the sun is low and coming from the East or West; however, 11 

the shadow will be minimal if the sun is in zenith or coming from the North or South. Using the 12 

3-D information of each leaf segment we analytically calculated integrated canopy PPFD and 13 

ETR (Fig 5). 14 

 15 

 16 

Fig. 2 Light response curves of light reactions quantified using chlorophyll fluorescence 17 

techniques. Measurements were made in the field under ambient light conditions. Effective 18 

quantum efficiency of photosystem II (�F/Fm') was measured directly, electron transport rate 19 

(ETR) was calculated using the �F/Fm' values and PPFD readings. Non-photochemical 20 

quenching was calculated with the average dark-adapted Fm value for each cultivar and treatment 21 

and the Fm' value of each individual leaf in the light. � are measurements under ambient 22 

atmospheric conditions, � are measured under elevated [CO2]. Data were mathematically fitted 23 

and lines represent the best fit (dashed lines: ambient atmospheric conditions, solid lines: 24 

elevated [CO2]). ETRmax values given in Table 1 are derived from these fitted curves. 25 

 26 

 27 
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Fig. 3 Leaf area index (LAI) of Pioneer cultivars quantified from above the canopy throughout 1 

the year using the LAI-2000. � are measurements under ambient atmospheric conditions, � are 2 

measured under elevated [CO2]. 3 

 4 

 5 

Fig. 4 Left and middle panels: Zenith (a,d,g,j) and azimuth (b,e,h,k) leaf angle distributions at 6 

different times of day. Right panels: Incidence angle of the leaves to the sun (c, f, i, l). � are 7 

measurements under ambient conditions, � are measured under elevated [CO2]. Error bars 8 

indicate 95% confidence interval around mean (n = 3 replicate plots). Leaf angle classes were 9 

10° wide (zenith) and 30° wide (azimuth). Zenith angle measurements above 80° were discarded. 10 

No difference was made between adaxial and abaxial leaf surfaces, i.e. the range of angles is 11 

[0°;90°] and 0 denotes orthogonal orientation of the leaf to the sun. Leaf angle distributions were 12 

normalized to 1. Only surface patches with a zenith angle between 10° and 80° were used for 13 

estimation of azimuth angles. 14 

 15 

 16 

Fig. 5 Integrated leaf incidence angle (a) and integrated effective ETR (b) of leaves that are 17 

representative for the outer, sun-lit layer of the upper canopy. � are measurements under ambient 18 

conditions, � are measurements under elevated [CO2]. Integrated leaf incidence angle and 19 

effective ETR were summed until the shadow of the leaves cumulated to 0.4 m2 ground area, 20 

which was a robust cut-off criterion to randomly select representative leaves. Values were than 21 

extrapolated for 1 m2 ground area. 22 

 23 
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Diel Growth Cycle of Isolated Leaf Discs Analyzed with a
Novel, High-Throughput Three-Dimensional Imaging
Method Is Identical to That of Intact Leaves1[W]

Bernhard Biskup, Hanno Scharr, Andreas Fischbach, Anika Wiese-Klinkenberg,
Ulrich Schurr, and Achim Walter*
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Dicot leaves growwith pronounced diel (24-h) cycles that are controlled by a complex network of factors. It is an open question to
what extent leaf growth dynamics are controlled by long-range or by local signals. To address this question, we established a
stereoscopic imaging system, GROWSCREEN 3D, which quantifies surface growth of isolated leaf discs floating on nutrient
solution in wells of microtiter plates. A total of 458 leaf discs of tobacco (Nicotiana tabacum) were cut at different developmental
stages, incubated, and analyzed for their relative growth rates. The camera systemwas automatically displaced across the array of
leaf discs; visualization and camera displacement took about 12 s for each leaf disc, resulting in a time interval of 1.5 h for
consecutive size analyses. Leaf discs showed a comparable diel leaf growth cycle as intact leaves butweaker peak growth activity.
Hence, it can be concluded that the timing of leaf growth is regulated by local rather than by systemic control processes. This
conclusion was supported by results from leaf discs of Arabidopsis (Arabidopsis thaliana) Landsberg erectawild-type plants and
starch-free1 mutants. At night, utilization of transitory starch leads to increased growth of Landsberg erecta wild-type discs
compared with starch-free1 discs. Moreover, the decrease of leaf disc growth when exposed to different concentrations of
glyphosate showed an immediate dose-dependent response. Our results demonstrate that a dynamic leaf disc growth analysis as
we present it here is a promising approach to uncover the effects of internal and external cues on dicot leaf development.

Leaf growth occurs in an ever-changing environ-
ment, to which especially the growing leaves of dicot
plants are exposed. While growth zones of monocot
plants are protected from direct exposure to the envi-
ronment by being ensheathed by older leaves, dicot leaf
growth zones have to cope with temperature and light
regimes that fluctuate strongly throughout 24 h (diel
cycle).Dicot leaf growth is intimately connected to light
quality and quantity perceived by the organ (Dale,
1988; Van Volkenburgh, 1999), and growth intensity
fluctuates characteristically throughout the diel cycle.
As leaf growth is an integrating behavior that is con-
trolled by a wide range of interconnected regulatory
systems, its regulation will only be understood on the
basis of a combination of appropriate analysismethods
and experimental approaches addressing relevant
parts of the control network. Recently, an important
aspect of the connection between growth, the circadian
clock, and diurnally fluctuating light intensity was

revealed in Arabidopsis (Arabidopsis thaliana) hypo-
cotyls (Nozue et al., 2007). During the day, light inhibits
growth by inactivating the growth-promoting tran-
scription factors phytochrome-interacting factor 4 and
5. During the first half of the night, these factors are
further repressed by the circadian clock, but toward
dawn, this repression finally ceases, allowing an in-
crease of growth. All factors involved in this specific
regulatory chain act locally, implying that diel growth
patterns controlled by this system do not depend on an
intact, systemic exchange between sink and source
tissue with long-range transport of phytohormones or
key metabolites.

In both hypocotyls (Nozue et al., 2007) and leaves
(Wiese et al., 2007) of Arabidopsis, highest relative
growth rate (RGR) is reached in the earlymorning. This
is comparable to the diel growth cycle in tobacco
(Nicotiana tabacum; Walter and Schurr, 2000), while
other species may show RGR maxima at other times
of the day (Dale, 1988;Matsubara andWalter, 2006).We
raise the hypothesis that the diel growth cycle of leaves
of Arabidopsis and tobacco is controlled by locally
acting processes that do not strongly depend on the
provision of systemically distributed substances.

