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Imaging and Integrating Heterogeneity of Plant 
Functions: Functional Biodiversity from Cells to  
Biosphere – A Synopsis

 Ulrich Schurr (Jülich)

 With 1 Table

Abstract

Spatial heterogeneity and temporal dynamics of structures and functions are essential to understand plants and their 
interaction with soils and atmospheric processes. Quantitative analysis plays an essential role for the generation of basic 
knowledge as well as for the development of innovative applications in plant production. Thus, novel imaging methods 
and quantitative image (sequence) analysis that are presently developed provide the basis for an entirely new under-
standing of the role of heterogeneity and dynamic in plants and their environment on all scales from the cell to the eco-
system. It is only now that we can see the real dynamic nature of growth, photosynthesis and transport and the relevance 
of spatial and temporal patterns for plants. Research on these topics has only just begun; it requires a very high degree of 
interdisciplinarity and communication between technology developers, researchers in plant and environmental sciences, 
modeling and theory. The Leopoldina workshop “Imaging and Integrating Heterogeneity of Plant Functions: Func-
tional Biodiversity from Cells to Biosphere” has clearly indicated that the integration of modern methods, innovative 
experiments and theory will revolutionize our understanding of plants in their ever changing environment.

Zusammenfassung

Räumliche Heterogenitäten und zeitliche Dynamik von Strukturen und Funktionen sind essentiell, um das Verhalten 
von P�anzen und ihre Wechselwirkung mit Böden und der Atmosphäre verstehen zu können. Ihrer quantitativen Ana-
lyse kommt deshalb eine Schlüsselrolle zu – sowohl für die Erforschung der Grundlagen p�anzlichen Verhaltens als 
auch für die Entwicklung innovativer Anwendungen in der P�anzenproduktion. Neue Methoden der Bildaufnahme 
und die quantitative Bild(sequenz)analyse schaffen derzeit die Grundlage für ein völlig neues Verständnis der Bedeu-
tung von Heterogenität und Dynamik in P�anzen und Umwelt auf allen Skalen von der Zelle bis zum Ökosystem. 
Erst jetzt wird deutlich, wie dynamisch Wachstum, Photosynthese und Transport wirklich sind und welche Bedeutung 
räumliche und zeitliche Muster für P�anzen haben. Die Forschung hierzu hat erst angefangen; sie benötigt ein hohes 
Maß an Interdisziplinarität und Kommunikation zwischen Entwicklern von Verfahren, Anwendern aus den P�an-
zen- und Umweltwissenschaften sowie Modellierern und Theoretikern. Der Leopoldina-Workshop „Imaging and 
Integrating Heterogeneity of Plant Functions: Functional Biodiversity from Cells to Biosphere“ hat gezeigt, dass 
die Integration von modernen Methoden, innovativen experimentellen Ansätzen und Theoriebildung unser Verständnis 
von P�anzen und von ihrem Verhalten in ihrer sich ständig verändernden Umwelt grundlegend wandeln wird.

1. Heterogeneity and Dynamics in Plants and their Environment

Heterogeneity and dynamic changes are the normal case and certainly not the exception for 
plants growing in natural ecosystems and even in managed agricultural environments. With 
their sessile mode of life, plants are exposed to ever changing weather conditions during 
all seasons. They are exposed to �uctuating biotic and abiotic stressors, as they simultane-
ously cope with greatly contrasting environmental conditions belowground and aboveground 
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(Tab. 1). Having no central control unit (“brain”), the organization of plants makes heteroge-
neous and distributed signal perception and processing a fundamental strategy. However, it is 
not only a matter of survival in a dynamically changing environment: proper mechanisms for 
utilization and acquisition of heterogeneously available resources from the environment are 
of central importance for the ef�ciency of plants and an important determinant of their �tness 
(Schurr et al. 2006). Thus, heterogeneity in space and time is a key to understanding plant 
structure and function (Walter et al. 2009).

Tab. 1  Characteristic features of leaf and root environment

Leaf environment Root environment

Resources Light, CO2, O2 Nutrients, water

Physical characteristics Low density 
Mechanical conditions mainly 
determined by plant characteristics

High density (often strong 
mechanical impedance) 
Strong external mechanical 
constraints

Chemical characteristics Gas phase, thus well mixed 
phases; colloidal conditions

Mixture of gas, aqueous and solid

Biological conditions (biological 
interaction) 

Exchange between biota over long 
distances possible

Biotic interactions often con�ned 
in externally determined spaces

Characteristics of dynamic and 
heterogeneity

No simple, predictable spatial  
structure of resources 
CO2, O2: well mixed 
Light: often highly �uctuating in 
time and space within natural 
canopies (e.g. light �ecks)

Patchy, determined by soil 
characteristics 
Strong spatial heterogeneity of 
major resources is common

Up to now experiments have often aimed to maintain environmental conditions as constant as 
possible in space and time. However, novel experimental approaches and theoretical concepts 
are required in plant sciences to identify and observe heterogeneity and dynamics of structure 
and functions at the cell, tissue, organism and ecosystem levels, and to integrate and interpret 
these functions in the complex interaction with the spatial and temporal heterogeneity of the 
environment (Walter and Schurr 2006). Only if this is achieved, it is possible to understand 
and predict the feedbacks of living plant biota on the Earth system and to use the potential of 
plants for sustained production of the food, fuel and �ber needed by humankind in an optimal 
and ef�cient manner. Eventually, we will have to incorporate these insights into the design 
of plants through breeding or transgenic routes to obtain plant varieties better suited to the 
changed climate and shifting economic realities.

2. Imaging Technologies Promote Research on Heterogeneity and Dynamics of Plants

The general character of an image is that quantitative information of a speci�c physical param-
eter is assigned to a speci�c spatial position. Image sequences demonstrate the change of such 
assignments with time. Thus imaging and especially image sequences are tools of choice to 
evaluate heterogeneity, dynamic processes and patterns. Images can either be taken by arrays of 
sensors (e.g. the light sensitive elements of a CCD chip) or can be built up through a sequence 
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of analyzing processes, if the structure or function that is determined is changing slower than the 
measurement process. Development of imaging techniques has a proven record of accelerating 
progress in botany and plant sciences from early times on, when plant images were used to illus-
trate plant structures, e.g. for purposes of plant systematic or for the analysis of cellular and sub-
cellular processes associated with the various jumps in microscopy techniques from light and 
electron microscopy to confocal laser scanning and analytical microscopy. Historically, there 
have been many examples of image sequences that have become critically important for func-
tional analysis in the plant sciences. However, the outburst of imaging technologies in recent 
years that have originated from the medical �eld and from monitoring of the environment, e.g. 
in remote sensing from satellites and airplanes (Pieruschka et al.: Optical Remote Sensing and 
Laser Induced Fluorescence Transients [LIFT] to Quantify the Spatio-Temporal Functionality 
of Plant Canopies) has inspired the development of novel imaging systems in plant sciences, 
opening new routes for insight into plant characteristics and their dynamic responses.

For example, tomographic imaging using differences in magnetic resonance (mainly of 
protons) to give contrast and thus deliver non-invasive 3D images and -sequences has only 
recently been assimilated in the plant sciences and promises a wide range of applications in 
the future. The paper by Blümler et al. (Magnetic Resonance of Plants) provides a sound 
basis for understanding opportunities and limitations of this technology as well as some im-
pressive examples of what can already be achieved. At a different scale, quantitative 3D 
imaging provides a tool to measure plant and stand geometrical characteristics (Biskup et al.: 
Quanti�cation of Plant Surface Structures from Small Baseline Stereo Images to Measure the 
Three-Dimensional Surface from the Leaf to the Canopy Scale) and illustrates the approach 
that quantitative image analysis goes beyond providing “nice pictures”. Given that the correct 
mathematical tools are combined with proper image acquisition and analysis in measuring 
devices, it becomes possible to span a wide range of scales in space and time.

Recording chlorophyll �uorescence has become one of the most powerful tools in studying 
heterogeneity and dynamics of photosynthesis. Most interestingly in the context of this issue 
of Nova Acta Leopoldina the greatest information content is gained from analyzing the change 
of chlorophyll �uorescence over time – an approach, which became generally feasible with the 
development of the Pulse Amplitude Modulated Fluorometry as a non-invasive quantitative 
measure that has been extended into an imaging technology (Schreiber et al. 1995, Siebke 
and Weis 1995). Further developments extending the application of chlorophyll �uorescence 
to the scales of canopies and beyond are on their way (Pieruschka et al.: Optical Remote 
Sensing and Laser Induced Fluorescence Transients [LIFT] to Quantify the Spatio-Temporal 
Functionality of Plant Canopies). These technological developments push for the analysis of 
photosynthesis dynamics and heterogeneity under �eld conditions and at the stand level. Here 
additional mechanisms come into play and determine light use ef�ciency of canopy photosyn-
thesis. Moreover through the technological approach of analyzing chlorophyll �uorescence 
from above even previously not accessible locations (and thus functions) can be explored.

3. Heterogeneity of Photosynthesis – a Prototypic Example of the Role of Spatial and 
Temporal Organization in Plants

Photosynthesis is one of the most central processes for all life on earth and one of the most 
well studied plant functions. Characteristically the three known modes of photosynthesis are 
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different in their spatial and temporal organization. The most common C3 photosynthesis is 
located in all cells of the palisade and spongy parenchyma of the plants expressing this form 
of photosynthesis. In contrast, plants running CAM photosynthesis are characterized by the 
de�ned temporal sequence of storage and release of carbon intermediates throughout the diel 
cycle. However, heterogeneity of CAM photosynthesis also has a whole plant aspect that is 
dependent on the developmental stage and linked all the way back to the evolutionary position 
of the species. Thus, CAM photosynthesis has been developed in recent years into one of the 
most prominent examples, in which the combination of chlorophyll �uorescence imaging, 
and theoretical modeling guided by destructive sampling leads to a mechanistic understand-
ing of the role of functional heterogeneity in these plants (Lüttge: Crassulacean Acid Me-
tabolism a Natural Tool to Study Photosynthetic Heterogeneity in Leaves).

The biochemical heterogeneity and spatial separation of the components of the CO2-con-
centrating mechanisms of C4 photosynthesis has long challenged our ability to offer tight 
interpretations of the evolution of this functional biodiversity in the face of selective pres-
sures in different environments. Imaging in combination with growth of plants in controlled 
environmental conditions has offered yet another scale of opportunities for analysis of pho-
tosynthetic heterogeneity at the cellular and biochemical level in relation to optimization of 
light and nitrogen use ef�ciency (von Caemmerer and Osmond: Testing the Functional Im-
plications of Photosynthetic Heterogeneity in Leaves of C4 plants: Reductionism during Scale 
Expansion). These studies con�rm that anatomical and biochemical heterogeneity among C4 
types seem to deliver an array of compensating responses that confer a similar and robust, 
leaf-level advantage with respect to water and nutrient economy. The heterogeneity presum-
ably re�ects the independent origins of the C4 pathway in different plant taxa. Other process-
es, unrelated to the pathway itself, may be responsible for distinctive patterns of distribution 
of the differing biochemical C4 type grasses in relation to precipitation. Thus heterogeneity 
of biochemical characteristics in plants can deliver common outcomes that contribute to evo-
lutionary �tness in broad terms, whereas other “higher order” structural and developmental 
properties might determine plant distribution and abundance in vegetation.

Homogenization of spatially distinct responses of photosynthesis could happen through 
the lateral diffusion of carbon dioxide within open gas spaces inside of leaves. However, such 
lateral transport may be strongly restricted and has most prominent effects, when stomata 
are closed and thus internal transport in leaves can play a signi�cant role over the exchange 
through stomata (Jahnke and Pieruschka: Lateral Gas Diffusion inside Leaves: a Long 
Neglected Topic in Plant Physiology). Nevertheless, in homobaric leaves local differences in 
photosynthesis and respiratory activity due to localized metabolic action driven by environ-
mental (e.g. light gradients) or plant-internal heterogeneity can cause carbon dioxide �uxes 
that may contribute to �tness under transitory drought or variable light regimes.

In nature biological �tness is undoubtedly related to the ability of plants to defend them 
against biotic attack. While plants defense has a local character to restrict negative impact to 
as little area as possible, other mechanisms alert other regions to prepare for potential attack 
(Conrad et al. 2002). This example illustrates that communication between heterogeneously 
responding parts of tissues and plants is essential to optimize plant performance when chal-
lenged by spatially and temporally variable environmental cues.
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4. Dynamics and Heterogeneity of Plant Growth and Transport

Sensing of heterogeneous environmental conditions requires highly responsive sensory ele-
ments. Within the highly spatially organized soil environment (Tab. 1) the root apex can be 
shown to be very receptive to environmental variation. The root apex hairs can be used as a 
model system to understand the interaction between plant polarity, cell-cell communication, 
and sensory plant biology (Baluška et al.: Intracellular Domains and Polarity in Root Api-
ces: from Synaptic Domains to Plant Neurobiology). Clearly the polarity and the dynamics of 
elements of the cytoskeleton in the root apex – as integral parts of the sensory system of cells 
– are linked to identifying and communicating environmental changes to the plant. Differ-
ent parts of the root growth zone show distinct sensitivity to environmental impact and these 
functions correlate with the cellular and tissue con�guration and also resemble their exchange 
activity with the surrounding soil. It is tempting to compare these sensory functions of the 
different parts of growing tissues with sensory elements in animals, even though the basic 
mechanisms are quite distinct and include oriented transport of plant signaling substances.

Finely tuned signaling is also required for the integration of various environmental fac-
tors and resource availability with the plant-internal organization of the dynamic of growth. 
Growth itself is a highly dynamic process and is organized in characteristic spatial and tempo-
ral modi (Walter et al. 2009). As growth is the endpoint of a sequence of processes and de-
pendent on the availability of many resources it integrates external impact as well as internal 
mechanisms (Walter: Leaf Growth Dynamics). The results clearly identify endogenously 
triggered temporal changes – so-called “endogenous rhythms” – as important nominators of 
aboveground growth control in dicots to override fast changes in aboveground environmen-
tal cues. Externally triggered alterations of growth, e.g. via changing light intensity, show a 
characteristic, non-linear relation between effector and reaction. This is contrasted by the root 
growth control, which is governed strongly by long-distance transport of carbon and which is 
linked more directly to environmental patterns. Such progress has only been possible through 
the development of suitable imaging tools to analyze growth of leaves and roots with high 
spatial and temporal accuracy. The heterogeneity of resource availability to growing tissues 
can even be traced back months after growth has ceased (Gloser et al.: Shoot Heterogeneity 
in Trees: Consequences of Patchy N Availability and Vascular Transport). It is obvious that 
even long-lived trees do not have mechanisms to homogenize imbalances of nitrogen distribu-
tions that have been laid down during growth. This links the patchy distribution of nutrients 
in the soil with the heterogeneity of aboveground composition.

5. Modeling and Theory – Towards Understanding of the Role of Spatial and Temporal 
Heterogeneity

The role of heterogeneities at various levels has been a major focus and challenge of the 
workshop covered by this issue of Nova Acta Leopoldina. Aspects of non-linearities and scal-
ing problems gain a special importance in the context of heterogeneities. Here signi�cant in-
put from theory is required in order to allow adequate up- and downscaling of heterogeneous 
processes and structures. This will be crucial for understanding the role of heterogeneity at 
larger scales (upscaling) and the composition of effective quantities at larger scales from local 
and temporally variable parameters.
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Multilevel and integrated modeling is necessary to obtain a set of conclusive interpretations 
of ecophysiological data and interpretative models (Bohn: Integrative Computational Ap-
proaches to Complex Ecophysiological Systems). Adequate interaction between experimen-
talists and modelers – as illustrated in the successful analysis of CAM photosynthesis as 
well as of heterogeneity in bio�lms – is the basis for rapid and consistent progress on sound 
experimental basis and on valid models. This challenge goes beyond interpretation of hetero-
geneity and dynamics in plants, but is a general requirement for systems biology, in which 
complex and huge datasets need to be extracted to gain relevant information.

The many examples of heterogeneity in plant structure and function demonstrated in the 
workshop and this issue of Nova Acta Leopoldina indicates patterns rather than stochastic 
�uctuations. Self-organization and decentralized signal perception and processing are crucial 
mechanisms in plants. Local neighborhood relations and regulatory loops play an important 
role in establishing such patterns. Through advancements in the theory of pattern recogni-
tion and the integration of self-organization spatio-temporal patterns in biological systems in 
general can be approached by pattern analysis (Geberth et al.: Systematics of Spatiotempo-
ral Heterogeneity – Regulation of Large-scale Patterns by Biological Variability). Biological 
mechanism form deterministic structures that distinguish pattern formation in plants from 
pure physical processes – a feature that can be exploited to collect additional information 
about the biological system.

While heterogeneity is a common feature from the molecular to the ecosystem level, the 
individual structural and functional elements are often not randomly organized but rather in 
patterns. Lüttge and Hütt (Talking Patterns: Communication of Organisms at Different 
Levels of Organization – an Alternative View on Systems Biology) feature the role of com-
munication and signaling at all scales for the development of such patterns. The identi�cation 
of universal rules integrating heterogeneity across many scales is one of the most outstanding 
roles of theory for the biological sciences, as it identi�es common principles in living systems 
and (eco-)systems shaped by them.

6. Future Prospects of Imaging and Integrating Heterogeneity of Plant Structure and 
Function

Already in May 2002 the Leopoldina had addressed this important topic in a workshop at 
Darmstadt on „Nonlinear Dynamics and the Spatiotemporal Principles of Biology“ (Nova 
Acta Leopoldina NF 88, No. 332). The Jülich workshop (July 2007) has indicated the signi�-
cant development that this �eld has taken already within this relatively short period of time. 
This workshop, as illustrated by the diverse contributions to this issue of Nova Acta Leopoldi-
na, made clear that different communities have used different approaches to analyze and gain 
new insight from imaging approaches. Still there are major gaps in communication between 
disciplines like remote sensing and plant physiology, but concepts and approaches from each 
discipline will proof to be valuable in the future in other �eld and scales. A major challenge 
remains the lack of communication and common language between disciplines. Here the 
workshop provided a �rst step and a strong need was seen to continue trans disciplinary 
approaches in research but also in education. On such a basis signi�cant progress will be 
made in the future in the quanti�cation of a large variety of key processes in plant sciences at 
various scales and temporal frequencies – illustrating the importance of spatial and temporal 
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heterogeneity for plant performance in a changing environment as well as being an important 
characteristic of the strategy of plants to establish ef�cient mechanisms due to their sessile 
life form. The increasingly available technologies and the development of proper concepts 
will allow taking the next steps – namely the linking of processes and scales to understand 
plant behavior at a holistic level. This will allow better understanding of plants in the envi-
ronment for urgent problems in general and for processes that explicitly are characterized by 
environmental cues changing in space and time like climate change. In addition this will help 
open new routes for application in breeding (phenotyping) as well as in agricultural practice 
and land management (precision agriculture and remote sensing).
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Magnetic Resonance of Plants

 Peter Blümler, Carel W. Windt, and Dagmar van Dusschoten (Jülich)

 With 6 Figures

Abstract

This paper aims to give interested biologists a short (albeit incomplete) introduction to magnetic resonance imag-
ing (MRI) and its potential for research on plants and soils. Hence, the �rst section addresses the basic principles of 
nuclear magnetic resonance (NMR), its spatially resolved variant (MRI) and how the contrast of images acquired 
with MRI differs from other methods.

A second chapter shows a few examples of the application of MRI to plants and describes the possibilities as well 
as the dif�culties for MRI in plant research. One dif�culty that is almost irrelevant in clinical MRI is the fact that 
shape and size of plants vary from compact fruits to branched trees, which requires special and problem speci�c 
hardware solutions which very often need to be developed �rst. Therefore, the last chapter focuses on a few strategies 
to solve this problem and introduces dedicated devices for plant investigations.

Zusammenfassung

In diesem Artikel wird versucht, interessierten Biologen eine kurze, vereinfachte und deshalb natürlich unvoll-
ständige Einführung in Magnetresonanztomographie (MRI) zu geben und ihr Potential für P�anzenforschung und 
Bodenkunde darzustellen. Der erste Abschnitt erläutert deshalb die grundlegenden Prinzipien der kernmagnetischen 
Resonanz, ihrer ortsaufgelösten Variante (MRI) und welche Bildkontraste im Unterschied zu anderen bildgebenden 
Verfahren möglich sind.

Der zweite Abschnitt zeigt exemplarische MRI-Anwendungen an P�anzen und geht auch auf Möglichkeiten und 
Schwierigkeiten der Methode speziell in der P�anzenforschung ein. Eine solche Schwierigkeit, welche für klinische 
MRI irrelevant ist, ist die extreme Variabilität von P�anzen in Form und Größe, z. B. von kompakten Früchten zu 
verzweigten Bäumen, wofür jeweils spezielle und problemspezi�sche Geräte eingesetzt und meistens zuerst auch 
noch entwickelt werden müssen. Deshalb widmet sich der letzte Abschnitt einigen Strategien, wie dieses Problem 
gelöst werden kann, und stellt speziell für MRI an P�anzen entwickelte Geräte vor.

1. Introduction to NMR and MRI

Magnetic resonance is a physical phenomenon using the quantum mechanical magnetic proper-
ties of electrons and atomic nuclei to gather information about the local magnetic �elds as they 
are altered by the atomic environment (e.g. chemical structure) or dynamics (e.g. lattice move-
ments). The electrons or nuclei are excited by radio waves in external magnetic �elds. Due to 
the low energies associated with the excitation the method is non-invasive, i.e. the sample stays 
intact and most organic materials are transparent for the applied magnetic �elds and waves.

This paper will focus on magnetic resonance on nuclei, only. Therefore, the method is 
called NMR (nuclear magnetic resonance) with the most prominent application being named 
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MRI (magnetic resonance imaging), which is spatially resolved NMR. It is not the intention 
of this paper to explain NMR or MRI in depth, but only to give the minimal background to 
understand its potential use for plant physiology. Hence, more physical details should be 
looked up in the following textbooks (Hashemi and Bradley 2003, Westbrook et al. 2005) 
or on the web http://www.cis.rit.edu/htbooks/mri/inside.htm.

1.1 Physical and Technical Principles

Nuclear magnetic resonance (NMR) uses the magnetic properties of atomic nuclei which 
possess an intrinsic angular momentum (i.e. a nuclear spin). There are many isotopes which 
are of interest (e.g. 10B, 11B, 13C, 14N, 15N, 19F, 23Na, 31P, 39K, 35Cl, etc.) but this paper will 
mainly talk about the 1H-nuclei in water (that is, protons). The spins of the nuclei cause a 
very weak magnetic �eld, but the axes of the spins are normally randomly oriented, so that 
they all cancel. An external magnetic �eld is needed to align them. Hence, when a sample 
of water is placed in a static magnetic �eld the spins of the 1H-nuclei in the water molecules 
start to realign relative to the direction of that �eld. The sum of these oriented atomic magnets 
generates a macroscopic magnetization vector. The orientation of the spins, however, is not 
simply parallel to the magnetic �eld, but also antiparallel. This quantum mechanical effect 
creates two energy states separated by a quantum of energy. If this energy is irradiated via the 
alternating electric �eld of an electromagnetic wave, transitions between these two states are 
induced and the system is perturbed. This resonance effect uses an electromagnetic wave with 
a frequency that is directly proportional (e.g. 42 MHz at 1 T �eld strength for protons) to the 
strength of the applied magnetic �eld, resulting in an alternating magnetic �eld of orthogonal 
direction. This corresponds to a radio wave, which is typically applied in the form of a short 
burst (pulse) to excite the system. As soon as this pulse is switched off, the transverse (to the 
magnetic �eld) magnetization vector component produces an oscillating magnetic �eld which 
induces a small current in the receiver coil. This free induction decay (FID) is the measured 
signal which may last for a period between 10 µs and a few seconds before the thermal equi-
librium of the spins is restored. The information on the local magnetic �eld as experienced by 
the protons is best visualized after Fourier transformation of the signal.

Although 1H is very abundant (e.g. plants consists of ca. 90 % water and in each drop of 
water there are about 1021 1H-nuclei) NMR is not a very sensitive method, because the en-
ergy of the transitions are very small. Therefore, macroscopic samples are needed to gather 
suf�cient signals. On the other hand, the used energies are so small that the samples are not 
disturbed and a wealth of information can be obtained this way. This is why NMR is not only 
used for the elucidation of chemical structures but also for the study of porous media, medical 
diagnostics or even neurological studies of the brain.

1.2 Spatial Resolution

The frequency of the nuclear spins is directly proportional to the strength of the magnetic �eld 
that they experience locally. To resolve NMR spatially, it is only necessary to superimpose 
a spatially varying magnetic �eld. Ideally this �eld will depend linearly on a spatial coordi-
nate, hence have a constant gradient (�rst spatial derivative). This is the reason why these 
additional �elds are called “gradients”. Their in�uence on the NMR-signal is schematically 
explained in Figure 1. These gradient �elds can be utilized in such a way that they result in 
2D or 3D images or slices along arbitrary directions.
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The spatial resolution in such images then depends on the way they are acquired. Generally it 
is the ratio of the line width without gradients and the line broadening due to the gradient. The 
spatial resolution also greatly depends on the strength of the NMR-signal from the sample 
under investigation. If it is too weak to be measured in a single scan, several scans have to be 
co-added. For a given density of nuclei the signal strength is directly proportional to the vol-
ume it originates from, hence when this volume is reduced due to increased spatial resolution, 
more scans have to be acquired. Unfortunately, the signal-to-noise ratio only increases with 
the square-root of scans, which means that for twice the resolution along one dimension four 
times more scans have to be acquired and for twice the resolution in 3D already a 64 times 
(43) longer acquisition time results.

So usually the spatial resolution is optimized to be as high as necessary and as low as pos-
sible for each dimension. The dimensions of a MRI experiment are not necessarily all spatial 
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Blümler et al: Figure 1

Fig. 1  Schematic representation of the principle of spatial resolution in NMR using gradient �elds. Shown is the sig-
nal from two samples of different shape and location but with same chemical content (green box and blue cylinder). 
Left: NMR spectroscopy in a homogeneous magnetic �eld, B0. Right: MRI in the same �eld but with superimposed 
gradient, Gx. (A) Field and sample geometry in 3D, (B) �eld dependence along the direction of the gradient, (C) 
resulting NMR signal (after Fourier transformation). The signal on the right then corresponds to a spatial projection 
of the object along the x-axis, i.e. displaying the spin concentration along the x-axis while it is integrated over the 
other dimensions.
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dimensions, but could also include time (e.g. a snapshot of a short event consisting of a few 
subsequent images of the same scene) or other NMR information (e.g. spectroscopy, diffu-
sion, etc.). These considerations also greatly depend on what one expects to be encoded in the 
image intensities and how much one can contrast the sample properties of interest.

1.3 Contrast

While in clinical MRI images contrast can be used to distinguish healthy from unhealthy tis-
sues, NMR spectroscopy is able to elucidate complex chemical structures, even for proteins 
in solution. Information about chemical bonds originates mainly from two effects which can 
readily be used as contrasting mechanisms. The �rst is the so-called “chemical shift”, which 
describes an individual shielding of nuclei in a molecule due to the speci�c distribution of 
the electrons (i.e. the chemical bonding = molecular structure). This local �eld shields the 
nucleus from the external �eld and is characteristic for the local structure and the neighbor-
ing atoms and hence can be used for structural analysis. The other mechanism is “dipolar 
coupling”. All atomic magnets act like magnetic dipoles which not only interact with the 
external magnetic �eld but also mutually. Since the strength of this interaction is known 
and the observed effect mainly depends on the distance and the orientation of the dipoles, 
interatomic distances, angles and local orientations can be determined very accurately even 
in complex molecules.

Chemical shift can be used to contrast different chemical substances within a sample by 
selecting a range of characteristic frequencies (e.g. separation of fat and water or aliphatic and 
aromatic structures) (Rumpel and Pope 1992). Dipolar couplings on the other hand can dis-
tinguish tissues due to molecular dynamics which reduces dipolar couplings and sometimes 
also due to different orientations, e.g. of �bers.

In MRI the most important contrast mechanism, however, is caused by relaxation of the 
nuclear magnetization, which has a longitudinal and a transverse component. The longitudi-
nal component is due to an excess of protons in the lower energy state. This gives a net po-
larization parallel to the external �eld. Excitation generates transverse magnetization perpen-
dicular to the external �eld. The recovery after a radio frequency (r. f.) pulse of longitudinal 
magnetization is called T1 relaxation, and the loss of phase coherence in the transverse plane 
is called T2 relaxation.

Relaxation is a change in the magnetization with time which is typically caused by very 
fast variations of local �elds (e.g. �uctuations of the dipoles of neighboring spins). This al-
lows investigation of molecular dynamics over wide frequency ranges. In soils paramagnetic 
or ferromagnetic centers (e.g. iron oxides) can also greatly in�uence the relaxation times of 
surrounding protons. Exactly this mechanism is used for most clinical contrast agents.

Finally, the magnetic �eld gradients applied to obtain spatial encoding of the nuclear 
spins can also be used to detect transport phenomena. The fact that spatial encoding can 
be performed during an NMR sequence for a limited time and that it can be decoded or 
compared with a new spatial situation later on, allows to determine coherent and incoherent 
motion of the spins. Coherent motion of the spins is typically referred to as �ow or convec-
tion while incoherent motion is referred to as diffusion or perfusion. Both processes can be 
distinguished and studied over a wide range, which makes it possible to acquire interesting 
insights into mass transport in plants and soils. Very small velocities, however, normally 
require the use of contrast agents.
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2. MRI of Plants

When compared to imaging of people or animals, MRI of plants would appear to be much 
simpler. Plants barely move during measurements, the internal structure is rather symmetric 
and predictable in large parts of the plant (like stems which have essentially a cylindrical 
symmetry), and internal transport tends to be slow and is not pulsatile. In many cases there is 
plenty of time to acquire signal, which should yield high quality images with high resolution. 
For this reason NMR images of harvested fruits are abundant and have been used as demo 
objects for MRI since its inception. Another advantage is that many safety regulations and 
constraints, necessary in clinical MRI, do not apply when working with plants. This allows, 
for instance, the application of many, intense and very short excitation pulses. Thus MRI on 
plants can be performed in a much more direct and quantitative way than in humans.

However, living plants do not have a “closed” (hence compact) body layout, where inter-
nal surfaces separate organs which are connected by vessels. They rather show a so-called 
“open” body plan, as they have to expose relatively large surfaces to the environment for 
maximal light interception, water and nutrient uptake. In order to ful�l this aim a branched 
structure is much more advantageous, but when considering them as MRI samples this leaves 
a lot of empty spaces between the rami�ed plant parts, resulting in a poor �lling factor. Ide-
ally, however, the r. f. and gradient coils should be very close to the interesting regions to 
achieve best noise �gures and spatial resolution.

Furthermore, plants have a “second half” that is hidden in a completely different envi-
ronment – the soil. MRI of roots can be even more challenging than that of the parts above 
ground, because delicate plant structures here are surrounded by water �lled pores and often 
abundantly present para- or ferromagnetic impurities, which can result in image distortion. 
Even in terms of �lling factors this scenario is typically worse than above ground, because 
healthy plants require big pots to grow. In those pots a lot of water is not associated with the 
plant, and this water has to be distinguished from signal arising from plant roots by utilizing 
suitable MRI contrast. Taken together the general shape of plants and its biodiversity make 
MRI on living plants particularly demanding in terms of suitable hardware.

Another factor that complicates matters is that most plant tissues contain air. Air conducts 
the magnetic �eld slightly different than water, which causes a local variation in the magnetic 
�eld. Therefore, an air bubble causes a local magnetic �eld gradient, which will compete with 
the gradients used for the MRI experiment. The result is a loss of signal, mainly caused by diffu-
sion in the local gradient and a dislocation of the water signal in the image. In order to overcome 
some of the above problems, strong gradient coils are required in combination with high r. f. 
power, which is useful to shorten the time for signal detection and therewith the time that diffu-
sion can take place. This again is quite demanding on the equipment.

A well equipped MRI lab for the investigation of plants therefore needs a variety of hard-
ware solutions to match the various regions of interest. Additionally, a vertical bore magnet, 
high power gradient- and r.f.-coils are required, driven by strong ampli�ers. Finally, for many 
plant experiments one should be able to control the environmental conditions inside the mag-
net with regard to light, temperature and humidity.

2.1 Contrast, Spatial Resolution and Dynamic Information

A stated in section 1.2 MRI has a limited spatial resolution, which is often debated to be 
too low for microscopic applications. For very small objects (diameter on the order of a few 
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millimeters), the highest in-plane resolution for plant parts can be close to 10 × 10 µm2, with 
a so-called slice thickness of roughly 100 µm. When studying larger parts of living plants, 
like buds or stems, the in plane resolution will typically be around 50 × 50 µm2 within a slice 
of 200 µm. This is roughly at the cellular level or above, and it is often argued that MRI can 
thus not be used to gather information on a cellular or even sub-cellular level. However, this 
is an over-simpli�cation. In many plant regions cell groups exist that exhibit roughly identical 
features, like overall size, relative compartment size, membrane permeability or sugar con-
centration. These cells can be taken together and viewed as an assembly. When special MRI 
sequences are then applied to such an assembly, averaged information can be acquired (like 
T2, T1, �ow or translation diffusion, the four most commonly measured parameters). These 
MRI parameters can be translated on a pixel-by-pixel basis into morphological or physiologi-
cal information which originates from the (sub-)cellular level, for instance:

– vacuole size (van Dusschoten et al. 1995);
– plasmalemma permeability (van der Weerd et al. 2002);
– relative sugar concentrations (Köckenberger et al. 2004);
– �ow velocity, �ow conducting area and volume �ow in xylem and phloem (Scheenen et 

al. 2000, Windt et al. 2006).

In a time series of experiments one can thus follow the dynamical response of plant charac-
teristics to varying environmental conditions by monitoring these or equally relevant, physi-
ological parameters.

Albeit not a dynamical response of singular cells, the averaged response is often more 
than suf�cient for plant physiological and biochemical studies. Such studies are therefore 
often restricted to two spatial coordinates, because generating 3D maps of NMR parameters 
is time consuming, and the focus of interest can typically be limited to one or a few slices 
through the plant. Still it is a nice feature of MRI that internal and external features of the 
sample can easily be recorded in 3D. If we limit ourselves to obtaining an appropriate con-
trast between tissues, as is common for MRI studies in the medical �eld, the duration of such 
3D measurements does not become too excessive (e.g. 30 min) and can be used to study the 
development of morphological features. Figure 2 shows an example of a maize plant with its 
roots in normal sand not fully saturated with water. The roots sit in a plastic pipe with 3 refer-
ence tubes attached to it to allow for concatenation. This image shows a 256 × 192 × 216 data 
matrix corresponding to a �eld of view of 68 × 68 × 120 mm, based on two 3D MRI measure-
ments that were concatenated using MeVisLab (MeVis Research GmbH, Bremen, Germany). 
In this case it was possible to zoom in on the water within the roots alone, disregarding the 
water in between the sand due to the good contrast that can sometimes to be obtained between 
plant water and soil water. This type of 3D image can be used to follow the root structure over 
time, thereby enabling the measurement of the relative root growth rate in 3D within a natural 
soil. Studies like these can be performed in half an hour such that even moderate changes of 
the growth rate during the day, or the effect of changes in the environment can be monitored 
and quanti�ed.

The internal structure of plants or plant parts can also easily be visualized. As an example, 
Figure 3 shows four images of (virtual) slices through a sugar beet. The image at the top left 
(Fig. 3A) is a slice through the lower parts of the stems. The vascular bundles are easily recog-
nized as brighter zones. This is normally caused by the large size of the xylem vessels, which 
results in longer T1 and T2 values. Because the images are T2 weighted, a longer T2 results in 
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Blümler et al: Figure 2

Fig 2  3D reconstruction of a maize root system in a 58 mm wide pot. Three reference tubes were �xed to the 
outside allowing for concatenation of two 3D data sets. Field of view (FOV) is 68 × 68 × 130 mm, corresponding 
to 256 × 192 × 216 pixels. Time between excitation and echo detection, TE = 12 ms, recovery time between two suc-
ceeding experiments, TR = 3.5 s, slice thickness = 0.6 mm
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a brighter pixel color. The effect of T1 relaxation could be excluded in these images by allow-
ing for full relaxation before new excitation. The upper part of the sugar beet is shown in the 
two lower slices (Fig. 3C and D). The brighter pixels correspond with transport tissue. The 
outer layer of the beet appears to have a higher water density, which was quanti�ed by using 
another MRI sequence which also determines the T1 values. These T1 values turned out to be 
uncommonly short, often less than 100 ms, which is a clear indication that a lot of sugar was 
accumulated in this beet in a period of just over a month. Only in the center of the pith, which 
is known to have lower sugar content, higher T1 relation times were determined.

In case one wants to obtain more than just plain morphological information over time it 
can be bene�cial to measure intrinsic NMR parameters like T1, T2 and water density, which 
requires the use of slightly more complicated pulse sequences. In Figure 4 we present a 
demonstration of this type of measurement on an excised rhubarb stalk. Using a so-called 

Blümler et al: Figure 3

Fig. 3  A series of 4 slices through a sugar beet starting at the leaf stems just above the sugar beet (A) and descending 
into the upper part of the beet (D). MRI details: Spin Echo, TE = 12 ms, TR = 3 s, FOV = 68 × 68 mm, slice thick-
ness = 0.6 mm.
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saturation recovery multi echo sequence a 4D data set (two spatial dimensions and two time 
dimensions of characteristic changes of magnetization) was acquired. Using a 2D �t routine 
water density, T2 and T1 maps are calculated for each pixel (Fig. 4A, B, C respectively). Ad-
ditionally, the ratios of the T1’s and T2’s can be displayed (Figs. 4D and E). One can clearly 
distinguish structures like the vascular bundles, with phloem (T1 and T2 shorter than in pith), 
xylem (larger xylem vessels have emptied) and sclerenchyma cells (shorter T2, long T1). Fur-
thermore, the cortex (both T1 and T2 are long, 2 s and 0.4 s, respectively) and an outer layer of 
more densely packed cells (short T1, long T2) can be recognized. The long T1 for cells in the 
cortex in combination with a long T2 indicate the presence of large vacuoles with a low or-
ganic content. The cells within the outer layers that have a T1 of roughly 1 s and a T2 of about 
300 ms, most probably exhibit an increased concentration of smaller organic compounds 
within the vacuole. Since the duration of the experiment is about half an hour, changes of 
water and e.g. sugar content within the stem or phloem can be measured on a physiologically 
relevant time-scale.

Fig. 4  Maps of the (A) water density, (B) T2 and (C) T1 as obtained from a saturation recovery multi echo experiment 
on an excised Rhubarb stalk after 2D �tting. Additionally the ratio-maps T1/T2 and T2/T1 are presented as a visual tool 
to identify plant structures. Grayscales: (B) 0.05 to 0.5 s; (C) 0.3 to 2 s. TR= 0.06 to 3.2 s, TE = n*0.008 s (n = 1,..,30). 
FOV = 15 × 15 mm, slice thickness = 1 mm

Blümler et al: Figure 4
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2.2 MRI Velocimetry

An example that illustrates how MRI can be used to obtain information from structures small-
er than the spatial resolution is MRI �ow imaging. MRI generally does not allow the visual-
ization of vessels or conduits: they are just too small. In practice this means that pixels with 
�ow do not only contain a �ow conducting conduit, but also a sizeable amount of stationary 
water located in tissue surrounding that conduit. However, by using a pulsed �eld gradient 
(PFG) type �ow measurement technique the contributions of both water fractions, stationary 
and �owing, can be separated.

In a typical �ow measurement the velocity spectrum is measured for every pixel in an im-
age. In such a spectrum the amplitude of the signal is a measure for the amount of water, while 
the velocity spectrum reveals what velocities are present. Stationary but randomly diffusing 
water will become visible as a Gaussian shape centered at velocity zero. Water that exhibits a 
net directional �ow will appear left or right from the stationary water, depending on the direc-
tion of �ow. Unfortunately, the velocity spectrum itself is not yet enough to separate the �ow-
ing from the stationary water. The contributions of the stationary and the �owing water still 
appear in a convoluted fashion. However, it is known that the signal of the stationary water 
must be symmetrical around velocity zero and has a Gaussian shape. This knowledge can be 
employed to separate the stationary from the �owing water, thus giving access to displace-
ment information on a sub-pixel level (Scheenen et al. 2000). The results can subsequently 
be quanti�ed both in terms of amount of water, linear �ow velocity, �ow conducting area, and 
volume �ow (cf. Fig. 5A and B).

What makes MRI velocimetry especially well suited for the study of long distance trans-
port is the fact that it is completely non-invasive. Both xylem and phloem transport rely on 
fragile pressure gradients that are easily disrupted. The xylem easily becomes embolized 
when punctured, and the phloem (which consists of living cells) shows a range of defense 
reactions whenever it is touched or cut. MRI velocimetry does not have these drawbacks, 
making it possible to monitor transport in plants for days (Fig. 5C) or even weeks.

3. Specialized Hardware

In order to detect an NMR signal, the region of interest in a sample must experience a mag-
netic �eld for the duration of the experiment. Furthermore, the spins in this volume must be 
excited by a strong burst of a suitable radio frequency and a spatial detection also requires 
additional magnetic �eld gradients. Typically the magnetic �eld is provided by a strong elec-
tro magnet, into which the sample is placed. To achieve strong �elds over large volumes 
very high currents are necessary, and the best way to provide them is to use superconducting 
magnets, which do no longer possess electrical resistance but must be cooled by liquid he-
lium. The sample must then be surrounded by gradient coils and radio frequency coils which 
further reduce the accessible volume, so that for a sample of 15 cm diameter, a magnet with 
an inner bore of 30 cm is needed. Such equipment is expensive and of course stationary.