Leaf disc assays have been successfully used in
growth measurements (Powell and Griffith, 1960;
Stiles and Van Volkenburgh, 2004; Kovács et al., 2007)
and in the assessment of the effects of agrochemicals
(Gibon et al., 1997; Barbagallo et al., 2003) before. It has
been shown that leaf discs can grow as rapidly as intact
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leaf tissue (Dale, 1967) and that they can react strongly
upon alterations of external cues (Stahlberg and Van
Volkenburgh, 1999). Leaf disc assays have a number of
advantages over whole plant assays. Leaf discs require
little space, allowing higher numbers of replicates. Ap-
plication of treatments such as nutrient solutions or
phytohormones is simple, as they donot have to be taken
up by the root and be transported to the leaves. Instead,
leaf discs can float on solutions of active ingredients
that are presented, for example, on microtiter plates
(Barbagallo et al., 2003). Finally, image-based phenotyp-
ing techniques benefit from the simple shape of leaf discs,
as they allow an unoccluded view of the entire area.
Yet, the use of leaf disc assays to decipher the control

of leaf growthdynamics has been limited, since precise,
automatic detection of leaf disc area is difficult. Auto-
mated analysis of the projected, two-dimensional (2D)
area (A2D), seen from a single point above the object,
should be feasible with simple camera systems but has
several shortcomings. The most important one is that

A2D depends on leaf disc inclination. Growth rates of
leaf discs that are tilted (e.g. because they adhere to the
wall of the vessel they reside in) or strongly curved (e.g.
due to epinastic or hyponastic growth) can only be
estimated with substantial errors. Moreover, when the
liquid level decreases in the course of an experiment,
A2D decreases solely because the object distance in-
creases. In this case, the imaging system measures the
actual growth superimposed by an apparent shrinking.
While the (temperature-dependent) evaporation rate
across the surface of the liquid could be determined by
measuring A2D of nongrowing, synthetic objects, the
transpiration rate of the leaf discs may differ and thus
affect water loss rate.

Hence, the aim of this study was to analyze the
growth of the three-dimensional (3D) surface area (A3D)
of leaf discs via a stereoscopic approach (called
GROWSCREEN 3D; Fig. 1) to test the hypothesis that
diel leaf growth cycles of themodel species tobacco and
Arabidopsis are controlled locally.

Figure 1. GROWSCREEN 3D. A, Scaf-
fold with acquisition system. The X
displacement stage is mounted to
the scaffold and carries the Y and X2

displacement stages. B, Camera sur-
rounded by near-infrared light-emitting
diode arrays. C, Overview image com-
posed from 395 single images taken
under near-infrared illumination. Some
leaf discs are smaller or missing be-
cause of insufficient leaf area. D, Typ-
ical leaf disc floating in solution inside
the well. The surface is slightly bent. E,
Leaf numbers (counting from base, in-
cluding cotyledons) and locations
along the lamina (B, base; M, middle;
T, tip) at which leaf discs were excised.
F, Client application with superim-
posed information about leaf discs
(plant identification number, treat-
ment, leaf number, and location along
lamina).
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RESULTS

Technical Specification of the Setup

A total of 458 tobacco leaf discs, exposed to different
conditions, were used for a case study of leaf growth
measurements (Figs. 1 and 2). Running image acquisi-
tion at the highest possible rate, each individual leaf
disc was visited approximately every 1.5 h. This corre-

sponds to an average acquisition job duration of 11.8 s
per disc, including positioning. The experiment was
terminated after 72 h. With two images taken at every
time point and leaf disc position, approximately 22,000
images were produced during the experiment. 3D area
reconstructionwas performedwith very high precision
by the system (Figs. 2 and 3), as described more exten-
sively in ‘‘Materials and Methods.’’ Further technical

Figure 2. Examples of resulting im-
ages. A (left), Leaf discs treated with
NS (nutrient solution). A (right), Leaf
discs treated with HG (glyphosate
at high concentration). Images were
taken 72 h after the beginning of treat-
ment. B, Binary mask Mt obtained by
gray level segmentation (white, fore-
ground; black, background); superim-
posed (red) are leaf disc circles as
detected by computing @A2D/@r. The
final segmentation mask Ms contained
those pixels of Mt closer than r to the
centroid of the detected leaf disc and
that had the value 1 in Mt. C, @A2D/@r
versus r. Points show measured in-
crease; the dashed line shows theoret-
ical increase, 2pr. D, Regularized and
masked disparity map; the bar indi-
cates the disparity range: 610 to 620
pixels. E, 3D view of a leaf disc. All
depicted leaf discs are from tobacco.
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details concerning the setup and software are con-
tained in Supplemental Appendix S1.

Base Tip Gradient and Spatial Heterogeneity of Growth

In a preliminary experiment, growth of tobacco leaf
discs sampled from different leaves (leaves 7, 8, and 9)
and locations along the lamina (B [base], M [middle],
and T [tip]) were measured (n 5 40) to assess the
variability of growth in different regions of the plant
(Walter and Schurr, 1999). This was done to determine
the most suitable sampling region within the leaf
canopy to test the central hypothesis on local control
of leaf growth in the central experiment. Supplemental
Figure S1 shows the variability of A3D measured on
different leaves and different locations along the lam-
ina for the nutrient solution (NS) treatment. For loca-
tions Tand B, the oldest leaves (position 7) consistently
exhibited the smallest coefficients of variation [CV
(A3D)]; younger leaves showed markedly higher CV
(A3D). CV (A3D) in locationMwas similar in leaves from
all positions, slowly increasing from approximately
0.025 to approximately 0.05 in the course of the exper-
iment.
In leaves 7 and 8, a pronounced base tip gradient of

growth occurred (Fig. 4). Discs cut from the base
expanded more strongly than discs from the leaf tip.
In leaf 9, no clear base tip gradient was found, but
RGR3D was higher than in leaves 7 and 8.
Since leaf 9 showed the strongest growth and since

location M showed the least variability among the
different leaf positions, we chose the subset of leaf discs
of leaf 9, locationM for detailed analysis comparing all
treatments. For each replicate, A3D of two subsamples
(i.e. two leaf discs sampled on the same leaf; Fig. 1E)
was averaged.

Growth Effects of the Incubation Solution

Leaf discswere subjected to four different treatments
(Fig. 5): (1) NS; (2) water; and (3 and 4) two concentra-

tions of the herbicide glyphosate (LG, low glyphosate;
HG, high glyphosate), an inhibitor of the shikimate
pathway (Steinrücken and Amrhein, 1980). The treat-
ment effect on leaf 9, location M was tested using one-
way ANOVA. Variances were homogeneous according
to Levene’s test (F 5 2.68, P 5 0.06). Treatments had a
significant effect on RGR3D within 24 h (F 5 93.6, P ,
0.001). This time interval was chosen because it inte-
grates one full diel cycle of growth. All comparisons
between treatments except for LG versus HG resulted
in significant differences (P , 0.0001). Leaf discs from
NS showed highest RGR3D, whereas LG-treated leaf
discs grew more slowly than leaf discs incubated in
water. HG-treated leaf discs showed negative growth
rates, clearly indicating senescence.

Diel Growth Cycle

NS-treated leaf discs showed characteristic diel
growth variations that are clearly visible in A2D, A3D,
and RGR3D (Fig. 6). The maximum diel growth rate
(RGR3D,max) occurred at approximately 8:00 AM, reaching
a peak of almost 3% h21 on the first two mornings; the
increase coincided with the onset of illumination. Dur-
ing the day, RGR3D decreased, becoming even slower at
8:00 PM, when the light was switched off. On the third
morning, RGR3D,max was only about 1.5% h21. The total
increase of A3D within 36 h was about 91%. In contrast,
A2D increased by only 81%.

The diel growth pattern was much less pronounced
in water-treated leaf discs (Fig. 6F). Moreover, RGR3D
decayed strongly after the first 24 h, changing toward a
monotonous increase superimposed by oscillations in
the range of 1% h21. The 8:00 AM peak on the second
morning reached only 1%h21. The total increasewithin
36 h was 32% for A3D but only 17.4% for A2D. Both
glyphosate treatments caused inwardly progressing
chlorosis of leaf disc borders (Fig. 2A, right), a well-
known effect of glyphosate (Uotila et al., 1980; Pline-
Srnic, 2005). The effect was stronger in treatment HG
compared with treatment LG. Under infrared illumi-
nation, the gray values of green versus chlorotic (white)
tissue did not differ; hence, area estimation was not
influenced by discoloration. For LG-treated leaf discs,
A2D stagnated during the first hours of the experiment

Figure 3. Accuracy of GROWSCREEN 3D determined by imaging of
synthetic objects of known size. The x axis shows the area of paper
discs determined by weighing the paper discs; the y axis shows A3D

determined using GROWSCREEN 3D. The line gives the linear fit
through all data points (y 5 ax; a 5 0.991; R2 5 0.9952).

Figure 4. Base tip gradient of leaf growth in tobacco. A, Leaf 7. B, Leaf
8. C, Leaf 9. Leaf positions are as follows: B, base; M, middle; T, tip.
Error bars indicate SE (n $ 6). RGR3D was computed between t1 5 0 h
and t2 5 48 h.
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and thendecreased (Fig. 6G),whereasA3D increased for
the first hours and stagnated thereafter (Fig. 6H). Ac-
cordingly, the net change of A2D over 36 h was 29.2%,
while A3D increased by 5.1%. RGR3D,max on the first
morning was only 0.8% h21. Later on, oscillations of
RGR3D were much weaker compared with other treat-
ments. Leaf discs of both glyphosate treatments did not
grow any more at the end of the experiment. HG-
treated leaf discs showedanet decreaseofA2D aswell as
A3D. A2D decreased almost linearly over 36 h, resulting
in a net loss of 12.9%. A3D first increased by about 2%
and finally decreased by 3.3%with respect to the initial
area. Although there was a weak RGR3D peak in the
morning (0.3% h21), RGR3D was very low from the
beginning on.

Growth of Leaf Discs of Arabidopsis (Landsberg erecta
versus starch-free1)

By analogy with the tobacco experiment, leaf discs
were taken from different leaves of Arabidopsis. Discs
from leaf 12 showed little growth variation and were
thus chosen to determine the diel growth cycle in terms
of RGR3D (Fig. 7). As in tobacco, Arabidopsis leaf discs
of both lines (Landsberg erecta [Ler] and starch-free1
[stf1]) exhibited a growth maximum in the morning.
The minimum growth rate occurred approximately 3 h
after the light was switched off. During most of the
night and in the early morning, RGR3D was substan-
tially higher in Ler than in stf1. In contrast, during the
second half of the day, RGR3D of stf1 plants was higher
than RGR3D of Ler. The onset of RGR3D increase in
the morning was delayed in stf1 in comparison with
Ler. During the night, RGR3D of Ler increased to more
than 1% h21, whereas RGR3D of stf1 remained around
0.5% h21. RGR3D amplitudes decayed over the ob-
served time period. This effect was more pronounced
in Ler, for which RGR3D,max on the secondmorning was
only 63% of RGRmax on the first morning. In contrast,
RGR3D,max of the stf1 mutant only decreased to 87%
comparedwith the value obtained on the firstmorning.

Growth of Leaves on Intact Plants of Arabidopsis

and Tobacco

For intact plants of Arabidopsis and tobacco, similar
diel cycles of leaf growth activity as reported in the
literature beforewere observed in the conditions of this
study (Fig. 8). Peak values of RGR were obtained early
in the morning, and RGR decreased almost to zero
during the night. Peak values were higher in intact
leaves compared with leaf discs. Growth phasing in
Arabidopsis Ler and stf1 differed in the same way as
described above for the leaf discs: stf1 grew more
slowly than Ler during the night and in the first half
of the day, but it was able to catch up during the second
half of the day.

DISCUSSION

Performance and Possible Improvements of

GROWSCREEN 3D

The performance of the distributed computer system
is sufficient for high-throughput screening. Computa-
tion of RGR3D time series while an experiment is
running (‘‘real-time’’ evaluation) saves time by provid-
ing quick feedback. Depending on the hypothesis to be
tested, data can be integrated in different ways (e.g.
allowing one to investigate even higher numbers of leaf
discs with a smaller temporal resolution or vice versa).

In future analyses, the determination of A3D would
benefit from improved image segmentation. This could
be achieved by (1)more homogeneous illumination, (2)
backlight illumination, which would provide better
contrast because of vascular tissue, and (3) using amore
refined segmentation algorithm (e.g. using a contour
model; Kass et al., 1987; Osher and Sethian, 1988). An
automated plate positioning system (e.g. a conveyor
belt) could increase throughput, especially for scenar-
ios in which only a few stereo images per leaf disc and
perday areneeded.Acquisition timeper leaf disc could
be decreased by using two or more cameras simulta-
neously. Depending on the optical system andworking
distance, these cameras might need to be mounted
convergently to obtain sufficiently overlapping fields
of view. Possible limitations of input/output rates
could be alleviated by using multiple file servers and
by balancing job result directories over these, possibly
via separate network connections.

Diel Growth Cycle and Base Tip Gradient in Tobacco

Timing of the diel distribution of growth activity
coincides well with the diurnal growth cycle of intact
tobacco leaves (Walter and Schurr, 2000). This indicates
clearly that the timing of the diel growth cycle is
controlled by local regulatory mechanisms, such as the
interplay between the phytochrome system and the
circadian clock (Nozue et al., 2007) or light-induced
elicitation of ion fluxes and alteration of membrane
potential (Van Volkenburgh, 1999) rather than by long-

Figure 5. RGR3D of leaf 9. The box plot shows the RGR3D of leaf 9
between 0 h and 24 h after the beginning of the experiment, grouped by
treatment (n $ 10). Treatments are as follows: NS, nutrient solution;
H2O, tap water (control); LG and HG, glyphosate at low and high
concentration, respectively.
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distance signaling via import of hormones (Rahayu et al.,
2005) or carbohydrates fromsource leaves. Thenecessity
of an intact local metabolism for undisturbed diel
growth performance is demonstrated by the vanishing
diel growth cycle in leaf discs treated with glyphosate
(Fig. 5, I andL).Glyphosate is knowntoprimarily inhibit
the shikimatepathway (SteinrückenandAmrhein, 1980)
and subsequently affects general metabolic processes,
such as protein synthesis, photosynthesis, and carbon
metabolism (Geiger et al., 1986, 1987; de Marı́a et al.,
2005). Lower peak growth rates of leaf discs compared
with leaves from intact plants (compare Figs. 6, 7, and
8) might be caused by missing carbohydrate import
from source tissue. Although it is known from short-
term experiments with excised leaf tissue that intact
photosynthesis is not a prerequisite for short-term
growth reactions (Dale, 1988; Van Volkenburgh, 1999),

a coordinated supply with carbohydrates for cell wall
assemblyandotherpurposes, fromstoragepools, source
tissue, or local photosynthesis, is essential to sustain the
timing of diel growth cycles for days. In addition to an
undisturbed timing of carbohydrate availability, suffi-
cient external supply ofmineral nutrients is required for
coordinated diel growth activity lasting several days in
isolated leaf discs (Figs. 5 and 6C).