Another problem that easily arises when investigating plants by NMR is the fact, that 
while the entire plant has to be placed inside the magnet only a small part (e.g. branch, fruit) 
is of actual interest. The principal non-invasive nature of NMR experiments is therefore of-
ten waived for the sake of achieving better �ll factors or investigating larger plants. From an 
extremely puristic view even cultivating and observing a plant in a �ower pot could be called 
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Fig. 5  Water content and long distance transport in poplar. (A) Water content. (B) Volume �ow per pixel. The xy-
lem and phloem �ow images originate from different measurements and have been superimposed. Xylem transport 
is shown in blue and occurs in an upward direction. Phloem transport is shown in red and is directed downward. 
(C) Xylem �ow in poplar during a period of two and a half days. Shown are total volume �ow in the stem (closed 
symbols, left axis) and average linear velocity (open symbols, right axis). MRI details: PFG-SE-TSE, TR = 2.5 s, 
FOV = 12.5 × 12.5 mm, slice thickness = 3 mm. (Windt et al. 2006)
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an “invasive” procedure, but de�nitely the study of intact plants in the �eld by NMR requires 
other hardware solutions.

Recently great improvements in light-weight, portable magnet systems and spectrometers 
have been made (Goodson 2006). This development was triggered by an increasing need of 
“outdoor” applications of NMR (e.g. in veterinary medicine or geophysical oil well inspec-
tions) and has become technically feasible due to the development of stronger permanent 
magnets, suitable assembly of such magnets and systematic methodological research in NMR 
experiments. This trend started with mobile single-sided equipment (Blümich et al. 2008), 
where a small magnet is placed on the surface of an arbitrarily large object and measures the 
NMR-signal from a small spot close to the surface. While this technique is very useful for 
material testing, its use in plant research is limited due to the fact that signal is dif�cult to 
quantify and the penetration depth is typically too low (a few millimeters).

Quantitative measurements of water content in entire plant segments and detailed studies 
of plant physiology therefore require relatively homogeneous magnetic �elds over the entire 
volume of interest; at least the variation of the magnetic �eld must be smaller than the band-
width of the applied radiofrequency pulse in order to excite all the contained spins.

One possible solution for all these requests is a hinged magnet system, which opens and 
closes without noteworthy force and is therefore called the NMR-CUFF (Cut-open Force 
Free). The principle and a working prototype are shown in Figure 6. The magnets in the 
NMR-CUFF generate a very homogeneous and strong �eld (see Fig. 6A) (Raich and Blüm-
ler 2004), that when opened along a diagonal generates attracting and repelling forces of 
almost equal strength: See �ux lines in Figure 6B, where in the center of the device a local 
maximum of the magnetic �eld lies in between two local minima (white circles). Due to 
this design idea the NMR-CUFF is the �rst magnet which can be opened almost without 
force. (The measured force associated with opening and closing is smaller than 20 N.) The 
prototype in Figure 6 A’/B’ generates a �eld of 0.57 T (which corresponds to a 1H resonance 
frequency of 24 MHz) with a homogeneity of 400 ppm over a spherical volume with 5 mm 
diameter. This versatile instrument only weights 4 kg and can for instance be clamped around 
a tree, branch or stem of a plant and will allow quantitative measurements of relaxation or 
diffusion in the entire enclosed volume. Mobile equipment like the NMR-CUFF allow studies 
of plants or plant parts which cannot be investigated in vivo by stationary MRI scanners either 
because the plants are too big or have to be studied in the �eld. High resolution imaging and 
spectroscopy, however, will be challenging to realize with such devices (Blümich et al. 2008, 
and references therein), but one might bear in mind that their �eld strength and homogeneity 
is already comparable to commercial stationary MRI equipment 20 years ago.

The principle design of the NMR-CUFF can be scaled up. However, for the sake of mobil-
ity one should consider, that doubling the dimensions (e.g. inner diameter), by simply scaling 
the design up, increases the mass by a factor of 23 = 8!

4. Conclusion and Outlook

MRI of plants is no simple task. It can only be realized by innovative re�nement of techno-
logical solutions from medical imaging to special requirements of plants as living systems: 
Illumination, climate control and, ideally, even the hardware has to be optimized to produce 
meaningful data. Yet, the wealth of dynamical, physiological information that is accessible 
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Fig. 6  The NMR-CUFF – a hinged magnet which opens without force. (A) closed and (B) opened system. Magnets 
and supporting material are superimposed a calculated plot of the generated �ux lines of each arrangement. Local 
minima in the �ux in (B) are marked by white circles. Top row: Principle arrangement of the permanent magnets 
overlaying a simulation of the resulting magnetic �eld. Bottom row: Prototype applied to a plant stem. This prototype 
has a �eld strength of 0.57 T and weighs ca. 4 kg. The central opening is 30 mm.

via in-situ and in-vivo MRI experiments de�nitely justi�es the effort. Morphology, chemical 
and physical composition, water status and transport and maybe even uptake of other nuclei 
can be followed non-invasively with sub-millimeter resolution. Therefore, MRI has the po-
tential to become an indispensible tool for plant physiology and biophysical research.

A

B’

B

A’



Peter Blümler, Carel W. Windt, and Dagmar van Dusschoten

30 Nova Acta Leopoldina NF 96, Nr. 357, 17–30 (2009)

References

Blümich, B., Perlo, J., and Casanova, F.: Mobile single sided NMR. Prog. Nucl. Magn. Reson. Spectrosc. 52/4, 
197–269 (2008)

Goodson, B.: Mobilizing magnetic resonance. Physics World 5, 28 –33 (2006)
Hashemi, R. H., and Bradley, W. G.: MRI the Basics. Philadelphia: Lippincott Williams and Wilki 2003
Köckenberger, W., Panfilis, C. de, Santoro, D., Dahiya, P., and Rawsthorne, S.: High resolution NMR mi-

croscopy of plants and fungi. J. Microscopy 214, 182–189 (2004)
Raich, H., and Blümler, P.: Design and construction of a dipolar Halbach array with an homogeneous �eld from 

identical bar-magnets – NMR-mandhalas –. Conc. Magn. Reson. B: Magn. Reson. Eng. 23B/1, 16 –25 (2004)
Rumpel, H., and Pope, J. M.: The application of 3D chemical shift microscopy to noninvasive histochemistry. Magn. 

Reson. Imag. 10/2, 187–194 (1992)
Scheenen, T. W. J., van Dusschoten, D., Jager, P. A. de, and Van As, H.: Quanti�cation of water transport in 

plants with NMR imaging. J. Exp. Bot. 51/351, 1751–1759 (2000)
van Dusschoten, D., Jager, P. A. de, and Van As, H.: Extracting diffusion constants from echo-time-dependent 

PFG NMR data using relaxation-time information. J. Magn. Reson. A 116, 22–28 (1995)
van der Weerd, L., Claessens M. M. A. E., Efdé, C., and Van As, H.: NMR imaging of membrane permeability 

changes in plants during osmotic stress. Plant Cell Environ. 25/11, 1539 –1549 (2002)
Westbrook, C., Roth, C. K., and Talbot, J.: MRI in Practice. Wiley-Blackwell 2005
Windt, C. W., Gerkema, E., Oosterkamp, J., and Van As, H.: MRI of long-distance water transport: a comparison 

of the phloem and xylem �ow characteristics and dynamics in poplar, castor bean, tomato and tobacco. Plant Cell 
Environ. 29/9, 1715 –1729 (2006)

 Dr. Peter Blümler
 Forschungszentrum Jülich GmbH 
 Institut für Chemie und Dynamik der Geosphäre
 ICG-3: Phytosphäre, Geb. 06.2 (E5)
 52425 Jülich
 Germany
 Phone: +49 2461 613263
 Fax: +49 2461 612492
 E-Mail: p.bluemler@fz-juelich.de



Nova Acta Leopoldina NF 96, Nr. 357, 31– 47 (2009)

31

Quanti�cation of Plant Surface Structures from 
Small Baseline Stereo Images to Measure the Three-
dimensional Surface from the Leaf to the Canopy 
Scale

 Bernhard Biskup1, Ralf Küsters1, Hanno Scharr1, Achim Walter1, and
 Uwe Rascher1,2

 With 6 Figures

Abstract

Structural changes are one key feature of plant life and determine performance of plants in their natural environ-
ment. 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 arti�cial 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.

Zusammenfassung

Strukturänderungen sind ein charakteristisches Merkmal p�anzlichen Lebens und haben einen maßgeblichen Ein-
�uss auf die Leistungsfähigkeit von P�anzen. Form und Struktur einzelner Organe (z. B. Blätter) und ganzer Kronen-
dächer passen sich permanent ihren Umweltbedingungen an. Zurzeit existiert nur eine begrenzte Zahl von Verfahren 
zur Messung der Ober�ächenstruktur von P�anzen unter natürlichen Bedingungen. In dieser Arbeit stellen wir das 
Potential von Small-Baseline-Stereoverfahren zur Vermessung p�anzlicher Ober�ächen und Kronendächer 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 p�anzlicher Ökosysteme.

1. Introduction

Plants constantly adjust to changing environmental conditions. Being sessile organisms, a 
wealth of acclimation mechanisms affect plant structure by altering the distribution of growth 
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of single organs such as leaves or the interplay and arrangement of their modules, which e.g. 
changes foliage orientation. Thus, the structure of plant canopies is highly dynamic, chang-
ing on various time scales, from minutes to seasons (for recent review see Schurr et al. 
2006). Structural changes in plants have been studied for decades and different approaches 
to quantify the structural parameters of plant canopies have been developed in the past (e.g. 
Campbell and Norman 1989, Sinoquet and Rivet 1997, Sinoquet et al. 1998, Rako-
cevic et al. 2000). However, most of these methods require the plant being �xed in the lab 
or are too time consuming (such as laser scanning methods) to account for fast changes in 
natural conditions (Rakocevic et al. 2000 reported a time of 3 –7 h needed for a 10 cm × 10 
cm canopy of white clover).

On the microscopic scale, stereo microscopes are usually used together with correlation 
based reconstruction approaches (see e.g. Liao et al. 1997, Omasa 2000). On the large scale, 
photogrammetry has established a variety of approaches to map the surface of earth in three 
dimensions: digital elevation models have been elaborated with enormous precision by meth-
ods such as relief displacement, shadow length analysis and aerial stereoscopic photography 
(see e.g. Hirschmüller et al. 2005).

Considering this background, there is surprisingly little information available on the three-
dimensional structure of plant canopies and ecosystems, which pose the speci�c challenge of 
changing their shape and structure frequently. To our knowledge, there is currently no reliable 
�eld method available for reconstructing plant structure on a medium scale, i.e. from the level 
of single leaves (cm resolution) to canopies (a few meters). Stereo imaging methods are often 
hampered by the limited contrast of plant leaves and the cleft structure of plant canopies, 
which consist of almost two-dimensional leaves parted by great discontinuities. These struc-
tural properties make it dif�cult to use standard stereo algorithms on plant canopies. Thus 
alternative methods were used to get information about plant ecosystems, with active radar 
and light detection and ranging (LIDAR) methods currently being the most frequently used.

LIDAR is used to quantify biomass and to retrieve structural information about whole 
forest stands for forest management (Maltamo et al. 2005). LIDAR devices emit light onto a 
target, and the travel time from the device to the target and back to the device is used to deter-
mine the height of an object. Because return signals are received from structures at different 
heights (such as canopy stories), LIDAR is capable of determining the vertical distribution 
of foliage. However, the top of the canopy may be hard to detect if insuf�cient leaf material 
is present (Lefsky et al. 2002). By turning the LIDAR device or by moving it across an area, 
height distributions of complex surfaces, such as forest canopies being reconstructed from 
airplane measurements, can be obtained. In general, LIDAR provides a sparser sampling than 
optical approaches (Baltsavias 1999). Results from LIDAR allow understanding dynamic 
vegetation changes which helps to improve forest management. Moreover, LIDAR vegetation 
data is discussed as a measure of carbon stocks in the frame of the Kyoto protocol (Turner 
et al. 2003, Patenaude et al. 2005). Recently on the smaller spatial scale, scanning LIDAR 
techniques have successfully been employed to create three-dimensional (3-D) reconstruc-
tions of single broad-leaved plants (Omasa et al. 2006). Despite great technical advantages 
high spatial resolution results in long scanning times, which to date limits the applicability of 
high resolution LIDAR to laboratory experiments 

During the past years it became obvious that processes well understood on the single leaf 
level cannot linearly be scaled up to the canopy level to understand ecosystem processes. 
Hence, the need was emphasized to:
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– Monitor growth and phenotype of crops to facilitate improved management practices 
there. Analysis of plant reaction towards environmental stresses would allow rapid screen-
ing for optimized crop lines.

– Better understand and model foliage changes and light interception in canopies. These 
input parameters are necessary to increase precision of carbon models. Micrometeorologi-
cal parameters have to be validated and parameterized for turbulences within plant cano-
pies and to correctly parameterize plant mediated exchange processes in soil-vegetation-
atmosphere-transfer and mechanistic ecosystem models.

– Get �rst insight into structural changes of the outer canopy as a response to environmental 
factors. Structural changes are an inherent feature of plants to adjust to different environ-
ments and the importance of structural changes as a trait of physiological acclimation and 
hence survival probability is just about to be realized (Niinemets et al. 2005).

– Remote sensing will help to better understand the radiative transfer processes within a 
canopy with the help of 3-D structural information, which will allow retrieving and cor-
recting for effects related to bidirectional re�ectance distribution functions (BRDF): due 
to their complex structure, leaf re�ectance commonly depends both on the incidence angle 
of the sun and the viewing angle (Barton and North 2001).

With this communication we address this gap in knowledge and present a proof-of-concept 
evaluation on 3-D imaging of plant surfaces from the single leaf to the canopy. We use a 
small baseline stereo approach, meaning a stereo reconstruction approach where the camera 
positions differ only little in comparison with the distance to the object. The method can be 
established with comparably small �nancial investment. Texture of plant surfaces is often 
suf�cient for this approach, and images of leaves and small canopies can often directly be 
used for 3-D reconstruction. However, it has to be pointed out that some plant organs, such as 
leaves of certain species, may have to be pretreated for texture enhancement (e.g. by applying 
spray markers or illuminating with structured light). On the canopy scale, however, single 
leaves provide enough texture to calculate distance as long as the camera system provides 
suf�cient spatial resolution.

2. Small Baseline Approach to Quantify Three-Dimensional Surfaces

2.1 Background

Stereo imaging is a way to measure 3-D surface structure non-destructively. There is a wide 
variety of two-camera stereo image reconstruction schemes (see Scharstein and Szeliski 
2002 for a recent overview and performance comparison; also see Brown et al. 2003). The 
basic idea of stereo reconstruction is to �nd positions in the acquired images correspond-
ing to the same surface point (the so-called correspondence problem) and triangulate its 
depth using the known camera geometry. Camera geometry can be determined using freely 
available calibration tools (see e.g. http://www.vision.caltech.edu/bouguetj/calib_doc/index.
html). Due to this work it is rather straightforward to calibrate single cameras for their in-
trinsic parameters as well as two cameras with respect to their relative positions and orienta-
tions (extrinsic parameters). The major remaining problem is to solve the correspondence 
problem for as many points as possible. Point or feature based approaches look for distinct 
image structures like corners or junctions that can be detected reliably in both images. Dis-
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criminative features (see e.g. Shi and Tomasi 1994) can be matched even if their positions 
are far apart from each other in the two images. While these features deliver highly accurate 
depth estimates there are only few of them in an image and the reconstruction is usually 
too sparse for a full surface reconstruction. Area or correlation based approaches search 
for similar patches in both images. As for features their positions are also allowed to be 
separated considerably. Thus, large position changes due to large distances between the two 
cameras, i.e. wide baseline stereo, can be handled. Unfortunately, using correlation, patch 
positions can only be determined with pixel accuracy (i.e. discrete depth steps) leading to 
staircase-like depth reconstructions unless additional subpixel estimations are performed. 
Among the most promising approaches, even though not yet listed on the Middlebury web 
page (experimental comparison of stereo algorithms, http://cat.middlebury.edu/stereo/; see 
Scharstein and Szeliski 2002), are optical �ow based methods (Slesareva et al. 2005). 
They bene�t from the tremendous accuracy increases in optical �ow estimation achieved in 
the last decade (Papenberg et al. 2006). Originally designed to measure motion in temporal 
image sequences, they also solve the correspondence problem. Using optimized numerical 
differentiation schemes, even higher accuracy can be achieved when more than 2 images are 
used (Scharr 2005) due to lower systematic errors. As explained in more detail below, the 
approach proposed in the current paper uses the optical �ow assumption on usually 3 –5 im-
ages acquired by a single camera shifted via a moving stage, together with a local total least 
squares estimation scheme. This approach thus bene�ts from the high accuracy of multiple-
image optical �ow without the need for elaborate camera calibration: internal parameters are 
�xed, and external parameters are known from the motion of the moving stage (‘hardware 
calibration’).

2.2 Experimental Set-up

Generally, the experimental set-up is an advancement of the 2-D growth set-up (see Walter 
and Schurr 2005), adding the additional dimension with the moving stage. Multi-camera 
images were acquired using a standard 640 × 480, black/white CCD video camera (XC-75, 
Sony, Tokyo, Japan). The relative spectral response of the camera ranged from 400 nm (0.5) 
to 1000 nm, reaching its maximum (1) at 500 nm (Sony). Images were acquired according 
to the near-baseline approach (see e.g. Hartley and Zisserman 2004) with a small parallel 
shift (the so-called stereo baseline) of the camera position to the distance of the object (paral-
lel shift: distance to object = 1 : 100). For small objects such as leaves, this resulted in a par-
allel shift of a few millimeters only, prohibiting the use of separate cameras. We thus used a 
computer controlled moving stage (VTM80, OWIS, Stauffen, Germany) allowing high accu-
racy camera movements (repetition error < 1 µm) via a step motor. Images could be acquired 
within a few seconds, which is necessary to ensure that the object does not move during the 
measurement. If fast motions e.g. due to wind are an issue, multiple synchronized cameras 
should be used instead of a single one on a moving stage (Biskup et al. 2007). However, with 
two cameras, a near-baseline setup can only be achieved when the working distance is suf�-
ciently high, depending on the size of the camera bodies. To compensate for noise of the CCD 
chip, 5 –20 images were averaged with a frame rate of 25Hz.

Physiological performance and structure of plants adapt to environmental conditions and 
e.g. leaves move according to direction and intensity of light. Thus, measurements of plant 
surfaces and structure often involve natural conditions with day/night changes of light or �uc-
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tuating light conditions that are common in the �eld (Rascher and Nedbal 2006). This may 
pose special challenge for time series of optical �ow estimates for which measuring light con-
ditions have to be kept constant. For laboratory measurements (Fig. 1 and 2) we illuminated 
the plants with two light sources, (i) photosynthetic active light ( λ < 800 nm) and (ii) infrared 
(IR) LED panel ( λ = 940 nm; Conrad Elektronik, Hirschau, Germany). An IR long-pass �lter 
( λ > 940 nm; Schott, Mainz, Germany) was used with the camera lens. This set-up allows 
separation of surface measurements under constant illumination in the near infrared, which 
is physiologically not effective for plants, and changes in photosynthetically active illumina-
tion, which is necessary to apply e.g. day/night cycles.
   By restricting the imaged spectrum to a narrow band and by applying arti�cial illumina-
tion, the in�uence of variations in brightness of natural illumination was reduced. This is 
especially important when acquiring image sequences for growth measurements (Walter 
and Schurr 2005). However, natural intensity variations during acquisition of one image set 
was consistently low and thus did not cause problems with optical �ow estimation. Long-term 
intensity variations can be allowed for by explicit modeling (Haussecker and Fleet 2001, 
Schuchert and Scharr 2007).

2.3 Algorithm

Optical �ow is a concept for measuring motion in image sequences. The assumption used to 
do this is that intensity values of surface elements projected onto the camera sensor do not 
change (much) from one image to the next – the so-called brightness constancy assumption. 
Temporal brightness changes at a given pixel position are assumed to arise from motion of 
imaged objects, or from camera motion. Interpreting the acquired image sequence as a con-
tinuous spatio-temporal volume, allows for the calculation of derivatives in this data set. For 
each point, the spatio-temporal direction in which intensities change least is the direction 
where the intensity point is assumed to have moved. Such a moving intensity point produces 
a linear structure of constant brightness in the spatio-temporal volume if moving at constant 
velocity, or a bent structure if it accelerates or decelerates. Ful�lling the brightness constancy 
assumption formally means that the total derivative of the acquired intensity I has to be zero 
or dI(x,y,t)/dt = 0, where x, y, and t denote the spatial and temporal image (pixel) coordinates. 
Applying the chain rule we get:
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The partial derivatives of intensity I are calculated directly from the image data using suitable 
convolution kernels (derivative �lters; comp. Scharr 2005). The remaining total derivatives 
of the spatial coordinates are the sought-for components of the displacement vector u = (ux,uy) 
= (dx/dt, dy/dt). They are calculated via the so-called structure tensor technique (Bigün and 
Granlund 1987, Haussecker and Fleet 2001), a local total least squares (TLS) estimator. 
The TLS data modeling technique (also termed orthogonal regression) bears the advantage 
over ordinary least squares in that it assumes observational errors in both the dependent and 
the independent variables, which is more appropriate.

In order to relate multi-image optical �ow with surface reconstruction, we need to know 
how a surface point is projected into an image and how this projected position changes with 
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time, i.e. camera position, in the acquired sequence. Using a high-quality, low-distortion lens, 
or assuming an internally calibrated camera, we can correct for optical distortions, and are al-
lowed to use a simple pinhole camera model. The only parameter varied from image to image 
is the horizontal camera position Xc = Vx t where t is the time in the image sequence or, better, 
the image index and Vx is the image to image camera position distance. A 3-D surface point 
(X, Y, Z)T is projected to an image point (x, y)T using a pinhole at (Xc, 0, 0)T and focal length 
f (i.e. distance between image sensor and pinhole) by
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Consequently, the image to image position change of an image point (x,y)T due to the camera 
shift is the derivative with respect to t or
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We see that the y component uy of the optical �ow vanishes, and we can calculate depth Z 
from its x-component ux via Z= –f Vx /ux .

2.4 Accuracy

The accuracy of the proposed method has been investigated in Scharr (2006). Tests using 
data with available ground truth showed that systematic errors of optical �ow estimation, 
i. e. in ux and therefore also for depth Z, using 5 camera positions are well below 0.03 % 
(0.85 % for 3 positions) when no noise is present. This error can be further decreased when 
more images are used. This shows that the method gives very accurate results under optimal 
conditions. However, for less optimal conditions (e.g. noise, re�ections, poorly structured 
surfaces), the error increases. For a signal-to-noise ratio of 0.025, which one usually gets with 
consumer grade cameras under challenging but still realistic light conditions, the error rises 
to 0.2 % (1 % for 3 cameras). This accuracy is achieved as long as the working depth interval 
and camera shifts are chosen such that the x-component ux of the optical �ow is in the range of 
0.2 to 1 pixel, and suf�cient structure is present in the data. If structure information is not suf-
�cient (so-called “aperture problem”), or the optical �ow assumption is not well ful�lled, the 
estimation breaks down. Fortunately, using TLS estimation, this break-down can be detected. 
When the aperture problem occurs, the error in the estimated disparity becomes very large. 
It can be calculated e.g. via local estimation of the Cramer-Rao lower bound (Kay 1993) on 
the error covariance matrix (Nestares et al. 2000). When the optical �ow assumption does 
not hold, the so-called model error becomes large. It is calculated via the residual of the nu-
merical estimation process (Hartley and Zisserman, 2004). The model error, as well as the 
lower bound on the variance of the estimated parameters, is directly linked to the variance of 
the noise in the data. Rejecting high error areas by thresholding model error and covariance 
estimate suppresses outliers reliably.
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2.5 Performance

Optical-�ow-based techniques tend to be more demanding in terms of computing power com-
pared to correlation-based stereo algorithms. However, optical-�ow-based techniques lend 
themselves to parallelization on computer clusters (e.g. Kohlberger et al. 2003) or mas-
sive parallelization on graphics cards, allowing real-time computation (e.g. Strzodka and 
Garbe 2004). In practice, computing time is not limiting for most applications, and all the 
case studies in this communication were processed on standard desktop computers without 
parallelization.

3. Surface Reconstruction of Single Leaves and Small Plants

Figure 1 shows 3-D reconstructions of Arabidopsis thaliana (L.) Heynh. obtained with dif-
ferent pre-treatments of the plant. The 3-D reconstruction of the untreated plant (Fig. 1A, B) 
shows notable depth variations and holes due to insuf�cient scene contrast (see also cross-
section). Enhancing contrast by either spray marking the plant (Fig. 1C, D) or illuminating it 
with structured light (Fig. 1E, F) profoundly enhances the quality of reconstruction (compare 
height pro�les in Fig. 1). Depending on the illumination angle used for the structured light 
projector, shadowed regions may occur in which no reconstruction is possible. To avoid in-
terference with light signaling, an IR light source should be used. Another way to improve 
reconstruction quality is to operate at higher resolutions, at which, e.g., hairs and wrinkles in 
the cuticle may provide additional contrast.

For practical reasons, spray marking may be the easiest method to enhance contrast, and 
thus we tested this straight forward method on a variety of different plant organs (Fig. 2). With 
all leaves and the cactus cladode tested, spray marking provided suf�cient contrast for reliable 
3-D surface reconstruction. Even small surface structures such as the spines on the Opuntia 
cladode were reconstructed with high accuracy (Fig. 2A, B). 3-D reconstruction was best when 
size of the marks (color dots) were comparably small, providing �ne contrast on the leaf sur-
face (see better 3-D reconstruction in Fig. 2E, F; small dots versus Fig. 2C, D; large dots).

4. Surface Reconstruction of a Rainforest Canopy

4.1 Test Case: Biosphere 2 Laboratory

Encouraged by the success on the leaf and small plant level, the small baseline approach was 
applied to reconstruct the three-dimensional surface of the tropical rainforest of Biosphere 2 
Laboratory. The enclosed and controllable tropical rainforest mesocosm of Columbia Uni-
versity’s Biosphere 2 Laboratory is an experimental model system which is encased in a 
glass and metal shell controlled for temperature, humidity, atmospheric gas composition, and 
precipitation (for details see Lin et al. 1999, Rascher et al. 2004, Walter and Lambrecht 
2004). It was used to test the potential of the small baseline approach to reconstruct the outer 
surface of an extended canopy. The tropical rainforest mesocosm within Biosphere 2 Labora-
tory was not intended to represent any particular natural rainforest. However, its plant species 
composition, leaf area index (LAI: 4 –5), canopy height (15 m), and other factors (Leigh 
1999, Leigh et al. 1999) are similar to natural rainforests. The mesocosm has a total projected 
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Fig. 1  3-D reconstruction of Arabidopsis thaliana (l.) Heinh. achieved with different pretreatments 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 insuf�cient reconstruction were masked out (black 
patches). Insets: height pro�les along the line shown in right column.

area of 1940 m2 and an atmospheric volume of 26,700 m3. The rainforest was planted with 
a mixture of some 410 species from humid rainforests from the old world and neotropics 
(Leigh 1999, Leigh et al. 1999). At the time of the measurements 110 species were remain-
ing, composing an enclosed canopy of 15 m height, with the highest tree (Ceiba pentandra 
L.) reaching 25 m.

A B

C D

E F
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Stereo images of canopy elements of 0.4 and 2 m diameter were acquired from the space 
frame of Biosphere 2 Laboratory under natural illumination (Fig. 3, Fig. 4A, B). Single leaves 
and illumination differences resulted in small scale contrast, which was further increased by 
a high pass Gaussian �lter. The small baseline algorithm yielded good depth information for 
canopy patches, which were well illuminated (Fig. 3 for two representative examples). Insuf-

Fig. 2  Examples of 3-D reconstructions of plant organs pre-treated by spray marking. (A, B) Opuntia phaeacantha 
Engelm. cladodes; (C, D) Fragaria x ananassa Duch. leaf with comparably large spray dots. (E, F) Cucurbita pepo 
L. leaf with comparably �ne dots. From left to right: column 1: input image; column 2: disparity map. Insets: height 
pro�le along the line shown in (B).
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�cient stability was detected in dark areas, which corresponded to canopy leaves of lower 
canopy layers. Those dark areas were readily masked out in the depth images of the canopy 
(Fig. 3B, D).

Fig. 3  Surface reconstruction of two medium sized canopy elements. Upper panels: Ficus benjamini L., lower pan-
els: Inga cf. sapindoides Willd. (A, B): original 2-D image of the canopies imaged from a distance of 2– 8 meters. 
White bar indicates 0.1 m. (B, D): distances to the camera as encoded in gray values. Pixels which did not yield a 
satisfying reconstruction were masked out (black patches).

Different distances between canopy and camera resulted in different spatial resolution for 
each image. Moreover, various shading effects occurred induced by the encasing steel struc-
ture or shading branches above the scene resulting in a realistic forest-plot situation in which 
light conditions are likely to be non homogeneous and patchy. Error classi�cation of canopy 
element depth reconstruction is shown in the bottom row of Figure 4, where the black and 
white areas indicate patches for which depth could not be calculated, while the grey areas 
indicate that satisfying information was available for surface reconstruction. Overall, good 
results were obtained in most image regions for the three-dimensional surface reconstruc-
tion – regardless of the size and shape of leaves within the image (see e.g. the star like leaves 

A B

C D
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Fig. 4  Quality of 3-D information on canopy elements of the tropical mesocosm in Biosphere 2. Upper row: images 
of different canopy types, which were found in different distance to the camera set-up, resulting in different spatial 
resolution. Lower row: Images encoding outlier classi�cation of the depth reconstruction. In black areas, the lower 
bound on the variance is too high and white areas indicate patches where the model error is too high. In the grey 
areas, suf�cient information was available for surface reconstruction.

4.2 Assembly of Single Canopy Elements to Full Canopy Reconstruction

For surface reconstruction of the full rainforest canopy of Biosphere 2 Laboratory, the moving 
stage was mounted on a two-axis, computer controllable robot arm (model HS-310P, Vinten 
TSM Inc., New York, USA). This rigid computer arm allowed for precise pointing of the 
camera along the horizontal and vertical axis, i.e. for panning and tilting of the camera (Fig. 
5B). The whole set-up, including a control computer, was mounted at the east wall within 
the space frame of the tropical rainforest mesocosm of Biosphere 2 Laboratory, 15 m above 
ground, providing a good view on the major part of the rainforest canopy (Fig. 5A). The stereo 
camera set-up itself was mounted on a 1 m pole reaching into the free air space enabling a 
180° view in horizontal and vertical direction. The camera position was about at mean height 
of the canopy with the big Ceiba pentandra tree and some vegetation at a nearby hill reaching 
higher. The center of the rainforest canopy is bowl-shaped and thus was clearly lower than 
the camera stand. Because of the highly varying distance between canopy surface and camera 
(3 – 40 m), single images varied from showing a few leaves only to showing canopy elements 
of several meters dimension.

We used 3 parallel camera positions, each with a 5 cm parallel shift for stereo reconstruc-
tion. At all scales stereo reconstruction yielded good results. The whole canopy was imaged 
using 140 stereo images, taken at viewing directions with equidistant pan- and tilt-angles. 
Images were captured without overlap in the horizontal plane (Fig. 5C). With moving the 
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in Fig. 4C). Insuf�cient information for depth reconstruction was primarily obtained in image 
regions that were characterized by great brightness heterogeneity, induced by e.g. shading 
(see e.g. diagonal shades in Fig. 4A and D).
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Fig. 5  Set-up and procedure for the assembly of single 3-D canopy elements the rainforest canopy of Biosphere 2 
Center. (A): Picture of the stereo camera setup, mounted in the space frame of Biosphere 2 rainforest. (B): Schematic 
drawing of the controllable robot head, allowing horizontal and vertical scanning. (C, D): Schematic representation 
of horizontal and vertical camera movements that allow scanning the whole rainforest canopy using several adjacent 
images. Overlaps (see D) were eliminated in post-processing.

camera off the horizontal plane single, images increasingly overlapped and had to be cut to 
their non-overlapping regions (Fig. 5C). 122 stereo images were �nally used to reconstruct 
the full canopy of the tropical mesocosm.

3-D points calculated by the proposed approach were �rst obtained in the coordinate 
frame of the respective camera, i.e. a coordinate frame with its origin at the camera projec-
tion center and depth direction being the viewing direction. The 3-D point coordinates were 
transformed into a common world coordinate frame (with the central camera at the origin, its 
x and y axis aligned with the world X and Y axes) using external camera parameters (rotation 
and translation) known from the robot position, forming the reconstructed canopy. World 
coordinates were calculated for pixels with high con�dence values only (grey regions in Fig. 
4, lower row) and used for further processing. In our case study 3.5 Million pixels yielded 
reliable information to calculate world coordinates. From there on two alternative procedures 
were pursued. (i) All available pixels were combined to a single map, representing the three-
dimensional surface of the tropical mesocosm of Biosphere 2 Laboratory with a resolution of 
few centimeters, where points closer to the camera were reconstructed more accurately (Fig. 
6D). This resulted in a very dense surface mesh, which, however, still did not yield single leaf 
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orientation and which had the disadvantage of different spacing between the single points. (ii) 
Every reconstructed depth image was divided in 4 quadrants (any other division may be used 
for different spatial resolution), and the average world coordinate for each quadrant was cal-
culated. This resulted in a lower number of surface points (in our case 488) which was easier 
to handle and display. Since points were spaced by constant angles from each other, single 
points could be used to easily calculate a surface mesh (Fig. 6E).

5. Discussion

The results presented here show that it is possible to reconstruct three-dimensional surfaces 
of a wide range of plant structures from single leaves to extended plant canopies with a small 
baseline, stereoscopic approach. This approach may prove less costly, faster and more �ex-
ible than LIDAR approaches. Compared to other methods, such as manual, semi-automatic 
three-dimensional digitizing (Sonohat et al. 2002, Sinoquet et al. 2005), it provides a high 
degree of automation, thereby allowing higher experimental throughput. Hence, it is ideally 
suited to monitor temporal changes of structural canopy characteristics and to improve e.g. 
models of canopy light interception. Light interception models are an important requirement 
to understand the vegetation response in the context of agriculture or global climate change. 
The accuracy of light interception models is determined by the accuracy of three-dimensional 
measurements of vegetation canopies that have to be investigated at scales relevant for the 
model. The three-dimensional structure of a plant canopy, which greatly affects light inten-
sity within the canopy as well as other microclimatic conditions is currently recognized as a 
crucial and long neglected variable, which greatly affects the performance of plants in their 
natural environment and in ecosystem exchange processes and which produces substantial 
uncertainties in scaling leaf-level knowledge to the canopy and ecosystem (Rascher et al. 
2004).

This paves the way to apply this approach to airborne platforms where the movement of 
the aircraft can provide the different baselines of adjacent images. Thus far, structure of plant 
ecosystems cannot suf�ciently be quanti�ed and information such as leaf angle distribution, 
fraction cover or canopy roughness are products that greatly would contribute to link remote 
sensing data to vegetation models. Additionally information about canopy structure can great-
ly bene�t optical remote sensing. The Photochemical Re�ectance Index (PRI) for example is 
greatly in�uenced by BRDF effects of varying leaf orientation (Barton and North 2001). 
Leaves of natural canopies greatly depend on species, are in�uenced by diurnal changes and 
environmental factors (Biskup et al. 2007) and currently hamper estimates of photosynthetic 
ef�ciency using the PRI and other optical approaches.

Rapid and �exible analysis of the three-dimensional shape of a vegetation canopy might 
also provide a novel tool for growth analyses of crops or natural vegetation. The increase in 
height and compactness of a canopy can be extracted from two successive maps, to allow 
monitoring the effect of altered ecofactors determining growth (temperature, salt stress, etc.) 
and allowing to rapidly selecting plants for agricultural breeding purposes.

We thus argue that this stereo approach has the potential to serve as a serious alternative 
or complement (Baltsavias 1999) to LIDAR methods, especially when sub-leaf resolution 
is needed, e.g. to determine leaf angle distribution. Our approach, being an optical technique, 
can provide instantaneous snapshots of moving objects such as canopies, facilitates object 
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Fig. 6  Reconstruction of the surface structure of tropical rainforest mesocosm from the single images of the canopy 
element. (A): View of the tropical canopy of Biosphere 2 mesocosm, showing the complex three-dimensional struc-
ture and heterogeneity of different species having different morphology. (B) Outside view of Biosphere 2 mesocosm. 
(C): Scheme of how 122 single canopy elements were arranged to represent the whole canopy. (D): 3-D surface 
information of the canopy using all successfully reconstructed points (3.5 Million Pixels resulting from 122 single 
images were successfully reconstructed; for this presentation only 350 000 are plotted). (E): Reduction of the raw-
data to a manageable resolution. In this example each canopy element was used to reconstruct 4 points. Averaging 
yielded a conceivable mesh representing the outer surface of the canopy.
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recognition and allows segmentation of individual leaves or plant organs (Biskup et al. 2007) 
and thus also has potential to be bene�cially combined with LIDAR approaches. The speci�c 
strength of our approach may be in long term ecological monitoring set-ups, where continu-
ous measurements can provide data about structural changes in plant ecosystems. Yet, on the 
longer perspective also airborne approaches may be feasible to provide additional and crucial 
information for optical sensors. The algorithms used in this communication are freely avail-
able and parameters can easily be adjusted to �t the special needs.
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Optical Remote Sensing and Laser Induced Fluores-
cence Transients (LIFT) to Quantify the Spatio-Tem-
poral Functionality of Plant Canopies

 Roland Pieruschka1, 2, 3, Uwe Rascher2, 3, Denis Klimov4,
 Zbigniew S. Kolber4, and Joseph A. Berry1

 With 5 Figures

Abstract

Photosynthetic light use ef�ciency dynamically adapts to environmental factors which leads to complex spatio-tem-
poral variations from the leaf to the canopy level and presents many challenges for determination of photosynthesis. 
Here we review the results from selected remote sensing projects for their potential to quantify light use ef�ciency 
using: (i) the passively detected photochemical re�ectance index (PRI), (ii) the recently developed Laser Induced 
Fluorescence Transient (LIFT) technique capable of remote measurement of light use ef�ciency in inaccessible 
canopies from a distance up to 50 m, and (iii) detection of steady state �uorescence in the Fraunhofer lines suitable 
for remote sensing of extended areas. This approach was recently promoted by the selection of the FLuorescence 
EXplorer (FLEX) mission that proposed to launch a satellite for the global monitoring of steady-state chlorophyll 
�uorescence in terrestrial vegetation.

Zusammenfassung

Photosynthetische Lichtausnutzung ist sehr dynamisch an die herrschenden Umweltbedingungen angepasst, was 
die Bestimmung der Photosynthese unter natürlichen Bedingungen zu einer Herausforderung macht. Wir präsen-
tieren einen Überblick über ausgewählte Fernerkundungsmethoden, die das Potential haben, die photosyntheti-
sche Lichtausnutzung zu quanti�zieren: (a.) passive Bestimmung des Photochemischen Re�exions-Indexes (PRI), 
(b.) Laser-Induzierte-Fluoreszenz-Transient (LIFT)-Technik für die Messung von Lichtausnutzungskoef�zienten in 
unzugänglichen Baumkronen aus einer Entfernung von bis zu 50 m und (c.) passive Bestimmung der Grund�uo-
reszenz in den Fraunhofer-Linien als eine Methode zur Messung ausgedehnter Vegetations�ächen. Diese Methode 
wurde im Rahmen der Fluoreszenz-EXplorer (FLEX)-Mission in die nähere Auswahl für ein satellitenunterstütztes 
Monitoring der Grund�uoreszenz terrestrischer Vegetation genommen.

1. Introduction

Photosynthesis Dynamically Adapts to Environmental Constrains

Photosynthesis harvests light from an often quite variable stream of photons and converts 
this energy to carbohydrates that ultimately fuel all plant processes and, life on earth. The 

1 Carnegie Institution of Washington, Department of Global Ecology, 260 Panama Street, Stanford, CA 94305, 
USA.

2 Institute of Chemistry and Dynamics of the Geosphere, ICG-3: Phytosphere, Forschungszentrum Jülich GmbH, 
52425 Jülich, Germany.

3 These authors contributed equally to this work.
4 Monterey Bay Aquarium Research Institute, 7700 Sandholdt Road, Moss Landing, CA 95039, USA.



Roland Pieruschka, Uwe Rascher, Denis Klimov, Zbigniew S. Kolber, and Joseph A. Berry

50 Nova Acta Leopoldina NF 96, Nr. 357, 49 – 62 (2009)

ef�ciency of the utilization of photons used for photosynthetic electron transport and car-
bon �xation is highly regulated. Plants have to solve a most challenging problem in the 
naturally occurring �uctuating light environments: On the one hand they need to optimize 
their energy gain for carbon �xation; on the other hand the sensitivity of the photosystem 
to over-energetization requires protecting the light harvesting systems from photo-damage 
at high irradiances (Ort 2001). Thus, plants have evolved a variety of photochemical and 
non-photochemical regulation mechanisms that are either constitutively active or are acti-
vated on demand to optimize the distribution of energy to photosynthesis and to avoid over-
energetization damage of metabolism (see e.g. book edited by Schulze and Caldwell 
1995) as a comprehensive summary of the eco-physiological regulation of photosynthesis). 
The balance between photochemical charge separation and non-photochemical protection 
is crucial for plant survival and also greatly determines plant carbon gain and biomass pro-
duction in natural ecosystems as well as in managed crops (Rascher and Nedbal 2006, 
Schurr et al. 2006).

Plant performance under controlled laboratory conditions is well studied and many as-
pects are well understood. However, the transition of this �nding into natural heterogeneous 
environment proves dif�cult but is essential for carbon and climate models. Leaf level chlo-
rophyll �uorescence measurements are widely used to quantify photosynthesis, and the pulse 
amplitude modulated (PAM) approach is the most common technique deployed under natural 
conditions (Maxwell and Johnson 2000, Schreiber et al. 1995). However, limited ac-
cessibility of many canopies and application of saturating pulses over the extended canopy 
remains impractical. To overcome these constraints a Laser Induced Fluorescence Transient 
(LIFT) technique for remote measurement of chlorophyll �uorescence has been developed 
and successfully applied in Biosphere 2 Laboratories (Ananyev et al. 2005, Kolber et al. 
2005). Here we present an extensive test of this technique under laboratory conditions and 
compare the results with gas exchange as a gold standard. Two case studies also represent the 
applicability of the LIFT approach to monitor spatial and temporal heterogeneity.

The Photochemical Re�ectance Index (PRI) was developed to serve as an estimate of 
photosynthetic light use ef�ciency. This normalized difference re�ectance index uses two 
wavebands: 531 nm, which is correlated with the degree of non-photochemical energy dis-
sipation, and 570 nm, which serves as a reference waveband (Gamon et al. 1992). PRI has 
been used in a variety of case studies and positively correlates with photosynthetic ef�ciency 
and has been successfully used to detect changes in photosynthetic ef�ciency at the leaf level 
(see Rascher et al. 2007 for an overview of the literature). However, PRI values vary con-
siderably between species with the same photosynthetic capacity (Guo and Trotter 2004). 
Additionally, the PRI is signi�cantly affected by the direction of incoming sunlight as well as 
by the geometry of the leaf and the detector (Barton and North 2001). As natural canopies 
are an assembly of differently oriented leaves which variably change their orientation during 
plant development and as a response to environmental conditions, canopy measurements of 
PRI often failed to quantify photosynthetic ef�ciency (Methy 2000) or were extensively af-
fected by seasonal changes in canopy structure (Filella et al. 2004).
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2. Material and Methods

2.1 SoyFACE Facility

The hyperspectral re�ectance measurements were conducted in 2004 in a 16 ha soybean 
(Glycine max) �eld at the Soybean Free Air Concentration Enrichment (SoyFACE) facility 
in Champaign, Illinois, USA (40°02’ N, 88°14’ W, 228 m a. s. l.). The facility operation pro-
cedures and crop management practices have been described in detail previously (Rogers et 
al. 2004). The experiment contained four blocks, each containing one control plot (ambient 
[CO2] of 378 ppm) and one elevated [CO2] treatment plot (550 ppm), one elevated [O3] (50 % 
above ambient), and one elevated [CO2] and [O3]. The CO2 and O3 enrichment systems were 
installed immediately after planting. Fumigation began end of May 2004. The crop was fu-
migated until plants were fully mature and leaves had senesced (October 2004). Half of each 
20 m diameter plot was planted with variety Pioneer 93B15, and the other half of the plot was 
planted with 11 different varieties in ~9 m2 sub-plots (Fig. 2A).

2.2 Hyperspectral Imaging of SoyFACE

Hyperspectral image cubes of re�ectance were acquired in July 2004 with the SOC-700 (Sur-
face Optics Corp, San Diego, CA, USA). The instrument is a line scanner that can be oper-
ated from a wide range of distances and acquires 12 bit re�ectance images between 440 and 
880 nm with about 4 nm spectral resolutions (for detailed description of the instrument see 
Rascher et al. 2007). Images from the SoyFACE experiment (Fig. 2A) were taken from a 
height of about 20 m with an angle of about 45° using a cherry picker (Fig. 2B). About 10 
single images were taken to cover the full ring. Within each single image a re�ectance stan-
dard (50 % Spectralon, Labsphere, North Sutton, NH, USA) was placed, and relative re�ec-
tances were calculated for each image individually. Later single images were registered to a 
full image of the ring.

Re�ectance images were �ltered using the �ltering procedure in Principal Component 
Space as described in detail in Rascher et al. (2007).

2.3 Plant Material for LIFT Studies

Plants of Helianthus annuus and Phaseolus vulgaris were gown from seeds at the growth fa-
cilities at the Carnegie Institution at Stanford University in 10 l pots. The plants were watered 
periodically with tap water, and a nutrient solution was added every two weeks. Citrus spec. 
tree grew next to the Carnegie Institution, and a branch was cut under water and kept under 
water for the duration of the experiment. A grass community dominated by Avina barbata, 
Lolium multi�orum, and Bromus diandrus grew outside the building of Carnegie’s Depart-
ment of Global Ecology under natural conditions.

2.4 The LIFT Approach

The LIFT approach is based on the principle of the Fast Repetition Rate Fluorescence (FRRF) 
(Kolber et al. 1998). The system uses a collimated laser excitation beam (10 cm in diameter) 
with peak emission at 665 nm (peak optical power of 125 W m–2, 684 µM photons m–2 s–1) to 
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induce �uorescence of a target leaf at a distance of 5 –50 m. The re-emitted �uorescence sig-
nal is collected at 690 nm by a Cassegrian telescope and detected by an avalanche photodiode. 
The apparatus has a motorized pan and tilt that allows targeting the leaves within a canopy 
automatically, and a web camera to monitor the instrument from any terminal connected to 
the internet. The technique applies laser pulses to both manipulate the level of photosynthetic 
activity and to measure the corresponding changes in the chlorophyll �uorescence yield by 
working with variable duty cycles. The �uorescence yield increases at high duty cycle as the 
rate of charge separation in PS II reaction center exceeds the rate of photosynthetic electron 
transport, and QA, the �rst stable electron acceptor in PS II, becomes progressively reduced, 
and the �uorescence yield increases. At low duty cycle the rate of charge separation is lower 
than the rate of photosynthetic electron transport, QA re-oxidizes, and the �uorescence yield 
decreases (Fig. 1). The resulting �uorescence transient is �tted with a model described earlier 
and renders minimum (F) and maximum (Fm) �uorescence among other parameters (Anan-
yev et al. 2005, Kolber et al. 2005). In order to increase the signal to noise ratio one pulse 
train contained 12 consecutively repeated sequences of low and high duty cycles (Fig. 1, 2 
sequences are present) within a single pulse train that were averaged. Additionally 50 pulse 
trains were also averaged so that �uorescence transients could be reliably detected under high 
light intensity.

2.5 Gas Exchange and Chlorophyll Fluorescence Measurements

Gas exchange was measured by an open gas exchange system LI-6400 (LI-COR Biosci-
ences, Lincoln NE, USA) and �uorescence by a bench top FRR �uorometer (FRRF) (Kol-
ber et al. 1998, 2000) and by commercial PAM �uorometry (PAM 2000, Walz GmbH, Ef-
feltrich, Germany). The FRRF was modi�ed with an external LED light unit (Lightspeed 
Technologies, Campbell, CA, USA) with a blue LED (455 nm) for excitation of the leaves 
enclosed in LI-6400. The re-emitted �uorescence was transferred by �ber optics to the FRRF 
detector. The measurements were performed under non-photorespiratory conditions (2 % O2) 
with 250 and 400 µmol mol–1 CO2 and photosynthetic photon �ux density (PPFD) between 
50 –1000 µmol m–2 s–1.

LIFT �uorometry was combined with measurement of gas exchange in a standard, open 
system with a large leaf cuvette with an area of 7.8 × 11.5 cm (MPH 1000, Campbell Scien-
ti�c Inc., Logan, Utah, USA) and PAM �uorometry. The leaf cuvette was arranged in a verti-
cal position, and LIFT �uorescence transients of the enclosed leaves were measured from 8 
m distance. The measurements were performed under non-photorespiratory conditions (2 % 
O2) and ambient O2 concentration, [CO2] was kept constant at 400 µmol CO2 mol–1 and PPFD 
ranged between 50 –1500 µmol m–2 s–1. The quantum yield (∆F/Fm’) was calculated as fol-
lows: ∆F/Fm’ = (Fm’ – F)/Fm’ with F as the steady state and Fm’ as the maximum �uorescence 
of the light-adapted leaf for the FRRF, LIFT and PAM approach, respectively. The electron 
transport rate (ETR) was than assessed as: ETR=∆F/Fm’ · PPFD · 0.85 · 0.5 with 0.85 as an 
estimate of absorbed light and 0.5 assumes equal excitation of PSI and PSII (Genty et al. 
1989). The electron transport rates based on gas exchange were calculated according to Laisk 
and Loreto (1996), Peterson and Havir (2004) with a liquid phase diffusion resistance 
of rm = 0.02 s mm–1, respiration in light of Rd = 1 µmol m–2 s–1, and a Rubisco speci�ty of 
τ = 100.
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3. Results and Discussion

3.1 Assessing Photosynthetic Ef�ciency Using the Photochemical Re�ectance Index (PRI) 
from Hyperspectral Re�ectance

Taking advantage of the controlled elevated [CO2] and [O3] enrichment facility of SoyFACE, 
we investigated the potential of PRI to detect photosynthetic ef�ciency in a crop system. The 
SoyFACE facility of the University of Illinois provides an ideal test case to study the effects of 
elevated CO2 enrichment in the �eld (Rogers et al. 2004). Elevated CO2 inside the treatment 
rings results in elevated photosynthetic electron transport of the soy beans (Rascher et al. 
submitted) and concomitant increase in biomass and crop yield (Long et al. 2006). Soy beans 
grown under elevated [O3] have a decreased photosynthetic ef�ciency and yield (Morgan et 
al. 2003). We thus expected PRI being in average higher within the elevated [CO2] treatment 
plots and lower within the elevated [O3] plots.

We used the SOC-700 high performance imager (Rascher et al. 2007) to map re�ectance 
of the soy bean canopy in the elevated [CO2] (Fig. 2C) and in the elevated [O3] treatments 
(Fig. 2D). Images were taken around midday approx. 1 h apart for the [CO2] and [O3] treat-
ments. It is obvious that there was no clear difference between PRI of the fumigated plants 
within the treatment plots and the surrounding area where plants experienced ambient atmo-
spheric conditions (Fig 2C and D). PRI within the rings, however, showed clear variations 
with different cultivars. These differences result from a different canopy structure of the soy 
bean cultivars which was clearly larger than the potential differences of PRI that might be 
related to different photosynthetic ef�ciency.

Fig. 1  Schematic diagram of the excitation protocols used in the LIFT method which consists of a series of pulses 
applied at varied intervals. The amplitude of each pulse is constant, while the pulse width and the interval between 
pulses are varied to modulate the excitation energy. When the excitation energy exceeds the rates of the photosyn-
thetic electron transport, the �uorescence signal transiently increases, and if it is lower, the signal decreases.
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Fig. 2  PRI images of the SoyFACE facility of the University of Urbana-Champaign, Illinois, IL, USA. (A) View of 
one plot of the facility. Free air [CO2] and [O3] fumigation were provided using computer controlled tubes in 20 m 
circles. Within each plot several varieties of soy bean are planted, the white boxes are part of an insect exclusion 
experiment. (B) View of the cherry picker on which the SOC-700 hyperspectral imager was mounted; pictures were 
taken from about 20 m height and an angle of about 45°. (C) PRI images of a part of the ring with elevated [CO2]. 
PRI values are scaled between – 0.026 and 0.063 color code see bottom right. (D) PRI images of a part of the ring 
with elevated [O3]. PRI values are scaled between 0.021 and 0.078, color code see bottom right.
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3.2 Quantifying Photosynthetic Ef�ciency Using Active Chlorophyll Fluorescence Measure-
ments on the Leaf Level with the Saturating Light Pulse Method

One of the most powerful tools to measure leaf photosynthetic ef�ciency, electron trans-
port, and non-photochemical energy dissipation processes is the non-invasive quanti�cation 
of the �uorescence signal of chlorophyll a of photosystem II (Schreiber and Bilger 1993, 
Schreiber et al. 1995). Quantum yield of photosystem II, either measured in the dark adapt-
ed state (potential quantum yield: Fv/Fm) or in the light adapted state (effective quantum yield: 
∆F/Fm’), as well as non-photochemical quenching (NPQ), which accounts for the sum of all 
non-photochemical energy dissipating processes, have proven to be robust parameters for 
quantifying leaf photosynthesis (Maxwell and Johnson 2000). ∆F/Fm’ and NPQ values dy-
namically adapt primarily to changes in light intensity, however, if irradiance is kept constant 
those parameters re�ect the underlying mechanisms, such as light stress induced activation of 
the xanthophyll cycle or drought stress (Rascher et al. 2004).

In general light within the canopy changes rapidly and shows patches of varying intensity. 
∆F/Fm’, ETR and NPQ values adapt to these changes in light intensity. Additional parameters, 
such as maximum apparent electron transport rate (ETRmax) and the capacity of the non-
photochemical energy dissipation (NPQ) can be quanti�ed from �uorescence light response 
curves. In order to obtain light response characteristics, several and representative spot meas-
urements within the canopy are grouped and plotted against PPFD. Light dependency data 
plotted in such way can be mathematically �tted using simple photosynthesis model assump-
tions in order to quantify the characteristic cardinal points of photosynthesis (Rascher et al. 
2000). These cardinal points re�ect the physiological plasticity of a species and are a power-
ful tool to quantify differences in ontogeny of the plant, to monitor environmental constraints, 
and to �nally scale leaf level processes to the canopy.

However, in order to obtain these �uorescence parameters, photosynthesis has to be 
excited actively by a saturating light pulse, which still limits this method for remote eco-
system monitoring. It will remain impractical to deliver saturating �ashes at the canopy 
scale. Laser-induced spot- or scanning-methods (Ananyev et al. 2005, Kolber et al. 1998, 
2005) or sun-induced �uorescence measured in the Fraunhofer or Oxygen bands (Plascyk 
and Gabriel 1975) may overcome this methodological dif�culty and are discussed in the 
next chapters.

3.3 Quantifying Photosynthetic Ef�ciency using Active Chlorophyll Fluorescence Measure-
ments with Laser Induced Fluorescence Transients (LIFT)

The FRRF and LIFT approaches were extensively tested under laboratory conditions against 
gas exchange measurements as the gold standard. In agreement with literature (cf. Genty 
et al. 1989) PAM based electron transport rate (ETRPAM) correlated very well with the ETR 
based on CO2 uptake (ETRCO2

) under non-photorespiratory conditions and closely matched 
the 1:1 line (Fig. 3A, gray symbols). The ETRFRR also compared well with ETRCO2

 for two 
different CO2 environments but the slope of the linear regressions of ETRFRR versus ETRCO2

 
ranged between 0.6 – 0.7 (Fig. 3A). The ETRLIFT also correlated well with ETRCO2

 and the 
linear regression revealed a slope similar to the FRR experiment with 0.65 as obtained for 
three different species (Fig. 3B). Under ambient oxygen the ETRPAM versus ETRCO2

 slope 
reached 1.33 whereas ETRLIFT versus ETRCO2

 reached 0.95 (Fig. 3C). Under ambient condi-
tions electrons are utilized for the carboxylation and oxygenation reaction of the RubisCO, 
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Fig. 3  Correlation between electron transport rates based on assimilation (ETRCO2
) with (A) electron transport rates 

based on FRR (ETRFRR) and PAM (ETRPAM) �uorometry measured under non-photorespiratory conditions (2 % O2) 
with H. annuus, (B) electron transport rates based on LIFT (ETRLIFT) �uorometry measured for three different spe-
cies measured under non-photorespiratory conditions (2 % O2) and 250 and 400 µmol CO2 mol, and (C) LIFT based 
ETR (ETRLIFT) measured under photorespiratory conditions (21 % O2) with H. annuus.

and therefore the ETRPAM versus ETRCO2
 relation indicates that approximately one third of the 

electrons was used for photorespiration.
The difference between the PAM and FRR/LIFT approaches is based on the intensity and 

duration of the excitation beams. The PAM method uses modulated light with low intensity 
to derive steady-state �uorescence and saturating pulses with a 0.8 – 1.0 s duration in order 
to completely reduce the PSII reaction center and the electron transport chain compounds in 
particular the plastoquinone pool and, to induce Fm (Schreiber et al. 1986). The FRR/LIFT 
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approach uses sub-saturating pulses in microsecond intervals which continuously reduce the 
PSII reaction centers and induce a �uorescence transient which is numerically �tted to derive 
F and Fm (Kolber et al. 1998). The variable chlorophyll a �uorescence (∆F=Fm’ – F) is con-
sidered to re�ect a photochemical reaction in photosystem II (Genty et al. 1989, Harbinson 
et al. 2003, Schreiber et al. 1995). Whether �uorescence yield and thus variable �uorescence 
may also be quenched by other processes as oxidized plastoquinon (PQ) pool and to what 
extend these processes may in�uence the measurement and interpretation of chlorophyll �uo-
rescence is still under debate (Koblizek et al. 2001, Samson et al. 1999, Vernotte et al. 
1978). However, both systems are apparently capable of characterizing photochemistry (Fig. 
3), and further studies are required to elucidate the differences between these approaches. Yet, 
since PAM depends on saturating pulses and since their application is only possible in close 
proximity to the leaf, PAM is not practical in ecosystem studies with inaccessible canopies. 
Even the newly developed Monitoring-PAM (Porcar-Castel et al. 2008) may not prove 
practical when a leaf is permanently �xed in a leaf holder for an extended time period. The 
LIFT approach, however, can remotely monitor photosynthetic ef�ciency of selected leaves 
each in its own environment making up the canopy.

Fig. 4  Map of photosynthetic ef�ciency (∆F/Fm’) measured with the LIFT apparatus and PAM on the outer canopy 
of a cold stressed avocado tree (Persea americana) which was exposed to full sun. (A) The ∆F/Fm’ values of the outer 
canopy obtained by the LIFT were scanned spot by spot as indicated by the semi-transparent circles. The ∆F/Fm’ scan 
was performed with the LIFT and PAM measuring alternately the same canopy sections. Areas with the same ∆F/Fm’ 
values were encircled by ∆F/Fm’-isolines providing regions with similar photosynthetic ef�ciency within a canopy 
which is indicated by different colours for (B) LIFT and (C) PAM. 

A B

C
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Light within the canopy changes rapidly and photosynthesis dynamically adapts to this ever 
changing mosaic. It is a challenge to precisely detect the changes in photosynthesis in natural 
and �uctuating conditions. Yet, measurement of actual photosynthetic ef�ciency is highly 
desirable to improve the canopy integration scheme (Collatz et al. 1991, Sellers et al. 
1992) which is implemented in large scale models (Baker et al. 2003, Sellers et al. 1996). 
First spatially explicit measurements with the LIFT apparatus proved to have the potential to 
deliver spatially explicit maps of photosynthetic ef�ciency (Fig. 4). The LIFT measurements 
may even more realistically re�ect spatial heterogeneity within the canopy than the PAM and 
clearly displayed lowered ∆F/Fm’ values in the upper-most, high light exposed region of the 
canopy (Fig. 4B and C). The LIFT apparatus has also proved successful in monitoring tem-
poral variation in ∆F/Fm’ of a grass community in the winter in California (Fig. 5). The grass 
was exposed to high illumination with a radiation load up to 500 W m–2 (approximately 1500 
µmol m–2 s–1) during the day and low temperatures at night with minima of –3 °C (Fig. 5A). 
The quantum yield (∆F/Fm’), however, was only slightly in�uenced with small differences 
between the days (Fig. 5B). Several different grass patches were monitored, and no difference 
between these monitored areas was found (data not shown).

The LIFT apparatus has already been successfully used in previous studies to quantify 
electron transport and dissipation of excess light in Populus deltoides stands under ambient and 
elevated CO2 concentrations, and in a tropical forest canopy (Ananyev et al. 2005), to detect 
differences in time constant of genetically modi�ed Arabidopsis thaliana strains (Kolber et 
al. 2005), and to monitor cold stress under �eld conditions (Pieruschka et al. 2007a, b).

Fig. 5  Diel courses of (A) radiation and air temperature (Tair) and (B) the resulting quantum yield (∆F/Fm’) pattern of 
a grass community measured by LIFT.

A

B
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It will remain a challenge to really measure the distribution of photosynthesis in natural and 
�uctuating conditions. Data of actual photosynthetic ef�ciency on the other hand would be 
highly desirable to better scale leaf level processes to the canopy level. First spatially explicit 
measurements with a prototype of the LIFT apparatus proved to have the potential to deliver 
spatially explicit maps of photosynthetic ef�ciency.

3.4 Passive Chlorophyll Fluorescence using the Fraunhofer Line Principle (FLD)

Especially approaches to quantify sun-induced �uorescence (Fs) under the prevailing light 
conditions were greatly supported by the selection of the FLEX mission as one of ESA’s can-
didate missions for a future Earth Explorer (Rascher 2007). It has been shown that sun-in-
duced �uorescence can be obtained from remote sensing platforms, and there is experimental 
and theoretical evidence that sun-induced �uorescence can be correlated with photosynthetic 
ef�ciency and stress induced limitation of photosynthetic electron transport. Sun-induced 
�uorescence thus may serve as a proxy to quantify ∆F/Fm’ and photosynthetic ef�ciency see 
e.g. Flexas et al. (2000, 2002).

The amount of chlorophyll �uorescence emitted by a leaf under natural sunlight is only 
1–5 % of the total light that is re�ected, which makes it dif�cult to quantitatively extract the 
�uorescence signal for remote sensing. However, at certain wavelengths the solar spectrum is 
absorbed in the solar or earth atmosphere (so called Fraunhofer lines, Fraunhofer 1817) and 
thus there is no or greatly reduced incoming radiation on earth surface in these wavebands. 
Solar irradiance exhibits three main absorption bands in the red and near infrared part: the 
Hα line at 656.3 nm is due to the hydrogen absorption by the solar atmosphere whereas two 
bands at 687 (O2–A) and 760 nm (O2–B) are due to the molecular oxygen absorption by the 
terrestrial atmosphere. As the �uorescence signal is always shifted to longer wavelengths, 
it also occurs in the otherwise ‘black’ absorption bands and can be selectively quanti�ed. 
Especially the O2-A and O2-B bands overlap with the chlorophyll �uorescence emission 
spectrum and are wide enough to have the potential to be retrieved from air and space borne 
platforms. Thus, they can potentially be used to monitor the chlorophyll �uorescence emis-
sion under daylight excitation by the method of the Fraunhofer lines in-�lling (Moya et al. 
2004). Measurements within the center of the absorption bands in comparison to both �anks 
next to the absorption bands can be used (Plascyk and Gabriel 1975). Currently, several 
campaigns are under way to evaluate the accuracy with which sun-induced �uorescence can 
be used to quantify photosynthetic ef�ciency and stresses (see e.g. http://www.esa.int/esaLP/
SEMQACHYX3F_index_0.html). The Fluorescence Explorer (FLEX) mission, which was 
proposed to ESA, is currently being studied as one out of six candidates Earth Explorer mis-
sions in the assessment phase. FLEX has the objective to observe and monitor photosynthetic 
ef�ciency from space by measuring all needed components including solar induced vegeta-
tion �uorescence at oxygen lines of the solar spectrum (Rascher 2007).

4. Conclusions

It is still a challenge to measure the actual physiological status of photosynthesis using non-
invasive remote sensing techniques. The presented approaches show high potential to reach 
this goal in the near future. Nevertheless, we do not underestimate the challenges that derive 
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especially from scaling leaf level methods to the canopy. The plant canopy is a complex three-
dimensional structure that changes due to environmental factors and structural adaptation of 
the plants. Explicit methods that aim to map the structure of the outer canopy in the �eld are 
currently developed and �rst results are promising (Biskup et al. 2007).
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Crassulacean Acid Metabolism a Natural Tool to 
Study Photosynthetic Heterogeneity in Leaves

 Ulrich Lüttge ML (Darmstadt)

 With 2 Figures and 2 Tables

Abstract

Carbon dioxide is a signaling molecule synchronizing photosynthetic activities over entire leaves. During the cycle of 
Crassulacean acid metabolism (CAM) strong non-linear dynamics of CO2 concentration in the leaves cause internal 
CO2 gradients driving lateral diffusion of CO2. This makes CAM a useful natural tool for the study of photosynthetic 
heterogeneity in leaves. At the whole plant level heterogeneity is given by an ontogenetically increasing expression 
of CAM from developing to mature leaves along the axis of shoots in the obligate CAM plant Kalanchoë daigremon-
tiana Hamet et Perrier de la Bâthie and by performance of C3 photosynthesis and CAM, respectively, at the same time 
by two opposite leaves at one node in the C3/CAM intermediate plant Clusia minor L. At the leaf level heterogeneity 
is given by patchy expression of photosynthetic activity, e.g. in natural dark-light rhythms due to internal CO2 gra-
dients building up during the transitions between the different phases of CAM and in endogenous circadian rhythms 
due to desynchronization of the individual oscillators in the leaf cells. Lateral diffusion of CO2 and the high energy 
demand of photorespiration reduce heterogeneity and synchronize photosynthetic activity over the leaves.

Zusammenfassung

Kohlendioxid ist ein Signalmolekül für die Synchronisation der photosynthetischen Aktivität in ganzen Blättern. 
Während des Zyklus’ des Crassulaceen-Säurestoffwechsels (CAM) bauen sich durch die ausgeprägte nichtlineare 
Dynamik der internen CO2-Konzentration der Blätter CO2-Gradienten auf, die die laterale CO2-Diffusion in den 
Blättern antreiben. Dadurch wird der CAM zu einem sehr brauchbaren natürlichen Werkzeug für das Studium der 
photosynthetischen Heterogenität in Blättern. Auf dem Niveau der ganzen P�anze ergibt sich Heterogenität entlang 
der Sprossachse in der obligaten CAM-P�anze Kalanchoë daigremontiana Hamet et Perrier de la Bâthie dadurch, 
dass der CAM in voll entwickelten Blättern stärker ausgeprägt ist als in jungen, sich noch entwickelnden Blättern. 
Bei der C3/CAM-intermediären P�anze Clusia minor L. kann Heterogenität dadurch entstehen, dass zwei benach-
barte Blätter am selben Knoten zur gleichen Zeit C3-Photosynthese bzw. CAM betreiben. Auf dem Niveau einzelner 
Blätter entsteht Heterogenität durch die �eckige Ausbildung der photosynthetischen Aktivität, z. B. unter natürlichen 
äußeren Dunkel-Licht-Rhythmen wegen der internen CO2-Gradienten, die sich in den Übergängen zwischen den 
CAM-Phasen aufbauen, oder während endogener circadianer Rhythmen wegen der Desynchronisation der individu-
ellen Oszillatoren der einzelnen Blattzellen. Die laterale CO2-Diffusion und der hohe Energiebedarf der Photorespi-
ration erniedrigen die Heterogenität und synchronisieren die photosynthetische Aktivität in den Blättern.

1. Properties of Crassulacean Acid Metabolism (CAM) Making it Suitable as a Tool 
for the Study of Photosynthetic Heterogeneity in Leaves

Physiology and biochemistry of the day/night cycle of CAM is organized in four separate 
phases during which large differences in internal CO2 concentrations (pi

CO2
) are established. 

Phase I is the dark period, when stomata are open and atmospheric CO2 is �xed via phos-
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phoenolpyruvate carboxylase (PEPC) and stored in the form of malic acid in the central cell 
sap vacuoles. pi

CO2 tends to be low in phase I. Phase II is a transition in the early morning 
when PEPC begins to be down regulated and ribulose-bis-phosphate carboxylase/oxygenase 
(RubisCO) is up regulated. Both carboxylating enzymes are active for a while, pi

CO2
 tends 

to be low but then starts to increase rapidly as stomata begin to close and CO2 is enriched 
internally as malic acid is remobilized from the vacuoles and decarboxylated. In phase III 
during the day stomata are closed and pi

CO2 rises to high levels due to malate decarboxylation 
behind closed stomata (Lüttge 2002). Internal CO2 is �xed via RubisCO. In the two species 
discussed in this review, i.e. Kalanchoë daigremontiana Hamet et Perrier de la Bâthie and 
Clusia minor L., pi

CO2 in phase III may be up to 0.5 % (Lüttge 2002, 2007b). In phase IV in 
the later light period stomata open again and CO2 is taken up from the atmosphere. pi

CO2 tends 
to decrease in late phase III and early phase IV and is low again during phase IV.

Hence, the CAM cycle involves rather strong nonlinear dynamics of pi
CO2

 and this also 
causes internal CO2 gradients especially in the transitions between phases driving lateral dif-
fusion of CO2 in the leaves. This makes CAM a natural tool for studying heterogeneity be-
cause internal CO2 is considered as one of the most important signals in desynchronization/
synchronization events of photosynthesis over entire leaves (Lüttge 2007a).

2. Complement of Methods for the Collection of Data Sets

The present review mainly dwells on experiments reported in Rascher et al. (2001), Rascher 
and Lüttge (2002), Duarte (2006), Duarte and Lüttge (2007a, b) and Lüttge (2007b, 
2008). In these studies a leaf remaining at the intact plant was enclosed in a gas exchange 
cuvette set up in a growth chamber with controlled climate in a phytotron. A complement of 
methods was developed which allowed continuous on line determinations of

– CO2 and H2O vapour gas exchange by infrared gas analysis;
– calculation of pi

CO2 from the gas exchange data;
– photorespiration by on line applications of pulses of air with only 1 % O2, where the rate 

of photorespiration is given by the difference of net CO2-exchange under non photorespir-
atory conditions at 1 % O2 (total activity of RubisCO) and under photorespiratory condi-
tions at 21 % O2 (carboxylation minus oxygenation activity of RubisCO);

– activity of photosystem II integrated over the entire leaves (∫ΦPSII) using chlorophyll 
�uorescence images of the leaves;

– heterogeneity (H) of ∫ΦPSII over the leaves calculated from the chlorophyll �uorescence 
images.

The chlorophyll �uorescence images are the essential basis for the assessment of heterogene-
ity. Examples for the two species surveyed here, K. daigremontiana and C. minor, are given in 
Figure 1. The extent of heterogeneity is quanti�ed by using methods from cellular automata 
theory and nearest neighbor algorithms, where H is de�ned as the average difference between 
states of nearest neighbors (Hütt and Neff 2001, Rascher et al. 2001). 
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3. Heterogeneity due to CAM Flexibility at the Whole Plant Level

Flexibility of CAM results from plasticity in the expression of the four phases in response to 
environmental cues. Flexibility is also given by the potential to switch between the C3- and the 
CAM mode of photosynthesis. In most CAM plants developmental ontogenetic programmes 
modulate the capacity of CAM expression. In the obligate CAM plant K. daigremontiana 
CAM expression gets increasingly established as the leaves mature (Winter et al. 1982), so 
that we have heterogeneity along the shoot axis. C. minor is a truly C3/CAM intermediate 
species which in response to environmental factors can reversibly switch between the two 
modes of photosynthesis (Lüttge 2007b). Experimentally one can cause the two opposite 
leaves at one node of the shoot to perform C3 photosynthesis and CAM, respectively, when 
the two leaves are subject to different conditions of illumination or water vapor difference of 
the atmosphere where a dry atmosphere as compared to a moist atmosphere elicits the perfor-
mance of CAM while the effects of light are more complicated and related to the availability 
of water to the plant (Lüttge 2007b).

4. Heterogeneity at the Leaf Level

4.1 Leaf Lamina and Major Leaf Vein

Chlorophyll �uorescence images allow separate assessment of ∫ΦPSII for the major vein and 
the interveinal lamina tissue of the leaves. It is seen that in plants of C. minor acclimated to 
perform C3 photosynthesis by well watering the root medium the green photosynthesizing 
tissue above the major veins shows clear features of CAM comparable to plants acclimated 
by drought stress to perform CAM (Duarte 2006, Duarte and Lüttge 2007a,b, Lüttge 
2007b). This photosynthetic heterogeneity is due to the anatomical heterogeneity of the pho-

Fig. 1  Examples of chlorophyll �uorescence imag-
ing. (A) Leaf of Kalanchoë daigremontiana perform-
ing CAM. (B) Leaf of Clusia minor performing C3 
photosynthesis.



Ulrich Lüttge

68 Nova Acta Leopoldina NF 96, Nr. 357, 65 –72 (2009)

tosynthetically active tissue in lamina and vein. An interesting thought brought up during 
the discussions in the Leopoldina Meeting (Rowan Sage) was that also the adaxial palisade 
parenchyma and the abaxial spongy parenchyma (for the anatomy see Lüttge and Duarte 
2007) might show heterogeneity of modes of photosynthesis. However, by contrast to the 
comparison of vein and lamina this would involve similarly large volumes of photosynthesiz-
ing tissue and should have been seen in the analyses of malate levels and measurements of gas 
exchange of the authors cited above, which was not the case.

4.2 CAM in Leaves of K. daigremontiana

As expected from Section 1 in the obligate CAM species K. daigremontiana in the normal 
external dark-light rhythm the degree of heterogeneity is strongly related to the timing of the 
CAM phases. Table 1 shows that H is rather low in phase III when internal pi

CO2
 is high and 

stomata are closed as indicated by zero net CO2 exchange (JCO2
). H is highest at the beginning 

of phase IV while the leaves switch from high pi
CO2

 due to malate decarboxylation to stomatal 
opening and uptake of atmospheric CO2. H then declines again as the leaves operate with CO2 
uptake from the atmosphere and open stomata. In the peak of phase II, when both PEPC and 
RubisCO are active and stomata are still open, H has intermediate values. At times one can 
note that even waves of ΦPSII activity are running laterally along the leaves in opposite direc-
tions and extinguish each other when they meet (Rascher and Lüttge 2002), a phenomenon 
that is consistent with the assumption that a diffusion mechanism is involved in regulation.

Tab. 1  Heterogeneity (H) of photosystem II activity (ΦPSII) and net CO2 exchange (JCO2
) at critical stages during 

the CAM rhythm of K. daigremontiana. Extracted from the data of Rascher et al. 2001 and Rascher and Lüttge 
2002.

Peak of
phase II

Phase III Start of
phase IV

Peak of
phase IV

H (rel. units) 0.4 0.2 1.0 0.3
JCO2

 (µmol m–2 s–1) 3.5 0.0 0.4 3.7

The development of heterogeneity of ΦPSII was also studied during the free running endog-
enous circadian rhythm of CAM in K. daigremontiana under constant environmental condi-
tions (Rascher et al. 2001). It is known that during ongoing oscillations of net CO2 exchange 
(JCO2

) the circadian CAM rhythm in the leaves changes from operation of a biophysical/
biochemical oscillator based on the C4-like turnover of malate (∆malate) and its compartmen-
tation in the �rst few endogenous periods to a more C3-like oscillator in subsequent periods 
(Wyka and Lüttge 2003, Wyka et al. 2004, Lüttge 2008). This is also depicted in Figure 
2 by the strong dampening of malate oscillations while overt JCO2

 remains unperturbed. In 
this context it is an intriguing enigma that heterogeneity is building up as JCO2

 pertains and 
∆malate is lost. This seems to indicate a stronger synchronization effective in the malate 
rhythm with high pi

CO2
 during malate remobilization than during more C3-like oscillations.

Varying H during the circadian cycle of CAM indicates that the individual oscillators 
contained in all leaf cells are subject to desynchronization/synchronization events during the 
rhythm. In the circadian rhythm H is always higher in the subjective dark periods (corre-
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Fig. 2  Circadian rhythmicity of net CO2 exchange (JCO2
) and heterogeneity of photosystem II-activity (ΦPSII) in K. 

daigremontiana (Rascher et al. 2001) related to rhythmic changes of malate levels (∆malate) (Wyka and Lüttge 
2003).
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sponding to phase I when atmospheric CO2 is taken up) than in the subjective light periods 
(corresponding to phase III when stomata are closed and CO2 is remobilized internally from 
malate). This is, of course, consistent with the prospects developed in Section 1 and the ob-
servations made under a natural dark-light rhythm in Table 1.

5. Synchronization by Lateral Diffusion of CO2 in the Leaves: The Carboxylase Activ-
ity of RubisCO

CO2 in the leaves is thought to be the synchronizing signal reducing heterogeneity of ΦPSII 
mediated by lateral diffusion within the leaves (Lüttge 2007a). Duarte et al. (2005) have 
caused arti�cial patchiness in leaves of K. daigremontiana by partially blocking stomatal gas 
exchange using transparent silicon grease. As shown by low ΦPSII in chlorophyll �uores-
cence imaging this prevented photosynthesis due to stomatal CO2 uptake and, of course, it 
also suppressed malate accumulation due to CO2 �xation via PEPC in the greased patches. 
However, when stomata closed during the circadian CAM rhythm in the non-greased parts of 
the leaves, indicating that the internal CO2-concentrating mechanism of malate decarboxy-
lation (Lüttge 2002) began to operate, ΦPSII abruptly rose in the greased parts to values 
close to those of the non-greased parts. This is a direct indication of the role of lateral CO2 
diffusion because it can only be explained by some export of CO2 for �xation via RubisCO 
from the non-greased into the greased parts as the greased parts did not have malate of their 
own to decarboxylate.

6. Synchronization by the high Energy Demand of Photorespiration: The Oxygenase 
Function of RubisCO

Chlorophyll �uorescence imaging during measurements with regular application of 20 min 
pulses of air with 1 % O2 causing non photorespiratory conditions suggests that the particu-
larly high energy demand of photorespiration (Osmond and Grace 1995, Heber 2002, He-
ber et al. 2001 ) also exerts a strong synchronization effect on ΦPSII activity over the leaves. 
ΦPSII is a measure of photosynthetic energy use. Table 2 summarizes experiments under 
normal dark-light regimes with plants of C. minor acclimatized to perform C3 photosynthesis 
and CAM, respectively. The particular energy demand of photorespiration is documented by 
the observation that ∫ΦPSII of the entire leaves is always much higher under photorespiratory 
than under non-photorespiratory conditions, i.e in the C3 mode and in phases II and IV in the 
CAM mode. (Note that in phase III of CAM the impact of 1 % O2 in the external atmosphere 
on photosynthetic activity in the leaves cannot be tested because stomata are closed.) In the C3 
mode heterogeneity is much lower under photorespiratory conditions showing the synchro-
nizing effect of photorespiration. In the CAM mode the effects of the CAM phases as detailed 
in Section 4 overrule those of photorespiration.

The work of Duarte (Duarte 2006, Duarte and Lüttge 2007a, Lüttge 2008) with C. 
minor for the �rst time in any plant shows circadian oscillations of photorespiration under con-
stant environmental conditions. Photorespiration oscillates in phase with net CO2 exchange. 
Under photorespiratory conditions heterogeneity of ΦPSII was constantly low throughout at 
about 0.12 relative units in the C3 mode and 0.07 units in the CAM mode, which con�rms 
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the synchronizing effect of photorespiration on leaf energy use. Under non-photorespiratory 
conditions H was much higher and oscillated between values of 0.27 and 1.00 relative units in 
the C3 mode and 0.08 and 0.93 in the CAM mode. Particularly in the CAM mode H appeared 
to be inversely correlated to JCO2

 supporting the synchronizing effect of higher internal CO2 
concentrations building up during malate remobilization behind closing stomata as in the case 
of K. daigremontiana (Section 4.2, Fig. 2).

The signaling mechanism in the synchronizing effect of photorespiration on leaf ΦPSII is 
not clear to date. It remains an open question if energy demand per se can exert such a func-
tion and how that might be mediated at the level of the molecules involved in PSII. Or is it 
signaling by diffusion of both substrates of RubisCO, i.e. O2 in addition to CO2?
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Heterogeneity in Leaves of C4 Plants: “Reductionism 
during Scale Expansion”
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 With 8 Figures

Abstract

This chapter illustrates how experimental studies of the remarkable heterogeneity of photosynthetic properties in C4 
plants can determine if and when heterogeneity and diversity in complex systems matter. The studies reviewed here 
con�rm that anatomical and biochemical heterogeneity among C4 types seem to deliver an array of compensating 
responses that confer a similar and robust, leaf-level advantage with respect to water and nutrient economy of CO2 
assimilation at high light and temperature in a low CO2, high O2 atmosphere. The heterogeneity presumably re�ects 
the independent origins of the C4 pathway in different plant taxa, and other processes, unrelated to the pathway itself, 
may be responsible for distinctive patterns such as, for example, the differing distribution of NADP- and NAD-ME 
C4 type grasses in relation to precipitation.

Zusammenfassung

Dieser Beitrag veranschaulicht, wie experimentelle Untersuchungen die bemerkenswert heterogenen Photosynthese-
eigenschaften von C4-P�anzen bestimmen können, ob und wann Heterogenität und Vielfalt in komplexen Systemen 
von ausschlaggebender Bedeutung sind. Die hier dargestellten Untersuchungen bestätigen, dass die anatomische 
und biochemische Heterogenität innerhalb der unterschiedlichen C4-Arten scheinbar eine große Anzahl von gegen-
seitig kompensierend wirkenden Eigenschaften und Reaktionswegen darstellt, welche, auf dem Niveau des Blattes, 
vergleichbare und robuste Vorteile bezüglich des Wasser- und Nährstoffhaushaltes für die CO2-Assimilation unter 
hohen Lichtintensitäten und Temperaturen in einer Atmosphäre mit geringem CO2- und hohem O2-Gehalt verlei-
hen. Vermutlich spiegelt diese Heterogenität die unabhängigen Ursprünge der C4-Photosynthesewege in den unter-
schiedlichen Taxa der P�anzen wider. Andere Prozesse, die nicht mit dem C4-Weg selbst in Verbindung stehen, sind 
möglicherweise für distinkte Muster, wie, zum Beispiel, die unterschiedliche Verbreitung der NADP- und NAD-ME 
C4-Grassarten in Verbindung mit dem Niederschlag, verantwortlich.

1. Introduction

“Photosynthesis and other natural phenomena, especially evolved, biological phenomena, are 
very complex and dif�cult to comprehend. It is useful to formally organize our knowledge 
in hierarchical levels, knowing of the upscale and downscale effects that one hierarchical 
level has on the other” (Smith et al. 2004). These authors offered a comprehensive attempt 

1 Molecular Plant Physiology Group, Research School of Biological Sciences, Australian National University, Box 
475 Canberra ACT 2601, Australia.

2 School of Biochemistry and Molecular Biology, Australian National University, Canberra ACT 0200, Australia.
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to scale our understanding of photosynthetic processes from the molecule to the biosphere. 
An earlier focus on the still to be explained nexus between scale in size and relaxation times 
of key processes (Osmond et al. 1980) suggested that although the whole is clearly the sum 
of its parts (at any scale), for practical purposes in scaling up, the whole may become a good 
deal less than this. Reductionism thus takes on two meanings in relation to scaling; the com-
monly expressed (but semantically incorrect) fascination with ever increasing detail down 
scale, and the need to selectively discard much of this detail if one is to evaluate the “bigger 
picture” up scale.

There may be few general rules but with presently available technologies, the leaf is prob-
ably the most appropriate scale for experimental evaluation of the importance of photosyn-
thetic heterogeneity. Speculations about the function of heterogeneity in cells of leaves, their 
specialization with respect to metabolism, their arrangement with respect to light absorption 
and to export of the products of CO2 assimilation, date from the earliest microscopic studies. 
In this chapter we deal with one of the most striking and now possibly best understood cases 
of heterogeneity in the photosynthetic apparatus in leaves of plants that assimilate CO2 by 
the C4 pathway of photosynthesis. Most clearly anticipated by Haberlandt (1909) when he 
speculated “ob eine noch unbekannte Arbeitsteilung zwischen den Chloroplasten der Kranz- 
und jenen der Scheidenzellen dabei im Spiele ist”, we now know that this “division of labor” 
involves tight coordination of the partial reactions (both light and dark) to function as an 
internal CO2-concentrating mechanism (Hatch and Osmond 1976, Edwards et al. 2001).