The base tip gradient in leaves 7 and 8 (Fig. 4, A and
B) is in accordance with the relations in intact, growing
leaves and results from the delayed initiation of the
tissue at leaf emergence (Walter and Schurr, 1999). Cell
expansion rate reduces with age, which is reflected by
the highest RGR at the base and the lowest RGR at the
tip, where cell expansion has proceeded for a longer
time. In the developmental stage, at which samples
were taken from leaves 7 and 8, cell divisions have

Figure 6. Time course of leaf disc area
development of tobacco in A2D (left
panels), A3D (middle panels), and
RGR3D (right panels). Time courses
were measured on leaf 9, middle lo-
cation. A to C, Treatment NS (nutrient
solution). D to F, Treatment H2O (tap
water control). G to I, Treatment LG
(low glyphosate concentration). J to L,
Treatment HG (high glyphosate con-
centration). Dot traces indicate time
course of areas of individual leaf discs.
Solid curves show median 6 SE (HG,
n5 9; LG, n5 9; NS, n5 8; H2O, n5
9). Dotted curves show A3D of individ-
ual leaf discs (including outliers).
Dashed horizontal lines in LG and
HG indicate areas at the beginning of
measurement to illustrate the net effect
of superimposed growth and the per-
ceived shrinking due to decreasing
water level. RGR3D was calculated
from the time course of A3D (mean 6
SE). Shaded vertical bars in the back-
ground of each panel indicate night.
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ceased at both the leaf tip and the base (Walter et al.,
2003). The reversed base tip gradient in leaf 9 (Fig. 4C)
might be due to cell division activity that can still be
found in the leaf base of this developmental stage and
with the slower rate of cell expansion in dividing cells.
For undisturbed expansion of this tissue, long-distance
signals might still be crucial.

For two reasons, the quality of the results increases
markedly when 3D information (A3D) instead of 2D
information (A2D) is used (Fig. 6). The first reason is that
evaporation and transpiration cause the water level to
decrease during a screening experiment. Using A3D
instead of A2D allows compensating for the perceived
area decrease in perspective projection. This effect may
be negligible in the presence of pronounced positive
RGR (e.g. under NS treatment); however, to correctly
measure weaker growth rates, the compensation is
clearly necessary, as itmay even cause a sign reversal of
RGR (apparent shrinking of leaf discs; e.g. HG treat-
ment; Fig. 6J). The second reason is the distortion of the
leaf discs during the experiment (Fig. 2): most leaf discs
develop from flat discs into buckling ovate sheets,
making it necessary to follow the topography of the
object in three dimensions to capture its surface area
correctly.

Altered Diel Growth Cycle of an Arabidopsis Mutant

Diel growth cycles of the Ler wild type and the
stf1 mutant of Arabidopsis were measured using
GROWSCREEN 3D. The observed patterns are in
good agreement with previous observations by Wiese
et al. (2007). There, the growth cycles of the two lines
were characterized in leaves of intact plants by means
of a well-established, noninvasive digital image se-
quence processing (DISP) technique, along with mea-
surements of diel carbohydrate metabolism. Yet, the

DISP technique has two major shortcomings. On the
one hand, leaves need to be mechanically constrained
in the focal plane of the camera, as nyctinastic move-
ments of the entire plant would make quantitative
analyses impossible. On the other hand, only small
replicate numbers are possible with this technique, as
one camera can only visualize the growth of one leaf.
The different growth kinematics of Ler and stf1 can be
explained by the way that the stf1 mutation affects the
diel carbohydrate availability (Kofler et al., 2000). In the
daytime, the inability to synthesize starch causes an
excess of hexoses to be available; thus, higher RGR in
comparisonwithLer canbemaintainedby stf1mutants.
In contrast, in the nighttime, the lack of mobilizable
starch reduces stf1 RGR. This explains the overall
weaker growth in stf1, which has been observed by
other authors for starch-free mutants before (Caspar
et al., 1985; Huber and Hanson, 1992). The similarities
between DISP and GROWSCREEN 3D analyses are
striking, given that the growth phenotypes were ob-
served in completely different systems (leaf discs ver-
sus intact plants). The difference between Ler and stf1
indicates clearly that even transitory starch produced
in the growing leaf, and not in fully developed source
leaves, is sufficient to drive the coordinated growth
activity of the leaf tissue. Again, this underlines the

Figure 7. Diel growth cycles of leaf discs of two genotypes of
Arabidopsis. Leaf discs of Ler (black circles) and stf1 (white circles)
were grown in NS. Individual area measurements were smoothed using
a 2.5-h running average filter. Shaded vertical bars in the background
indicate night. RGR3D values are given 6SE (n $ 3).

Figure 8. Leaf growth dynamics of individual intact leaves as deter-
mined by the DISP method. A, Arabidopsis. B, Tobacco. Shaded
vertical bars in the background indicate night.
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importance of local regulatorymechanisms controlling
the diel expansion of leaf tissue.

CONCLUSION

This study introduced an image-based phenotyping
system for leaf discs that uses 3D information to com-
pensate for tissue surface deformations and sinking
water levels, overcoming major disadvantages of leaf
discs for growth analyses. The system has the potential
for high-throughput growth assays and is capable of
resolving detrimental and beneficial effects of sub-
stances added to the incubation solution. Due to the
high precision of the system, characteristic features of
the diel growth activity of Arabidopsis and tobacco leaf
discs were obtained. Diel growth cycles of leaf discs
resembled those of intact leaves attached to the plant
very closely, demonstrating the importance of local
control mechanisms on the timing of dicot leaf expan-
sion.

MATERIALS AND METHODS

Imaging System of GROWSCREEN 3D

A brief description of the system and image-processing procedures is

given below; for a more detailed description of the hardware and software

(including sources of supply), refer to the Supplemental Appendix S1.

GROWSCREEN 3D (Fig. 1) is based on the mechanical design of the 2D

screening setup GROWSCREEN (Walter et al., 2007). Two moving stages (Fig.

1A; X and Y) are used tomove a 2-megapixel camera in the horizontal plane. A

thirdmoving stage (X2) facilitates horizontal displacement for acquiring stereo

image pairs. The camera is directed downward and equippedwith an infrared

long-pass filter. The scene is illuminated by four near-infrared light-emitting

diode arrays (Fig. 1B; wavelength, 880 nm), because near-infrared illumina-

tion is physiologically inactive. Leaf discs under investigation are kept on 24-

well Microtiter plates (Fig. 5A; well volume, 2.5 mL). Lids are removed for the

duration of the experiment to ensure gas exchange and to avoid fogging,

which would hamper imaging. At each camera position (X and Y), two images

are taken, using a stereo baseline (displacement of moving stage X2) of b 5
20 mm.