Until recently, it was thought that the CO2-concentrating mechanisms of the C4-photosyn-
thetic pathway were distinctive in that they involve close collaboration of two adjacent highly 
differentiated photosynthetic cell types, the mesophyll (M) and bundle sheath (BS) cells (Ed-
wards et al. 2001). However, now C4 Chenopodiaceae have been discovered in central Asia 
in which all the components of the CO2-concentrating mechanisms were found in spatially 
separated, clearly differentiated chloroplasts in the same cells. The biochemistry of the CO2-
concentrating mechanisms in these C4 plants seems similar to those of the two-cell systems, 
but the symplastic connections sustaining the metabolite transfers are based on fascinating 
forms of intracellular compartmentation (Edwards et al. 2004).

Most common among plants well adapted to dry and hot environments, the biochemical 
heterogeneity of C4 metabolism is thought to confer robust advantages of more ef�cient CO2 
assimilation, water use and nitrogen use, and productivity at high temperature, at the cost of 
less ef�cient light use in the prevailing low CO2 and high O2 atmosphere (Sage 2004). In 
focusing attention on this particular form of heterogeneity we will brie�y review its role in 
molecular through physiological processes and describe experiments that explore whether it 
makes a difference to environmental responses at the leaf and larger scales.

The issues that bedevil efforts to deal with scaling and to bring accountability to plant sci-
ences research were elegantly expounded by Passioura (1979) in a brief but no longer easily 
accessible article. Passioura’s “parable” of scaling, based on the dots in a screened image 
taken from Piaget (1971), is especially relevant to the Jülich symposium theme, and can be 
re-told using images of chlorophyll �uorescence from a shade leaf exposed to full sunlight 
through a photographic negative. The rather stable images stored in the leaf as differential 
chlorophyll �uorescence emission from active and inactive photosystem II centers in grana 
of chloroplast thylakoids are readily captured using a digital camera �tted with appropriate 
excitation and �lters (Osmond et al. 1999). It is a simple matter to expand the image size to 
the extent that, although we can differentiate every pixel and its intensity on a scale of 1–256, 



Testing the Functional Implications of Photosynthetic Heterogeneity in Leaves of C4 Plants

Nova Acta Leopoldina NF 96, Nr. 357, 73 – 91 (2009) 75

it remains a meaningless landscape of light and shade. One can only begin to make sense of 
the image by reducing it so that mind’s eye no longer resolves the �ne structure and instead 
reveals the big picture as the ear of a distinguished plant biologist (Fig. 1).

Thus we can imagine our purpose to be the experimental evaluation of “operational struc-
turalism” in which Piaget ascribed primary importance to understanding the natural struc-
tures that comprise the whole, rather than the detail in the components that make up the 
natural structures, or the emergent properties of the whole itself. We ask whether heteroge-
neous biochemical components that underlie the natural structures in C4 plants (including 
CO2-concentrating mechanisms, water use and nutrient use ef�ciency, and thermal responses) 
signi�cantly in�uence the whole, as re�ected in the ecological distribution of C4 plants along 
environmental gradients.

Fig. 1  A photoinactivation portrait of a well known plant biologist made on a shaded bramble leaf and imaged by 
chlorophyll �uorescence (Osmond et al. 1999). The enlarged pixilated image on the left is precisely representative 
of the heterogeneity of information in one of the images on the right. The left image is perhaps analogous to our 
detailed molecular understanding of C4 photosynthesis. At a larger scale it becomes recognizable as a “natural struc-
ture”, the left ear in the central image on the right. These are perhaps analogous to our broad understanding of C4 
plant ecophysiology; of the whole in different contexts. Photos prepared by Barry Osmond at the Botanical Institute, 
Technical University Darmstadt, July 1999.
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2. Dimensions of Heterogeneity in the Photosynthetic Apparatus of C4 Plants

Rubisco, the primary CO2-�xing enzyme of photosynthesis, is a poor catalyst (Andrews 
et al. 1971, Andrews and Lorimer 1981, Tcherkez et al. 2006). Many species, including 
unicellular algae (Badger and Price 1992) and crassulacean acid metabolism plants and C4 
plants (Leegood et al. 1997), have evolved CO2-concentrating mechanisms that deliver high 
CO2 at the site of carboxylation and enhance Rubisco catalysis. This reduces Rubisco oxy-
genation and photorespiration and allows Rubisco to operate close to its maximal activity.

Photosynthetic heterogeneity in the multicellular C4 types is most commonly illustrated 
and analyzed in transverse leaf sections (Fig. 2A) showing the “Kranz” (wreath-like) radial 
arrangement (Haberlandt 1909, Hattersley and Watson 1975) to highlight the path-
length for metabolite exchange (Hatch and Osmond 1976, von Caemmerer and Furbank 
2003) between chloroplasts in mesophyll and bundle sheath cells. However, Figure 2B also 
shows a median paradermal section that emphasizes the large air spaces between loosely ar-
ranged mesophyll cells in which CO2 is initially �xed into C4 acids by phosphoenol pyruvate 
carboxylase (PEPC). These and other metabolites are then exchanged with bundle sheath 
cells tightly appressed to veins, and are decarboxylated there by three distinctly compart-
mented and different biochemical pathways that generate elevated [CO2]. The structure of the 
bundle sheath wall (which has a low permeability to CO2), the relative biochemical capacities 
of the C3 cycle in the bundle sheath, and metabolite exchange across the mesophyll-bundle 
sheath interface, all contribute to achievement of elevated [CO2] for Rubisco in the bundle 
sheath (von Caemmerer and Furbank 2003).

M

BS

M

BS

A B

Fig. 2  Transverse (A) and (B) paradermal sections of the “Kranz” anatomy in Atriplex vesicaria leaves grown under 
warm conditions (28 °C day/20 °C night), showing marked differences in the size and vacuolation of mesophyll 
cells (M) and bundle sheath cells (BS). Light micrographs × 100 of thin sections prepared for transmission electron 
microscopy; for details see Caldwell et al. (1977).
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The C4 photosynthetic pathway has evolved a number of times in a large number of both di-
cot and monocot genera (Sage 2004). Three major biochemical subgroups of C4 plants have 
been characterized, that use different C4-acid decarboxylases in different bundle sheath cell 
compartments to generate elevated [CO2]; NADP-ME type in chloroplasts, NAD-ME type in 
mitochondria and PCK types primarily in the cytosol (Downton 1971, Hatch et al. 1975). 
These biochemical variations are accompanied by a suite of anatomical features, such as the 
presence or absence of a suberized lamella in the cell wall between bundle sheath and meso-
phyll cells, and the centripetal and centrifugal orientation of chloroplasts in the bundle sheath. 
They are also accompanied by suites of complementary alterations in the light harvesting and 
photosynthetic electron transport capacities of chloroplasts in the two cell types (Hatch and 
Osmond 1976, Hatch 1987).

De�ciency of PSII activity in the bundle sheath of sorghum and other NADP-ME types 
is one of the best documented examples of heterogeneity in thylakoid composition in chloro-
plasts of C4 species (Woo et al. 1970, Mayne et al. 1974, Edwards et al. 1976, Ghirardi and 
Melis 1984). Agranal bundle sheath chloroplasts of sorghum have very limited PSII activity 
and CO2 reduction is driven by complementary metabolite shuttles, not by PSII electron trans-
port. The remarkably different PSII �uorescence emission of mesophyll and bundle-sheath 
cells of sorghum in vivo is clearly displayed by confocal microscopy (Fig. 3) which even 
resolves the strong point sources of PSII �uorescence in grana of mesophyll chloroplasts, and 
the weak diffuse �uorescence of agranal bundle-sheath chloroplasts (Edwards et al. 2001, 
Gunning 2007). It is not yet entirely clear how the tight coupling between demands of CO2 
reduction and the bioenergetic capabilities of light reactions in chloroplasts in the adjacent 
cells is co-ordinated (Meierhoff and Westhoff 1993).

Here we con�ne ourselves to recent studies of the extent to which functional heterogeneity 
in the CO2 assimilation machineries of bundle sheath and mesophyll cells, and the light reac-
tions of their chloroplasts, is re�ected in photosynthesis measured by leaf level gas exchange 
and chlorophyll �uorescence in different C4 plants. We also examine whether heterogeneity in 
these attributes helps improve our understanding of the distribution of these plants in relation 
to gradients in temperature and water availability, nitrogen nutrition and light environments.

3. Heterogeneity of CO2 Diffusion within Leaves and its Implications for Water Use 
Ef�ciency of C4 Plants

Heterogeneity of photosynthesis in C3 leaves arises from patchy stomatal closure that denies 
CO2 supply to sectors in leaves isolated by vein extensions which prevent lateral diffusion of 
gases (heterobaric leaves; Terashima et al. 1988), as well as from slow lateral diffusion of 
CO2 between mesophyll cells in homobaric leaves (Pieruschka et al. 2005, Morison et al. 
2005). Heterogeneity of photosynthesis is also evident at high internal CO2 concentrations in 
CAM plants with very large, uniform mesophyll cells because these cells are tightly packed 
and have little intercellular air space for CO2 diffusion which is much slower when con�ned 
to wet cell walls (Rascher et al. 2001, Nelson et al. 2005, Duarte et al. 2005).

The functional cooperation between mesophyll and bundle sheath cells puts quite differ-
ent constraints on CO2 diffusion in C4 leaves. A prerequisite for high photosynthetic rates of 
C4 photosynthesis is a high rate of CO2 diffusion from intercellular airspace to the mesophyll 
cytosol. Since PEPC is located in the mesophyll cytosol, CO2 has to diffuse through the cell 
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BS

BS

M

M

Fig. 3  Confocal microscope image of chlorophyll auto-�uorescence from mesophyll and bundle sheath cells of 
Sorghum bicolor in longitudinal view. Mesophyll cell chloroplasts (M, outer rows, left) have thylakoids with high 
activity of both photosystems show strong �uorescence from PSII in grana (resolved in lower chloroplasts, right). 
Adjacent bundle sheath cells contain larger chloroplasts (BS, inner rows, left) with PSII de�cient thylakoids, lack 
grana and show diffuse �uorescence from PSI alone (upper chloroplasts, right). Photographs courtesy of B. E. S. 
Gunning; modi�ed after Edwards et al. 2001.

wall and the plasma membrane and cytosol, and the path length in the cytosol is dif�cult to 
estimate (Evans and von Caemmerer 1996). The mean value for mesophyll cell surface 
area to leaf area is 11.6 ± 1.1 for C4 monocots and 15.6 ± 1.4 for C4 dicots (von Caemmerer 
et al. 2007). These values are slightly lower than those reported for C3 species but similar to 
values of chloroplast surface areas adjacent to intercellular airspaces in leaves of C3 species 
(von Caemmerer et al. 2007). Given the need for rapid CO2 diffusion across this interface 
one wonders whether the lower mesophyll cell surface areas in C4 leaves are an anatomical 
constraint imposed by the need to stay connected with the bundle sheath cells. There are no 
studies we know of that have examined lateral photosynthetic heterogeneity in C4 species 
which we suspect may be less pronounced than in C3 leaves. It might be interesting to repeat 
the �uorescence imaging experiments of Morison et al. (2005) who occluded stomata with 
spots of grease to examine CO2 diffusion within the mesophyll of C3 species.

The requirement of high conductance for CO2 diffusion, from intercellular airspace to the 
mesophyll, contrasts with the requirement of low CO2 permeability across the mesophyll bun-
dle sheath interface needed to achieve elevated [CO2] for the CO2-concentrating mechanism. 
In part this is achieved by low bundle sheath to leaf surface area ratios (1.8 ± 0.1) that vary lit-
tle amongst species (von Caemmerer et al. 2007). One of the measures of the success of the 
cooperation between mesophyll and bundle sheath cells in C4 photosynthetic CO2 concentra-
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tion mechanism is the CO2 leakiness of the bundle sheath, de�ned as the rate of CO2 leakage 
out of the bundle sheath relative to the rate of CO2 supply of the C4 cycle (Farquhar 1983). 
It has been suggested that NADP-ME grasses may be less leaky than NAD-ME grasses since 
they posses a suberized lamella in the bundle sheath cell wall which could increase the gas 
tightness of the bundle sheath. This hypothesis �ts with the differences in the carbon isotope 
composition of leaf dry matter observed between NAD-ME and NADP-ME species (Hat-
tersley 1982, Farquhar 1983, Ghannoum et al. 2002). However, short term measure-
ments of photosynthetic carbon isotope discrimination made concurrently with gas exchange 
revealed no evidence for differences between the biochemical subtypes (Henderson et al. 
1992, Cousins et al. 2007). Perhaps differences in dry matter carbon isotope discrimination 
are related to differences in respiratory metabolism, but this has yet to be explored.

The near constancy of the estimated leakiness in C4 species from a range of evolutionary 
origins seems quite remarkable. It complements the convergence found in other gas exchange 
characteristics despite anatomical and biochemical heterogeneity observed in these species. 
For example, when grown under standard conditions there was a surprising similarity in pho-
tosynthetic rate per leaf area although NAD-ME species had slightly greater whole plant 
water used ef�ciency under drought (Ghannoum et al. 2002). It turned out that the key factor 
contributing to this difference was a higher catalytic turnover rate of Rubisco carboxylation in 
NADP-ME compared to NAD-ME species (Ghannoum et al. 2005). The geographic distri-
bution of the different C4 types with rainfall shows dramatically different correlations; species 
of the NADP-ME subtype are more abundant in high rainfall areas whereas the NAD-ME 
subtype is more abundant in drier habitats (Ellis et al. 1980, Hattersley 1983). Clearly, 
there is more to ecological success than water ef�cient CO2 assimilation.

In most temperature transects examined, whether latitudinal or altitudinal, the frequency 
of C4 plants in grass �oras is positively correlated with growing season minimum tempera-
ture (Teeri and Stowe 1976, Vogel et al. 1978, Hattersley 1983, Taub, 2000). Since 
Ehleringer and Björkman (1977), this correlation has been attributed to the temperature 
insensitivity of quantum yield in C4 plants, and the higher quantum yield of C3 photosynthe-
sis at about 10 °C. However, we need to remember that the quantum yield advantage is only 
likely to be selected in low light environments. The canopy of tall tropical grasslands may be 
light limited, but it is clear that the development of the photosynthetic apparatus in tropical 
C4 grasses is impaired at low temperatures (Taylor and Craig 1971, Slack et al. 1974). 
Moreover, species with the same C4 type (NADP-ME), but from different genetic lineages, 
show remarkably different responses to low temperature. Cold-tolerance in Miscanthus × 
giganteus is associated with maintenance of high levels of Rubisco and some C4 enzymes, 
compared with cold-sensitive Zea mays (Naidu et al. 2003). Low temperature tolerance is 
widely known among NAD-ME type C4 dicotyledons such as Atriplex spp. (Osmond et al. 
1980), and the yet to be explained starch accumulation in both mesophyll and bundle sheath 
cells at low temperature (Caldwell et al. 1977) seems common across both pathway types 
and between species.

4. Heterogeneity, Nitrogen use Ef�ciency and Light Environment

The higher gross leaf nitrogen use ef�ciency of the C4 pathway compared to the C3 pathway 
is well known (Seemann et al. 1984, Hatch 1987, Long 1999). Recent detailed comparisons 
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of photosynthetic N allocation in C3 and C4 plants (Makino et al. 2003) have been re�ned 
to show that the higher ef�ciency in the latter arises from both reduced Rubisco content 
(less carboxylase is needed to sustain the same rate of CO2 �xation at elevated [CO2]) and 
improved catalytic turnover rates of Rubisco in C4 species (Ghannoum et al. 2005). The par-
titioning of leaf chlorophyll and nitrogen to the bundle sheath in four C4 grasses examined by 
Ghannoum et al. (2005) is shown in Figure 4. The NAD-ME grasses had a lower photosyn-
thetic nitrogen use ef�ciency than NADP-ME grasses because they contained more leaf N per 
area (Ghannoum et al. 2005). In the NAD-ME species 65 % of both leaf N and chlorophyll is 
found in the PSII-rich bundle sheath, whereas only 35 % of both chlorophyll and nitrogen is 
found the PSII-depleted bundle sheath of NADP-ME species. Despite containing 65 % of leaf 
chlorophyll less than 40 % of leaf functional PSII and PSI centers are located in the bundle 
sheath of the two NAD-ME species. Bundle sheath cells of the two NADP-ME species con-
tain a similar amount of PSI activity but PSII activity is almost negligible.

There are few studies of the plasticity of chloroplast thylakoid organization in mesophyll 
and bundle sheath in C4 species in relation to N nutrition and light environment. Henderson 
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Fig. 4  Bundle sheath nitrogen as fraction of leaf nitrogen content (A), bundle sheath chlorophyll as a fraction of 
leaf chlorophyll (B), bundle sheath PSII activity as a fraction of leaf PSII activity (C) and bundle sheath PSI activity 
as a fraction of leaf PSI activity (D). Measurements were made on two NAD-ME grasses (Panicum mileacium and 
Panicum coloratum) and two NADP-ME grasses (Sorghum bicolor and Cenchris ciliaris). Data have been collated 
from Table V of Ghannoum et al. (2005). Two replicate measurements were made for each species.
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et al. (1992) observed increased leakiness in NADP- and NAD-ME types at low light, and 
Wong and Osmond (1991) noted an increase in δ13C composition of Echinochloa frumen-
tacea (NADP-ME type) and stimulation of growth by elevated [CO2], indirectly indicating 
a partial failure of the CO2-concentrating mechanism at low N. In the C4 dicot Amaranthus 
cruentus (NAD-ME) low N and low light increased the investment of N in light harvesting 
systems and surprisingly, sustained a higher quantum yield of photosynthesis at low light, 
in spite of increased leakiness (Tazoe et al. 2006). In maize, Drozak and Romanowska 
(2006) reported that low light increased the ratio of PSII electron transport activity of bundle 
sheath chloroplasts relative to mesophyll from 0.15 to 0.20 and decreased the ratio of PSI 
electron transport from 1.94 to 1.70. Larger increases in the PSII-associated light harvesting 
components of mesophyll and bundle sheath cells were observed, with little change in PSI 
antennae. The range of photosystem plasticity seems limited, but seems to compensate the 
bioenergetics of CO2 assimilation.

5. Distribution of Light Absorption in C4 Leaves

Terashima and Saeki (1983) �rst showed that monochromatic light was attenuated in direct 
proportion to the cumulative chlorophyll content of a C3 leaf. Careful paradermal sectioning 
of spinach leaves demonstrated that chloroplasts differed vertically through the leaf, both bio-
chemically and ultrastructurally (Terashima and Inoue 1985a, b). Evans and Vogelmann 
(2003) measured pro�les of light absorption more directly by quantifying chlorophyll �uores-
cence images of transversely cut faces obtained when blue or green or blue light was applied 
to the abaxial or adaxial surface of spinach leaves.

However, the anatomy of C4 leaves means that bundle sheath chlorophyll is generally 
shielded by the surrounding mesophyll cells. Therefore, one would expect that relatively less 
light would be absorbed per chlorophyll in the bundle sheath compared with the mesophyll. 
To investigate this, Evans et al. (2007) used the above techniques to image chlorophyll �uo-
rescence emitted from the cut transverse face of leaves F. bidentis. Three images are shown 
in Figure 5A. Under epi-illumination, light is directed onto the transverse face through the 
microscope lens, which also captures the �uorescence. The distribution of �uorescence rep-
resents that of chlorophyll. Bright �uorescence can be seen throughout the mesophyll. The 
�uorescence is less in the bundle sheath because of reduced PSII content (cf. Fig. 3). By 
applying light to the adaxial surface, the �uorescence image reveals the gradient in light 
absorption through the leaf. Blue light is strongly absorbed by chlorophyll and is rapidly 
scattered on entry into the leaf. This results in intense �uorescence near the adaxial surface, 
but little �uorescence from the lower half of the leaf. In contrast, green light penetrates 
further into the leaf and some �uorescence is still emitted from chloroplasts near the lower 
surface.

The pro�le of �uorescence across the leaf was quanti�ed from F. bidentis images by 
sampling transects through mesophyll or vascular tissue (Fig. 5B). Depth was measured from 
the boundary between the epidermis and mesophyll. Under blue light, �uorescence declines 
rapidly, falling below 20 % within 40 µm through the mesophyll. In contrast, it takes about 
300 µm for blue light absorption to decline by a similar amount in leaves of Spinacia oleracea 
(Fig. 4B; Evans and Vogelmann 2003). Thus a C4 leaf like F. bidentis absorbs light very ef-
�ciently over a short distance in comparison to the much thicker spinach leaves (Fig. 5).
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Fig. 5  Fluorescence (680 nm) images of the transverse face of Flaveria bidentis. (A) The adaxial surface of the leaf 
was irradiated with monochromatic blue or green light while �uorescence exiting from the transversely cut face 
of the leaf was imaged. Then light perpendicular to the transverse face was applied to capture the epi-illumination 
�uorescence image. (B) Quantitative analysis of the �uorescence images in (A). Chlorophyll �uorescence pro�les 
through Flaveria bidentis leaves with sampling through veins (V) or mesophyll regions between veins (M) when blue 
or green light was applied to the adaxial surface. Data redrawn form (Evans et al. 2007). For comparison, similar 
�uorescence gradients through a spinach leaf are shown. Data were redrawn from Evans and Vogelmann 2003.

Green light penetrated further and signi�cant amounts of green light reached the bundle 
sheath chloroplasts compared with relatively little blue light. The differential penetration 
of blue and green light into F. bidentis leaves led us to investigate the consequent effect 
on photosynthesis. We compared steady-state rates of CO2 assimilation and photochemical 
ef�ciency under white, green, or blue light with equivalent incident photon �uxes (Fig. 6). 
Despite giving the same incident photon irradiance for each colour, the rates of CO2 assimi-
lation were lower under blue light by about 25 % for Spinacia (data not shown) and 50 % for 
F. bidentis (Evans et al. 2007). This was not re�ected in the photochemical ef�ciency signal, 
which decreased by only 15 % (Fig. 5). This illustrates the fact that gas exchange integrates 
the �ux through the depth of the leaf over a given area, while �uorescence records from a 
layer of chloroplasts near the adaxial surface. The results presented in Figure 6 suggest that 
the poor penetration of blue light into the bundle sheath cells did not allow for suf�cient 
ATP formation in the bundle sheath to match the rate of CO2 pumping. One would predict 
that leakiness should be greater under blue light than under green light and this prediction 
remains to be investigated. Our results highlight that bundle sheath and mesophyll experi-
ence very different light environments.
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6. Whole Leaf Chlorophyll Fluorescence, What Do We See?

A close relationship between chloroplast electron transport estimated from chlorophyll �uo-
rescence and CO2 assimilation rate was �rst demonstrated for Zea mays by Genty et al. 1992 
and Edwards and Baker 1993. Surprisingly, the differences in chlorophyll and PSII distribu-
tion between mesophyll and bundle sheath cells amongst the different biochemical subtypes 
is not apparent when rates of chloroplast electron transport estimated from chlorophyll �uo-
rescence are correlated with measurements of CO2 assimilation rates (Krall and Edwards 
1990). Likewise, the changes in PSII and PSI light harvesting and electron transport activity 
in Z. mays grown at different light intensities had little impact on light dependence of PSII 
ef�ciency estimated by �uorescence, although low light grown leaves had about 30 % lower 
capacity for nonphotochemical quenching at high light (Drozak and Romanowska 2006).

Comparison of mass spectrometric measurements of gross O2 evolution (originating form 
PSII) with measurements of chloroplast electron transport by chlorophyll �uorescence shows 
an almost one to one relationship (Fig. 7A; Siebke et al. 2003), whereas chloroplast electron 
transport measured with chlorophyll �uorescence overestimates gross CO2 uptake slightly 

0

4

8

12
C

O
2 a

ss
im

ila
tio

n 
ra

te
 

(
m

ol
 m

-2
 s

-1
)

White Green Blue
0.0

0.2

0.4

0.6

Φ
 (P

SI
I)

Fig. 6  Rates of CO2 assimilation (µmol m–2 s–1), and photochemical ef�ciency, φPSII, for leaves of Flaveria bidentis 
measured under different-coloured light (mean ± s. e., n = 3). Measurement conditions were 370 µmol CO2 mol–1, 
12 – 15 mbar leaf to air vapour pressure difference, and a leaf temperature of 25 ºC. Photochemical ef�ciency was 
measured with a PAM �uorometer using a blue modulated light. Data redrawn from Evans et al. 2007.
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(Fig. 7B). This can probably be explained by the signi�cant amount of light dependent O2 
uptake via the Mehler reaction which was 18 % of gross O2 evolution (Fig. 8). Leaf discs of 
a number of C4 grasses of either the NAD-ME or NADP-ME biochemical subtypes showed a 
linear dependence of 18O uptake on light intensity, and no differences between subtypes was 
observed (Siebke et al. 2003). These studies con�rm earlier indications of uniformly lower 
quantum yield of O2 evolution in different C4 types compared with C3 plants (Demmig and 
Björkman 1987).
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Fig. 7  Electron transport rate, Jf, calculated from �uorescence measurements as a function of gross O2 evolution (A) 
or gross CO2 uptake (B). Measurements were made on leaf discs at high CO2 at different irradiances and with differ-
ent species. NAD-ME species (open circles) used were: Astrebla lappacea, Eleusine coracana, Eragrostis superba, 
Leptochloa dubia, Panicum coloratum; (B) NADP-ME species (closed circles) used were: Bothriochloa biloba, 
Bothriochloa bladhii, Cenchrus ciliaris, Dichanthium sericeum, Panicum antidotale, Paspalum notatum, Pennisetum 
alopecuroides, Sorghum bicolor. Lines show the four to one relationships. Data are taken from Siebke et al. 2003.

7. Heterogeneity and the Ecology and Evolution of C4 Plants

The above experiments suggest that we must search for other factors to explain clearly differ-
entiated correlations of abundance in C4 types with annual precipitation (Hattersley 1982, 
Henderson et al. 1992). For example, it now seems that the decline in relative abundance 
of C4 grasses (relative to C3) in response to decreasing rainfall in South Africa, even though 
C4 plants have higher water use ef�ciency when water is available, may be attributed to the 
greater drought sensitivity of C4 pathway metabolism (B. Ripley and C. Osborne, personal 
communication). Analogous constraints may explain the correlations between growing sea-
son minimum temperatures and C4 grass distribution along longitudinal and altitudinal gra-
dients (Teeri and Stowe 1976). It is already clear that these are not associated with different 
temperature-quantum yield relationships among C4 types, but involve complex interactions 
with development of the whole photosynthetic apparatus. The NAD-ME C4 dicots may be 
the most cool tolerant of all (Caldwell et al. 1977, Osmond et al. 1980, 1982). There have 
been few studies of nitrogen use ef�ciency and environment in C4 plants, even in crop plants. 
Wong and Osmond (1991) explored some competitive interactions between wheat and pearl 
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millet in relation to nitrogen use ef�ciency and elevated atmospheric [CO2], with emphasis 
on carbon partitioning belowground in relation to nutrient uptake. Overall, enormous scope 
remains for exploration of these relationships in common garden and competition experi-
ments. 

We should not be dissuaded from further measurement and modeling of the functional 
signi�cance of heterogeneity in these systems. Some unresolved molecular and cellular is-
sues include accumulation of starch in mesophyll cells in response to low temperature and 
evaluation of lateral diffusion of CO2 in C4 monocots and dicots. Although heterogeneity in 
the C4 pathway may not matter with respect leaf-level photosynthetic performance, it may 
well matter in relation to environmental tolerance limits during development and senescence 

Fig. 8  Light dependence of O2 exchange in NAD-ME (open symbols) and NADP-ME (closed symbols) grasses. (A) 
Gross O2 evolution at 1–2 % CO2; (B) Gross O2 uptake at 1–2 % CO2 (circles) and O2 uptake in the dark (triangles) meas-
ured on corresponding leaf discs at 30 °C and 21 % O2. (NAD-ME species used were Eragrostis superba, Leptochloa 
dubia, Panicum coloratum; and NADP-ME species used were Dichanthium sericeum, Pennisetum alopecuroides, Pani-
cum antidotale, Cencrus ciliaris.) Symbols indicate average of 1– 4 measurements per species and light intensity; error 
bars are standard errors calculated on the average of species. The Figure is adapted from Siebke et al. 2003.
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as we scale up from the leaf to the landscape. At bottom, we need to remember that natural 
selection brings the whole environment to act upon the whole genome throughout the whole 
of development, survival and reproduction of the organism.

Crossing experiments with C3 and C4  Atriplex spp. at the Carnegie Department of Plant 
Biology in the 1970s yielded a huge array of anatomical and biochemical heterogeneity in 
some 300 F1-F3 hybrids. However, none showed the assembly of a functional “C4 syndrome”; 
all retained CO2 compensation points and δ13C values similar to the C3 parent (Osmond et 
al. 1980). Naturally occurring C3-C4 intermediates also show C3-like δ13C values, but a range 
of intermediate CO2 compensation points, suggesting a variety of partly functional C4-like 
CO2-concentrating mechanisms (Monson and Rawsthorne 2000). Recent studies of the 
genus Heliotropium have gone one step further, making detailed assessments of the relation-
ships between intermediate CO2 compensation points, CO2 �xation rates under limiting and 
saturating CO2, water use ef�ciency and ecological niches (Vogan et al. 2007). These authors 
are thus closing on the mechanisms of evolution of C4 plants, and speculate that there may be 
“only a few viable levels of intermediacy” (i.e., only a few viable “natural structures”) and 
that natural selection from C3 to C4 proceeds in steps de�ned by a few functional assemblages 
of the elements of heterogeneity.

8. Conclusions

Spatial and functional heterogeneity is a feature of the photosynthetic apparatus at all scales, 
from the molecular ecology of antennae and reaction centers responsible for solar energy 
transduction in thylakoid membranes of chloroplasts, to the structure of leaf tissues, to the 
display of leaves and to canopy architecture (Osmond et al. 1999). There is a remarkable 
range of heterogeneity in the leaves of C4 plants considered here, but is it re�ected in func-
tional diversity at larger scales; in selective advantage in the way different types of C4 plants 
respond to gradients of water, nutrient and light availability in the environment?

– In spite of substantial differences in the anatomical and biochemical heterogeneity in 
different C4 types their CO2-concentrating mechanisms confer similar improvements in 
water use ef�ciency under comparable conditions (Ghannoum et al. 2002).

– Higher nitrogen use ef�ciency is also a feature of all C4 types, and is re�ected in different 
patterns of nitrogen allocation between thylakoid and soluble proteins in mesophyll and 
bundle-sheath chloroplasts in leaves of different types.

– The heterogeneity of chlorophyll and photosystem distribution in different C4 types is 
integrated by chlorophyll �uorescence measurements from the thin leaves. However, the 
relationship between photosynthetic electron transport and CO2 and O2 exchange rates 
that emerges from these measurements is similar, in spite of the heterogeneity among 
components of the light and dark reactions of photosynthesis in NADP- and NAD-ME C4 
types (Siebke et al. 2003). Substantial light dependent electron �ow to O2 (Mehler reac-
tion) is a feature of both NADP- and NAD-ME C4 types.

The studies reviewed here con�rm that the anatomical and biochemical heterogeneity among 
C4 types re�ects natural selection of diverse pathways that confer a similar and robust leaf-
level advantage with respect to water and nutrient economy of CO2 assimilation and light 
use in a low CO2, high O2 atmosphere. In terms of Piaget (1971) these leaf-level “natural 
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structures” represent the essence of “operational structuralism” within C4 plants otherwise 
known as the “C4 syndrome”. In spite of having arisen multiple times in unrelated taxa, there 
has been remarkable functional convergence such that we cannot associate speci�c selective 
advantages with heterogeneity among C4 types in relation to leaf-environment interactions. In 
scaling up to the leaf level and beyond, for most practical purposes, the C4 pathway becomes 
somewhat less than the sum if its parts.

Passioura (1979) argued for better communication between molecular, organismal and 
ecological levels of enquiry in plant sciences to achieve more accountable outcomes. Shortly 
afterwards, the �rst steps were taken to apply integrative leaf-level methods, such as stable 
isotopes to scale up CO2 and H2O exchange (the dark reactions of photosynthesis), and chlo-
rophyll �uorescence (the light reactions) to evaluate the signi�cance of heterogeneity in pho-
tosynthetic systems. Today, the physiological bases of C3 and C4 photosynthesis (Farquhar 
and Richards 1984) have assisted selection of more water use ef�cient varieties of wheat 
now released to Australian farmers, and now inform “big leaf” models of regional and global 
carbon and water vapor �uxes using δ13C and 18O signatures in atmospheric CO2 (Lloyd and 
Farquhar 1993, Lin et al. 1998). Although the CO2-concentrating mechanisms of the C4 
pathway clearly mitigates O2 uptake by Rubisco, substantial O2 uptake involving photosyn-
thetic electron transport in the Mehler reaction persists in these plants (Siebke et al. 2003). 
The δ18O signature of photosynthetic electron �ow to O2 might help re�ne global insights into 
the steady state difference between the isotopic composition of atmospheric oxygen and its 
ultimate source in water (the “Dole effect”, Guy et al. 1993, Bender et al. 1994), particularly 
in the face of accelerating elevated atmospheric [CO2]. Moreover, the leaf-level advantages 
conferred by the heterogeneity of the C4 pathway also need careful further evaluation in rela-
tion to rising [CO2] (Wong and Osmond 1991, Henderson et al. 1992, Ghannoum et al. 
2001). Clearly, the functional importance of photosynthetic heterogeneity in leaves may yet 
have much to offer in scaling from the molecule to the biosphere.
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Lateral Gas Diffusion inside Leaves:  
A Long Neglected Topic in Plant Physiology

 Siegfried Jahnke1, 2 and Roland Pieruschka1, 3 (Jülich)

 With 3 Figures

Abstract

A requirement for lateral gas movement inside leaves is the interconnectivity of intercellular air spaces which is a 
striking feature of homobaric leaves. Lateral diffusion of CO2 in leaves has been shown to affect both gas exchange 
measurement and leaf CO2 uptake. In particular under conditions of low stomatal conductance, studies using chloro-
phyll �uorescence imaging showed that laterally diffusing CO2 from shaded parts can contribute to photosynthesis 
in illuminated leaf parts. We hypothesize that homobaric leaf anatomy is an adaptation to conditions of transitory 
drought and light stress.

Zusammenfassung

Eine Voraussetzung für laterale Gas�üsse in Blättern ist die durchgehende Vernetzung der Interzellularräume, wel-
ches ein auffallendes Merkmal homobarer Blätter darstellt. Es konnte gezeigt werden, dass laterale Diffusion von 
CO2 sowohl Gaswechselmessungen als auch den Gasaustausch selbst beein�ussen kann. Aus Untersuchungen mit 
Hilfe der Chlorophyll-Fluoreszenz-Bildgebung konnte geschlossen werden, dass laterale CO2-Diffusion aus beschat-
teten Bereichen zur Photosynthese in beleuchteten Blattbereichen beitragen kann. Dies ist insbesondere unter Bedin-
gungen niedriger stomatärer Leitfähigkeit der Fall. Wir stellen die Hypothese auf, dass homobare Blattanatomie eine 
Adaptation an Standortfaktoren mit zeitweiligem Trocken- und Lichtstress darstellt.

1. Introduction

The supply of CO2 to the photosynthetic active leaf cells is mainly by gas diffusion from the 
surrounding air through the stomata into the leaf mesophyll. Due to the preferential direc-
tion this can be denoted “vertical diffusion”. However, once inside a leaf, gas molecules may 
also move laterally depending on the size and interconnectivity of the intercellular air space 
systems of the respective leaves. The internal leaf structure in this respect depends on the 
occurrence of bundle sheath extensions a term which, according to Wylie (1952), was sug-
gested by Katherine Esau. Bundle sheath extensions reach from the upper to the lower leaf 
epidermis and de�ne form and size of leaf internal compartmentation and thus the maximal 
possible range of lateral gas movement (Weyers and Lawson 1997). Neger (1912) reported 

1 Forschungszentrum Jülich GmbH, Institut für Chemie und Dynamik der Geosphäre (ICG), ICG-3: Phytosphäre, 
52425 Jülich, Germany.

2 Universität Duisburg-Essen, Fachbereich Biologie und Geographie, 45117 Essen, Germany.
3 Carnegie Institution of Washington, Department of Global Ecology, 260 Panama St, 94305 Stanford, CA, USA.
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that as early as in the last decades of the 19th century, Haberlandt and Westermaier made 
�rst reports on leaf structures which later on were called bundle sheath extensions. Leaves 
having bundle sheath extensions were named “heterobarisch” (heterobaric) by Neger (1912). 
The bundles sheath extensions in such leaves are more or less free of intercellular air space 
and therefore inhibit lateral gas movement effectively. Leaves which lack bundle sheath ex-
tensions were denoted “homobarisch” (homobaric; Neger 1912) and provide substantially 
less restrictions to lateral air movement than heterobaric leaves. Neger (1918) measured lat-
eral sizes of “air chambers” in hetero- and homobaric leaves and classi�ed them into several 
groups and, more recently, leaf lamina compartmentation has been shown by Weyers and 
Lawson (1997). Neger (1918) reported that bundle sheath extensions were differently re-
�ected in leaves grown under different light intensities: Fewer bundle sheath extensions were 
observed in shade than in sun leaves which was also supported by Wylie’s studies (Wylie 
1951). Wylie (1952) investigated 348 plant species based on microscopic analysis of leaf 
anatomy and classi�ed 40 % of the species homobaric and, in these early days, already con-
sidered that the occurrence of bundle sheath extensions might have consequences for “lateral 
gas movement” inside leaves. Meidner (1955) performed studies on homobaric leaves with 
an air-�ow porometer and observed lateral air movement over distances of 0.5 (max. 2.5) mm. 
Further studies on lateral diffusion inside leaves were resumed after a long time gap in the 
1990s. Lateral gas diffusion on the micrometer scale was considered to have an impact on 
stomatal patchiness (e.g. Downton et al. 1988, Terashima et al. 1988, and many others) and 
many aspects of gas diffusion inside leaves were broadly discussed later on in a review by 
Parkhurst (1994). Here we propose that lateral gas diffusion in leaves should receive more 
attention for various reasons. It may impair gas exchange measurements, in particular, when 
small clamp-on leaf chamber are used causing annoying artifacts. It might also have physi-
ological consequences on the gas-exchange performance of homobaric leaves under certain 
environmental conditions or at the speci�c growth locations within canopies of individual 
plants. We are convinced that lateral gas diffusion in leaves could substantially in�uence plant 
performance which has not been adequately accounted for so far.

2. Effects on Gas Exchange Measurement

Starting in the 1990s numerous reports appeared in the literature claiming that an increase 
in atmospheric CO2 concentration (ca) has an impact on plant respiration in the dark. Most 
publications reported a substantial decrease in plant respiration rate when the ambient ca 
of about 370 ppm was experimentally doubled to approximately 700 ppm as expected by 
Intergovernmental Panel on Climate Change (IPCC) scenarios at the end of the 21th cen-
tury. Most of the reports were summarized in a review of Amthor (1997). These reports 
were the starting point for our interest in the so-called direct effect of CO2 concentration 
on respiration in the dark. In a �rst series of experiments performed with heterobaric leaves 
of Phaseolus vulgaris and Populus x deltoides we were able to show that atmospheric CO2 
concentration had no effect on respiration up to 4000 ppm (Jahnke 2001). These �nd-
ings were obtained with a conventional gas exchange system based on the detection of CO2 
concentration. These results were con�rmed by an independent method using an oxygen 
analyzer with high sensitivity (1 ppm resolution) showing that also the respiratory exchange 
of oxygen (O2) was not affected by changes in atmospheric CO2 concentration (Amthor et 
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al. 2001, Davey et al. 2004). Due to these observations we were convinced that a direct CO2 
effect on dark respiration does not exist.

However, apparent dark respiration rates with mature homobaric leaves of Nicotiana ta-
bacum were signi�cantly reduced due to lateral CO2 diffusion in the mesophyll when atmos-
pheric CO2 concentration was increased inside the clamp-on leaf chamber (Jahnke and Kre-
witt 2002). This was the �rst report that lateral gas diffusion inside leaves may have an 
impact on gas-exchange measurements over the distance of leaf-chamber sealing (i.e. several 
millimeters), and the measured effect of elevated CO2 on respiration was simply an artifact. 
When the CO2 concentration was increased not inside but outside the leaf chamber, the meas-
ured respiration rate apparently increased, whereas, when the CO2 concentration was similar 
inside and outside of the leaf chamber, the respiration rate was not altered and independent 
of the CO2 concentration (Fig. 1). This apparent CO2 dependency of measured respiration 
rate was only observed when homobaric leaves were investigated with clamp-on leaf cham-
bers where only a leaf part is enclosed inside the leaf chamber; it was absent when the entire 
leaves were enclosed (Jahnke and Pieruschka, unpublished) and no such effect was found 
on heterobaric leaves (Jahnke 2001). Both observations indicate that the “direct CO2 effect” 
was simply caused by lateral CO2 movement when homobaric leaves were measured. On the 
other hand, most reports about the “direct CO2 effect” on respiration (cf. Amthor 1997) were 
based on measurements on heterobaric leaves where the in�uence of lateral CO2 diffusion 
can be de�nitely excluded. We assume that these measurement errors were based on technical 
problems of gas exchange systems with clamp-on leaf chambers which are simple and easy 
to use but prone to errors. Leakage through gaskets or at the interface between the gaskets 
have been discussed in that context (Rodeghiero et al. 2007, Flexas et al. 2007) but leakage 
between leaf surfaces and the gaskets is even more likely (Jahnke 2001). Furthermore, there 
is a number of other instrumental issues which may contribute to erroneous measurements 
such as non-linearities of infrared gas analysers (IRGA), memory effects of gas exchange 
systems or shortcomings in calibration of the water vapour pressure effect (“CO2 dilution 
effect”) on measured CO2 concentration (Jahnke 2001). In order to minimize the effect of 
lateral CO2 diffusion on gas exchange measurements with homobaric leaves when clamp-
on leaf chambers are used, we applied a controlled overpressure inside the leaf chamber 
(Jahnke and Pieruschka 2006). Measuring respiration in the dark when stomata are mostly 
closed overpressure completely eliminated any measurement artefacts. However, in the light 
stomata are open and overpressurizing the leaf chamber led to substantial lateral net gas �ux 
via the leaf mesophyll causing a substantial (apparent) reduction in measured photosynthetic 
CO2 uptake. This effect was clearly dependent on stomatal conductance and overpressure is 
therefore not a suitable tool to reduce the drawbacks associated with the use of clamp-on leaf 
chambers (Jahnke and Pieruschka 2006).

3. Impact on Photosynthesis

When homobaric leaves of Vicia faba were measured with a clamp-on leaf chamber, shading 
or illuminating of leaf parts outside of the chamber in�uenced the assimilation rates measured 
inside the leaf chamber (Fig. 2; see also Pieruschka et al. 2006). When shaded, the inter-
nal CO2 concentrations in the leaf parts outside the leaf chamber (ci,o) is higher than in the 
clamped illuminated leaf area (ci,i) causing a gradient and a net CO2 �ux into the clamped leaf 
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part. Such leaf internal CO2 exchange is not detectable with conventional gas exchange meas-
urements. Here, it was indirectly measured by a decrease in assimilation rate when the outer 
leaf parts were shaded as compared to measurement with illuminated outer leaf parts (Fig. 
2A). In heterobaric leaves, lateral CO2 exchange is hindered by the bundle sheath extensions 
and therefore no similar effect of shading or lightening the leaf parts outside the leaf chamber 
on measured assimilation rate of the clamped leaf part was observed (Fig. 2B).

Based on these observations it was assumed that lateral gas diffusion in leaves might be 
most effective under conditions when stomatal conductance is low. To evaluate the in�uence 
of lateral diffusion on photosynthetic performance of leaves with different stomatal conduc-
tances, chlorophyll �uorescence imaging studies were conducted to monitor the quantum 
yield of photosystem II (ΦPSII) at a light/shade border (Pieruschka et al. 2006). When a 
Vicia faba plant was exposed to drought stress, ΦPSII was highest near the light/shade border 
of a homobaric leaf and clearly decreased with increasing distance to that border; however, 
when the plant was re-watered, the observed gradient in ΦPSII disappeared almost completely 
within about 25 min (Fig. 3). As long as stomatal conductance is low, ci in the illuminated part 
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Fig. 1  Net CO2 exchange rate (NCER) of a homobaric leaf of Vicia faba measured in the dark with a clamp-on leaf 
chamber. In (A), the experimentally manipulated atmospheric CO2 concentration outside (ca) and inside (ca,i) the leaf 
chamber is presented. The NCERs obtained at the various CO2 concentrations are shown in (B). Modi�ed after Fig. 
2 of Jahnke and Pieruschka 2006.
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Fig. 2  NCERs measured with a clamp-on leaf chamber on a homobaric leaf of Vicia faba (A) or a heterobaric leaf 
of Glycine max (B). Light inside the clamped leaf part was not altered but outside the leaf chamber illumination was 
switched on or off: shade is indicated by the black circles, light by the white circles. The experiment is similar to 
the one shown in Fig. 1 of Pieruschka et al. 2008, but measured with an improved signal-to-noise ratio by using a 
LI-7000 infrared gas analyser instead of a LI-6400 instrument.

of a leaf is low but, in the vicinity of the light/shade border, ci may be considerably higher 
due to leaf internal lateral CO2 supply from the shaded parts. That means that the observed 
gradient in ΦPSII was caused by an underlying gradient in ci eventually limiting the apparent 
assimilation rate of the leaves which is measured as the CO2 exchange between the leaf and 
atmosphere (Pieruschka et al. 2006).

In contrast to these �ndings, Morison et al. (2005) concluded from their studies with homo-
baric leaves of Commelina communis that lateral diffusion of CO2 is not suf�cient to sup-
port photosynthesis in leaf areas in which stomata were arti�cially closed by grease patches. 
However, in a following opinion paper the authors changed their opinion regarding lateral 
CO2 diffusion as a potential contribution to leaf performance (Morison and Lawson 2007). 
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This is further con�rmed by a more recent paper where they came to the conclusion that later-
ally diffusing CO2 can indeed substantially in�uence photosynthesis (Morison et al. 2007). 
However, in that study the impact of lateral diffusion on photosynthesis was similar in all 
�ve investigated dicotyledoneous species with different leaf anatomies. By improving the 
method of sealing leaf patches with silicon grease used by the Morison group and calculating 
gradients of leaf internal CO2 concentrations (ci) from chlorophyll �uorescence image data 
(ΦPSII mapping), we were able to show that the contribution of laterally diffusing CO2 to pho-
tosynthesis of sealed leaf parts differs substantially between different species; it is dependent 
on the physical properties and mainly de�ned by the lateral CO2 diffusion coef�cients of the 
particular leaves (Pieruschka et al. 2008).

4. Lateral Gas Conductivity of Leaves and its Possible Role for Plants

The possible role of lateral diffusion of CO2 has been already considered in literature but 
was mostly restricted to small distances such as between neighboring stomata (reviewed e.g. 
by Parkhurst 1994). This may play a role in particular when patchiness of stomata causes 
non-uniform photosynthesis in heterobaric but not homobaric leaves (Downton et al. 1988, 
Terashima et al. 1988). Leaves of the CAM plant Kalanchoë daigremontiana have densely 
packed mesophyll cells which limits CO2 diffusion and thus contributes to the interplay of 
coupled individual oscillators involved in spatiotemporal variations in the metabolism of this 
plant (Rascher et al. 2001). Though the intercellular space in homobaric leaves of K. daigre-
montiana is small, lateral diffusion of CO2 was demonstrated to affect PSII activity (Duarte 
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Fig. 3  Quantum yield of photosystem II (ΦPSII) measured on the illuminated part of a homobaric Vicia faba leaf at 
different distances to a shade provided to that leaf. The ΦPSII were pooled in regions of interests (ROI) being 1 mm 
wide and plotted for distances of 1 mm (black circle), 3 mm (grey triangle) and 5 mm (white circle) to the light/shade 
border. Modi�ed after Fig. 6E of Pieruschka et al. 2006.
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et al. 2005). Moreover, high concentration of CO2 in the mesophyll of CAM species may also 
provide a basis for CO2 signaling facilitated by lateral gas diffusion (Lüttge 2007).

In order to illustrate the possible magnitude of lateral porosity, an example calculation of 
a homobaric Nicotiana tobacco leaf may be helpful. With a leaf thickness of 300 µm, leaf 
porosity of 40 % and total length of the chamber gaskets of 100 mm, the cross-section area 
of such a tobacco leaf under the leaf chamber sealing possibly open for lateral air movement 
accounts for 12 mm2 and is equivalent to a tubing with an inner diameter of 4 mm. It is obvi-
ous that this has to lead to considerable lateral leakage rates (gas �uxes) as observed in the 
already presented experiments. Gas exchange measurements and chlorophyll �uorescence 
imaging were used to quantify such lateral gas conductivities (or lateral diffusion coef�cients) 
for leaves of different species. The results indicate that gas diffusion in homobaric leaves can 
be even larger in lateral than in vertical directions of the leaves; when homobaric leaves of dif-
ferent species were compared, lateral conductivities of CO2 ranged between 67 and 255 µmol 
m–1 s–1 whereas the vertical conductivities were between 15 and 78 µmol m–1s–1 (Pieruschka 
et al. 2005, 2008).

Two major factors play a role when the possible “effectiveness” of lateral gas diffusion is 
considered. First, the potential for lateral gas movement inside leaves depends on the inter-
connectivity of the intercellular air spaces (degree of homobaricity). Second, whether lateral 
CO2 diffusion from shaded leaf parts in�uences adjacent illuminated areas depends on sto-
matal conductance. Since stomatal conductance mainly re�ects the (actual) water status of a 
plant, we hypothesize that homobaric leaf anatomy is an adaptation to environments in which 
transient water and light stress situations may negatively in�uence plants vitality. Lateral CO2 
diffusion from shaded to illuminated leaf parts may increase quantum yield, decrease light 
stress of the illuminated leaf part and enhance water use ef�ciency of the plants under certain 
conditions. To test the hypothesis that homobaric leaf anatomy is an advantageous trait at 
plant or stand level, leaf homobaricity has to be screened for a large number of species includ-
ing data of the position and developmental stage of the particular leaves, the speci�c condi-
tions at leaf level (light, shading, temperature, humidity etc.) and the climatic conditions at 
the natural stands. However, quanti�cation of leaf homobaricity and its possible signi�cance 
for plant performance is still a challenge particularly under �eld conditions. This may have 
two consequences for future research: either the “homobaric effect” is still being ignored 
(and its possible contribution to plant carbon gain neglected) or methods will be developed 
by which the hypothesized impact on plant performance can be �nally veri�ed or falsi�ed at 
stand conditions.
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Abstract

Plant cells, especially those in the root apex, resemble neuronal cells in many respects. Firstly, root apex cells 
assemble, already during cytokinesis, and maintain stable intracellular cell-cell adhesion domains specialized for 
cell-cell communication. Properties of these domains suggest that they represent plant synapses. Several other recent 
advances in plant cell biology, molecular biology, and ecology have accumulated a critical mass of data which are 
not ‘digestible’ within the framework of classical disciplines of plant sciences. Plants emerge as sensitive organisms 
equipped with robust sensory apparatus which continuously retrieve information from their environment. Root apex 
cells are evolutionarily optimized to translate integrated sensory information obtained from environment into animal-
like motoric responses and behavior. Root apices of parasitic plants manipulate root apices of prey plants to colonize 
them via haustoria which extract photosynthates from prey root apices. Moreover, plants communicate extensively 
with other plants, and invasive plants often kill other roots (plants) via release of toxic substances from their root 
apices. A newly focused �eld of plant biology, plant neurobiology, is aimed at understanding how communicative 
plants process information obtained from their environment in order to develop, prosper and reproduce optimally.

Zusammenfassung

P�anzen zeichnen sich durch ein komplexes sensorisches System aus, womit sie ihre Umwelt wahrnehmen und auf 
diese reagieren. Zellen, insbesondere in der Übergangszone der Wurzel, weisen Charakteristika auf, die in mehrfa-
cher Hinsicht solchen von neuronalen Zellen ähneln. Sie bilden im Verlauf der Cytokinese Zell-Zell-Kontakte aus, 
die der interzellulären Kommunikation dienen und aufgrund ihrer molekularen Strukturen als p�anzliche Synapsen 
bezeichnet werden können. Die Zellen der Übergangszone sind damit optimal dafür ausgestattet, vielfältige Infor-
mation aus ihrer Umwelt zu integrieren und in Form von Wachstum – Teilung, Streckung und Differenzierung – 
zu beantworten. Auch Kommunikation zwischen verschiedenen Individuen und Spezies �ndet in dieser Zone der 
Wurzel statt; z. B. bei der Erkennung von Selbst und Nichtselbst, der Freisetzung toxischer Substanzen gegenüber 
Konkurrenten sowie bei der Symbiose mit Bakterien und Pilzen. Neueste Ergebnisse aus den Bereichen der p�anz-
lichen Zellbiologie, Molekularbiologie und Ökologie sind in das bestehende Netzwerk der klassischen Disziplinen 
der P�anzenbiologie kaum zu integrieren. Der neue sich rasch entwickelnde Bereich der Neurobiologie der P�anzen 
hat diesen integrierenden Ansatz zum Ziel.

1. Cell Polarity in Plant Roots: Subcellular Domains as Spatial Organizers of Polarity

The geometry of polarized eukaryotic cells is de�ned by subcellular domains of growing and 
non-growing areas when the growing areas are enriched with F-actin and active in regulated 
secretion (Baluška et al. 2000b, 2003a). Curiously enough, most root cells do not conform 
to this general rule (Baluška et al. 2001c, 2003a) and our studies, using both indirect immu-
no�uorescence and GFP technology, reveal that transcellular transport of auxin is supported 
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by F-actin-based vesicular traf�cking and polarized secretion at the non-growing but adhesive 
synaptic end-poles enriched with F-actin (Baluška et al. 1997, 2000b, 2001a, b, c, 2003a, b, 
c, Voigt et al. 2005a, Schlicht et al. 2006, Mancuso et al. 2007).

Two fundamentally different types of cell growth co-exist in plant roots (but not in plant 
shoots). One type is represented by the tip-growing root hairs (closely resembling genera-
tive pollen tubes), which are growing only at well-de�ned and highly polarized subcellular 
domains enriched with F-actin (Baluška et al. 2000a). Similar to animal and yeast cells, 
the growing tip of root hair is enriched with F-actin (Baluška et al. 2000a, b) and recycling 
endosomal vesicles (Voigt et al. 2005a). The other plant cell growth type, which is common 
for all other roots cells, and most shoot cells, is accomplished via diffusely growing lateral 
�anks (side-walls) while end-poles (cross-walls) are non-growing but dynamic (Baluška et 
al. 2003a, b, c). Cells within one cell �le are held together via the adhesive and communica-
tive end-poles – plant synapses (Baluška et al. 2005a), and individual cell �les are intercon-
nected via gateable plasmodesmata (electric plant synapses) grouped within lateral pit-�elds 
which are also enriched with F-actin and myosin VIII (Baluška et al. 2003a). Both cross-
walls and pit-�elds (plant synapses and mini-synapses) are enriched with pectins recycling 
via endocytosis and endosomal vesicular secretion which makes them highly dynamic and 
plastic (Baluška et al. 2002, 2004b, 2005a).

2. Neuronal Features of Plant Cells

Plant cells, especially those at the root apex, exhibit features which resemble neurons. Most 
prominent and relevant one is mobile trans-Golgi network elements which has been demasked 
as early endosomes (Šamaj et al. 2005, Dettmer et al. 2006, Lam et al. 2007) and act as 
building blocks in formation of synaptic domains (Baluška et al. 2005a, Dettmer et al. 
2006, Dhonukshe et al. 2006, Hause et al. 2006, for animal neurons see McAllister 2007). 
At the root apex, plant synapses resemble neuronal chemical synapses in being non-growing 
asymmetric adhesion domains specialized for effective cell-cell communication (Baluška 
et al. 2003c, 2005a). Besides this, plant cells express numerous neuronal molecules, voltage-
gated ion channels, vesicle traf�cking molecules, and are inherently excitable initiating and 
running action potentials (for the �rst paper on Arabidopsis see Favre and Degli Agosti 
2007, for recent reviews see Fromm and Lautner 2007, Felle and Zimmermann 2007, for 
a special volume see Baluška et al. 2006).

In plant cells, cytoplasmic perinuclear microtubules are depleted (Baluška et al. 1992), 
and almost all microtubules are organized under the plasma membrane in form of the cortical 
arrays. Exceptions to this rule are tips of the tip-growing cells, pit-�elds and the cross-walls 
which are depleted of cortical microtubules but enriched with F-actin (Baluška et al 2000b). 
In general, cortical microtubules are essential for keeping tubular shapes of plant cells but 
they play only secondary role in plant cell polarity. The cytoskeletal element de�ning the 
polarity of plant cells is the actin cytoskeleton linked inherently to polar transport of auxin 
(Baluška et al 2001a, 2003b, Rahman et al. 2007, Dhonukshe et al. 2006, Nick 2006).

For establishing and maintaining cell polarity, all eukaryotes use dynamic F-actin and en-
dosomal vesicle traf�cking linked to assembly of diverse modular protein scaffolds (Nelson 
2003). The tip-growing root hairs and pollen tubes provide very useful system to study cell 
polarity. Growing hair tip is enriched with abundant meshwork of F-actin and compromis-
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ing integrity of this meshwork with latrunculin B stops tip-growth immediately (Baluška et 
al. 2000a, b, Voigt et al. 2005a). Moreover, critical actin binding proteins like pro�lin and 
myosin VIII also show the tip-focused localization (Baluška et al. 2000a, b). Studies based 
on the GFP-FYVE tagged endosomes as well as labelings with endocytic tracers FM1-43 
and FM4-64 revealed that both endosomes and endosomal vesicles accumulate at outgrowing 
bulges and at actively growing tips of root hairs (Voigt et al. 2005b, Ovecka et al. 2005). On 
the other hand, the non-growing root hairs possess dispersed endosomes and lack the secre-
tory vesicle-rich “clear zone” (Voigt et al. 2005b).

Besides showing polarized endosomal secretion, the plasma membrane domain at the 
tip of growing root hair displays additional particular properties such as high abundance of 
lipid rafts (Ovecka et al., submitted) which are enriched with signaling proteins, for example 
NADPH oxidases which sustain the tip-focused ROS gradient that is essential for the polar-
ized tip growth of root hairs (Foreman et al. 2003, Jones et al. 2007).

3. The Root Apex as Model System to Understand Plant Polarity, Cell-Cell Communi-
cation, and Sensory Plant Biology

Root apices have a simple anatomy and morphology which makes them for a perfect system 
to understand complex interactions between environment and endogenous plant polarity cues. 
Root apices, but not shoot apices, are composed of two major parts. Central cylinder (stele) is 
enclosed by epithelial-like endodermis and by cortex which is further enclosed by epithelial-
like epidermis. Root apices, but not shoot apices, show also simple geometry, central cylinder 
(stele) which approach up to the root tip, clear zonation and very regular cell �les (Baluška 
et al. 1990, 1994, 2001c, 2003a, 2006; Verbelen et al. 2006). The signi�cance of all these 
features for neuronal active behavior of roots will be discussed later.

3.1 Root Apex Tissues, Domains and Zones

Root apices represent excellent model system to understand plant polarity. The root apex is 
conical organ which is composed of clearly organized longitudinal cell �les (Baluška et al. 
2006). Individual cells within one cell �le are communicating together extensively via syn-
aptic F-actin and myosin VIII based adhesions domains. The cell �les interact among each 
other by so-called pit �elds. Both cross-walls and pit-�elds are enriched with plasmodesmata 
(Baluška et al. 2004b).

The central (middle) part of the whole root body is known as stele or vascular cylinder 
domain, with xylem and phloem elements embedded in parenchymatic cells, and enclosed 
by developmentally �exible pericycle cells. At the stele periphery, epithelial-like endodermis 
protects structurally and physiologically the vascular tissues which have a crucial importance 
from both physiological but also from neurobiological perspectives. Between the endodermis 
and epidermis, the root cortex is located which is composed of one (Arabidopsis) or up to 
ten (maize) cell �les. This buffering parenchymatous tissue comprizes the largest part of the 
maize primary root apex. The outside surface of the root apex is covered by the epithelial-
like epidermis communicating with root environment. Well-de�ned specialized cells of root 
epidermis, known as trichoblasts, form and support the tip-growing root hairs (Baluška et 
al. 2000a).
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Similarly straightforward are the developmental zones of the root apex. The outer most root 
tip, but not the shoot tip, is enclosed by the root cap. This sensory and protectory organ is 
embedded within secretory mucilage and protects the sensitive meristematic tip and serves 
also as a sensor region for diverse root tropisms (Barlow 2003) and communication with 
rhizosphere (Hawes et al. 2000). In Arabidopsis root apex, the root cap covers the apical root 
meristem (Fig. 1) which consists of small dividing isodiametric cells. In-between the root 
cap and the apical meristem are root stem cells which maintain in-determined root growth. 
In contrast to the shoot apex stem cells, the root apex stem cells show, similarly like the 
animal stem cells, asymmetric cell divisions (Scheres 2007). These are essential for the 
maintenance of stem cell nature of the smaller cell while the larger cell leaves stem cell niche 
(Scheres 2007).

Following the apical meristem, two post-meristematic growth zones are located (Fig. 1). 
The �rst one is the transition zone (Baluška et al. 1990, 1994, 2001c, Verbelen et al. 2006), 
also known as the distal elongation zone (Wolverton et al. 2002, Massa and Gilroy 2003) 
or the “zone of competence” (De Smet and Jürgens 2007), which is specialized for sensory 
and neuronal processes (Baluška et al. 2004a). This unique root apex zone, which precedes 
the zone of rapid cell elongation. was discovered in 1990 (Baluška et al. 1990, 1994).

Cells of the transition zone cease their mitotic divisions but still do not elongate rapidly 
(Baluška et al. 1990, 1994, 2001c, Verbelen et al. 2006). These early postmitotic cells 
show several features which place them into unique developmental context. They are still 
�lled with dense cytoplasm, have small vacuoles, and their nuclei are centered within the 
cytoplasmically dense cells. Moreover, their actin cytoskeleton assembles into unique arrays 
when both the cross-walls (end-poles or plant synapses) are enriched with actin �laments 
while prominent F-actin bundles interconnect these poles and enclose the central nucleus 
within a spindle-like cage (Baluška et al. 1997). This arrangement of F-actin is unique and 
found only in these cells from the whole plant body.

High rates of exo- and endocytosis events can be monitored at the cross-walls in this root 
apex region (Baluška et al. 2002, 2003a,c, 2005a). It appears that cells of this root apex re-
gion are not only in transition from cell division into rapid cell elongation, but they emerge to 
perceive and integrate several environmental signals. For example, during root graviresponse, 
most sensory events occur at the root cap and motoric events are initiated in the transition 
zone. Moreover, also decapped roots show gravisensitivity and develop partial gravicurvature 
which is based on transition zone sensory events (Mancuso et al. 2006). Electric responses 
within the elongation zone, which accomplishes the root bending, are scored already after few 
seconds of gravistimulation (Ishikawa and Evans 1990). This suggests electrical communi-
cation between cells of the root cap, meristem, transition zone, and elongation region, which 
integrates multiple gravisensing to achieve adaptive gravibending (Baluška et al. 2007a, 
Stankovic 2006).

3.2 Transition Zone: Cross-Road for Polar Cell Growth in the Root Apex

The transition zone accomplishes surprisingly complex patterns of polar auxin �ows which 
not only in�uence nearly all aspects of root polarity and growth processes but which are also 
tightly linked with sensing of physical parameters of their environment such as light, grav-
ity, electric and magnetic �elds; and translating them into biologically relevant information 
(Baluška et al. 2007a). The re-direction of root growth after perceptions of gravity, light or 
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Fig. 1  Schematic view of the root apex zonation on example of Arabidopsis. Root apex consist of distinct zones 
which are depicted here in different colours. The root cap (yellow) covers the apical meristem (green), which is fol-
lowed by the transition zone (blue) and the elongation zone (grey). In the root cap, centrally localized sensory stato-
cytes (red) are embedded within the central root cap portion (brown). The lateral root cap covers the meristem and 
the apical portion of the transition zone. At the very tip of the root body, quiescent centre (orange) is located. Note 
that the stele (central cylinder) is protruding up to the very tip of the root body. For dimensions and distances from 
the root cap junction of individual zones in the root apex of Arabidopsis, see Verbelen et al. (2006).

electric �elds (Wolverton et al. 2000, 2002, De Smet et al. 2007) starts in the transition 
zone. In the transition zone, some root epidermis cells gets specialized into root hair initiating 
trichoblasts (Baluška et al. 2000a) and also some pericycle cells obtain competence for ini-
tiation of lateral root primordia which is then expressed later in their development (De Smet 
et al. 2007). Moreover, transition zone cells which experience mechanical impedance due to 
high soil density, accomplish ethylene-mediated switch in their growth polarity and start to 
expand laterally (Baluška et al. 1993, 1994). This allows pushing of root tips through very 
compact soil portions.
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3.3 Transition Zone and Elongation Region: Coordination of Two Root Apex Bending Zones 
Allows Animal-Like Root Crawling

Plant roots exert several unique animal-like features which distinguish them clearly from 
plant shoots. The most prominent one is crawling-like movement of roots resembling moving 
worms (Fig. 2). Already Charles and Francis Darwin noted this phenomenon and concluded 
in their book on plant movements that the plant root apex behaves as the anterior pole of lower 
animals showing even brain-like features (p. 646 in Darwin 1880, Barlow 2006). Darwins 
also noted that roots without root cap continue in their growth but fail to show the animal-like 
crawling behavior. They criticized Julius Sachs who, apparently due to not careful removal 
of the root cap (Darwin 1880, Heslop-Harrison 1979), failed to repeat these important 
experiments originally performed and reported by Theophil Ciesielski (1872). Interestingly, 
these Ciesielski’s experiments with gravistimulated root lead Charles Darwin to propose 
mobile signaling molecule, later discovered as auxin, mediating effects of stimulus perceived 
in one plant part that results in responses of other parts of the same plant (Darwin 1880, 
Heslop-Harrison 1979, Pennazio 2002).

In contrast to the root apices, the shoot apices do not show this animal-like behavior and 
can bend only slowly, in one zone far away of the shoot apex, allowing simple repositioning 

Fig. 2  Crawling maize roots. Images taken from a video sequence documenting crawling-like growth of maize 
root apices which is based on intact root apex covered with the root cap. Schematic depiction reveals that the root 
tip “touch-down” phases are regularly spaced between the forward-growth phases if roots are growing-up the 45° 
slope. Surgical removal of the root cap allows roots to accomplish the forward growth but without the ‘touch-down’ 
phases.
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of growing shoot apices (Baluška et al. 2007a). What root-speci�c features allow growing 
root apices to perform this animal-like behavior? Apparently, besides the root cap, zonation 
of root apices is behind such worm-like movements of root apices as there are two bending 
zones, one in the transition zone and another one in the elongation zone (Wolverton et al. 
2002, Massa and Gilroy 2003), which curve in coordinated fashion. In order to behave in 
such coordinated manner, these two zones must communicate together via rapid systemic 
signals. There are several indications that, besides slow hormonal communication, also rapid 
electrical communication is necessary for the coordinated bending behavior of these two root 
apex growth zones (Björkmann and Leopold 1987, Collings et al. 1992, Ishikawa and 
Evans 1994, Stankovic 2006).

3.4 Plant Synapses: Dynamic Non-Growing Domains Specialized for Neuronal Biology

An exceptional feature of plants cells are non growing end-poles, strongly enriched with 
F-actin and accomplishing rapid turn-over via abundant endocytosis and exocytosis events 
when endocytosis fully balances exocytosis preventing any new growth (Baluška et al. 
1997). These cross-walls resemble neuronal synapses in animal and human brains, and we 
have proposed a new concept of plant synapses to explain their speci�c status (Baluška et al. 
2005a). Similarly, the pit-�elds are also cell-cell adhesive domains (Baluška et al. 2004a) re-
sembling in many features the cross-walls, which allow communication within the individual 
cell �les, and might represent lateral mini-synapses specialized for radial communication be-
tween individual cell �les. Besides being enriched with F-actin and plant-speci�c myosin of 
the class VIII, pit-�elds are active in endocytosis and endocytic vesicle recycling (Baluška et 
al. 2004b). Similarly like cross-walls synapses, the pit-�elds are also enriched with recycling 
pectins and depleted in cellulose (Baluška et al. 2001b).

Importantly in this respect, RGII pectins cross-linked with boron are important for cell-
cell adhesion in plants (Iwai et al. 2002, 2006) and accomplish endocytic recycling at the 
synaptic cross-walls (Baluška et al. 2002, 2003c, Šamaj et al. 2004). Changing of cell wall 
pectins via inducible expression of pectin methylesterase resulted in disintegration of cell-
cell adhesion and loss of synaptic cell-cell contacts (Wen et al. 1999). So plant synapses are 
dynamic structures which rapidly recycle all their components via endocytosis and vesicular 
traf�cking pathways.

3.5 Polar Transport of Auxin in Root Apices via Secretory Plant Synapses

The polar transport of auxin is a prime example for the central role cell polarity shaping 
the architecture of the plant body. Although each living plant cell seems to be able to pro-
duce auxin, this simple molecule having complex signaling roles is produced preferentially in 
young regions near the apical shoot meristems and is then transported in polar fashion from 
cell-to-cell along the longitudinal axis of the plant body up to the root tip (Friml 2003, Teale 
et al. 2006). Beside a phloem-based mass �ow transport of auxin, cell-to-cell transport route 
is accomplished via in�ux-ef�ux carriers and ABC transporters (Petrášek et al. 2006, Ban-
dyopadhyay et al. 2007, ZaŽčímalová et al. 2007). Following the classical chemiosmotic 
model of the auxin transport, central role is played by the ef�ux carrier (facilitator) which 
provides a checkpoint of the transport process (ZaŽčímalová et al. 2007). The pH value of 
the apoplastic cell wall is maintained at approximately pH 7 resulting in an uncharged form 
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of extracellular indole acetic acid (IAA), which can diffuse through the plasma membrane 
easily (Gutknecht and Walter 1980). The pH of the cellular lumen is maintained at about 
pH about 7 by proton pumps continuously pumping hydrogen ions (H+) from the cytoplasm. 
In the cytoplasm, IAA is ionized at this pH condition and is not permeable to the cell mem-
brane, requiring active transport of IAA by ef�ux carrier PIN proteins. The polar localization 
at distinct subcellular domains makes PIN proteins and the auxin in�ux transporter AUX1 
for perfect tools to study the setup and maintance of polarity in plant cells. Domain-speci�c 
asymmetric localization of ef�ux and in�ux carriers requires localized targeting of vesicles 
and interactions with the actin cytoskeleton (Rahman et al. 2007).

Fig. 3  Schematic view of gravisensing auxin-secreting plant synapse. (A) Two hypothetical root apex cells from 
the stele transporting auxin down the gravity vector. The above cells has greatest load, due to settling of the whole 
protoplast, at the cellular “bottom” (the plasma membrane is depicted here by thicker line) which is relieved by a 
higher rate of exocytosis (larger red arrow) while endocytosis is less active (smaller red arrow). The adjacent lower 
cell has the lowest load, again due to protoplast settling, at the cellular “roof” (the plasma membrane is depicted here 
by thinner line) which is relieved by a higher rate of endocytosis (larger red arrow) while exocytosis is less active 
(smaller red arrow). As vesicles are �lled with auxin, the mechanical asymmetry of plant synapse determines the 
transport of auxin down the gravity vector (large transcellular arrow). (B) Reorientation of the root apex changes 
the load pressures within its cells immediately. The new physical “bottom” gets larger mechanical load attracting 
auxin-�lled vesicles and changing the polarity of trancellular auxin transport again down the gravity vector (larger 
red arrow). In the (A), the root apex is down; in the (B), the root apex is on the left side.

Interestingly, the anatomically and morphologically simple-structured root apex shows the 
most complex behavior of the polar auxin transport (Blilou et al. 2005). Out of eight PIN 
proteins in Arabidopsis thaliana, �ve members are expressed at the root apex. They are part 
of a complex system which steers an auxin �ow loop at the root tip (Bandyopadhyay et al. 
2007). In contrast, the anatomically and morphologically much more complex shoot apices 
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express only PIN1 for the polar transport of auxin. Shoot derived auxin, transported in the 
stele by PIN1, arrives up to the most apical root cap, is then channeled to the lateral root 
apex sides via activities of PIN3, 4 and 7 and then transported basal back up to the basal limit 
of the transition zone by PIN2 till it reaches the transition zone where again PIN7 directs 
the auxin �ow again to the apical root tip (Blilou et al. 2005). Besides PINs, also ABC 
transporters of the PGP (P-glycoprotein) family take part in the polar transport of auxin 
(Bandyopadhyay et al. 2007). This complex network of auxin transporters at the root apex 
controls dynamic auxin transport feedback loops, which are absent from the morphogeneti-
cally more complex shoot apex.

Importantly, there are several data which are not compatible with the original version of 
the chemiosmotic theory and implicate involvement of endosomes and recycling endocytic 
vesicles in neuronal vesicular secretion of auxin (Baluška et al. 2003b, 2005a). First of all, 
two inhibitors of secretion having different targets and mechanisms of action, BFA and mon-
ensin, inhibit rapidly and effectively auxin export out of plant cells (Delbarre et al. 1996, 
1998, Mancuso et al. 2005). The rapidity of their action (less than ten minutes) precludes 
the popular interpretation of these data that these inhibitors simply prevent targeting of ef-
�ux carriers to the plasma membrane domains. Moreover, classical inhibitors of polar auxin 
transport, such as NPA and TIBA, turned out to be general inhibitors of endocytosis (Geld-
ner et al. 2003) which, similarly like BFA and monensin, block secretory vesicle recycling. 
Furthermore, polar auxin transport is inhibited by disturbing the actin cytoskeleton or myosin 
motor activities (Holweg and Nick 2004, Holweg 2007a, b).

Further evidences include proper localization of PIN1 to the plasma membrane of root 
apex cells in maize and Arabidopsis mutants having inhibited auxin transport (Schlicht et 
al. 2006, Mancuso et al. 2007, Baluška et al. 2007b). Importantly, these auxin transport-de-
�cient mutant root cells do not show abundant auxin at these PIN1-enriched domains (inactive 
plant synapses) as it is the case of the wild-type cells (active, or less active, plant synapses). In 
control root apices, auxin is enriched at those cross-walls which are active in vesicular auxin 
export, being abundant not only at cell walls but also within adjacent endosomes. Under BFA 
action, these auxin enriched endosomes aggregate into BFA-induced compartments enriched 
with auxin (Schlicht et al. 2006).

Further evidence is provided by forcing roots to grow against the gravity vector by placing 
them into the in glass capillaries. Such roots get progressively thinner and desperately try to 
turn-down despite the extremely narrow space (some even succeed in this gymnastic!). Root 
apices of such challenged roots get depleted of cells due to inhibited supply of auxin which 
cannot be transported effectively against gravity vector. Nevertheless, PIN1 in these root api-
ces is localized properly to cross-walls even if it does not show rapid recycling as revealed by 
the exposure of such roots to BFA (Schlicht et al., data in preparation).

Furthermore, Arabidopsis PLD Zeta2, a regulator of vesicle traf�cking and secretion 
which is expressed speci�cally in cells of the transition zone (Li and Xue 2007), in�uences 
strongly PAT. Knock-out of this PLD or inhibition of its activity by butanol leads to a strong 
reduction of IAA �uxes in root apices (Mancuso et al. 2007). In contrast, gain-of-function 
mutant or addition of PA, signal molecule produced by the PLD activity, resulted in increased 
auxin �uxes at the root apex. All this provides both genetic and chemical evidence that PLD 
Zeta2 activity drives the auxin secretion in the root apex transition zone (Mancuso et al. 
2007, Baluška et al. 2007b).
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3.6 Plant Synapses Active in Polar Auxin Transport as Gravisensing Domains?

Root apex synapses are active in the polar auxin transport which typically is aligned along the 
gravity vector. Our recent model suggests that mechanical asymmetry is behind this vectorial 
gravity-controlled auxin transport (Baluška et al. 2005a, 2007a). Gravity, due to the vecto-
rial mechanical load of protoplast ampli�ed by sedimented statoliths (amyloplasts), imposes 
high tensional stress on the plasma membrane of the physically lower cell pole. This mechan-
ical stress would be then releaved by adding more membrane via shifting the endocytosis-
exocytosis balance towards exocytosis (Fig. 3). Despite the fact that there is strong genetic 
redundancy in the PIN network (Vieten et al. 2005), reposition of roots in the gravity �eld 
easily re-distributes this auxin �ux within just few minutes. For instance, PIN3 shifts to the 
new physical bottom of root cap statocytes within 5 –10 minutes of gravistimulation (Friml 
2003). So it is quite obvious that the mechanical asymmetry of plant synapses is the pri-
mary one while the molecular asymmetry is only a secondary consequence of the mechanical 
asymmetry (Fig. 3). This feature makes the plant synapses active in the polar auxin transport 
for excellent domains relevant for the plant gravisensing.

3.7 Transition Zone Plant Synapses: Integration of Gravitropic and Phototropic Responses 
of Root Apices via Endocytic Vesicle Recycling?

Plant organs orient their growth according to physical information from the environment, 
with gravity and light as the most important cues. Both gravity and light are inducing grav-
ity- and light-oriented growth via effects on the polar auxin transport which is at least par-
tially driven by brefeldin A-sensitive vesicle recycling. It is still unclear how gravity and light 
stimuli are integrated and translated into asymmetric auxin transport patterns. As suggested 
above, endocytosis and vesicle traf�cking emerge as new players of sensing and transducing 
of gravity-triggered signals (Baluška et al. 2007a). The light signal can also trigger changes 
in endocytic vesicle recycling by mobilizing release of receptors, such as blue-light receptor 
phototropin 1, and other signaling molecules from the plasma membrane.

Our recent data support this new attractive concept (Wan et al. 2008, in preparation). Firstly, 
the site of light percetion is the root apex, the blue light receptor, phototropin 1 being enriched 
especially at root synapses in the root apex transition zone. Importantly, endosomal vesicle recy-
cling of phototropin 1 is increased via blue light signals (Wan et al. 2008, in preparation), impli-
cating that blue light signal perception and/or transduction might be accomplished at endosomes. 
Phototropin 1 is trapped within BFA-induced endosomal compartments (Wan et al. 2008). The 
endosomal recycling of putative auxin transporters PIN1 and PIN2 proteins is also affected by 
the blue light illumination, speci�cally at the root apex transition zone (Laxmi et al. 2008).

3.8 Classical Neurotransmitters Target Plant Synapses

L-Glutamate and acetylcholine (ACh) are well-known neurotransmitters in brain but have 
also impacts on plant root apices (Frauli et al. 2005, Walch-Liu et al. 2006). Speci�cally, 
the primary root apex is sensitive to L-Glutamate (Walch-Liu et al. 2006, Forde and Lea 
2007). Plants also express glutamate-like receptor family proteins (GLRs) gated by glutamate 
and glycine (Chiu et al. 1999, Davenport 2002). Glutamate gated GLRs emerge to act in 
plants, similarly like in animals, as calcium channels that are involved in the response of 
plants to stimuli, like gravity, and to other stress factors from the environment (Dennison 
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and Spalding 2000, Demidchik et al. 2004, Qi et al. 2006). Genetic evidence suggests, that 
GLRs are essential for organization and functioning of primary root apices (Li et al. 2006). 
Acetylcholine is an abundant molecule in plants which increases under stress situations (Tre-
tyn and Kendrick 1991). Plants express also acetylcholine esterase (AChE) which is inhib-
ited by neostigmine bromide, a speci�c inhibitor of the animal AchE (Momonoki 1997, Sa-
gane et al. 2005). Importantly, ACh-hydrolyzing activity is essential for root graviresponse 
(Momonoki et al. 1998). Here we have analysed effects of glutamate and ACh on the actin 
cytoskeleton and vesicle traf�cking in primary root apices of Arabidopsis and maize. Our data 
reveal that the most sensitive subcellular domains are the cellular end-poles, which represent 
what we have de�ned as plant synapses. Particularly in a specialized area, the root transition 
zone, F-actin gets temporarily depleted and vesicle traf�cking inhibited at the plant synapses 
after manipulation of L-glutamate and ACh levels (Fig. 4). Similar effects have been scored 
also with ethanol (Fig. 4) at concentrations even lower as those, which has been recently 
reported to affect F-actin at mouse brain synapses (Offenhäuser et al. 2006). In the future, 
we will study the behavior and performance of roots challenged with exogenous L-glutamate, 
ACh and ethanol, especially in relation to gravisensing and graviresponse of plant organs.

3.9 Surprising Connections Between Aluminium Toxicity in Plants and Alzheimer Disease

The toxicity of aluminium (Al) in both plant and animal cell biology is well established, 
although poorly understood. Al toxicity is the most important limiting factor for crop produc-
tion in acid soil environments worldwide. Al is highly toxic to plant root apices, with cells 
of the transition zone representing the target of Al toxicity (Sivaguru and Horst 1998). 
Surprisingly, aluminium is not so toxic to root cells which entered the elongation regions. 
Similarly, the Al toxicity is not high in most other plant cells, excluding tip-growing root hairs 
and pollen tubes (see the discussion in Illéš et al. 2006).

Importantly, Al inhibits basipetal auxin transport selectively in the transition zone of root 
apices (Kollmeier et al. 2000) and affects also root cell patterning (Doncheva et al. 2005). 
In recent paper, we have discovered that Al is internalized into cells of the distal portion of 
the transition zone in Arabidopsis root apices, while Al also inhibits endocytosis in these cells 
(Illéš et al. 2006). Intriguingly in this respect, elongating root cells are not sensitive to Al, 
and there is no internalization of Al into elongating cells (Illéš et al. 2006). In support of 
the endocytosis of Al being the primary process affected in root cells, endocytosis of Al and 
its toxicity is lowered in the Arabidopsis mutant over-expressing of a DnaJ domain protein 
auxillin which regulates the clathrin-based endocytosis (Ezaki et al. 2006). Moreover, Al af-
fected also nitric oxide (NO) production which is highest in cells of the distal portion of the 
transition zone. Plant synapses being very active in endocytosis and transporting auxin show 
highest activities in the transition zone, and it might turn out that the active plant synapses 
represent the Al target in the root apices. This scenario is strongly supported by our �nding 
that Al causes strongest depolarization of the plasma membrane potential exactly in these 
root cells (Illéš et al. 2006). This effect is known to be mediated by glutamate and glutamate 
receptors (Sivaguru et al. 2003).

Interestingly, both in animals and humans, neuronal cells are extremely sensitive towards 
Al which is internalized speci�cally in these cells (Guy et al. 1990, Shi and Haug 1990). Al 
was found to be enriched in lysosomes (Schuurmans Stekhoven et al. 1990), similarly like 
Alzheimer’s amyloid β-peptide plaque depositions. These are also internalized from cell sur-
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Fig. 4  Glutamate, acetylcholine, and ethanol deplete F-actin and enrich tubulin at plant synapses in the transition 
zone. 2 hours treatment with L-glutamate (1 mM), acetylcholine (1 mM) and ethanol (1 µM) deplete actin and in-
crease tubulin at synapses (arrows in A–D) in the transition zone of maize root apices. (A–D): actin; (E–H): tubulin. 
(A) shows actin in control root apices, (E) shows tubulin in control root apices. For details on labelings see Baluška 
et al. 1992, 1997.

face, and Al was reported to inhibit their degradation (Sakamoto et al. 2006). Therefore, in 
both neuron-like root cells and brain neurons, endocytosis of Al is interfereing with synaptic 
activities and emerges to be relevant to its high toxicity. Further studies on these unique root 
apex cells, very active in the neuronal-like synaptic communication, might give us crucial 
clues not just for plant biology but also for our understanding of the Alzheimer disease.