Image Segmentation

The purpose of image segmentation is to separate leaf discs from back-

ground. A clean segmentation is a prerequisite to precise area measurements.

Because images are acquired in near-infrared light, only grayscale images are

available. This allows image acquisition throughout day and night but makes

segmentation more challenging in comparison with color images (Russ, 2002;

Walter et al., 2007). Therefore, the following segmentation procedure is applied

(Fig. 2). (1) Images are corrected for illumination uniformity. (2) Gray level

thresholding is applied to remove most of the background. (3) Morphological

erosion is applied to clean up the segmentation mask. (4) Leaf disc borders are

detected. (5) Candidate leaf discs from both images of a pair are matched. (6)

For a newly detected leaf disc, a unique identification number is assigned. (7)

The projected area A2D is computed for each leaf disc.

Stereo Matching and 3D Reconstruction

To measure A3D and ultimately RGR3D, surface models at different time

points are required. Using leaf discs detected by image segmentation, 3D

surface models are obtained as follows. (1) Image distortions are removed and

images are rectified such that corresponding features share the same y

coordinate in both images of a pair. (2) A stereo matching algorithm (Faugeras

et al., 1993) is applied to compute a disparity map (a map of displacements;

Fig. 2D). (3) Outliers are removed. (4) 3D coordinates are recovered by stereo

triangulation. (5) The surface model is smoothed. (6) The leaf disc surface area

A3D is computed (Fig. 2E).

Setup Calibration

Measurement accuracy is affected by a multitude of parameters: quality of

camera and stereo calibration, position of an object in the images, object shape,

object distance, object inclination, object size, color, texture, reflections, and

stereo baseline, to name only some. We chose to limit our accuracy consid-

erations to the following parameters that are most relevant to the presented

study: leaf disc size (varying because of growth), object distance (varying

because of sinking water level), curvature (varying because of increased

bending of leaf discs during the experiment), and inclination, which changes,

for example, when floating leaf discs begin to adhere to the vessel wall.

For each of these four parameters, two to three values spanning the range

of expected values were selected and several replicate calibration targets were

produced. This resulted in a total number of 96 calibration measurements. As

calibration targets, circular paper discs with nominal diameters of 5, 7.5, and

10 mm and with leaf-like texture were printed on laser printer paper (80 g

m22) and cut out. In order to determine their actual area, the discs were

weighed using a laboratory scale (accuracy, 0.01 mg). Eight paper discs of each

nominal diameter were glued to the round wall of a black, horizontal cylinder

(diameter, 16.5 mm). Half of the discs of one diameter touched the cylinder

along their entire surface, thus having the same curvature as the cylinder. The

other half were connected to the cylinder only in the middle and were

therefore planar. The planar discs weremounted exactly on top of the cylinder.

The curved discs were mounted off-center, covering an inclination range from

236� to 136� around the center. Synthetic leaf discs were imaged at distances

of 107, 112, 117, and 122 mm from the image plane, covering the object

distances realized in the experiments.

Figure 3 shows the depiction of A3D versus the area determined by

weighing the paper discs. For the other three parameters tested in this

calibration procedure (disc curvature, distance, and inclination), no systematic

effect on A3D was determined; each calibration measurement is included as a

data point in Figure 3. The slight deviation of the inclination of the fit line from

unity results from the weight of the laser toner printed on the calibration

targets. The results demonstrate that the accuracy of GROWSCREEN 3D is

sufficient for measuring leaf disc areas and consequently RGR of leaf discs in

ranges encountered in typical measurement configurations. It should be noted

that RGR computation does not even require absolute area measurements,

because only area ratios are used.

DISP Leaf Growth Analysis in Intact Plants

Leaves were mechanically constrained to the focal plane of a camera and

analyzed for RGR by a procedure described in more detail elsewhere (Walter

and Schurr, 2000; Wiese et al., 2007). In short, images of flat leaves were

illuminated in the near-infrared wavelength range (880 nm), ensuring image

acquisition at constant brightness throughout day and night. Structural

elements of the leaves, such as trichomes and vein intersections, are followed

throughout parts of an image sequence, and the divergence of structural

elements with time renders the relative growth rate of the tissue between

structural elements. Plants were exposed to the same environmental condi-

tions as for the leaf disc experiments.

Plant Material and Cultivation Procedures

Seeds of tobacco (Nicotiana tabacum ‘Samsun’) were germinated on well-

watered soil ED73 (Einheitserde, Balster Einheitserdewerk; approximately 250

mg L21 nitrogen, approximately 300 mg L21 P2O5, and approximately 400 mg

L21 K2O). Prior to experiments, plants were cultivated in a greenhouse in

winter with a photoperiod of 12 h/12 h of light/dark. Plants were acclimated

to laboratory conditions (50 mmol m22 s21 photosynthetically active radiation;

same photoperiod; peak day temperature, 24.9�C; night temperature, 22.9�C;
oscillations due to change in illumination) 24 h before the experiment began.

Plants were 31 d old and vegetative at the beginning of the experiment.

Leaf discswere excised using a cork borer (9mm i.d.) fromdefined locations

along the lamina at the base (B),middle (M), and tip (T) of still expanding leaves

7, 8, and 9 (counting from bottom to top, including cotyledons; Fig. 1, D and E).

Leaf discs were immediately transferred to their respective treatment solution,

floating adaxial (top) side up.
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Arabidopsis (Arabidopsis thaliana) plants were grown in soil in a growth

chamber (125 mmol m22 s21 photosynthetically active radiation with a 12-h/

12-h light/dark period; temperature, 23�C during the day, 18�C at night;

relative humidity, 60% during the day, 65% at night). The starch-free mutant

stf1 (Kofler et al., 2000) carries a 55-bp deletion in the plastidic phosphoglu-

comutase gene in the background of the Ler ecotype. Seeds for stf1 were

obtained from Dr. H. Kofler (University of Cologne). Arabidopsis plants were

32 d old and vegetative at the beginning of the experiment.

Leaf discs were excised using a cork borer (5 mm i.d.) from the middle of

leaf 12, excluding the midvein.

Treatments

Tobacco leaf discs were subjected to four different treatments: (1) NS (1:10

Hakaphos nutrient solution; Hakaphos Blau) full-strength solution was pre-

pared according to the manufacturer’s specification for young flowering

plants and contained 15% (w/w) nitrogen, 10% (w/w) P2O5, 15% (w/w) K2O,

2% (w/w) MgO, 0.01% (w/w) boron, 0.02% (w/w) copper, 0.05% (w/w) iron,

0.05% (w/w) manganese, 0.001% (w/w) molybdenum, and 0.015% (w/w)

zinc (Ca21 and SO4
22 were contained in tap water); (2) tap water; (3) LG, low

concentration of glyphosate (0.74 mmol L21 ;N-(phosphonomethyl)Gly; Clinic

Nufarm); (4) HG, high concentration of glyphosate (74 mmol L21). Treatments

were applied on 24-well Microtiter plates in 2 mL of liquid volume per leaf

disc. The typical time until total evaporation was approximately 7 d. Leaf

discs of both Arabidopsis lines were only subjected to treatment NS (see

above).