3.10  Auxin, Retinoid Acid and Wingless: Neuronal and Synaptic Connections

Auxin has clearly several morphogen-like properties (Bhalerao and Bennett 2003, Grien-
eisen et al. 2007, Veit 2007). In this respect, it is intriguing that there are some similari-
ties between auxin in plants (Benfey 2002) and retinoid acid and Wingless morphogens in 
animals (Ciani and Salinas 2005, Maden 2007). Morphogens are versatile signaling mol-
ecules confering positional information in organs and tissues. While retinoid acid controls the 



Intracellular Domains and Polarity in Root Apices: From Synaptic Domains to Plant Neurobiology

Nova Acta Leopoldina NF 96, Nr. 357, 103 –122 (2009) 115

formation and development of central nervous system of animals (Maden 2007), Wingless 
emerged to be important for the formation and development of synapses (Salinas 2004, 
Speese and Budnik 2007). In close connection to these animal morphogens, auxin as plant-
speci�c morphogen (Veit 2007) is essential for the root apex formation and development, as 
well as for plant neurobiological activities (Baluška et al. 2003b, c, 2004a, 2005a). Interest-
ingly in this respect, Wingless morphogenic gradient formation along the anterior – posterior 
body axis requires retromer function (Coudreuse et al. 2006), and the same have turned out 
recently for auxin too (Jaillais et al. 2007). Moreover, both auxin and morphogens of the 
Wingless family have both genomic and non-genomic signaling pathways (Paciorek et al. 
2005, Lu and Van Vactor 2007). As other morphogens are also involved in patterning of 
nervous system (Salie et al. 2005), we are obviously just scratching the surface of this terra 
incognita and many surprises are to be revealed in future studies. It seems that our current 
categorization of diverse signaling molecules of multicellular eukaryotes is too naive and that 
we will be forced to re-de�ne them in future.

4. Plant Neurobiology: Paradigm Shift not only in Plant Sciences

The transition zone is specialized for integration and processing of the retrieved information 
from especially abiotic but also biotic environment for motoric responses of growing root 
apices allowing effective root growth adaptation. There are striking similarities of this root 
apex zone to the neurobiological apparatus of animals, which translates sensory informa-
tion in electrical and biological signals to induce adaptative behavior (De Weese and Zador 
2006). Moreover, several anatomical aspects of transition zone cell cross-poles and neuronal 
synapses are in common. Both are asymmetric actin-based adhesion domains specialized 
for cell-to-cell communication by vesicle recycling, based on clathrin controlled endocytosis 
and calcium regulated secretion. For example, synaptotagmins, neuronal proteins mediating 
calcium regulated exocytosis and vesicle recycling at synapses, are found in plants. The Ara-
bidopsis genome encodes six synaptotagmin-like genes (Craxton 2004, 2007). Arabidopsis 
synaptotagmin-like protein 1 (STL1) localizes at plant synapses in the root apex transition 
zone (Schapire et al. 2008). Last but not least, auxin is not only secreted out of root apex 
cells similarly like neurotransmitters (Baluška et al. 2003b, Schlicht et al. 2006, Mancuso 
et al. 2007) but is also known to induce rapid electrical responses in adjacent cells (Pickard 
1984). All this leads to the new concept of plant neurobiology. The plant neurobiological 
apparatus at the root apex is similar to brains of lower animals (Darwin 1880, Baluška et 
al. 2004a, 2006, Barlow 2006). It is specialized to retrieve, process, and integrate multiple 
informations from environment in order to drive coordinated movements in order to achieve 
adaptive biological responses to abiotic and biotic stimuli (Brenner et al. 2006).

The idea to consider root apices as a decentral information processing system is not new 
as it was proposed already by Charles Darwin in 1880 (Darwin 1880, Baluška et al. 2004a, 
2006, Barlow 2006, Trewavas 2007). This concept is comparable to a diffuse nervous net of 
hydra, helps to understand several aspects of plants which are not explainable with the clas-
sical view of plant sciences (Brenner et al. 2006, 2007). The role and importance of action 
potentials, the mechanism of root graviresponse or the complex auxin transport patterns at 
root apices are now all set in contex to growth behavior and adaptation with the enviroment, 
giving the possibility for a much better understanding of plants (Baluška et al. 2007a).
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Plants communicate together extensively via a whole battery of volatile substances. In shoots, 
this communication allows warning of unattacked plants from their neighbor plants under 
attack (Dicke and Bruin 2001, Bais et al. 2003, Baldwin et al. 2006, Maffei et al. 2007). 
Receiving plants are not only informed but they can prime their immunity so be prepared to 
possible attack (Ton et al. 2006). In roots, this allelochemical communication is even more 
prominent as the number of organisms with which roots interact is enormous (Bais et al. 
2004, 2006). Generally, roots, in contrast to shoots, often engage into symbiotic interactions 
with both fungi and bacteria. Especially fungi are entering into symbiotic relationships with 
roots of almost all plants, with few exceptions such as Arabidopsis. In addition, roots of 
invasive plants release substances which are toxic to roots of other plants, resulting in “under-
ground wars” (Bais et al. 2003, 2004, 2006, Rudrappa et al. 2007). Roots of parasitic plants 
can transform into haustoria and invade roots of prey plants, and auxin is essential for this 
process (Tomilov et al. 2005).

5. New Neuronal View of Plants: Animal Root Pole versus Vegetal Shoot Pole

Root apices show several unique features distinguishing them clearly from shoot apices. Not 
just the mere presence of the root cap but also regular cell �les, organized by active synapses 
(cross-walls) and mini-synapses (pit-�elds), clear root apex zonation in the longitudinal axis, 
and existence of central cylinder and cortex in the radial axis, simple anatomy and morpholo-
gy, and animal-like behavior. Moreover, root apices are fully devoted for sensory/neuronal 
tasks and are free of any morphogenetic activities. Just the opposite is true for shoot apices 
which generate new leaves and shoot branches and terminate this activity just to transform 
into the sexual organs known as �owers. In additon, plant roots, similarly as sexual plant 
cells, can discriminate self from non-self roots and also perform kin recognition (Gruntman 
and Novoplansky 2004, Dudley and File 2007).

All this suggests that plant root apices, represents the anterior pole of the plant body, as 
suggested by Charles and Francis Darwin in 1880 (Darwin 1880). This view of plants dif-
fers radically from the classical view, originating from ancient Aristotelian division of living 
organisms, cemented by the Linnean categorization and Sachsian physiology (Sachs 1882). 
It suggests that all multicellular organisms, irrespective if animals or plants, have inherent 
anterior-posterior body axis with the anterior pole specialized for the searching-like behavior, 
nutrient uptake, sensory organs, and brain-like activities. On the other hand, the posterior pole 
of plant body is specialized for movements and sexual reproduction. This new view of plants 
can replace the current controversial apical-basal polarity axis (Baluška et al. 2005b, Friml 
et al. 2006) and will also change dramatically our understanding of plants in their whole com-
municative complexity.
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Leaf Growth Dynamics

 Achim Walter (Jülich)

 With 8 Figures and 1 Table

Abstract

Leaf growth of dicot plants varies in a pronounced way throughout the diel cycle. Alterations of environmental pa-
rameters often impose dramatic and unexpected imprints in the time-series of leaf area expansion. The effect of alter-
ations of different environmental parameters on the diel leaf growth cycle of a number of species is demonstrated. For 
example, if light incident on tobacco leaves is increased transiently for some hours, leaf relative growth rate (RGR) 
decreases rapidly and recovers more slowly. Compared to untreated leaves average RGR is not increased during the 
day but light pulses accelerate RGR during the night. Overall, the conclusion is drawn that the diel leaf growth cycle 
is driven to a major extent by the interplay between light, carbohydrate metabolism and water relations. 

Zusammenfassung

Das Blattwachstum von dikotylen P�anzen variiert in einer charakteristischen Art und Weise während eines Ta-
gesganges. Änderungen von Umweltparametern wirken sich oft dramatisch und unerwartet auf den Verlauf des 
Blattwachstums aus. Die Auswirkungen der Änderungen verschiedener Umweltparameter auf den Blattwachstums-
tagesgang einer Reihe von Arten werden gezeigt. Wenn beispielsweise die Lichtintensität, der eine Tabakp�anze 
ausgesetzt ist, vorübergehend für einige Stunden erhöht wird, nimmt die relative Wuchsrate (RGR) des Blattes rasch 
ab und erhöht sich danach langsamer wieder. Insgesamt wird die durchschnittliche RGR während des Tages nicht 
erhöht; in der Nacht steigt sie jedoch im Vergleich zu den Werten von Kontrollp�anzen an. Es wird die Schlussfolge-
rung aufgestellt, dass der Tagesgang des Blattwachstums durch das Zusammenspiel von Licht, Kohlenhydraten und 
Wasserrelationen maßgeblich angetrieben wird.

1. Introduction

Human interest in plants arises from the fact that plants produce biomass which can be used 
for a variety of purposes. The energy needed by plants for biomass production is usually 
gained from sunlight via photosynthesis. Hence, photosynthesis has been a focus of intense 
research throughout the 20th century. As other contributions to this meeting show, many di-
verse research efforts are being pursued successfully on a wide range of scales, from single 
chloroplast investigation of photosystems to satellite imaging of ecosystem gas exchange and 
models have been developed to explain in detail how changes of environmental factors affect 
photosynthesis at all levels.

Although models connecting light interception and plant growth have been established 
for plant breeding purposes (Granier et al. 2002, Chenu et al. 2007) they only provide a 
resolution of days to weeks and often only relate plant growth to daily integral temperature. 
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Yet, environmental conditions are far from being constant throughout 24 h. In fact, tempera-
ture, light intensity and a range of other factors vary widely throughout the day. The extents 
to which plants acclimate to the ever-changing external set of growth-controlling parameters 
remain unclear.

For how long can high temperatures during midday heat events be tolerated before shoot 
growth declines? Are plants performing worse or better, if they are exposed to �uctuating 
conditions compared to constant conditions? How much of a certain stress can they bear for 
how long? Can a certain degree of stress be intentionally applied in an early developmental 
stage to harden plants for unforeseen stress events? As we �nd answers to those questions, 
how can they be explained on the basis of our regulatory understanding of the plant? Current 
knowledge tends to be tissue- or cell-speci�c, and temporally dynamic processes are often 
poorly integrated into whole-plant signaling networks.

A key requirement for re�ning these approaches is to resolve leaf growth on a scale of 
hours to minutes and to clarify, how single-leaf growth dynamics are interlocked with total 
shoot growth and with root growth. Hence, the intention of this article is to highlight some 
aspects of the interaction between light intensity and leaf growth, as well as some other envi-
ronmental modi�cations that affect both photosynthesis and plant growth.

2. Environmental Effects on Leaf Growth Dynamics in Tobacco and other Species

Tobacco has been a model plant for leaf growth investigations for some time (Avery 1933, 
Poethig and Sussex 1985). Initially, it was used because breeding efforts focused on leaf 
growth, selecting for wide, �at and fast-growing leaves in a range of cultivars. More recently, 
the opportunity to work with mutant and transgenic lines of different tobacco species has led 
to an increasing use in research. Tobacco is a monopodial plant with all leaves sequentially ar-
ranged along the shoot axis. Leaf area expansion is distributed in a binomial manner along the 
shoot axis with increments in individual leaf area being related to increments of neighboring 
leaves (Fig. 1). With time, the number of leaves increases and the total leaf area of the plant 
increases by correlated growth of leaves at different individual positions.

Temporally, characteristic variations of leaf growth intensity have been observed through-
out the last years for this species (Walter and Schurr 2005). Relative growth rates are 
calculated for individual leaves from time-lapse image sequences (images are taken every 
three minutes throughout day and night) by custom-made algorithms (Schmundt et al. 1998, 
Walter and Schurr 2005). When leaves are properly constrained to grow within the focal 
plane of a camera (Fig. 2), tobacco leaves show pronounced diel growth cycles (Fig. 3) with 
maxima in the late night or dawn. Strong, transient excursions are observed as an immedi-
ate reaction to switching on or off lights. This diel growth pattern is overlaid by the general 
decrease of RGR during post-emergent development.

The diel growth pattern described above for tobacco varies between species. For dicot C3 
plants, two main post-emergent growth patterns seem to be present: RGR is either maximal 
at dawn or it is maximal at dusk (Tab. 1). When environmental conditions change, excursions 
from this pattern occur which might be characteristic for the conditions to which the plant is 
exposed.



Leaf Growth Dynamics

Nova Acta Leopoldina NF 96, Nr. 357, 123 –134 (2009) 125

Day 65

G
ro

w
th

 (c
m

² d
-1

)

0

50

100

150

200

250

300

Leaf position

5 10 15 20 25 30

N
or

m
al

iz
ed

 a
re

a 
(%

)

0

5

10

15

20

25

Leaf position

10 15 20 25 30

N
or

m
al

iz
ed

 g
ro

w
th

 (%
) 

0

5

10

15

20

25

Day 55

Ar
ea

 (c
m

²)

0

50

100

150

200

250

300

Area
Growth

A B

DC

Fig. 1  Distributions of leaf area and leaf growth along the stem of tobacco plants. Average values of ten replicate 
plants grown in soil under standard conditions of this study (12 h/12 h day/night with 25/20 °C, respectively). 
(A) Leaf area and growth of individual leaves at day 55 after germination. (B) Leaf area and growth of individual 
leaves at day 65 after germination. (C) and (D) Normalized distributions at day 55 and day 65: Values for individual 
leaves are divided by total leaf area and by total increase in plant leaf area from day to day, respectively.

2.1 Light Pulses Alter the Diel Leaf Growth Cycle in Tobacco

In an experiment with seedling tobacco plants, light intensity was doubled three times during 
the day (light pulses were given at 11:00 –14:00, 16:00 –18:00, and 19:00 –20:00, respec-
tively; night: 20:00 – 8:00). For control plants light intensity during the day was constant at 
80 μmol m–2 s–1 photosynthetically active radiation (PAR). During a ‘light pulse’, RGR of the 
leaf decreased rapidly in a �rst phase, increased more gradually in a second phase and reached 
or exceeded RGR of control plants at the end of the high light period (Figs. 4A, B). The exact 

Tab. 1  Time of maximal leaf growth in several species, determined with digital image sequence processing.

Species Time of maximal growth activity Reference

Tobacco Dawn Walter and Schurr 2005
Arabidopsis Dawn Wiese et al. 2007
Castor bean Dawn Walter et al. 2002
Poplar Dusk Walter et al. 2005
Soybean Dusk Ainsworth et al. 2005
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Fig. 2  Image of a tobacco seedling 20 days after germination. Leaf 4 is �xed with six strings glued to the leaf border, 
each carrying a weight of 2 g. Perpendicularly from the top, a camera acquires images of the growing leaf every 
three minutes; the leaf is illuminated with near-infrared light emitting diodes throughout day and night. Relative 
growth rates of the leaf are calculated from this image sequence via custom-made algorithms. For more details of the 
procedure see Walter and Schurr 2005.

progression of RGR during the three light pulse treatments differed, which is no surprise as 
also the development of RGR of control leaves differed among those three intervals. Dur-
ing the intervals between the light pulses, in which the treated leaves received control light 
intensity, RGR declined almost monotonically towards the RGR-value of control leaves. The 
initial decrease of RGR – or the �rst phase – has been described before (Hsiao et al. 1970, 
Walter and Schurr 2005) and is probably due to the sudden increase of transpiration which 
can lead to decreased turgor (Mott and Buckley 2000) or acid-induced increased cell wall 
extensibility (Mühling et al. 1995, Cosgrove 1999). 

When average RGR values were compared among treatments for the periods between 
08:00 and 20:00 (day) and between 20:00 and 08:00 (night), it became obvious, that the 
increase in light intensity of a factor of two during half of the day in the treated plants did 
not lead to a strong increase of daily RGR compared to control leaves (Fig. 4C). Yet, when 
ratios for values between the treatment day (day 2) and the day before treatment (day 1) were 
calculated, a much clearer picture with smaller variability within treatments emerged (Fig. 
4D). Statistical evaluation of treated and control plants for the ratio at day showed that the 
difference was not signi�cant (p = 0.4; t-test). When the same evaluation was performed for 
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the average nocturnal RGR values, a signi�cant difference was obtained (p = 0.002); treated 
leaves grew 27 % faster than control leaves. This result matches the �ndings of a comparable 
experiment, in which growth of the total projected leaf area was monitored on a day-to-day 
basis (Walter et al. 2007). There, a signi�cant increase of growth in the same order of 
magnitude was observed during the �rst 24 h, when light intensity was increased in a similar 
manner. 

2.2 Starch Remobilization Plays a Crucial Role for the Diel Leaf Growth Cycle in Arabi-
dopsis

Indirect evidence for the cause of this response comes from a study with Arabidopsis mutant 
plants (Wiese et al. 2007). In starch-free (stf1) mutants which cannot build up starch during 
the day, RGR and leaf glucose concentration increased at the end of the day compared to 
wild-type Landsberg erecta (Ler) plants, while at the end of the night, RGR and leaf glucose 
level were markedly lower than in WT plants (Fig. 5). This supports the view that growth at 
dusk is provided with carbohydrates necessary to increase the structural material of the tissue 
by recently produced photosynthates, while at the end of the night, carbohydrates for growth 
processes are mainly derived from starch remobilization. Hence, during the day transiently 
increasing light intensity leads (i) to stomatal opening which initially reduces RGR and (ii) 
to increased carbohydrates which increase RGR. It has to be expected that depending on the 
amplitude and duration of the increase in light intensity, this may or may not lead to increased 
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integral growth during the day compared to growth of control leaves that are illuminated with 
a constantly lower light intensity. At night though, growth de�nitely increases due to the extra 
starch built up during the day. The above results demonstrate that mechanistic understanding 
of plant biomass growth in response to �uctuating light intensity requires experimental ap-
proaches that allow for a suf�cient temporal resolution.

2.3 Diel Leaf Growth Cycles in Poplar are Affected by Atmospheric CO2 Content via Altered 
Carbohydrate Availability

Another dramatic short-term effect of altered carbohydrate availability on the diel leaf growth 
cycle was observed in the leaves of rapidly growing woody poplar saplings (Walter et al. 
2005). Leaves grown at ambient CO2 were compared with leaves grown at elevated atmos-
pheric CO2. In elevated CO2, increased leaf growth was observed at the end of the night, while 
growth was decreased compared to control leaves at ambient conditions in the late afternoon 
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(Fig. 6). In the late afternoon, glucose content of leaves growing at elevated CO2 was lower 
than in control leaves, while the reverse was observed for starch content at this time of the 
day. Evidently the enzymatic machinery of the expanding leaves diverted the surplus of car-
bohydrates produced during increased photosynthesis at elevated CO2, away from increased 
leaf growth towards increased storage and/or increased export into other plant organs or to 
the soil.

Overall however, leaves in elevated CO2 treatments grew faster than leaves in ambient 
CO2. The differences between treatments and the amplitude of the diel growth cycle increased 
during the season. A larger �nal leaf area was reached in the elevated CO2 treatment by 
prolonging the phase in which leaves grew with an RGR of 30 to 40 % d–1 (Walter et al. 
2005).

2.4 Reversal of Diel Leaf Growth Cycle in Clusia due to the Switch from C3 to CAM

A most pronounced example of the ways alterations in carbohydrate metabolism and/or tran-
spiration dynamics can rapidly affect leaf growth behavior was recently reported in a study on 
Clusia minor (Walter et al. 2008). This facultative CAM plant (Lüttge 2007) was induced 
to shift its mode of photosynthesis from C3 behavior to CAM by a drought stress treatment 
(Fig. 7). Consequently, the phase of predominant carbohydrate assimilation was shifted from 
day to night, and cycling of malate as an intermediate storage form of assimilated carbon was 
increased. In parallel to this shift in carbohydrate metabolism, the diel leaf growth activity 
switched from a C3-like behavior similar to that of poplar (maximal RGR at dusk) to a com-
pletely different temporal pattern with maximal growth activity during the day and practically 
no growth at all during the night. It is hypothesized that the correlated shift in growth activity 
is induced by the reduced availability of carbohydrates for growth at night when carbohy-
drates are almost entirely diverted to malate in CAM conditions. Altered transpiration behav-
ior can also leave its imprint in the temporal pattern of the diel leaf growth cycle. During the 
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Reproduced with kind permission of Wiley-Blackwell Publishing from Walter et al. 2005.

shift from C3 to CAM, the phasing of transpiration is reversed from predominantly diurnal to 
predominantly nocturnal.

3. Towards some General Principles

Maximal growth activity is found during a period of minimal transpiration. This does not only 
hold true for Clusia minor but also for the other diel leaf growth cycles reported above. Maxi-
mal growth activity either occurs at dusk or at dawn; at times when transpiration is usually 
reduced compared to midday maxima. However, this is not the case for leaves of monocots, 
which show highest growth activity in the middle of the day, when temperatures are high-
est (Ben-Haj-Salah and Tardieu 1995). In monocots, the growing leaf tissue itself is not 
engaged in transpiration, but is enclosed within the sheaths of older leaves. In the absence of 
competition between tissue water loss by transpiration and tissue volume increase by acquir-
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ing water might be the reason for the different timing and regulation of the diel growth pattern 
of monocots compared to dicots. Monocot leaf growth activity seems to be predominantly 
controlled by the temperature of the growth zone (Ben-Haj-Salah and Tardieu 1995) while 
dicot leaf growth activity seems to be primarily driven by the dynamic interplay between 
carbohydrate metabolism and water relations.

Biophysically, growth arises from the tension between turgor pressure an the rigidity/ex-
tensibility of plant cell walls, which is expressed in the Lockhart equation (Lockhart 1965). 
It will be a challenge for future studies to disentangle and precisely model how carbohydrate 
metabolism and water relations interact with cell wall extensibility and turgor. As the results 
of this articel show, sensitive analysis of the reaction of dicot leaf expansion in a range of 
species and environmental scenarios is a prerequisite to come to an improved understanding 
of the biophysical control of leaf growth dynamics which can be connected to the current 
molecular understanding of plant function.

4. Scaling from the Single Leaf Area to Shoot Biomass Growth

Up to now, leaf growth has been treated as a two-dimensional process, in which the leaf 
lamina develops a larger area. Is it appropriate to deal with this question at all and to discuss 
it in terms of biomass growth or is an analysis of leaf dry weight development or at least of 
leaf thickness a necessary prerequisite to provide serious data on plant growth? The former 
seems reasonable because there is no non-destructive method to date with which one could 
practically measure the thickness, volume or dry weight of a leaf or plant shoot. Moreover, 
in dicot leaves the increase in leaf area dominates greatly over the increase in thickness dur-
ing post-emergent leaf development (Foster 1936); which is another marked contrast to the 
development of monocot leaves.
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However, it is self-evident that the increases in leaf area and leaf biomass are not likely to be 
linearly correlated. In the above-mentioned study on poplar leaf growth (Walter et al. 2005), 
leaves from the elevated CO2 treatment overall had a 22 % increased leaf area compared to 
control leaves, but average leaf dry weight differed by 46 %. The discrepancy between area 
and dry weight depended on the exact positioning of the leaves to be compared between treat-
ments. Leaf area of leaves from lower branches and leaves from the south side of trees was 
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Fig. 8  Tobacco root/shoot-ratio in response to different light intensities. (A) Root/shoot-ratio based on fresh weight 
of plants grown on agar-�lled Petri dishes (n = 5; mean values and SE). (B) and (C) plants grown in 60 and 300 μmol 
m–2 s–1 PAR, respectively, prior to harvest. Reproduced with kind permission of Landes Bioscience from Walter 
and Nagel 2006.
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comparable between treatments, while leaves from upper branches and leaves growing on the 
north side of the stem were larger in elevated CO2 compared to ambient CO2. Moreover, these 
differences seemed to increase during development. Nevertheless, the temporal evolution of 
differences that were obvious both in biomass and leaf area of the trees towards the end of 
the season, were re�ected by non-destructively analyzed leaf area growth. Hence, leaf area 
analysis as described above is a valuable tool for investigation of growth differences. This 
conclusion is also supported by evidence from studies with much smaller tobacco and Arabi-
dopsis plants: There, quasi-linear relations between the increase in leaf area and leaf biomass 
have been shown in several studies (Leister et al. 1999, Walter et al. 2007).

5. Connecting Leaf and Root Growth Dynamics

The increases in root and shoot biomass of a plant are connected with each other. Roots and 
growing leaves are competing sinks for all material substrates required for growth processes. 
While in some situations, root and shoot increase in parallel, there are numerous examples 
where investment in one organ is favored on costs of investment in the other organ. Often, it 
is not clear which environmental changes lead to increased (or decreased) investment in root 
or in the shoot. Increasing the light incident on tobacco shoots, for example, can lead to strong 
increase of root growth (Nagel et al. 2006, Walter and Nagel 2006) that far exceeds the 
increase of leaf growth (Fig. 8).

Herbivorous attacks, which might be perceived to decrease primarily leaf growth, para-
doxically affect root growth stronger than leaf growth (Hummel et al. 2007). It is beyond the 
scope of this manuscript to explore the interaction between shoot and root growth in detail, 
but the few examples mentioned above are suf�cient to emphasize that environmental effects 
on leaf growth often can be understood only if the reaction of the ‘hidden half’ of the plant is 
also taken into account.
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Shoot Heterogeneity in Trees: Consequences of 
Patchy N Availability and Vascular Transport

 Vít Gloser1, Pavel Sedláčček1; and Colin M. Orians2

 With 1 Figure and 1 Table

Abstract

We examined responses of two gymnosperms, Picea abies and Thuja occidentalis, to two nitrogen treatments, ho-
mogenous and patchy. We quanti�ed whether the distribution and abundance of newly assimilated N would be more 
heterogeneous when the nitrogen supply was patchy. Plants were grown for three months in inorganic substrate 
fertilized with nutrient solution. Nitrogen was supplied as 15N ammonium 15N nitrate homogeneously to the whole 
root system (homogeneous treatment) or to a side root isolated in a split-root setup (patchy treatment). In the patchy 
treatment the rest of the root system received all nutrients except N. After 3 months of cultivation we quanti�ed δ15N 
content in the current year needles for each branch. We found that patchy N supply lead to signi�cant increases in 
heterogeneity of N distribution within the shoots of both species. In the patchy treatment, the coef�cient of variation 
in relative δ15N was greater for lower branches than for upper branches indicating that the distribution of 15N was 
less variable toward the top of the plant. We discuss several mechanisms that may contribute to more homogeneous 
N distribution in upper branches of the shoot. We conclude that seasonal N recycling of N within the plant did not 
result in homogeneous distribution of newly assimilated N when N supply is patchy.

Zusammenfassung

Wir haben die Reaktion zweier Gymnospermen, Picea abies und Thuja occidentalis, auf unterschiedliche Stick-
stoffversorgung, nämlich homogene und inhomogene N-Zufuhr, untersucht. Wir haben quantitativ geprüft, ob die 
Verteilung und Menge des neu assimilierten N bei inhomogener Zufuhr heterogener ist. P�anzen wurden für drei 
Monate auf anorganischem Substrat mit Nährstof�ösung angezogen. Stickstoff wurde als 15N-Ammonium und 15N-
Nitrat dem ganzen Wurzelsystem homogen angeboten (homogene Behandlung) oder nur einer Nebenwurzel in einer 
Anordnung mit geteiltem Wurzelsystem (inhomogene Behandlung). Bei der inhomogenen Behandlung erhielt das 
übrige Wurzelsystem alle Nährstoffe außer Stickstoff. Nach 3 Monaten Kultivierung wurde der δ15N-Gehalt der Na-
deln des laufenden Jahres jeden Zweiges analysiert. Wir fanden, dass inhomogene N-Zufuhr zu einem signi�kanten 
Anstieg der Heterogenität der N-Verteilung in den Sprossen beider Arten führt. Bei der inhomogenen Behandlung 
war der Variationskoef�zient des relativen δ15N in den unteren Zweigen größer als in den oberen Zweigen. Dies weist 
darauf hin, dass die Verteilung des δ15N gegen die Spitze der P�anzen hin weniger variabel war. Wir diskutieren ver-
schiedene Mechanismen, die zu homogenerer N-Verteilung in den oberen Zweigen beitragen können. Wir schließen 
aus unseren Versuchen auch, dass saisonales Rezirkulieren des N innerhalb der P�anzen nicht zu einer homogenen 
Verteilung des neu assimilierten N führt, wenn die N-Zufuhr inhomogen ist.

1 Masaryk University, Department of Experimental Biology, Kotlářská 2, 611 37 Brno, Czech Republic.
2 TUFTS University, Department. of Biology, Medford, MA 02155, USA.
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1. Introduction

Availability of nitrogen, one of the most important nutrients for plant growth, frequently 
limits plant metabolic processes, and it may result not only in slower growth rate but also 
in altered biomass distribution and plant morphology. Nitrogen availability is often patchy 
(Jackson and Caldwell 1993, Stark 1994) and this can further limit the capacity of plants 
to acquire and to distribute N within the plant. Species differ in their capacity to respond to 
patches of nutrient availability (Robinson and van Vuuren 1998, Hodge 2004), and for 
species with high sectoriality – the restricted transport of resources along speci�c vascu-
lar pathways – the distribution of nitrogen may vary within the crown (Orians et al. 2004, 
Zanne et al. 2006). This unequal distribution of nutrients within a plant can constrain plant 
growth and development (Gloser et al. 2008). Gloser et al. (2008) found signi�cant leaf-to-
leaf variation in chlorophyll and leaf area in Acer rubrum following long-term fertilization of 
an isolated lateral root. In sum, the consequences of patchy nutrient availability depend upon 
the degree of sectoriality of each species, and upon the capacity for nutrient recycling and 
redistribution within the plant.

Several techniques have been used to describe differences among species in sectorialiy. 
Using hydraulic techniques, Orians et al. (2005b) found extensive variation in sectoriality, 
or vascular integration, among temperate deciduous trees. Dye transport studies have found 
similar differences among species (Orians et al. 2004, 2005a). Ultimately, it is the distri-
bution of limited nutrients, such as N, that matters. Orians et al. (2004) showed that 15N 
transport is more restricted in Populus tremuloides, Acer saccharum and A. rubrum than in 
Betula lenta and B. papyrifera, and Gloser et al. (2008) showed restricted transport can lead 
to differential growth and chemistry of Acer rubrum. Can the distribution of N in the crown 
be predicted? For straight grained sectored species, such as Populus tremuloides, the leaves 
above the labeled root accumulate more 15N (Orians et al. 2004).

Do gymnosperms exhibit restricted nitrogen transport as well? Larson et al. (1994) 
showed that dye transport in Thuja occidentalis is highly sectored. Whether N transport is 
similarly restricted in Thuja and other gymnosperms is unknown. In the long-term, N recy-
cling and redistribution may result in little if any heterogeneity in N distribution. Trees rely 
on the internal cycling of mobile nutrients to sustain their growth. Millard (1996) showed 
that 18 – 93 % of the nitrogen required for growth of young trees may come from remobiliza-
tion. In Picea sitchensis, most of the N used for the growth of new needles at the beginning 
of the growing season is recycled from old needles and not dependent on external N supply 
(Proe and Millard 1994). Thus nitrogen transport following N recycling is likely to be quite 
local – from old to young needles on the same branch. Therefore we expect that recycling will 
not eliminate patterns of heterogeneity in gymnosperms.

Here we examined, (i) the distribution of 15N in two gymnosperms, Thuja occidentalis and 
Picea abies, after 3 months of differential fertilization (homogeneous versus patchy), and (ii) 
how the variation in 15N distribution changes with height along the stem. We hypothesized 
that both gymnosperms would exhibit heterogeneity in 15N distribution, even after 3 months, 
and that the magnitude of heterogeneity would be the lowest higher on the stem as Zanne et 
al. (2006) found in tomato.
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2. Materials and Methods

2.1 Plant Cultivation

Four-year old saplings of Picea abies (L.) Karst. and Thuja occidentalis (L.) were obtained 
from a local tree nursery and grown from seeds. Plants were 30 to 50 cm tall with approxi-
mately 10 and 20 branches of variable size for Thuja and Picea respectively. Branches were 
evenly distributed along the stem. Plants were cultivated in an experimental garden from May 
until August. When experimental treatments were started in May, Picea saplings had new 
buds that had just opened, and Thuja had a few new needles on the branches. Plants were 
grown in 6 l containers with perlite.

Nutrients were supplied every other day with 100 ml of modi�ed Hoagland nutrient solu-
tion that contained 3 mM CaCl2, 2 mM K2SO4, 1.9 mM KH2PO4, 2.7 mM MgSO4, 20 µM 
MnSO4, 8.5 µM ZnSO4, 1.5 µM CuSO4, 200 µM H3BO3, 2.5 µM Na2MoO4 and 405 µM 
FeNa-EDTA, and nitrogen as ammonium nitrate. The location of nitrogen addition depended 
on the treatment (patchy versus homogenous). On alternate days plants were watered with 
deionized water.

Plants in the patchy treatment were grown in a split-root setup – one lateral root was 
selected and placed separately into a smaller pot on the side of the main pot. In split-root 
cultivation only the pot with the lateral root received complete nutrient solution with nitrogen 
(5 mM). The main pot received a nutrient solution without nitrogen. Plants in the homoge-
neous treatment were grown in a single pot with a complete nutrient solution including N. The 
nitrogen supplied in the nutrient solution was enriched by 15N provided as 15NH4

15NO3 (4 % 
enrichment, Sercon Ltd., UK) during the whole experimental period. This approach allowed 
us to quantify how plants partition newly acquired N over the entire growing season.

2.2 Plant Harvest and Biomass Analysis

At the end of the experimental period, 6 to 10 plants were harvested from each treatment. 
For each plant, all branches were detached and separated into current year and older growth, 
dried, ground and stored for subsequent isotope analysis. Since we expected that 15N accumu-
lation would be greatest in new needles, only the current-year needles of individual branches 
were analyzed for 15N. In Thuja plants, all branches (n = 8 –10) were analyzed whereas in 
Picea 10 to 15 branches were selected from different positions along the stem. Content of 15N 
was analyzed using a continuous �ow mass spectrometer (Europa Scienti�c Integra) at the 
University of California Stable Isotope Facility (Davis, USA). 15N accumulation, expressed 
as δ15N, was determined by subtracting background levels of 15N. Relative δ15N content of 
needles on a single branch was calculated as ratio of the δ15N of the respective branch and the 
highest δ15N found within the evaluated plant.

2.3 Statistics

To determine the extent of variation in 15N accumulation within each plant of each species, we 
calculated the coef�cient variation (CV) within two branch positions along the stem: lower 
(branches below 0.4 relative height) and upper (branches above 0.7 relative height). CV of 
accumulation within each position for each plant was treated as one replicate (n = 6 –10 plants 
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per treatment). Effects of experimental treatments as well as the effect of branch position on 
stem were tested in repeated measures ANOVA model with CVs from lower and upper branch 
positions as the repeated measure (both were from the same plant).

3. Results

After continuous supply of isotope during the growing season, δ15N of needles ranged from 
0 to 10000. Patterns of distribution were similar for relative δ15N (to control for differential 
plant uptake) and absolute δ15N. For simplicity we report relative δ15N only. The magnitude 
of variation in relative δ15N within a plant varied by N treatment (patchy versus homoge-
neous), species, height along the stem, and by a branch position x N treatment interaction 
(Tab. 1). Variation in relative δ15N was much greater in the patchy treatment in both spe-
cies than in the homogeneous treatment and Thuja was more variable than Picea (Fig. 1). 
Within the patchy treatment, the CV of relative δ15N was greater for lower branches than 
for upper branches (Thuja: mean = 0.89 and 0.43 respectively; Picea: mean 0.60 and 0.26 
respectively) (Tab. 1). When supply was homogeneous, no signi�cant difference between 
the lower and upper branches were observed for Picea, but they were marginally signi�cant 
for Thuja.

Tab. 1  The results of repeated measures analysis of variance of coef�cients of variation (CV) of relative 15N isotopic 
enrichment of biomass of needles Picea abies and Thuja occidentalis. Plants were supplied with N to the whole root 
system or to one separated root only (N supply). Samples of needles for N analysis were taken either from lower 
(below 0.4 relative height) or upper (above 0.7) branches for both species in all N treatments. CV of branches on one 
plant and height group was treated as one replicate (6 –10 plants per treatment).

d.f. F P

Intercept 1 191.14 < 0.001
Species 1 11.53 0.002
N supply 1 105.44 < 0.001
Species x N supply 1 2.71 0.112
Branch Position 1 29.73 < 0.001
Position x Species 1 2.20 0.15
Position x N supply 1 11.84 0.002
Position x Species x N supply 1 0.07 0.791

4. Discussion

Our experiments showed that when N supply is heterogeneous, distribution of 15N tracer is 
also highly heterogeneous in shoots of both species. Similar results were obtained with angio-
sperms (Orians et al. 2004, Gloser et al. 2008, Zanne et al. 2006). Previous experiments, 
using dyes, with gymnosperms also showed vascular restrictions of xylem sap movement 
(Larson et al.1994, Gloser and Sedláčček, unpublished data). Data presented in this paper 
are, to our knowledge, the �rst evidence that patchy N availability leads to heterogeneous N 
distribution in conifers and, hence, demonstrates sectorial transport of nutrients in vivo. We 
can only speculate what precisely limits tangential transport of nutrients in gymnosperms but 
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most likely the number and size of interconduit pits in tracheids will be an important trait, 
similarly to intervessel pits in xylem of angiosperms (Orians et al. 2005a).

Long term (seasonal) cultivation in patchy treatment and recycling of N did not elimi-
nate the heterogeneous distribution of the tracer. Continuous nitrogen recycling occurs in 
gymnosperms namely between growing and senescing needles (Millard and Proe 1993). 
For Picea sitchensis, the majority of N mobilized in the spring growth comes from previous 
year foliage (Millard and Proe 1993), and N taken up in the current season and partitioned 
to preexisting shoots is not remobilized later in the season to support growth of new shoots 
(Proe and Millard 1994). Thus, the distribution of newly assimilated N was most likely 
not affected by N recycling later in the season. Moreover, we assume that effects of hetero-
geneous distribution of N in conifers will extend beyond the current growing season because 
most nitrogen is stored in needles. We suggest that reduced N delivery to some parts may lead 
to smaller growth of needles, to smaller potential for N mobilization (sensu Chandler and 
Dale 1990) and to greater heterogeneity in the following growing season.

The heterogeneity in δ15N distribution in both species was smaller towards the top of the 
plant (Fig. 1). We propose two possible mechanisms for this effect. First, tangential transfer 
of nutrients between tracheids may be higher further up the stem. This could occur if there 
is: (i) more active transport between adjacent tracheids higher on the stem, or (ii) lower re-
sistance between conduits due to higher density of interconduit pits and a shorter transport 
pathway as the stem gets narrow. Second, N recycling could lead to a more homogeneous 
distribution of newly assimilated N. Because, recycling of N frequently occurs between old 

Fig. 1  The relative accumulation of isotope 15N in needles of Picea abies and Thuja occidentalis as relative δ15N and 
related to the relative height of the branch on the stem (from soil level to top of plant). Plants were supplied with N 
to the whole root system (homogeneous N supply A, B) or to one separated root only (patchy N supply C, D). Every 
point represents analysis of a single branch (6 –10 plants per treatment).
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and new needles within the same branch young upper branches with few older needles have 
less opportunity for recycling. These young branches rely on import of new N from roots and 
this could lead to more homogeneneous distribution of newly acquired N (δ15N).

Both species exhibited substantial heterogeneity in δ15N distribution despite large dif-
ferences in wood anatomy. Picea has spiral anatomy while Thuja is more straight grained 
(Nadezhdina and Cermak 2000, Larson et al. 1994, Gloser and Sedláčček, unpublished). 
We suggest that the spiral pattern of sap �ow in Picea may potentially facilitate the ability 
of this species to respond to spatial variation in other environmental factors (e.g. patchy light 
availability) as it increases the likelihood that at least one branch in that high light patch will 
be vascularly connected to the root in the nutrient-rich patch.

In summary, patchy nitrate availability generates aboveground heterogeneity in N dis-
tribution and abundance. This effect is likely to cause long-term consequences to the mor-
phology and chemistry of leaves and needles (Gloser et al. 2008, Gloser and Sedláčček, 
unpublished). This indicates that while redistribution may occur within a growing season, it is 
not of suf�cient magnitude to eliminate aboveground heterogeneity in N distribution within a 
plant. This suggests that short-term experiments are indicative of long-term patterns of nutri-
ent distribution.
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Systematics of Spatiotemporal Heterogeneity 
Regulation of Large-scale Patterns by Biological 
Variability

 Daniel Geberth1, Christiane Hilgardt2, and Marc-Thorsten Hütt1

 With 7 Figures

Abstract

Spatiotemporal patterns often arise from local interactions in a self-organizing fashion. The resulting pattern, how-
ever, is shaped by the systematic differences between the system’s constituents. Here we propose a new approach of 
studying spatiotemporal data, namely by analyzing the correlation between the spatial distribution of the constitu-
ents’ properties and the features of the spatiotemporal pattern. We brie�y embed this approach into a larger concept 
of pattern formation and then apply it to simulated patterns and experimental data for a model organism of biological 
pattern formation, the slime mold Dictyostelium discoideum. Simulations are performed with a simple n-state model 
of excitable dynamics. We show that the heterogeneous distribution of pattern characteristics has two distinct compo-
nents, which correlate well with spatial distributions of highly sensitive and highly excitable cells, respectively. For 
the experimental system, we found systematic correlations between the spatial distribution of cellular �uctuations 
before pattern formation and the positions of spiral waves. Understanding this relation will be a considerable prog-
ress in uncovering the role of biological variability in complex cellular communication processes.

Zusammenfassung 

Raumzeitliche Muster entstehen oft durch Selbstorganisation aus lokalen Wechselwirkungen. Das resultierende 
Muster ist jedoch geprägt durch systematische Unterschiede zwischen den Konstituenten des Systems. Hier schlagen 
wir eine neue Herangehensweise an raumzeitliche Daten vor, nämlich die Analyse der Korrelation zwischen Konsti-
tuenteneigenschaften und Mustern. Wir fügen diesen Ansatz in den allgemeinen theoretischen Rahmen der Muster-
bildung ein und wenden ihn dann an auf simulierte Muster und experimentelle Daten für einen Modellorganismus 
biologischer Musterbildung, den Schleimpilz Dictyostelium discoideum. Für die Simulationen wurde ein einfaches 
n-Zustands-Modell erregbarer Dynamiken verwendet. Wir zeigen, dass die statistische Verteilung von Mustereigen-
schaften aus zwei Komponenten besteht, die mit der räumlichen Verteilung der hochsensitiven beziehungsweise der 
hocherregbaren Elemente korrelieren.

Für die experimentellen Daten �nden wir systematische Korrelationen zwischen der räumlichen Verteilung von 
Fluktuationen vor der Musterbildung und der Position späterer Spiralwellen. Diese Zusammenhänge in Modellen zu 
verstehen, kann einen erheblichen Fortschritt für ein Verständnis komplexer zellulärer Kommunikationsprozesse und 
ihrer Steuerung durch biologische Variabilität bedeuten.

1. Introduction

A few years ago, Peak et al. (2004) interpreted the dynamics of stomatal patchiness as the 
result of a distributed computation of an optimal metabolic state. Without an explicit math-

1  School of Engineering and Science, Jacobs University Bremen.
2  Biophysics Group, Otto-von-Guericke-Universität Magdeburg.
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ematical model speci�cally designed to reproduce key features of stomatal dynamics, the 
authors compare the transient sizes of the spatiotemporal patterns upon a change of environ-
mental conditions with those from a generic (cellular-automaton based) model of distributed 
computation (see also Mott and Peak 2007).

This approach is conceptually different from the usual framework of theoretical biology, 
where speci�c mathematical models are formulated and then, e.g., analyzed with methods 
from nonlinear dynamics. Here the mathematical description focuses on analogies. A quan-
titative analysis then relies on comparing statistical properties of the real-life data with those 
from the theoretical counterpart.

In spite of its intrinsic lack of quantitative comparison with a precise mathematical model 
from our point of view the study by Peak et al. (2004) constitutes a huge progress in concep-
tually understanding the spatiotemporal behavior of stomatal guard cells. By observing that 
stomata, basically, have to compute an opening state optimal on the global (leaf-wide) level 
using only local (cell-cell) communication the authors compare stomatal dynamics with a 
model system from complexity theory, namely cellular automata (CA).

One can view this study as an example of a new trend in theoretical biology on its way 
to an understanding at a system-wide level (Hütt and Lüttge 2007): Ever larger systems 
require models with abstract, discrete dynamics and the use of stochastic processes to imple-
ment the effect of stochasticity on this abstract level (see also Bornholdt 2005).

Beyond this basic difference of not relying on the visual agreement between observed and 
simulated patterns, this approach also introduces a new conceptual view on the analysis of 
spatiotemporal patterns in general. Often standard approaches implicitly impose a hierarchi-
cal order on the dimensions of the space-time cube. For example, the time series at a particular 
spatial point is analyzed and thus converted into a single number (the observable). Repeating 
this analysis for each spatial point yields the spatial distribution of this observable as the �nal 
result of this analysis. Conversely, one sometimes studies the spatial image at a given time 
point, condenses these data into a single observable (e.g., the spatial heterogeneity) and then 
repeats this analysis for each point in time yielding the time course of the observable (see Fig. 
1 for an illustration of such a sequential treatment of space and time).

Over the last few years the range of applications of such an analogy-based statistical 
approach to analyzing spatiotemporal patterns has gained momentum and has contributed 
signi�cantly to our understanding of pattern formation processes. The remarkable property of 
this approach is the bridging of scales. A regulatory principle on the cellular level is related to 
a statistical property of the spatiotemporal patterns. In the case of Peak et al. (2004) the regu-
latory principle is the distributed computation based upon neighborhood interactions with the 
corresponding statistical property being the transient time distributions observed in the spa-
tiotemporal patterns. Another example is the work by Sawai et al. (2005), where the strength 
of a regulatory feedback loop is related to the spatial density of spiral wave patterns in cell 
colonies of the pattern-forming social amoebae Dictyostelium discoideum. By studying mu-
tants in key components of the regulatory feedback loop, the authors can vary this intrinsic 
parameter systematically and study, how the spatiotemporal patterns change accordingly.

Upon nutrient deprivation, amoeboid Dictyostelium cells pass through a developmental 
program, where spatiotemporal pattern formation, coordinated cell aggregation and a mor-
phogenetic transition from uni- to multicellular organization is involved. At the beginning 
of that developmental cycle single cells start to emit cAMP at random positions, which is 
detected by neighboring cells via highly speci�c surface receptors. These cells in turn pro-
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Fig. 1  Classical strategies of analyzing spatiotemporal patterns.

duce cAMP as well and secrete it to their environment. The excitation process is followed 
by a refractory period, where the cells are incapable of excitation. The autocatalytic reaction 
(cAMP-induced cAMP production) together with diffusion results in propagating excitation 
waves in a spatially extended cell population. Beside autocatalytic cAMP production the cells 
react by positive chemotaxis upon excitation, moving perpendicular to the wave front as long 
as the local cAMP concentration increases with time. Later on, characteristic streams of ag-
gregating cells attracted to few geometrically well-de�ned aggregation centers appear. After 
the cells have assembled at the aggregation centers they transform into a mound state and later 
on into a migrating slug. The developmental cycle completes in a fruiting body, consisting of 
a stalk and germinable spores (see Kessin 2001 for details on the Dictyostelium life cycle).

In order to display the systematics of their �nding more clearly, Sawai et al. (2005) simu-
late patterns using a simple cellular-automaton based model, where the feedback strength (i.e., 
the cAMP pulse-dependent increase in excitability) appears as an explicit parameter. Their 
observable is the spatial frequency of spiral waves, which they obtain by counting the phase 
singularities in their spatiotemporal patterns. Remarkably, the intermediate feedback strength 
found in wild type cells turns out to produce an optimal (i.e. minimal) number of phase singu-
larities compared to higher and lower feedback strength mutants, respectively. In the extreme 
case, where feedback is constantly absent, no stable spiral wave pattern evolves. From that, 
two implications result. Firstly, aggregation territory size is optimized by the pulse-dependent 
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development of feedback strength. For the wild type this allows for optimally sized basins of 
attraction for the consecutive aggregation process of the cells leading to the multicellular organ-
ism capable of spore generation and thus completing the developmental cycle of Dictyostelium. 
Secondly, wave geometry is determined by feedback strength. Spiral waves seem to be favored 
by the system compared to target waves, although both wave geometries result in fruiting bodies 
for the experimental system. Spirals are self-sustaining continuous structures, which preserve 
their stability, to a certain extend outside the excitable regime. This allows for maintenance of 
the aggregation process under developmentally and environmentally conditioned changes. In 
contrast, target waves require the periodic activity of oscillatory regions (i.e., pacemakers).

In this article we would like to discuss this new view on spatiotemporal patterns both from 
a conceptual and from a practical (or methodological) perspective. First, we would like to ad-
dress the question, why this view on patterns can work in principle, as this from our perspective 
highlights very interesting differences between pattern formation processes in biology and, 
e.g., in physics. Secondly, we would like to provide a toolbox for exploiting this new concept 
and for analyzing a wide range of spatiotemporal patterns from this perspective. Within this ar-
ticle we will discuss the application of these tools to a speci�c set of pattern-forming systems, 
namely excitable media, which are found in a wide range of biological contexts.

2. The Concept

The new view on spatiotemporal patterns described in the introduction focuses on statisti-
cal comparisons rather than on the visual layout of the patterns. From our perspective, the 
reason for this approach’s success lies in the theory of pattern formation itself. A theoretical 
description of pattern formation often relies on the concept of self-organization. Patterns 
are emergent properties of the system, appearing in a phase-transition like manner. While in 
physics such a symmetry-breaking is typically triggered by random �uctuations, the corre-
sponding process in biology contains far more deterministic features: The constituents of the 
system may with their individual, non-identical properties pre-determine the outcome of the 
symmetry breaking. Figure 2 summarizes this situation for the simple potential landscape of 
a second-order phase transition. Under variation of a control parameter a potential minimum 
(representing a stable steady state of the system and therefore a possible state of the order 
parameter) gradually de-stabilizes and gives rise to two co-existing minima. This transition 
is the decisive step in a pattern formation process, where small �uctuations can have a large 
effect on the system state (critical �uctuations) and can eventually determine which of the 
competing minima is at last selected by the system at hand.

In contrast to, e.g., many situations in physics (Fig. 2A), in biology (Fig. 2B) differences 
between the constituents of the system provides an additional stochastic (but stationary) 
modulation of the potential, which may pre-determine the outcome of the symmetry break-
ing and can in principle allow predicting the layout of resulting patterns. This possibility 
to translate cellular variability into features of patterns requires new methods of analyzing 
spatiotemporal data.

Why is it interesting to look at patterns from this perspective? Firstly, if indeed the spatial 
distribution of cellular properties substantially shapes the patterns emerging in the system, 
these distributions, when measured during the early phase of pattern formation, may serve as 
a basis for predicting later stages of the pattern formation process. In principle, this intrinsic 
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predictability may be exploited to avoid unintended patterns or to channel the system’s self-
organization into a desirable regime.

Secondly, this correlation between distributions of cellular properties and features of the 
spatiotemporal pattern can provide insight into the regulatory mechanisms on the cellular and 
intercellular levels. Just as with the examples given in the Introduction, the enormous power 
of this view lies in building a bridge between the two scales: patterns as a collective state of a 
very large number of cells on the one hand, and internal parameters of the single cells on the 
other. By analyzing patterns from this perspective we want to understand, which regulatory 
mechanisms are responsible for the observed correlations between cellular properties and 
macroscopic patterns.

3. Methods and Data

Here we brie�y summarize the (simulated and measured) data on spatiotemporal patterns, as 
well as the tools for analyzing them. 

Details on the simulation and the experimental data can be found in Hilgardt et al. 
(2007). The spatiotemporal �lters have been discussed in detail in Hütt and Neff (2001) and 
applied to excitable dynamics in Hütt et al. (2002), Busch and Hütt (2004) and Hilgardt 
et al. (2007). 

Studying Dictyostelium patterns with phase singularitiy methods (as a means of identify-
ing the spatial distribution of spiral wave tips) has been pioneered by Sawai et al. (2005). 
The correlation between phase singularities and cell properties for a model of Dictyostelium 
pattern formation has �rst been analyzed in Geberth and Hütt (2008).
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Fig. 2  Potential landscape of a second-order phase transition. Under change of a control parameter the minima (i.e. 
the stable states) of the order parameter (representing different types of patterns of the underlying system) change 
from a single minimum to two co-existing minima. In contrast to many situations in physics, where the decisive step 
for selecting one of the minima is due to local �uctuations (A), in biology the systematic differences between the 
system’s constituents often large enough to bias the state towards one of the minima (here represented as a random 
modulation of the potential, which in contrast to noise does not change in time, B).
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4. The Model

In order to study the link between intrinsic cellular properties and the local signature of these 
properties in the spatiotemporal patterns it is convenient to consider a simple model of an 
excitable medium given by a cellular automaton. An advantage of cellular automata is that 
the spatial discretization coincides with the discrete nature of the biological cells, and the 
observed states within the spatiotemporal pattern are reduced to few essential elements. In its 
simplest form, an excitable medium is a spatial arrangement of identical elements, for which 
(at least) three states exist, namely “quiescent” (excitable) (Q), “excited” (E) and “refractory” 
(R). A typical time sequence of states for a single cell is characterized by a switch from the 
quiescent state Q to the excited state E when a certain condition is ful�lled; the falling into the 
refractory state R after one time step and the remaining in R for a �xed period of time (called 
the refractory time). This sequence immediately leads to the formation of propagating wave 
fronts and, when disrupted, to spiral waves.

From the different cellular automaton models of excitable media (see e.g., Gaylord 
and Wellin 1995, Mikhailov and Calenbuhr 2006) we select a variant, which combines 
simple update rules involving few parameters with a quasi-continuous state space helpful in 
achieving similarity with experimental data (Dewdney 1988, see also Hilgardt et al. 2007 
for additional details in the model). In this model we implement a simple interaction rule for 
the epidemic spreading of excitations from cell to cell, which allows to study the global dy-
namics on a quasi-continuous state space (which in an epidemic scenario would correspond 
to the immunization state of the elements). The state space has the form S={0,1,..., n–1, n}, 
where healthy elements are represented by 0 (corresponding to the Q state of our general 
model introduced above), infected cells can be in states 1, ..., n–1 (the E state), and the dis-
eased (sick) elements are given by n (the R state). The update rules, which determine the state 
of a cell in the next time step, are as follows:
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where [x] is the integer remainder of x (i.e. the remaining integer value after removing the 
decimal part), a denotes the number of infected cells in the neighborhood Nij of a point (ij) 
and b represents the corresponding number of sick cells in Nij. The quantity  s  in the update 
rule for infected cells is the sum over all elements in Nij. The remaining quantities k1, k2 and 
g are model parameters, which regulate the impact of infected and sick cells on neighbors and 
the excitability of a cell, respectively.
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5. Implementation of Biological Variability

We introduce variability in this system as distributions of g and of k2. In both cases we use 
a minority of cells with modi�ed parameter values: a higher value g* > g corresponding to 
a faster traversing of the infected state and a lower value k2* < k2 corresponding to a higher 
sensitivity. The modi�cations in g and k2 are independent; a certain (different) percentage of 
spatial sites is assigned the modi�ed values. The percentage of modi�ed sites constitutes the 
strength of variability, while the spatial distribution of parameter values is the matrix we aim 
at reconstructing (with the help of our spatiotemporal observables de�ned in the following 
section) and correlating (with the distribution of spiral waves obtained with the phase singu-
larity method described below). The spatial matrices Kij and Gij for k2 and g distributions, 
respectively, constitute our model implementation of cell-cell differences (in two different 
cellular properties). In the following, k and g denote the respective percentage of k2* and g* 
values in the parameter matrices. These quantities allow tuning the strength of variability. 
Indeed, the patterns produced by the model depend systematically on the two sources of vari-
ability. Figure 3 shows typical snapshots of simulations for different strengths of variability. 
Parameter settings are the same as in Hilgardt et al. (2008).
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Fig. 3  Snapshots for different percentages of high-excitability and high-sensitivity cells. The percentage of high-
sensitivity cells increases from 5 % (left) to 55 % (right), the percentage of high excitability cells increases from 0.1 % 
(top) to 3.1 % (bottom). Systematic changes in the density of active centers and in the target wave to spiral ratio can 
be observed.



Daniel Geberth, Christiane Hilgardt, and Marc-Thorsten Hütt

152 Nova Acta Leopoldina NF 96, Nr. 357, 145 –159 (2009)

6. The Spatiotemporal Filters

The �rst �lter for extracting cell properties from the patterns focuses on local �uctuations. We 
start from a spatiotemporal data set {aij(t)}. For each spatial point (ij) and three consecutive 
time points t–1, t and t+1 we take the (spatial) differences to each neighbor of (ij), (aij(t))–  
aij–1(t), (aij(t))– ai–1j(t), etc.; next, we take the temporal difference for each of these spatial dif-
ferences; this is possible for the two time steps involved: t–1 to t and t to t+1; whenever these 
two values differ in sign, they are added to the overall �uctuation value at the spatial point (ij); 
performing this operation for all points (ij) and normalizing this value to the maximal number 
of contributing values yields the spatial distribution of �uctuations Ωij.

In the case of our other �lter, the local mutual information, we take time differences a 
aij(t–1)–aij(t) for all spatial and temporal points and map these values to 1 (if they are posi-
tive) or 0 (otherwise). From the resulting binary time series at each spatial point we estimate 
probabilities (as relative frequencies) prs(ij) of �nding r and s as consecutive symbols (r, s can 
be 0 or 1). Together with the single-symbol probabilities prs(ij) (r = 0,1) we obtain the mutual 
information I(i, j) for the spatial point (ij): 
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We found recently that these two spatial matrices Ωij and I(i, j) correlate well with cell proper-
ties in the simulations and also show a systematic behavior when applied to experimental data 
(Hilgardt et al. 2007).

7. Analysis of Spiral Wave Patterns

There are two generic sustainable patterns on excitable media: target waves caused by a pace-
maker element �ring periodically, and self-sustained spiral waves. In both cases, the action of 
all single elements is basically periodic (quiescent – excited – refractory – quiescent), which 
can be used to map the state of an element to a circle from 0 to 2π. The phase φ of a single 
oscillator is de�ned by considering the current state s compared to the state at a later time

 φ = Arctan 2(s(t+τ)–E(s), s(t)–E(s)) [5]

where E(s) is the average value of s. The time delay τ needs to be chosen large enough for the 
variable to change signi�cantly, but not so large as to allow the state to return to its previous 
value (skipping over a peak); the rise time for the ascending �ank of an excitation wave has 
proven to be a good value in several systems. This technique is called phase embedding. For a 
linear oscillator and τ = T/4, the resulting �gure in the embedding plane is a circle around the 
average value (which is why one subtracts the average value before taking the arc tangent, in 
order to get a well-de�ned phase angle); for nonlinear oscillators and different τ, the result is 
a deformed curve that will nevertheless circle around the average value.

When looking at a snapshot of the phases of all oscillators in an excitable system, the 
phase is constant along excitation wave fronts, but all phase isolines join together in a phase 
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singularity at the position of the spiral tip, where the phase is unde�ned. Mathematically, a 
phase singularity can be characterized by a non-vanishing value of a closed loop path integral 
over the gradient of the phase around it (Bray et al. 2001)
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For phase singularities n assumes integer multiples of 2π, and zero otherwise. The sign of 
n determines whether one has a left- or right-handed spiral wave. The fact that n is zero for 
nonsingular locations is easily understood by applying Stoke’s theorem to the above integral 
and noting that the expression under the integral is then the curl of a gradient �eld, which is 
zero for “suf�ciently smooth” φ; the only non-zero contribution can come from a singularity, 
where φ is not smoothly derivable. This integral operation can be rewritten as a combination 
of convolution kernels that implement the derivatives and the integration on discrete data 
(spatially and temporally). The integral is then essentially reduced to a discrete summation 
over adjacent pixels.

8. Experimental Data on Dictyostelium Pattern Formation

For the experimental data analyzed here, cells of the axenic Dictyostelium discoideum strain 
AX2 were cultivated in HL5-medium (Sussman 1987) until they reached a cell density of 
6·106 cells/ml. These cells were harvested by low speed centrifugation (400·g, 4 min) and 
washed twice in phosphate buffer (15.7 mM KH2PO4/Na2HPO4, pH 6.4). The cells were 
spread homogeneously to a density of 6.2·105 cells/cm2 onto agar plates (1 % Difco Bacto 
Agar, 2 mM caffeine in phosphate buffer, pH 6.14) and incubated in darkness for a few hours 
until �rst coherent structures appeared. The waves were visualized in dark �eld according to 
Gross et al. (1976) and recorded in equidistant intervals of 3 s (Hamamatsu C 3077, DT-Open 
Layers DT 3155 Mach Series Frame Grabber).

The principle behind dark �eld optics is that only light scattered by the cells is detected. 
The macroscopic impression of propagating excitation waves results from periodic changes 
in individual cell shape depending on the excitation state of the cells and concerted chemotac-
tic response within a cell population. Moving cells are elongated and appear as bright regions 
within the patterns. Dark regions correspond to spherical non-moving cells.

Tomchik and Devreotes (1981) have shown that excitation dependent cell shape is re-
�ecting directly the local cAMP concentration within a �eld of aggregating cells.

9. Results

9.1 Application to Simulated Data

In order to study the systematic biasing of patterns by a speci�c realization of cellular vari-
ability, we studied an ensemble of patterns based on a �xed cell property distribution but 
with 1000 random initial conditions. We calculated the time averages of spiral tip occupancy 
for every single random run and then averaged these to obtain the result shown in Figure 
4. Furthermore, we applied a Gaussian smoothing (σ = 2 pixels) to the binary cell property 
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distributions to avoid discretization artifacts when calculating correlations between the dis-
tributions.

Comparing the average phase singularity occupancy (Figure 4B) with the distribution 
of modi�ed cells shows a strong match with the high excitability cells (high g; Figure 4A). 
The in�uence of the high sensitivity cells (low k2) is less drastic (Figure 4C), but still clearly 
discernible. In this model, both types of modi�ed cells favor the formation and localization of 
spiral tips in their close proximity. Qualitatively speaking, the average spatial distribution of 
phase singularities consists of two contributions: clearly pronounced, highly localized peaks 
and broad diffuse regions of elevated spiral occupancy. Our comparison with the distributions 
of cell properties reveals that the former is determined by the arrangement of highly excitable 
cells, while the latter correlates with the distribution of highly sensitive cells.

Note that all �ndings obtained in this discrete system are very sensitive to (statistical 
properties of) initial conditions, as well as interference between the simulation and (similarly 
discretized) analysis tools. For a more thorough discussion of correlations between cell prop-
erties and patterns, see the two case studies published in Geberth and Hütt (2008, 2009).

A B C

Fig. 4  Distribution of high excitability (high g) cells (A) and of high sensitivity (low k2) cells (C). Both binary dis-
tributions have been smoothed with a Gaussian �lter (σ = 2 pixels). In (B) the average spiral tip occupancy is shown, 
corresponding to the probability of �nding a spiral in a certain position in any given random run, gained from 1000 
random initial conditions imposed on a �eld with the shown cell distribution. The correspondence of high spiral 
probability sites (B) to high g sites (A) is obvious. The correspondence of high sensitivity cells to raised spiral prob-
ability (B) is not quite as pronounced, but can still be seen in gaps in the k2 distribution (C).

9.2 Application to Experimental Data

Macroscopic propagation waves during the early phase of the Dictyostelium life cycle origi-
nate from intracellular communication via excitation and relay of the chemoattractant cAMP. 
Spatiotemporal data of these patterns offer the possibility to apply our analysis tools to extract 
cellular variability from a spatially extended cell population. The pixel-based approach of the 
tools accounts for the discrete nature of individual cells. We assume that the observables pro-
vide estimates valid as averages for the cells residing at a particular spot. Figure 5 illustrates 
schematically the application of our analysis tools to experimental data. Phase singularities 
(ps) were detected from spatiotemporal wave patterns as described (Fig. 5A). We have cho-
sen a time interval of 200 images (corresponding to 10 min) possessing stable rotating spiral 
waves and τ = 15 images (corresponding to a temporal off-set of 45 s). The data have been 
smoothed by Gaussian convolution σ = 4 pixels).
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To extract single cell properties we computed Ωij and I(i, j) for several experimental data sets 
(Fig. 5B). Each data set covered the successive developmental stages from the not yet excit-
able homogeneous cell layer shortly after cell preparation, over propagating excitation waves 
after development of cellular excitation and aggregation competence, to the appearance of 
streaming patterns in the advanced phase of the aggregation process. Here, only the �rst two 
developmental stages have been analyzed, so that cell movement could be disregarded, as 
in that stage of early pattern formation chemotactic activity is small. Each data set has been 
divided into intervals of 200 images from which Ωij and I(i, j) were determined.

Previously we found that Ωij and I(i, j) show very systematic results, which suggests that 
each individual pixel possesses a speci�c dynamic response, even though the system displays 
a spatiotemporal pattern on a large scale. For consecutive intervals the correlation coef�cients 
are almost identical, while they are systematically reduced with increasing temporal differ-
ence (Hilgardt et al. 2007). Figure 6 shows an example of this behavior for Ωij for one data 
set. Attention should be paid to the high correlation coef�cients even for temporal distances 
of several hours.

time series
homogeneous
cell layer

spatiotemporal
excitation waves

stationary
streaming pattern4

5
6

7

Interval
200 images
10 min

spatial ps distributiom

1
2

3

spatial matrices ij and I(ij) 

A
ps detection

B
extraction of 
cell properties

Fig. 5  Schematic representation of data treatment to determine the spatial positions of phase singularities (PS) within 
a �eld of propagating excitation waves (A) and to extract single cell properties represented by spatial distributions 
in Ωij and I(i, j) (B).
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Fig. 6  Correlation coef�cients between the spatial distributions of Ωij extracted from 25 intervals of one experimental 
data set. Each interval corresponds to 10 min of experimental observation time. The correlations between interval 1 
(early developmental state, i.e., homogeneous cell layer without excitation competence) and the following intervals 
are plotted successively in the order of increasing temporal distance.

To approximate the impact of individual cell properties (now translated into distributions of 
Ωij and I(i, j) on pattern formation more precisely, we analyzed the relations between Ωij and 
I(i, j) and the spatial distribution of spiral waves by computation of the correlation coef�cients 
between the corresponding matrices (cf. Fig. 5), similar to the analysis of the simulated data 
(summarized in Fig. 4). Figure 7 shows the correlation coef�cients between the distributions of 
Ωij (Fig. 7A) or I(i, j) (Fig. 7B) and the distribution of phase singularities for different time inter-
vals. Shown in gray are correlation coef�cients with randomly distributed phase singularities 
for comparison. While the values for Ωij show very systematic changes with increasing interval 
number (i.e. advancing time), the mutual information does not clearly display any relation to 
spiral wave distribution (or a clear deviation from the null model of randomly distributed phase 
singularities). The change in sign of the correlation coef�cient between Ωij and the phase sin-
gularity distribution, which occurs approximately at the 11th time interval, coincides with the 
onset of excitation waves. It must be pointed out, however, that the course of the correlation 
coef�cients with Ωij and I(i, j) can look very differently for individual data sets depending on 
the spatial scale and quality. Nevertheless, quite often characteristics in pattern formation can 
be related to systematic changes in the amount of correlation to phase singularities.

In general, our results complement nicely the observations of Samadani et al. (2006), 
where the authors found individual differences in Dictyostelium cells under well-de�ned 
stimuli constant in time. We analyze statistically a very large ensemble of cells from a mac-
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roscopic view in the process of pattern formation. In this way, our result is a cell-population 
variant of the �ndings in Samadani et al. (2006).

10. Conclusion

In biology differences between the constituents of the system may pre-determine (or bias) the 
outcome of the symmetry breaking involved in spatiotemporal pattern formation. This pos-
sibility to translate cellular variability into features of patterns requires new methods for ana-
lyzing spatiotemporal data and new views on patterns. We have described this new concept 
of analyzing spatiotemporal patterns by comparing the spatial distribution of cell properties 
with features of the patterns emerging from the local interactions between the constituents. 
In applying this general view, our key result is that in a simple n-state model of an excitable 
system the distribution of both excitability and sensitivity correlate with the distribution of 
spiral wave tips, i.e. of phase singularities. By calibrating spatiotemporal �lters to the simu-
lated data, we have been able to formulate a scheme for extracting such cell property distribu-
tions from experimental data and, using these tools, we could identify similar correlations in 
experimental data on Dictyostelium pattern formation.

Correlating the reconstructed distributions of cell properties with the phase singularity 
pattern in the experimental data extends our results from Hilgardt et al. (2007), where we 
looked at the systematics of the reconstruction process, both for simulated patterns and ex-
perimental data.

Beyond the technical level (phase singularities, correlations with pacemaker cells; the de-
tailed mathematical modeling of excitable systems and the speci�c example of Dictyostelium 
pattern formation) this approach to analyzing patterns in biological systems is fairly general, 
as it focuses on two general ideas: (i) the spatial distributions of cellular properties may serve 
as a basis for predicting later stages of a pattern formation process; (ii) for a satisfactory 
model description of a system, one needs to understand which regulatory mechanisms are 
responsible for the observed correlations between cellular properties and spatial patterns.
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Fig. 7  Correlation coef�cients between the matrices Ωij and I(i, j) (B) of individual time intervals and the spatial 
frequency in phase singularities (red bars) compared to the results for randomly distributed phase singularities 
(gray bars).
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How can these methods be applied to a wider range of spatiotemporal patterns and, particu-
larly, to photosynthesis studies?

On a general level, of course, it is an interesting perspective to in�uence the probability 
of certain patterns by modifying the spatial distributions characterizing the constituents. One 
could think of applications to vegetation patterns and the spatiotemporal competition for re-
sources like light and nutrients.

On a more speci�c level, any spatiotemporal dynamics, where the involvement of a par-
ticular cellular component or the details of the underlying regulatory process are unclear or 
debated, could be an interesting starting point for such an investigation: A regulatory mecha-
nism failing to account for the observed or expected correlation between constituent’s proper-
ties and patterns could be discarded on these grounds. Chlorophyll �uorescence dynamics for 
example (Rascher et al. 2001, Rascher and Lüttge 2002, Rascher and Nedbal 2006), 
together with models of the underlying circadian oscillator (Hütt and Lüttge 2002) may 
constitute a promising starting point for such a model validation scenario. Here is from our 
perspective the strongest potential for applying this concept.

In the case of Dictyostelium, for example, several mechanisms have been proposed to 
establish the appropriate amount of heterogeneity in the system for spiral wave patterns to 
emerge. One example is the hypothesis of a desynchronized cell population along a develop-
mental path (Lauzeral et al. 1997). An alternative concept (Pálsson et al. 1997) assumes 
the different kinetics for the production and spatial diffusion of a secreted protein inhibitor, 
namely the phosphodiesterase inhibitor, to be an essential ingredient for the route towards 
spiral waves.

For both cases, it can be proposed that the source of cellular individuality (and cell-cell 
differences) can be, among others, the different positions in cell cycle at the time point star-
vation is induced. So, it is interesting to turn ones attention to the degree of �uctuations and 
information transport capacity of the system under synchronized conditions.
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Talking Patterns: Communication of Organisms at 
Different Levels of Organization – An Alternative 
View on Systems Biology

 Ulrich Lüttge ML (Darmstadt) and Marc-Thorsten Hütt (Bremen)

 With 4 Figures

Abstract

Systems biology currently is providing the focus for considering biological complexity. Comprehensive analyses of 
gene expression and translation (transcriptomics and proteomics) produce complex patterns inherent in large sets 
of data. It is a great challenge to relate these abstract patterns to basic principles of cellular organization. Processes 
of communication are of particular importance for establishing order. The abstraction of patterns outlines a way 
towards theory. Via abstraction, theory can produce generalization incorporating a large variety of patterns, which 
in return can also produce patterns serving as templates for comparison with data. In this review this will be illus-
trated at different scales reaching from molecules to ecosystems and using a range of biological objects (“models”). 
The correspondence of rules and patterns leads to the formulation of straightforward generative laws. This supports 
the move from abstraction of patterns to theory, which becomes a new approach currently discernible in systems 
biology.

Zusammenfassung

In den Mittelpunkt der Betrachtung biologischer Komplexität ist heute die Systembiologie gerückt. Umfassende 
Analysen von Genexpression und -translation (Transcriptomics und Proteomics) liefern unter anderem in großen 
Datensätzen komplexe Muster. Es ist ein herausfordernder Schritt, diese abstrakten Muster auf grundlegende zellulä-
re Organisationsprinzipien zurückzuführen. Von besonderer ordnender Bedeutung sind dabei Kommunikationsakte. 
Die Theorie abstrahiert die Muster. In der abstrakten Form kann sie dann so stark verallgemeinern, dass ihre Aussage 
eine große Vielfalt von Mustern inkorporiert. Aus dem Abstrahieren heraus kann sie dann solche Muster auch gene-
risch wieder hervorbringen. Dies wird hier auf unterschiedlichen Skalen vom Molekül bis zum Ökosystem und mit 
variablen biologischen Studienobjekten („Modellen“) illustriert. Die Verknüpfung von Regeln und Mustern führt zu 
einfachen Bildungsgesetzen und bereitet den Weg von der Abstraktion von Mustern zur Theorie, der sich aktuell in 
der Systembiologie abzuzeichnen beginnt.

1. Introduction

Biology is full of patterns and structures. Viewing them often creates aesthetic pleasure, and 
one can easily be taken away by the enjoyment of their variability. The study of biological 
pattern formation has always been a fascination for scientists. Quoting Ernst Haeckel, one 
can regard them with admiration as “Kunstformen der Natur” (nature’s forms of art), or one 
can try to fathom their particular functions like the stripes of zebras interpreted as serving 
camou�age. In the present days comprehensive analyses of gene expression and translation 
(transcriptomics and proteomics) generate complex patterns at an abstract level, i.e. inherent 
in the huge sets of data of systems biology. It is challenging to take the step towards relating 
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these patterns to basic principles of cellular organization shaped by various ways of commu-
nication in biological systems.

In this article we shall approach this by �rst considering a classical example of biologi-
cal pattern formation, namely spiral wave patterns, in order to see, how in this well studied, 
illustrative context the link between patterns and forms of communication is mediated by a 
minimal model. We shall then describe the path from abstraction of patterns towards theory. 
The examples we selected for this purpose shall serve as an array of templates, showing a 
number of rather diverse biological model systems and covering the large range of scales 
from molecules to ecosystem. Communication within the different model systems shall be 
described brie�y to show that such templates make structures visible which bear out similar 
principles of organization at the different scales. This also addresses the rationale behind the 
plan of organizing and arranging the various contributions of the Leopoldina-Meeting in July 
2007, from which the present volume is emerging, covering a large manifoldness of study 
systems lined up according to scaling. The model systems only apparently look disparate. It 
is the very manifoldness that will guide us the way to working out general principles.

2. Spiral Waves

Spiral waves are an example for patterns, which are particularly useful to start with. The 
observation that spiral waves are such a frequent form of pattern formation already leads 
to the assumption that there must be a simple generative law, i.e. a minimal mathematical 
formulation, which can be implemented biologically in different ways. Let us consider a two 
dimensional lattice plane with regularly arranged elements. Each element has three possible 
states (Q, E, R). Each element also shows a dynamical behavior which is subject to clearly 
de�ned rules and indicates the transitions from one state to another. Time is proceeding in 
discrete steps. The rules are: An excited element (E) changes to the refractory state (R) after 
one time step. After the refractory period, typically a few time steps, the refractory element 
(R) changes to the quiescent state (Q). The quiescent element (Q) changes to the excited state 
(E), when an excitation is in the immediate neighborhood. This model is also called excitable 
medium (see also in this volume: Geberth et al. 2009). One of the many realizations of this 
basic scheme in actual living systems is the collective dynamics of the amoeba Dictyostelium 
discoideum. In large populations of the amoebae under the in�uence of a chemotactic signal 
(cyclic AMP, cAMP) the cells aggregate and form a multicellular organism, which can move 
in the substrate. For example this aggregation is elicited by nutrient limitation. In the new ag-
gregated condition the cells are able to leave locations of adverse environmental conditions. 
During aggregation one observes concentric wave fronts and spiral waves of signal propaga-
tion as a collective behavior due to the cAMP signal transferred from cell to cell. The subse-
quent process of aggregation itself is that of a highly complex rheological structure of streams 
of cells directed to the places where the cells collect, i.e. the centers of aggregation. The upper 
part of Figure 1 (observed data) presents snapshots of these two phases of organization. The 
centre part (abstraction) shows a few time steps between the states Q, E and R and simulation 
by a minimal mathematical model.
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3. The Path from Abstraction of Patterns to Theory

Via the abstraction of patterns, like the ones described above, one �nds a way towards theory. 
By abstraction, theory can generalize to such an extent that it incorporates a large variety 
of patterns. From the abstraction it can in turn reproduce such patterns in a generic manner. 
Therefore one must work at developing a general and unifying understanding from the large 

Fig. 1  Upper part: Snapshots of the two early phases of the organization of Dictyostelium discoideum. The chemo-
tactic signal (cAMP) spreads out in the system in the form of closed wave fronts and spiral waves. In a subsequent 
state brought about by signal transmission the cells move in streams towards centers where the multicellular organ-
ism can be formed. (Experimental data of C. Hilgardt, Magdeburg, Germany). Note that in the middle part of the 
left picture one can distinguish the three states discussed in our minimal mathematical model as different, clearly 
discernable grayscale regimes. With this model a typical sequence in time of the three states is also clear: A cell is 
in state Q. When it receives the cAMP signal produced by a neighboring cell it changes to E and begins to also emit 
cAMP. Then it changes to R. After the refractory time it is again sensitive to cAMP and changes to Q and so forth. 
The letters Q, E and R in the left picture in the center of the �gure, depicting some time steps of the minimal model, 
thus constitute a discrete encoding of the collective dynamics of D. discoideum. The simulation of a linear wave 
front (bright cells) is followed by a layer of refractory cells (dark cells) in a plane of otherwise quiescent cells. By 
describing the pattern as a sequence of the three states (Q, E, R) and identifying local rules of transition one obtains a 
minimal model in which the application of these transition rules directly leads to the formation of spiral waves (right 
part of the center of the �gure). In order to move from one time point to the next one applies the rules of the minimal 
model at each point of the plane (taken from Hütt 2006).

observed data

systemic function

abstraction

organization of cells into a multicellular aggregate capable of migration

refractory
cells

excited
cells

(R)

(E)

(Q)

2 mm

early phase: wavelike propagation 
of a chemical signal

late phase: aggregation streams

refractory
cells

wave front
(excited
cells)

quiescent
cells



Ulrich Lüttge and Marc-Thorsten Hütt

164 Nova Acta Leopoldina NF 96, Nr. 357, 161–174 (2009)

variety of biological patterns and structures. From the biological data via abstraction we ad-
vance to systemic function (Fig. 2).

In Figure 3 we arrange different templates in the z-axis of a three dimensional block. In 
the other two axes (x, y) the selected pictures symbolize diversity and network hierarchies by 
combining differing structures with similar principles in the organization of communication. 
The manifoldness comprized in this may look like a collection of pictures by pure chance. 
However, these pictures are by far not as isolated from each other as it may appear at �rst 
glance. If one looks at them under the guidance of a leading concept like communication in 
biological systems on all scalar levels from molecules to the organism in its environment they 
are clearly connected. In fact, a graduate school of the Deutsche Forschungsgemeinschaft has 
exactly worked along these lines using a wide range of model systems. The templates of Fig-
ure 3 are actually taken from the work of this group (GRK 340: Communication in Biological 
Systems: from Molecule to the Organism in its Environment, 1999 –2007).

4. Self-Organization from Integrating Elements

From the patterns one extracts an elementary formation law that can generate a basic form of 
these patterns. Then one identi�es the components of the system which can contribute to this 

observed data
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Fig. 2  The path from biological data to hypotheses on systemic function. Abstraction is the link between these 
different levels, i.e. the transformation of patterns (inherent in the data) into a mathematical description. Two such 
paths through these levels ((i) vacuole – heterogeneity – division of labor, and (ii) Hydra – hierarchy – organizer) 
are explicitly labeled in the �gure. They are further explained in the text. (The other examples of biological data are 
illustrated and arranged in Fig. 3 along their spatial order of magnitude [scale].)
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Fig. 3  Hierarchy of descriptions arranged according to levels of scaling. From lower left to upper right: Level of 
macromolecules, K+-channel (left) and proton transporting ATPase (right); level of compartments, gas vesicles in 
an archae bacterium (left), two vacuoles with different function within one plant cell (right); level of organs in or-
ganisms, leaf of Kalanchoë daigremontiana with patterns of photosynthetic activity (left), retina of the chicken eye 
(right); level of whole organisms, Geosiphon pyriformis (left), Hydra: self-organizing aggregation �ve days after 
re-aggregation of a suspension of individual cells with Wnt expression (violet) at the tip of signal centers in newly 
developed polyps (right); level of ecosystems, soil (left), food web (right).
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formation law of the patterns. The theory of complex systems provides methods suitable to 
unravel the formation laws behind patterns. Together with the �eld of theoretical biology it is 
attempted to develop mathematical descriptions of biological processes. A typical procedure 
of theoretical biology is the translation of the processes known or assumed in a biological 
system into mathematical expressions. This creates minimal mathematical models, where 
observations of nature can be interpreted using the language of interacting elements. One 
calls this form of pattern formation self-organization (see, e.g., Hütt 2006 for more details 
and further references). Self-organization means that a set of elements under the in�uence of 
local interactions creates long-range and frequently very complex structures, which cannot 
be described any more by the degrees of freedom of the individual elements but need to be 
assessed on the scale of the entire system. Qualitatively speaking, self-organization describes 
the formation of structures and patterns close to a phase transition.

Based on scienti�c theory, what is the legitimation of a model based on the concept of 
self-organization? One needs to consider this in relation to a reductionist argument. The foun-
dation of reductionist models lies in the hierarchy of nested descriptions translating between 
scales as for example in Figure 3. The aim is to deduce properties of systems from �rst prin-
ciples, i.e. to relate them back to properties of the underlying components, the properties of 
which again are deduced in a similar way.

In contrast to this, the foundation of models based on self-organization is exclusively 
given by the meta-theory of self-organization. Patterns and structures are emergent proper-
ties of the system components and their interactions. The structures cannot be deduced from 
�rst principles in a reductionist fashion, but they can be directly produced (e.g. by numerical 
simulation) from minimal rules. Precisely by this strategy of explanation self organization is 
becoming a general principle in nature, unifying a large manifoldness of observations.

5. Templates Reveal Structures

This ideal path towards understanding a system is actually only accessible in rare cases. In a 
similar but more general approach one does not attempt to �nd the precise formation laws of 
the patterns. Abstraction is rather used like a template, which can make visible the structures 
(or dependencies, hierarchies and correlations) inherent in the experimental data. Neverthe-
less, we must note a basic difference between theory and experiment: In simple models, 
complex structures (or patterns) result from the interaction of many identical elements. This 
step from simplicity to complexity is characteristic of theory. The units building up a biologi-
cal system are in themselves already extremely complex. Each unit often has a multitude of 
different functions and rarely two units resemble each other. Here we encounter a relation 
between local complexity (i.e., individual elements, constituents) and global complexity (i.e., 
system).