Due to evaporation and water/nutrient uptake by the growing leaf disc,

nutrient concentrations can decrease or increase during the experiment,

depending on RGR and evaporative demand. pH of the nutrient solution

is buffered to values between 5 and 6, depending on the strength of the

solution.

Growth Rates

Assuming exponential growth of the form Aðt2Þ5Aðt1Þ eRGRðt22t1Þ, RGRs of

leaf tissue are determined as

RGR½%=d�5 100

t2 2 t1
ln

Aðt2Þ
Aðt1Þ

whereA(t2) andA(t1) are projected or actual 3D areas at two time points, t1 and

t2 (Walter and Schurr, 1999).

Statistics

All statistical computations were carried out using the R statistics package

(R Foundation). A3D values more distant from the group median than 62 SDs

were considered outliers and discarded. Treatments were compared using

one-way ANOVA (Faraway, 2005). Homogeneity of variances was tested

using Levene’s test (Levene, 1960). Pairwise comparisons of treatments were

done with a pairwise t test, adjusting P values using Holm’s correction (Holm,

1979).
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Supplemental Figure S2. Deployment of the GROWSCREEN 3D system.
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1

SUPPLEMENTAL DATA 1

SUPPLEMENTAL APPENDIX 1: TECHNICAL DETAILS OF 2

GROWSCREEN 3D 3

Key Requirements 4

The following key requirements had to be met by the technical system to 5

achieve a high-resolution time-series analysis of leaf disc growth: (1) Full 6

automation: once acquisition and evaluation parameters are set, the system 7

must be able to run unattended, typically for days. (2) Extensibility of the 8

concept: Other screening systems, such as different imaging systems or 9

systems supporting alternative types of evaluation, should be easy to implement 10

with the same infrastructure. (3) Scalability: The system should be largely 11

independent of the size of the objects. (4) Enabling ‘real-time’ screening: 12

Evaluation of images should keep up with image acquisition at moderately high 13

throughput. (5) Well-structured access to result data: It should be easy to 14

implement evaluation modules or client software. (6) Image acquisition in the 15

near infrared range to allow for continuous  recording during day and night.16

Imaging System  17

The hardware setup (Fig. 1A,B) is based on the design of the 2D screening 18

setup GROWSCREEN (Walter et al., 2007). It covers a rectangular area of 19

58 cm �58 cm. Images are acquired using a Point Grey Scorpion SCOR-20

20SOM 2 Megapixels (1600 � 1200 pixels) camera with FireWire 400 21

(IEEE 1394a; max. transfer rate: 400 MBit s) connector (Point Grey Research, 22

Vancouver, BC, Canada). A 15 mm C-mount objective lens (Rodenstock, 23

München, Germany) is mounted to the camera. The camera is directed vertically 24

downward; it carries an infra-red (IR) long pass filter (Model 27 093; Schneider-25

Kreuznach, Bad-Kreuznach, Germany) transmissible only for wavelengths > 800 26

nm. The scene is illuminated by four IR LED arrays, each containing 18 LEDs 27

(�max= 880 nm; Conrad Electronic, Hirschau, Germany). IR illumination is 28
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physiologically inactive and has the additional advantage of enhancing contrast 1

of plant tissue. The LED arrays stay on during the entire experiment to reduce 2

temperature-dependent intensity drift which was observed to settle to within 1% 3

of the steady state value only after >20 min. Five images are averaged per 4

position to decrease noise. Images are acquired at a resolution of 1280 �960 5

pixels and stored in TIFF format (using lossless PackBits compression). 6

The camera and IR illumination unit are moved in the horizontal plane by two 7

highly precise displacement stages (’X’ and ’Y’; Pico-Maxi, Type FMD-8

LPT80.550.1205-SM, Laser 2000 GmbH, München, Germany). The 9

displacement stages are equipped with microstepping motors (MDrive 23 Plus; 10

Intelligent Motion Systems, Marlborough, USA). A third displacement stage (’X2’)11

is used to move the camera in X direction when taking stereo images, while 12

keeping the IR illumination in constant position. This is necessary because 13

stereo matching requires constant illumination (see below). The positioning 14

system is mounted on a solid stand built of X-95 profile elements (Linos 15

Photonics, Göttingen, Germany). 16

Leaf discs under investigation are kept in 24-well Microtiter plates (Fig. 6A; 17

Nunc, Roskilde Denmark). The 24 wells are equally spaced and have a volume 18

of 2.5 ml each. Lids are removed for the duration of the experiment to ensure 19

gas exchange and to avoid fogging which would hamper imaging. The plates 20

rested on a platform that is adjustable for height at the corners (Swiss BOY 110, 21

Rudolf Grauer AG, Degersheim, Switzerland). A water level is used to ensure 22

the platform is aligned parallel to the XY plane of the acquisition system to avoid 23

depth-of-field and perspective problems. The platform is covered with smooth 24

black plastic tarp which reflected little IR radiation, providing a suitable 25

background for image segmentation. 26
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Computers  1

Fig S2 schematically shows the hardware components of GROWSCREEN 3D 2

and the software components running on each computer. The image acquisition 3

is done on a personal computer (called MASTER in the following; (Intel®4

Pentium® 4 DualCore, 2 GB DDR400 RAM (Intel, Santa Clara, USA), SuSE 5

Linux 10.2; SuSE, 2006), which also hosts a multi-user database (see below).  6

In addition, several Linux computers are available to process the acquired 7

images. Five Intel® Pentium® 4 DualCore computers (cluster nodes) equipped 8

with 1 GB DDR 400 RAM each, running SuSE Linux 10.2 (Novell, Provo, USA) 9

are dedicated to the screening system. In addition, several other Linux 10

workstations running either SuSE 10.2 (32 or 64-bit) or Ubuntu Linux 7.04 11

(Canonical, Douglas, UK) are temporarily available. These computers are 12

shared with other users; on these machines, the priority of screening processes 13

is usually reduced to consume only excess CPU time. The number of nodes is 14

higher than would be required for ‘real-time’ processing to allow timely re-15

computation in case parameters need to be modified.  16

All participating computers are connected via a fast Gigabit network, which is 17

crucial to avoid bottlenecks when running multiple simultaneous evaluations. 18

Data management19

Data management is achieved via a MySQL database (MySQL AB, Uppsala, 20

Sweden) in conjunction with a file server. Stock and dynamic data of the 21

screening system get stored in the database and are accessible via the network. 22

The database forms the basis of communication between the core components 23

and cluster nodes. 24

 Images and other bulk data are stored on a file server that is accessible from 25

each node as a common Internet file system (CIFS) share. Files stored on this 26

server are referenced by their path; the database stores metadata (e.g. type, 27

origin, creation date) along with each result path. 28

Supplemental Table S1 shows the main database tables of GROWSCREEN 29

3D. The conceptual database scheme is depicted in Supplemental Fig. S5. The 30
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scheme is partitioned in tables related to configuration, job handling, workflow 1

and plant information. 2

Parallelization and workflow concept 3

The processing of acquired images was implemented using the workflow 4

paradigm (Ellis, 1999), breaking down the complete task in a series of distinct 5

workflow steps. This way, (1) processing steps can be re-used in other 6

workflows, (2) the evaluation is easily parallelizable, and (3) intermediate results 7

can be resorted to if a particular workflow step is to be re-executed with different 8

settings. Supplemental Fig. S4 shows the steps involved in computing the 9

3D area of leaf discs from the originally acquired images. 10

Camera and stereo calibration  11

Before doing experiments, the camera is calibrated using a well-established 12

method based on Zhang (1999, 2000): a minimum of 30 images is acquired of a 13

chessboard pattern positioned in arbitrary orientations, spanning the working 14

volume (10–15 cm from the camera center). Intrinsic parameters (focal length, 15

principal point, skew coefficient, radial and tangential distortion) are estimated 16

using the OpenCV implementation of J. Y. Bouguet’s camera calibration toolbox 17

(Bouguet, 2005; Intel, Santa Clara, CA, USA). 18

Stereo calibration, i.e. the determination of extrinsic parameters (rotation and 19

translation of camera reference frames with respect to each other), is achieved 20

by two means: since highly precise displacement stages are used for camera 21

translation, the stereo baseline is known precisely, and there is no rotation 22

between camera axes. However, due to a possible slight rotation of the CCD 23

sensor in the XY plane, the direction of camera motion may deviate from the 24

orientation of scan lines on the sensor. Since the rotation angle is fixed, the 25

vertical deviation is linearly dependent on the length of the stereo baseline. To 26

compensate for this effect, which can degrade the quality of 3D reconstruction 27

and consequently of area measurements, the positions of approx. 40 landmark 28

points in the image are determined using the panorama stitching software Hugin 29

(D'Angelo, 2007) to compute the average rotation angle for later rectification. 30
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This procedure needs to be carried out only once after mounting the camera. 1

2

Image acquisition  3

Predefined acquisition positions (Fig. 1F) are visited in optimal order as 4

determined using Dijkstra’s algorithm (Dijkstra, 1959) to minimize positioning 5

time. At each such position pacq, two images are acquired with a stereo baseline 6

b = 20 mm. It is desirable to use a large baseline, because larger disparities 7

mean better depth resolution; however, the value was chosen such that the leaf 8

discs are completely visible in both images of a stereo pair during the entire 9

experiment. 10

11

Image segmentation  12

The necessity of using IR illumination instead of visible light makes 13

segmentation more challenging: with color images, segmentation of green plant 14

tissue would be straightforward (Russ, 2002; Walter et al., 2007). However, 15

given the limited spectrum of the IR illumination and IR blocking filter, only 16

grayscale images are available. Using black plastic tarp as background 17

facilitates threshold-based segmentation, but the walls of the wells of the 18

microtiter plates cannot be separated from leaf discs by gray level alone. 19

Therefore, the following segmentation procedure is applied: (1) Acquisition 20

images Iacq are corrected for intensity variations (due to inhomogeneous 21

illumination) in the XY plane using reference (background) images (Jähne, 22

2002). (2) Binary masks, Mt, are created from the acquired images using 23

minimum and maximum intensity thresholds, and (8-bit) gray values. These 24

values separate leaf discs and background well. (3) Mask borders are 25

morphologically eroded by thresholding the distance transform of Mt, discarding 26

mask pixels with a distance below 10 pixels to the border. This value removes 27

irregularities at the border of leaf discs. Then, the centroid ci of each candidate 28

leaf disc is determined from the remaining pixels. (4) The increase of the 29

number of pixels (pixel area) with increasing distance r from ci, �A2D / �r, is used 30
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to determine the bounds of a leaf disc: The radius rmax at which �A2D / �r falls 1

short of 0.6 times the theoretical increase of a solid disk, 2�r, is used as a bound 2

for the segmentation of the leaf disc (Fig. 6B and C), yielding the final 3

segmentation mask Ms. (5) Candidate leaf discs from both images of a stereo 4

pair are matched using the expected horizontal disparity of their centroids, dc = 5

650  ± 100 pixels. If no candidate leaf discs are present in an image, the job is 6

flagged as INVALID to avoid downstream processing. (6) If no plant tissue has 7

previously been detected in the position of a leaf disc in the proximity of 8

360 pixels, a new unique identifier (plant_id) is created; otherwise, an existing 9

plant_id is assigned to the leaf disc to allow later retrieval of observations by leaf 10

disc. (7) The projected leaf disc area A2D is measured as the total number of 11

non-zero pixels in Ms of the first image (of a stereo pair) at a given position. 12

(8) To reduce data volume, bounding box regions of interest (ROI) containing 13

the detected leaf discs and segmentation masks are cut from Iacq and stored on 14

the file server along with the ROI geometry for later reconstruction. 15

16

Stereo matching and 3D reconstruction17

Leaf disc image pairs created in the previous steps are used to create a 18

depth map using 2-view stereo.  19

(1) Images are rectified to align the CCD sensor scan lines with the direction 20

of camera motion by applying a rotation of -0.09° around the center of Iacq21

(determined with the software program Hugin (D'Angelo, 2007); see above) to 22

both images. Rotated images are resampled using bilinear interpolation. (2) A 23

correlation-based stereo algorithm (Faugeras et al., 1993; Biskup et al., 2007) is 24

applied to the rectified images. In short, this algorithm attempts to find the 25

disparity (i.e. shift of image features between images taken at different camera 26

positions) for each pixel in the first input image. A correlation function (C2 in 27

Faugeras et al. (1993) is used to compare rectangular image regions 28

(correspondence search). Because of the camera pose and the rectification 29

done in step (1), disparities can only be in horizontal direction, thus 30
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correspondence search only needs to be done in 1D rather than in 2D (Hartley 1

and Zisserman, 2004; Trucco and Verri, 1998). Stereo matching was carried out 2

with the predetermined disparity range [620;680] (correlation mask size: 3

35 �15), producing a disparity image D (Fig. 6D). (3) Outliers in D are removed 4

by applying a disc median filter (radius: 25 pixels). Since the objective is to 5

measure the surface area of the entire leaf disc, a closed surface is needed. 6

Therefore, points for which no matches could be obtained (Faugeras et al., 7

1993) are interpolated from surrounding matches using normalized convolution 8

(Knutson and Westin, 1993), yielding a regularized disparity image, Dreg. (4) The 9

intrinsic calibration parameters, along with the known extrinsic parameters, are 10

used to triangulate the 3D position of each point in Dreg, resulting in the 11

Euclidean coordinates image W, storing the coordinates X, Y and Z in slices. 12

(5) The depth Z of the 3D point cloud of the previous step is smoothed with a 13

disc average filter (radius: 15 pixels) to ensure the subsequent area 14

measurement will only reflect large scale surface structure, omitting unevenness 15

due to quantization noise. (6) The 3D surface area of the leaf disc is measured 16

using the knowledge of point proximity relationships on subsampled grid W17

containing only every 7th vertex in X and Y direction, Triangular areas of 3 18

neighboring points are added to obtain the total area 19

20

21

22

23

where w and h are the width and height of W, respectively and A� is the area 24

of a triangle specified by three 3-vectors. 25

Software architecture 26

GROWSCREEN 3D mostly relies on Open Source software. Supplemental 27
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Supplemental Table S2 lists third-party software components used for building 1

the system. 2

The client software (program client) was implemented in C++/Qt (Trolltech, 3

Oslo, Norway). Its main purposes are (1) to parameterize new campaigns 4

(measurement intervals, etc.); (2) to allow adjusting camera and displacement 5

stage settings; (3) to create an overview image of the whole working area 6

(Fig. 1C) and to allow selection of positions at which images are to be acquired 7

(Fig. 1F); (4) to allow monitoring the running system by providing runtime 8

statistics such as average execution time of jobs, or system load. The program 9

runs on Linux and Win32 platforms. 10

Performance 11

To measure the performance of the distributed computer system, the average 12

execution time of different artificial job types was analyzed (Supplemental 13

Table S3). The measurements were repeated with different numbers of nodes 14

active to determine scalability. The distributed system used for the performance 15

test consisted of one 64-bit 2.6 GHz DualCore computer hosting the database 16

and acquisition software, and five 32-bit Intel® Pentium® 4 DualCore computers 17

for job processing (nodes). In the maximum configuration of the performance 18

test, two consumer processes were started on each node.Supplemental Fig. S3 19

shows scalability under different artificial job scenarios. EMPTY and 20

CPU_BOUND jobs have very similar characteristics, scaling almost linearly over 21

the range of 1-10 CPUs. IO_BOUND jobs show little scalability, with throughput 22

increasing to only 300%. Typical real jobs behave more like CPU_BOUND jobs, 23

in particular because only input/output destined to or from the file server, and not 24

local input/output, impedes execution speed of other nodes.  25

Server programs  26

Server programs were implemented using the Python programming language 27

(Van Rossum, 2006) and using the SWIG wrapper generator (Beazley, 1996) to 28

create bindings to performance-critical and low-level C++ code. The program 29

workflow periodically checks the database table job for jobs that have timed out 30
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or reached state ERROR and re-schedules such jobs. Moreover, workflow rules 1

are applied, possibly resulting in the creation of new jobs. The program 2

consumer (running on each node) executes jobs in state NEW. The program is 3

started twice on each dual processor machine. The program watchdog 4

periodically checked the database and the file system for problematic conditions, 5

e.g. job backlog or insufficient disk space, and warns the administrator via e-6

mail.7

8
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TABLES 1

2

Table S1.   Most important database tables. The total number of database 

tables is 23. Database tables are arranged according to functional groups. 

Group Table name Description Cardinality 
Configuration config_spec Specification of 

configuration 
parameters (type, 
cardinality, etc). 

� 100 entries 

campaign Campaign (experiment) 
data, e.g. cycle time, 
start & end date, etc. 

One entry per 
campaign 

config Default configuration 
settings 

Same number of 
entries as 
config_spec 

campaign_config Configuration 
parameters for a 
particular campaign 

Same number of 
entries as config,
for each campaign

Workflow rules Workflow rules � 10 for a typical 
workflow 

job Smallest unit of 
processing 

Several thousand, 
depending on 
length and 
frequency of 
campaign 

result One entry for each 
result 

dto.

observation One entry for each 
observation 

dto.

nodes List of available cluster 
nodes 

Typically 5-10 

Analysis plant Unique identifiers 
(plant_id) for leaf 
discs, along with 
position information 

One entry for each 
leaf disc 

plant_observations One leaf disc may have 
n observations, e.g. . 

Miscellaneous logging Log messages from all 
nodes 

Few hundred to 
several thousand 
per campaign; 
depending on log 
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level. 
core_state Current state of 

acquisition mode; 
activation state of job 
processing 

One entry per 
acquisition system

local_cache Adminstrative table to 
handle local caching of 
acquired images 

One (temporary) 
entry for each 
acquisition result 

1

2
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1

Table S2.   Third-party software 

Software 
package 

Version Description Reference 

geomview 1.8.1 Viewer for 3D models Amenta et al.
(2005) 

hugin 0.6.1 Panorama stitching 
software 

P. D'Angelo 
(2006) 

ImageMagick 6.2.4.5 Image processing library, 
especially for conversions

ImageMagick 
Studio 

MySQL 5.0.45 MySQL database MySQL AB, 
Uppsala, Sweden 

OpenCV 1.0 Image processing library Intel, Santa 
Clara, USA 

Python 2.5 Programming language Van Rossum 
(2006) 

Qt 3.4 Class library Trolltech, Oslo, 
Norway 

R 2.4.1 Statistics package R Foundation 
scipy 0.5.2 Scientific Python, 

incorporating Lapack and 
BLAS 

Jones et al.
(2007) 

SuSE Linux 10.2 OSS Operating system Novell, Provo, 
USA

SWIG 1.3.31 Interface wrapper 
generator; used to create 
interface from C++ to 
Python 

Beazley (1996) 

Ubuntu Linux 7.04 Feisty 
Fawn 

Operating system (used 
on some nodes) 

Canonical, 
Douglas, UK 

vigra 1.5.0 Image processing library Köthe (2000); 
Jähne (1999) 

xampp 1.6.3b Apache (2.0) web server, 
MySQL (5.0.45), 
phpMyAdmin (2.9.1) 
adminstiration tool for 
MySQL 

Apache Friends 

2

3
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Table S3.   Artificial job types for scalability measurements 

Job type Description Average duration in 

sequential mode (s) 

EMPTY Pure overhead; no 

computation 

0.02 

CPUBOUND Computation  46 

MIXED Computation: 10 the 

computation ; 

generation of 10 MB file

14

IOBOUND Generates a 10 MB file 

(typical output size of a 

real job) 

3

1

2

3
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FIGURES 1

Figure S1. Variability (coefficient of variation, CV) of A3D under NS treatment. 2

Open squares: leaf #7; closed squares: leaf #8; open circles: leaf #9. 3

4

Figure S2. Deployment of GROWSCREEN 3D. A Gigabit network connects 5

MASTER (hosting image acquisition, database and workflow engine), client 6

computer, file server, backup system, Linux cluster and additional computers 7

used for evaluation. Rectangular boxes indicate screening programs. 8

9

Figure S3. Conceptual database scheme (simplified). The scheme depicts 10

relations of important tables with selected fields. Open diamond: 1:1 11

relationship; half-open diamond: 1:n relationship). 12

13

Figure S4. Activity diagram of essential workflow steps (in Unified Modeling 14

Language (UML) notation). Workflow rules are stored in the database table rules 15

(Table S1). There are two  kinds of workflow rules: (1) state-based rules that 16

trigger for a particular combination  of workflow step and state (e.g. OK or 17

ERROR); an example would be the creation of  a leaf disc segmentation job for 18

each acquisition job. (2) code-based rules, that execute a piece of code, 19

typically involving SQL statements to decide whether new jobs need  to be 20

created. An example of the latter would be the creation of overview images once 21

all images for a cycle have been completed. 22

23

Figure S5. Scalability of job execution. Open squares: EMPTY job; open circles: 24

CPUBOUND jobs; closed squares: IO BOUND jobs; closed circles: MIXED jobs. 25

For comparison, the throughput of each job type has been normalized to 26

sequential execution speed. Error bars indicate standard errors (SEM; n = 3). 27
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Supplemental figures
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Fig. S2



153

Fig. S3
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Fig. S4
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