A good concrete example for such a relation between signal cascades and biological com-
plexity is the interesting and important protein p53, which is often termed the “guardian of the 
genome”. It can suppress cancer in humans and many other multi-cellular organisms because 
it is centrally placed in various signal transduction pathways. In this way it can translate 
information on the state of cells into activations and deactivations of various signal transduc-
tion pathways. For instance, it can activate DNA repair mechanisms when DNA is damaged. 
It can stop the cell cycle, and in the case of damage, which cannot be repaired, it can trigger 
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apoptosis, i.e. programmed cell death. The formation of p53 is regulated by more than 20 
transcription factors. A large number of additional components modify the protein und thus 
determine further functions. Due to this complexity it is not possible to reduce the property 
as a tumor repressor to the level of the single component p53. The system and its reactions on 
external effectors thus become nearly unpredictable (Kitano 2002).

6. Similar Principles of Organization at Different Scales

In proceeding from collecting data towards a systemic understanding, the biological mani-
foldness needs to rely on structuring principles. Notwithstanding the overwhelming variety, 
similar principles of organization become evident on many different organismic scales. The 
basic idea of the theory of complex systems, namely the capability of self-organization of an 
ensemble of interacting individual elements as a prerequisite for the generation of patterns, 
provides the theoretical methods for identifying such principles. It leads the way from speci�c 
biological data to an abstract model, which as a template can be compared with totally differ-
ent actually occurring real biological phenomena. This formal view of biological observations 
is based on acts of communication between the units or elements of a system.

In this modern view of biological complexity, in the center of which is systems biology, 
the step from pure collecting of facts towards �ow of information is completed. Thus, pat-
terns and structures in biology are also intimately linked with formal languages. This is given 
in two ways. First, it is the aim of this level of understanding systems to decipher the acts of 
communication or the generalized language in which the elements or units exchange infor-
mation. This is the system immanent language. Second, the observed structures provide an 
analytical and experimental access to the local interactions, which often is the only rigorously 
checkable one. Thus, the patterns communicate their laws of generation to the experimenter. 
This is the analytical language. The language – or rather the multitude of forms of communi-
cation – which is at issue here, is a formal generalized language. It lastly aims at understand-
ing the biological function, the processes of exchange of information and the biochemical 
implementation of the acts of communication. The patterns of biology speak the language 
of mathematics. In a certain way, the acts of communication, which underlie the biological 
structures, are not individual acts of dialogue but networks of communication.

How then can such a template look for an abstract system which is compared to a con-
crete observed structure? In all cases the way leads via a small number of abstract basic types 
which can be extracted from the biological data. Examples for such basic types are oscilla-
tor, network, and interface (see Fig. 2). Abstraction then facilitates the step towards systemic 
function.

One concrete example of far reaching developments that arises from a very simple basic 
principle is the Wnt gene path of signal transduction governing the organization of body axes 
and organs of animals (Guder et al. 2006, Hobmayer et al. 2000, Kusserov et al. 2005). Cen-
ters of signaling (“organizers”) play an important role because they emit growth factors which 
function as short or far reaching morphogenes in regulation of the formation of body axes and 
cell differentiation. Wnt/Wg proteins are a family of highly conserved glyco-proteins. (The 
name comes from the segment polarity gene wingless [wg] of the fruit �y Drosophila and the 
homolog integrated-1 [int-1] of vertebrates which is induced by the mouse mammary tumor 
virus [MMTV]). The Wnt gene family belongs to a mechanism of pattern formation which 
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is extremely old in evolution. It has arisen 650 million years ago, i.e. before the conspicuous 
explosion of the formation of species in the Cambrian. Wnt genes must have been involved 
in the evolution of multi cellular animals from protozoan ancestors. Starting from consider-
ing the freshwater polyp Hydra (Cnidaria) with its most simple body organization one can 
advance at understanding the organization of higher animals. The head organizer of Hydra 
and neuronal differentiation can be homologized with an organizer of vertebrates so that one 
can consider the body axis of Hydra as a counterpart of the vertebrate brain. The oral pole of 
the Cnidarians corresponds to the posterior and the aboral pole of Cnidarians corresponds to 
the anterior end of vertebrates. In aggregates of Hydra cells head organizers are formed by 
chance and are stabilized by a community effect. Clusters consisting of 5 –15 cells expressing 
Wnt act as local sources instructing their environment and creating at the same time a lateral 
�eld of inhibition extending up to 1000 μm. The pattern-formation systems of higher animals 
may well have arisen from such a robust and �exible molecular self-organized system.

7. Biological Scales in Time and Space

Referring to theoretical and abstract template-like types of patterns on the one hand and con-
sidering the concrete example of bridging the gap from the simple head organizer of Hydra 
to the complex body plan of highly developed vertebrates on the other hand, we have already 
implicitly revisited the scheme of templates in the scaling levels of Figure 3. These templates 
represent the very broad range of the model systems studied in the graduate school mentioned 
above. Similarly we could have chosen examples from the manifoldness of systems used in the 
various contributions of the Leopoldina Meeting covered in this volume. Such a variety of con-
crete examples, when looked at super�cially, appears quite disparate. However, it now readily 
allows qualitative demonstration of how the use of theoretical starting points and templates, or, 
conversely, the way from a concrete biological system towards an abstract structure, leads to 
information about the functions of systems exploiting precisely the very manifoldness given. It 
is a very important aspect of this step towards an abstract structure that observations on many 
very different scales can be uni�ed and described with the same formal methods.

With this we cover many spatial and temporal scales. If one considers all relevant levels of 
life from the photons in the excitation of the light reactions of photosynthesis or the processes 
of vision in the eye up to the large biological regions, the zonobiomes of the earth and �nally 
the entire biosphere of our planet this covers 32 orders of magnitude in time and 16 orders of 
magnitude in space (Fig. 4). The examples of Figure 3 only cover a very small section of that. 
In the following we want to brie�y consider them individually.

8. Concrete Examples of Communication in very Different Biological Model Systems 
at Different Scales

8.1 Molecules

At the level of macromolecules transporters in membranes, such as ion channels and ATP-
ases, are both essential parts of cascades of transmission of communication and themselves 
subject to regulation by communication.
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The transport molecules in a membrane normally form small networks which via interaction 
among each other regulate the transport of molecules into the cell or out of the cell. The basis 
of such networks is a connection of the different transporters via common factors of regula-
tion. For example, these may be the electrical membrane potential or regulatory ligands, such 
as Ca2+ or H+. When in such a network a transporter is affected in its activity by a signal that 
triggers kind of a quanti�ed chain reaction: the change of activity of the �rst element changes 
the factor of coupling, which in turn affects the activity of all other transporters. As a result 
the coupling factor itself is changed again and therefore the properties of the entire system. 
A system operating according to such rules is the action potential of nerve cells. A depolar-
ization of the membrane activates Na+ channels. The resulting depolarization stimulates the 
activation of further Na+ channels until the electric membrane potential is so positive that also 
K+ channels become active and the membrane is re-polarized again, which has a further nega-
tive effect on the activity of the Na+ channels.

Figure 4

Fig. 4  Orders of magnitude of the scales in space (y-axis) and time (x-axis) where biological processes are occur-
ring
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Depending on cell type and physiological function such systems can be in�nitely complex 
and therefore generate a large scope of temporal patterns. An interesting example is the auton-
omous oscillation of sinus node in the heart. In these cells the connection of several transport-
ers via the membrane potential leads to autonomous oscillations of the membrane potential 
which in turn determines the beat frequency of the heart. This temporally encoded pattern 
of heartbeat can be in�uenced by different factors such as neuro-transmitters and hormones. 
As by input signals the properties of a single K+ channel, the so-called pace maker channel, 
can be varied, the physiologically relevant heart rhythm can be regulated (DiFrancesco et 
al. 1993).

Moreover, in plants as well we �nd very similar systems. The guard cells of stomata in 
leaves, which regulate gas exchange via stomatal pores, also possess a network system of 
membrane transporters. This allows keeping the membrane potential of the cells at a stationary 
level, either depolarized or hyperpolarized. The membrane potential, however, may also oscil-
late continuously between these two states. This temporal pattern of changes of membrane po-
tential allows the cells to �ne tune exactly their K+ �ows and with them their turgor pressure.

In order for such networks to function the participating macromolecules must have an 
appropriate structure. In the simplest case the autonomous oscillations on the guard cells can 
be explained when all participating transporters depend on the membrane potential in very 
individual ways (Gradmann et al. 1993).

8.2 Cell Compartments and Communication with the Environment

Compartments involved in the communication system at the level of cells can be exempli-
�ed by vesicles or vacuoles. Halophilic archaea of the genera Halobacterium and Haloferax 
produce gas vesicles (Scheuch and Pfeifer 2007). These are hollow protein bodies which 
support the �oating of the organisms and allow them to move into and stay in favorable zones 
within the water. When conditions in the external medium of saline ponds become inadequate, 
by communication with the medium the formation of gas vesicles is induced via a complex 
path of regulation. In essence at the end of the regulatory network there is the interaction of 
two regulator proteins which eventually stimulates or deactivates gene expression.

Although of quite a different nature than the gas vesicles of halobacteria, the two different 
vacuoles within a given leaf cell of the Aizoaceae Mesembryanthemum crystallinum also have 
something to do with halophilic performance (Epimashko et al. 2004). They are surrounded 
by biomembranes. M. crystallinum is an annual higher plant which under salinity stress accu-
mulates much NaCl in its cells and then switches from normal C3 photosynthesis to the water 
saving crassulacean acid metabolism (CAM). In CAM, atmospheric CO2 is �rst �xed during 
the night and stored in the form of malate in the vacuoles before the malate is remobilized 
during the subsequent day, decarboxylated, and the resulting CO2 made available for �xation 
by RubisCO. This requires two different types of vacuoles because the dynamic acid metabo-
lism with day/night oscillations of malate content in the vacuoles and NaCl accumulation 
require the operation of different physiological mechanisms. High concentrations of Na+ are 
toxic in the cytoplasm. It needs to be accumulated in the vacuoles and to remain to be stored 
there. The membrane needs to have a Na+/H+ exchanger for vacuolar Na+ accumulation and 
the proton pump at the membrane needed for energizing the transport (H+-ATPase) must be 
permanently active to be able to retrieve any Na+ leaking out into the cytoplasm. In the other 
type of vacuoles malate must be accumulated and remobilized in the night/day-rhythm. The 
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membrane must have a malate transporter, and the H+-ATPase must be up and down regulated 
in the night/day-rhythm. For osmotic adjustment both vacuoles must communicate in the 
night/day-rhythm.

8.3 Functional Self-Organization and Cell-to-Cell Communication in Organs

For the communication level in organs of organisms we take the liberty to consider side by 
side such different systems as a photosynthesizing plant leaf and a sensory epithelium, the 
retina in the organ of the eye.

In a plant leaf the imaging technique of chlorophyll �uorescence photography can demon-
strate the spatiotemporal dynamics of patches of different photosynthetic activity (Rascher 
et al. 2001, see Lüttge, this volume, 2009). In this way spatiotemporal time sequence data 
can be obtained which can be subject to a theoretical correlation analysis of the mechanisms 
of synchronization/desynchronization of different areas on the leaves (see Bohn, this vol-
ume, 2009). This is particularly important in transitions between rhythmic and arrhythmic 
performance of the free running endogenous rhythmicity of photosynthesis where the com-
munication of oscillators, of which each leaf cell has its own copy, is regulated. It works like 
the functional self-organization of individual leaf cells in space and time. The decisive signal 
may be the lateral diffusion of CO2 in the leaf (Lüttge 2007, see Jahnke and Pieruschka, 
this volume, 2009).

In a principally similar way we can consider the spatiotemporal development of the retina 
from isolated cells of the chicken eye as a self-organization governed by the chemical signal 
of the neuro-transmitter actylcholine. In this case it is a structural self-organization leading 
to the regeneration of completely functional mini eyes in vitro (Layer et al. 2005). The ar-
rangement of different cell types in cell layers is a characteristic feature of many parts of the 
vertebrate brain as a basic prerequisite for successful network formation. The formation of 
the cell layers is largely dependent on cell-to-cell communication. One can produce separated 
single retina cells mechanically or enzymatically and suspend them in an appropriate medi-
um. Experimentally dissociated cells reaggregate under continuous rotation and form spheres 
of cells, retino-spheroids, with a complete layering of cells as required for the neuronal order 
in the eye. Acetylcholine is the decisive signal for the development from the neuro-epithelium 
to a completely synaptically wired retina.

8.4 Pathways of Molecular Signaling in Communication within Multi Cellular Organisms

Communication at the level of whole organisms in Figure 3 is symbolized by Geosiphon 
pyriformis and the freshwater polyp Hydra. G. pyriformis (Schüssler 2002) is a unique 
endosymbiosis between a eukaryotic organism, a fungus, and a prokaryotic organism, the cy-
anobacterium Nostoc. In the cooperation between both partners Nostoc provides autotrophy 
of carbon and nitrogen acquisition by photosynthesis and atmospheric di-nitrogen �xation and 
the fungus mediates mineral nutrition. The major problem of communication is the mutual 
recognition of the partners for forming the symbiosis. The understanding of the molecular ba-
sis of the establishment of the symbiosis is not yet very advanced. One knows that a galactose 
speci�c lectin mediates recognition. Lectins are proteins which bind carbohydrates, and thus 
form glycoproteins and ful�ll tasks of cell recognition at the cell surface. For two reasons G. 
pyriformis is of broad and general biological interest. First, as it is an endosymbiosis which is 
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currently and observably established, it is important for supporting the endosymbiosis theory 
of the evolution of eukaryotic cells. Second, it is relevant for the understanding of mykorrhiza 
because the fungus belongs to the Glomus-group which generally forms arbuscular mykor-
rhiza. In Hydra – as we have seen above (Section 6) – the simple body axis between an oral 
pole with a “head”-region bearing the tentacles and an opposite aboral pole is determined by 
the Wnt gene family (Guder et al. 2006, Hobmayer et al. 2000, Kusserov et al. 2005). The 
Wnt signal transduction way starts at an organizer center, and the signals are Wnt glycopro-
teins. Thereby neuronal differentiation is activated. This casts a bridge towards understanding 
of vertebrate organization and makes Hydra – like Geosiphon – a biological model which 
generically bears out far reaching conclusions. Obviously very complex differences in orga-
nization are based on a simple and common molecular ground.

8.5 Communication in Ecosystems – Nutrition as a Signal

At the level of ecosystems, food webs in the soil can serve as an example for pattern forma-
tion by signaling systems and by communication (Scheu 2002). The micro �ora in the soil 
is dominated by saprophytic fungi decomposing organic material in the soil. The soil fauna 
is characterized by locally high species diversity. Saprophytic fungi constitute the nutritional 
basis for a large variety of micro arthropods in the soil, especially collembola and oribatida. 
A high degree of specialization is considered to be an important mechanism for the establish-
ment of large species diversity. Therefore, one might expect that species feeding on fungi, 
such as the collembola and oribatida, are specialized on feeding on particular soil fungi. The 
analysis of the �ow of stable carbon and nitrogen isotopes as well as patterns of fatty acids in 
the food web and methods of molecular biology of species recognition allow collecting experi-
mental data on the nutrients actually taken up by the animals and the participating organisms. 
It turns out that the animals, especially the collembola are not at all so specialized but rather 
generalist consumers, which feed on fungi, soil algae, litter and debris of plants and animals. 
The mixed nourishment and sustenance has experimentally supported advantages, such as im-
proved growth and increased reproduction. The different kinds of prey complement each other 
with respect to their nutritional value. In kind of a signaling-regulated communication between 
consumer and prey the animals prove to be able to recognize fungi and to assess their physio-
logical state and nutritional value, and thus, selectively feed on particular species of fungi. The 
structure of such populations of decomposers and the pattern formation of food webs in�uence 
the processes of decomposition and mineralization of nutrients, and thus, can even affect the 
growth of plants. The degree of coupling of individual components is decisive. It must be sub-
ject to theoretical network analysis and accessible to model simulations (Drossel et al. 2001). 
Since most species in fact are nutritional generalists, a particularly high degree of coupling is 
given. Realistic mathematical formulations must strive to incorporate the most important paths 
of coupling and the non-linear population dynamics with the effects of availability of nutrients, 
saturation, competition and communication between the participating species.

9. Outlook: the Future

Recently the development of systems biology based on molecular information has been com-
pared with the historical development of astronomy (Alter 2006). The way from designing 
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instrumentation (Galileo) and accumulation of data (Brahe) towards an understanding of 
natural laws (Newton) went via an interpretation of patterns in the data (Kepler). If this 
analogy holds, biology at present is at a most exciting point of this path: the move from the 
patterns towards the natural laws and fundamental principles. The path is paved by under-
standing the language of patterns.
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Integrative Computational Approaches
to Complex Ecophysiological Systems

 Andreas Bohn (Oeiras, Portugal)

 With 6 Figures

Abstract

The present work highlights the application of integrative computational tools in ecophysiological studies. With the 
example of circadian rhythms in Crassulacean acid metabolism, modeling approaches for the integration of diverse 
levels of biological organization, as well as different time- and space scales are assessed. The integration of hetero-
geneous data sources is discussed with the case of a web-based computational infrastructure in a multinational, mul-
tidisciplinary project on phototrophic bio�lms. Both examples underline the importance of aligning the respective 
scienti�c cultures and communication forms of the project partners for the successful application of computational 
techniques in the research on complex biological systems.

Zusammenfassung

Die vorliegende Arbeit behandelt die Anwendung integrativer Computerwerkzeuge in ökophysiologischen Studien. 
Am Beispiel circadianer Rhythmen im Crassulaceen-Säurestoffwechsel werden Modellierungsansätze zur Integra-
tion verschiedener Ebenen biologischer Organisation sowie verschiedener Zeit- und Längenskalen erörtert. Die Inte-
gration heterogener Datenquellen wird anhand der Fallstudie einer internetbasierten Dateninfrastruktur im Rahmen 
eines multinationalen, multidisziplinären Projekts über phototrophe Bio�lme diskutiert. Beide Beispiele unterstrei-
chen die Bedeutung der wechselseitigen Abstimmung der wissenschaftlichen Kulturen und Kommunikationsformen 
der Projektpartner für die erfolgreiche Anwendung von computerbasierten Techniken in der Erforschung komplexer 
biologischer Systeme.

1. Introduction

In the second half of the 20th century, technological breakthroughs in biochemistry, imaging 
and information processing have triggered a tremendous increase in the generation of infor-
mation about the constituent parts of living organisms. Until the full sequencing of the human 
genome, the predominant approach to understanding the complex nature of biological sys-
tems followed a reductionist paradigm, relating organismal functionality and dynamics to the 
activity of individual molecules (Keller 2005, Hütt and Lüttge 2005). The evidence that 
the functionality or disease of entire biological systems could not be explained by deciphering 
solely the letters of the ‘Book of Life’ (Noble 2003), lead to a massive paradigmatic change 
in life sciences and the emergence of a large number of novel research approaches, attempt-
ing to unravel how whole-organismic function surges from the interactions between the parts 
of the system (Busch and Eils 2005). One of the most prominent approaches taking a sys-
temwide perspective on life has been entitled systems biology (Ideker et al. 2001, Kitano 
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2001). Since its beginnings, this �eld has attracted scientists of many different disciplines, 
from experimental biology over engineering to computer sciences and physics (Keller 
2005). Despite the existing lack of a clear de�nition of what exactly constitutes systems biol-
ogy, common elements to most suggestions for a de�nition include the quantitative modeling 
of biological systems across different levels of organization, the integration of heterogeneous 
data sets, and the interdisciplinary networking of experimental biologists and quantitatively 
trained scientists (Morris et al. 2005).

The inherently quantitative character of systems biology, together with the traditionally 
strong connection between molecular high-throughput studies and bioinformatics, has found-
ed an implicit tendency to understand systems biology as the genome-wide, or generally 
‘ome-wide’, study of cellular and organismal function emerging from the interactions of its 
molecular parts (Westerhoff and Palsson 2004). Yet, it has been suggested that in studies 
of multicellular organisms and their environmental interactions, e.g., in crop development, a 
dialectic between bottom-up and top-down approaches provides a more ef�cient approach 
to biocomplexity and biotechnological developments, than hierarchical, unidirectional ad-
vances, working from the molecular level up to higher levels of organization (Hammer et al. 
2004). These arguments gain even more weight if one understands systems biology as a truly 
holistic attempt to integrate all space-scales of the biosphere from molecules to ecosystems.

Bridging the entire spectrum of scales will also increase the spectrum of computational 
tools to be applied. While molecular studies are mainly challenged by the large volumes of 
information to be processed, quantitative ecological studies also face a bewildering variety 
of data types, sources and logical structures which need to be integrated (Jones et al. 2006). 
Situated between the molecular and the ecological scale, computational ecophysiology is 
about to become an interesting meeting point of bottom-up and top-down approaches in full-
scale systems biology.

By means of two case studies, the present work discusses the implementation of the basic 
elements of systems biology in ecophysiological studies. Section 2 discusses multilevel mod-
eling with the example of circadian rhythms of whole-leaf gas exchange in a Crassulacean 
acid metabolism (CAM) plant. It is demonstrated how the development of logically con-
nected models with differing degrees of abstraction can elucidate the connection of dynami-
cal processes at the cellular and organismal level, and enhance related experimental studies. 
Section 2.3 draws some general conclusions on multilevel modeling approaches in environ-
mental physiology. The second example, presented in Section 3, highlights the integration 
and analysis of heterogeneous data sources in ecophysiology, generated in the context of a 
multinational, multidisciplinary project on phototrophic bio�lms. It stresses the importance 
of metadata management to balance �exibility with consistence in data integration, and the 
importance of matching the applied analysis tools with the size and structure of the given 
data pool. Section 3.4 discusses general aspects in the creation of effective scienti�c data 
work�ows and underlines the importance of the interdisciplinary communication between the 
involved partners. The conclusions on both examples are integrated in Section 4, discussing 
the necessity to complement new technologies for knowledge discovery and hypothesis test-
ing with cultural and sociological advances in networked team science, to promote successful 
interdisciplinary research in biocomplexity.
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2. Circadian Rhythms in Crassulacean Acid Metabolism: Integrating Data and Hy-
potheses on Different Levels of Organization

2.1 Chronobiology of CAM

Cyclic, oscillatory dynamics are deeply entrenched into the temporal organization of living 
organisms. An elusive example is the adaptation to geophysical cycles, in particular the 24 
h-cycle of day and night (Pittendrigh 1993). These co-called circadian rhythms are ubiq-
uitously observed in plants, animals and microorganisms, and there is increasing evidence 
that the coordinated timing driven by endogenous, circadian clocks enhances organismal �t-
ness (Paranjpe and Sharma 2005, Dodd et al. 2005). A prominent example for how the 
temporal organization of metabolic processes by a circadian system can provide ecologi-
cal advantages to plants is Crassulacean acid metabolism (CAM), an adaptation of plants to 
drought stress (Black and Osmond 2003, Lüttge 2004, and references therein): Governed 
by an endogenous circadian system, the uptake of CO2 from the environment is shifted to 
occur predominantly at nighttime. The temporal separation of CO2 uptake from its �xation 
and storage as starch via the light-dependent C3 pathway, allows the use of the internal CO2 

store accumulated during the night. Diurnal photosynthesis can then take place behind closed 
stomata during the hottest and driest phase of the day, yielding an overall improvement of 
water-use ef�ciency.

Over the last two decades, two principal hypotheses about the origin of the endogenous 
oscillations in the carbon metabolism of CAM plants have been proposed. One is based on a 
molecular feedback system which hierarchically drives metabolic rhythmicity by modulating 
the activity of key enzymes in CAM carbon metabolism (Hartwell 2005, and references 
therein). The second approach features a biophysical pacemaker localized at the the vacu-
olar membrane, the tonoplast. The principal feedback mechanism is based on the nonlinear 
interdependence of the ef�ux rate of vacuolar malic acid, the principal store for nocturnally 
acquired CO2 and the order of the vacuolar membrane (Lüttge 2000). While the former hy-
pothesis to date has not been modeled in a quantitative fashion, the latter mechanism was sub-
ject to an ongoing iteration of experimental studies and quantitative multi-level modeling.

2.2 Modeling CAM Rhythmicity: From Single- to Multi-Oscillator Systems and Back

The �rst quantitative model of CAM, based on the experimental knowledge available at that 
time was presented by Nungesser et al. (1984). By interdisciplinary collaboration between 
engineers and botanists, a computational model was developed, featuring 6 ordinary differ-
ential equations (ODEs), representing 6 metabolic pools, interacting by �rst order reaction 
and regulation terms. Already in that model, the principal point of impact for environmental 
parameters like light intensity was the transport of malic acid at the tonoplast. As described 
in detail by Lüttge (2000), this model evolved in several steps in alignment with surging 
experimental evidences. The hitherto �nal point in the evolution of cellular CAM models was 
reached with the model by Blasius et al. (1999), quantifying the mentioned nonlinear inter-
dependency of the ef�ux of vacuolar malic acid and its level of accumulation.

A principal merit of this model is the representation of the conditionality of the CAM 
cycle in continuous light: here, the circadian cycle is arrested in steady states with a �lled 
vacuole at low temperatures, and an empty vacuole when the plant is exposed to high temper-
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atures (Grams et al. 1997). Starting to lower the temperature from the latter arrested state, the 
model predicts the onset of circadian oscillations once the temperature crosses the bifurcation 
threshold, independent on the rate of temperature change. This prediction was contradicted 
by experiments by Rascher et al. (1998): rhythm re-initiation could only be observed ex-
perimentally in response to fast temperature changes, while a slow transition between the two 
temperature regimes maintained the gas-exchange cycle arrested in the arrhythmic state.

This �nding induced a fundamental change in the modeling approach to CAM rhythms. 
The experimental results by Rascher et al. (1998) became interpretable by considering popu-
lations of several copies of the CAM model (Blasius et al. 1999) with an additional noise 
term (Beck et al. 2001). Taking into account the multi-cellular nature of the measured whole-
leaf gas exchange, and the stochastic dynamics of the oscillations emerging from omnipresent 
noise in real systems, rhythm re-initiation after a fast temperature transition could be under-
stood as the synchronization of a population of noisy oscillators by a quick common transi-
tion of all oscillators from a �xed-point to a limit-cycle regime. Slow temperature transitions 
would yield an onset of oscillations in each individual oscillator, however, phase desynchroni-
zation of the population would maintain the arrhythmic global signal. In addition to that, this 
multi-level approach gave rise to interpret macroscopic arrhythmicity and rhythm damping as 
a noise-induced loss of phase coherence among the microscopic oscillating elements of the 
system. The success of this multi-oscillator model, introducing the “clockshop” hypothesis 
(Winfree 1975) to CAM rhythms, lead to a new experimental approach to whole-leaf rhyth-
micity. By implementing a chlorophyll �uorescence imaging facility, image sequences of 
photosynthetic ef�ciency could be recorded to assess the spatio-temporal metabolic dynamics 
in CAM leaves in day-night cycles and in continuous light (Rascher et al. 2001). This new 
technique unraveled a signi�cant amount of spatio-temporal heterogeneity in the CAM leaves 
in day-night cycles and continuous light conditions, which was a new and unexpected result 
for a physiologically and anatomically homogeneous leaf.

By taking a pixelwise time-series approach, Bohn (2003) analyzed the spatio-temporal 
data quantitatively and compared them with numerical simulations of populations of uncou-
pled oscillators. As the hypotheses about whole-leaf rhythm generation to be tested were 
concerned with purely dynamical processes, not involving biophysical details of rhythm gen-
eration, the CAM model by Blasius could be further reduced in complexity and degrees 
of freedom. For the given purposes it can be substituted by the FitzHugh-Nagumo (FHN) 
model, a generic, phenomenological model for excitatory behavior and limit cycle oscilla-
tions, consisting of two differential equations (Keener and Sneyd 1998), whose dynamical 
properties fully represent the CAM model. Arrested circadian cycles in continuous condi-
tions had been modeled earlier for rhythms observed in insects (Peterson 1980) and fungi 
(Gooch et al. 1994), using the so-called displaced limit-cycle (DLC) model. As this model 
also incorporates rhythm damping at the level of a single oscillator, it was suited to create an 
alternative hypothesis to the suggested loss of phase coherence in the population exhibited 
in the FHN model, whose single elements show either oscillations with unattenuated ampli-
tude, or no oscillation at all. Figure 1 exhibits simulations of the spatiotemporal dynamics of 
uncoupled ensembles of both FHN (left panels) and DLC (right panels) systems. Underneath 
the space-time plots in the top row, the temporal development of the spatial average of each 
population and a representative time-series of a single oscillator is given. The middle panels 
of Figure 1 show the corresponding time-series from a data set derived from the chlorophyll 
image sequences by Rascher et al. (2001). From visual inspection, one may conclude that 
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the global dynamics of leaf metabolism is correlated to the local dynamics, which favors the 
hypothesis represented by the DLC model. This has been further substantiated by quantitative 
statistical analyses (Bohn 2003), suggesting that the origins of amplitude attenuation and ar-
rhythmicity should emerge from the interactions of the biophysical and chemical entities at 
the cellular level.

The pixelwise time-series analysis applied to the mentioned image sequence of photo-
synthetic ef�ciency furthermore revealed synchronized patches in the leaf, which could be 
related to a slight 24h-modulation of light intensity (Bohn 2003). This observation pointed 
to a dynamical phenomenon which had not been studied in depth in fundamental nonlinear 
dynamics: the spatio-temporal dynamics of a population of spatially arranged oscillators un-
der the in�uence of an external periodic driver, which acts with a spatially heterogeneous 
amplitude on the oscillators (Bohn and García-Ojalvo 2008). The central question of bio-
logical interest in this system is if and which type of inter-oscillator coupling could bring 
the entire array into synchronization with itself and the environmental driver, in spite of the 
heterogeneous impact of the latter on the array. As synchronization of non-chaotic oscillators 
is characterized by phase differences between oscillators, rather than amplitude deviations 
(Pikovsky et al. 2001), the additional complexity introduced by coupling was balanced by 
considering phase oscillators, a minimal model for oscillatory processes, which consists of 
one single differential equation describing the evolution of the phase of the system (Acebrón 
et al. 2005). The spatio-temporal plots in Figure 2 show the principal effects of two different 

Fig. 1  Comparison of two hypotheses on the amplitude attenuation of overt circadian rhythmicity in the CAM plant 
Kalanchoë daigremontiana. Top row: Spatiotemporal dynamics of 100 uncoupled oscillators. Middle row: Temporal 
dynamics of the spatial average of the population. Bottom row: typical temporal dynamics of a single oscillator. 
Left column: FitzHugh-Nagumo (FHN) model (Keener and Sneyd 1998). Middle column: Quantum ef�ciency of 
photosystem II, data from Rascher et al. (2001). Right column: Simulations of the Displaced Limit-Cycle (DLC) 
model by Peterson (1980)
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types of coupling on a heterogeneously driven array. The left panel shows the dynamics of an 
uncoupled array under a driver which has its peak amplitude in the center of the array: this 
leads to the synchronization of the oscillators in a center strip, while at the margin, where 
the external driver strength drops below the critical entrainment strength, oscillators show 
independent free-running dynamics, resulting from their individual period mismatch with the 
external force (see Bohn and García-Ojalvo 2008 for details). Applying global coupling, 
i.e. each oscillator adjusting its own phase in dependence on its difference to the average of 
all phases in the array (Fig. 2, top right panel), the entire array becomes synchronized both 
internally, as well as to the external driver. Applying local, next-neighbor coupling (Fig. 2, 
lower right panel), global synchronization is replaced by running phase waves in the non-
synchronized zone in the uncoupled state. Hence, under heterogeneous external driving, local 
coupling provides order in the array, however it is less ef�cient in comparison to global cou-
pling. This is in general compliance with the theory of coupled phase oscillators (Acebrón 
et al. 2005).

Fig. 2  The effect of different coupling types on the synchronization of 100 phase oscillators (Bohn and García-
Ojalvo 2008). Left: Spatiotemporal dynamics of 100 uncoupled oscillators. Top right: 100 globally coupled oscilla-
tors. Bottom right: 100 locally coupled oscillators.

An advantage of the generic nature of the used model is the ease of comparison of rhythmic 
phenomena in various organisms. Besides the present case of spatio-temporal CAM rhyth-
micity, global coupling by the medium surrounding the cell population has also been indi-
cated as the main synchronization mechanism between circadian rhythms in populations of 
unicellular algae (Broda et al. 1985) and neurons in the suprachiasmatic nucleus, the central 
mammalian pacemakes (Gonze et al. 2005). This suggests that if circadian oscillators are 
indeed coupled across cell boundaries, the coupling agent must be quickly diffusing through-
out the entire system on time-scale much faster than the 24h-period of the oscillation. Taking 
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this hypothesis into account in future research on intercellular coupling agents of circadian 
rhythms could catalyze the screening of possible molecular candidates and hence guide the 
design of future experiments.

In the concrete case of circadian CAM oscillations, this hypothesis might inspire the 
design of prospective experiments. Assuming CO2 to be the intercellular coupling agent as 
proposed by Duarte et al. (2005), suggest that fully synchronized leaves in the presence of 
heterogeneous environmental signals could be easier achieved in plants with low internal 
CO2 diffusion resistance. The succulence of CAM leaves and the resulting low internal CO2 

conductivity could thus be an important factor for the emergence of running phase waves, as 
phase adjustments by CO2 signaling might be limited to cells in close vicinity, corresponding 
to the numerical scenario of local next-neighbor coupling (Fig. 2). This hypothesis could be 
tested by exposing CAM plants with different internal CO2 conductivities to a light source 
with controlled temporal modulation of its intensity and a controlled spatial geometry of light 
incidence on the leaf.

Returning from the organismal to the cellular scale, the results of the presented numerical 
studies using phenomenological models could also trigger novel modeling approaches to the 
biochemical bases of CAM rhythmicity. The present mechanistic model should be extended 
in order to include rhythm attenuation in continuous conditions at the cellular level, to provide 
a mechanistic background to the phenomenological DLC model. As the comparison of simu-
lations exposing the model by Blasius et al. (1999) to CO2-free epochs with corresponding 
experiments suggest, a second oscillator robust to severe metabolic perturbations must be 
involved in the generation of overt CAM rhythm generation (Wyka et al. 2004). Hence, a new 
model at the cellular level is likely to be a multi-level model also, integrating the metabolic 
dynamics with circadian gene expression cycles. Given the similarity of the molecular CAM 
clock with the molecular Arabidopsis oscillator (Hartwell 2005), the gene expression cy-
cles might be represented by a model similar to the one developed by Locke et al. (2006) for 
Arabidopsis. As this class of model gives a very detailed description of the involved molecu-
lar feedback loops, it might contain an excess of complexity to the study of the interaction 
between gene expression and metabolism, which should be a bidirectional connection, as in 
some cases, metabolic signals have been shown to override periodic gene expression cycles 
in CAM plants (Borland et al. 1999). It is thus suggested that future numerical studies of the 
multi-level nature of cellular CAM rhythms might – at least initially – rely on models with 
a reduced number of variables. The complexities at both levels could be reduced in analogy 
to Forger and Kronauer (2002), who explicitly showed the mathematical equivalence of 
the two-dimensional van-der-Pol oscillator, a phenomenological model for nonlinear oscilla-
tions, with the �ve-dimensional model of circadian gene expression by Goldbeter (1995).

2.3 Modeling in Systems Biology: Integration across Organisms and Levels of Organization

Integrated understanding of the behavior of living organisms in their natural environments 
requires the integration of diverse levels of organization. Successful system models of entire 
organisms, e.g. the human heart, suggest that the most ef�cient way to achieve multilevel un-
derstanding is not by a hierarchical, unidirectional modeling attempt, be it bottom-up or top-
down, but by starting at those intermediate levels where suf�cient data are available (middle-
out approach, Noble 2003). Hybrid multilevel models, relying on the �exible handling of the 
model granularity in function of the data availability, might reconcile inductive and deductive 
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concepts in systems biology (Coveney and Fowler 2005). In practice, it is both the failure 
as well as the success of a given model that can advance the knowledge on a given system, as 
long as modeling activity remains logically connected to experimental work (Noble 2002). It 
is in this sense, that the modeling of CAM rhythms, using an entire spectrum of models with 
different levels of detailedness has guided and inspired corresponding experimental endeav-
ors for more than two decades.

Perceiving quantitative models as navigation tools in tackling the multilevel complexity 
of living organisms (Hammer et al. 2006), and as being “no more, but no less, than a way 
of thinking clearly” (May 2004), could be a promising stance to foster the acceptance of a 
heterogeneous landscape of coexisting models of a given organism. In the same fashion that 
complex functions of living organism emerge from the interaction of many diverse parts on 
different levels, the knowledge of this complexity might rather emerge from a heterogeneous 
network of models, than form one single, optimally designed model. The success of such 
a “modelomics” approach requires new technologies to facilitate the connection of diverse 
models. Modeling meta-languages such as the Systems Biology Markup Language SBML 
(http://www.sbml.org), which serve as common descriptor for a large spectrum of models, are 
one example. However, as will be further discussed in the concluding Section 4 of this work, 
to be fully ef�cient, these technological advances need to be accompanied by an increasing 
awareness of the socio-psychological challenges to interdisciplinary team research in life 
sciences.

3. Phototrophic Bio�lms: Integrating Data Sources, Analysis Tools and Scienti�c Ac-
tivity

3.1 The PHOBIA Project: Diverse Perspectives on Phototrophic Bio�lms

Most hard substrates in nature are covered with bio�lms, aggregations of microorganisms 
encapsulated in a protective and adhesive matrix. They are increasingly recognized as the 
preferred mode of growth of microbes in a wide range of habitats (Costerton et al. 1987, 
Stoodley et al. 2002). Research on bio�lms has increased to a great amount over the last 
decades. They play a central role in many pathogenic processes in biomedicine (Parsek and 
Singh 2003), and cause signi�cant damage to technical processes and transportation through 
biocorrosion and biofouling (Coetser and Cloete 2005). On the other hand, bio�lms bear 
a large potential for the development of novel biotechnologies, e.g. for wastewater treatment 
(Rittmann 2006).

Phototrophic bio�lms, mixed cultures of hetero- and autotrophic organisms (Fig. 3), are 
crucial elements of aquatic ecosystems and are prospective points of departure for novel envi-
ronmental biotechnologies (e.g. Sansone et al. 1998, van Dam et al. 2002, Nagarkar et al. 
2004). Here, phototrophic organisms, e.g. microalgae and cyanobacteria, fuel heterotrophic 
bacteria and fungi, which in return provide nutrients for the phototrophs. Both groups exude 
extracellular polymeric substances (EPS), which provide surface adhesion of the bio�lm and 
contribute to its protection.

The project PHOBIA was a �rst large-scale integrative approach to phototrophic bio�lms, 
joining 6 laboratories in 5 European countries (Fig. 4, and http:// www.photobio�lms.org). 
All partners used identical freshwater and marine inocula gained from the same sampling 
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sites, as well as the same incubator and protocols to assess the effects of temperature, light 
intensity and water �ow velocity (Zippel et al. 2007). Each partner then analyzed the bio-
�lms in different developmental stages with the speci�c tools of their expertise (Fig. 4). As 
is depicted in the following, the quantitative approach to integrate these heterogeneous and 
geographically dispersed data sources was based on a web-based computational infrastruc-
ture, WebPHOBIA, incorporating a data warehouse for the reposition of the data generated 
in the diverse laboratories, connected to a computational module based on Arti�cial Neural 
Networks for data modeling and variable selection.

Fig. 3  Scheme of interactions between autotrophic and heterotropic organisms in phototrophic bio�lms. EPS stands 
for “Extracellular Polymeric Substances” (see text)

Fig. 4  Scheme of the data �ux in the PHOBIA project and the composition of the WebPHOBIA data management 
facility.
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3.2 Integration of Heterogeneous Data Sources by Data Warehousing

One approach to integrate heterogeneous data sources is data warehousing (Schönbach et al. 
2000). It involves the translation of the data from the diverse sources to a central repository, 
on which the querying and data mining is performed. Like for other models as well, the data 
model on which a data warehouse is based can be developed in either a bottom-up or a top-
down fashion: the former consists in integrating diverse local data repositories (data marts) 
into a single facility, i.e. queries submitted to the central data warehouse are translated and 
conveyed to the local repositories. In the top-down approach, the structure of the warehouse 
is designed beforehand, and all generated data in the laboratories are submitted directly to the 
warehouse, which also serves as the site to which further processing modules are deployed.

Inspired by an earlier web-based infrastructure developed for another European-wide re-
search project in microbiology (Silva et al. 2003), the data warehouse in WebPHOBIA fol-
lowed the top-down approach. Each PHOBIA partner communicated the structure of their 
data in the startup meeting of the project. Based on this knowledge, a database was designed 
and implemented using the relational database management system (RDBMS) PostgreSQL. 
A software engine was programmed in PHP to provide the user interface for data upload and 
querying, and to connect the database with the analysis module.

While the top-down approach based on a relational database provides a high level of con-
sistency in the integration of the diverse sources, two of its disadvantages became prominent 
in the course of PHOBIA. First, changes to the data structure, due to additional experimental 
endeavors, cannot be accomplished without exporting the already submitted data and resub-
mitting them to the rebuild structure. The second drawback involves the dependence of a data 
warehouse relying on a complex relational database model on the knowledge of the domain 
expert, i.e. the database creator and programmer. A career change of the WebPHOBIA do-
main expert before the completion of data submission and the end of the project made a sig-
ni�cant amount of the contextual information needed to understand and use the data reposi-
tory unavailable, which signi�cantly hampered the implementation of the necessary changes 
to the data structure and the completion of the database.

Both these issues relate to the importance of metadata, i.e. data about data, in integrative 
computational approaches in ecology and life sciences (Michener et al. 1997). Managing 
metadata is thus considered a key strategy in the development of data integration tools, which 
allow incremental modi�cations of the structure of the base, without compromising the al-
ready uploaded data, and grant transparency to its users without having to unravel complex 
data structures at the level of RDBMS. For the implementation of metadata management, 
and to create controlled vocabularies and ontologies for data integration in life sciences in 
the long run, the use of semantic web technologies has been proposed (Cheung et al. 2005, 
Jones et al. 2006).

A prototype software for data integration using semantic concepts is S3DB, the Simple 
Sloppy Semantic Database (Almeida et al. 2006). This framework refrains from pre-de�ning 
a �xed database structure, in which the data model is coded in the relationships between the 
tables of the database. Data are rather considered as resources with given properties, and are 
labeled with a Uniform Resource Identi�er (URI). In analogy with the Resource Description 
Framework (RDF), the data are related and organized as triples [Resource][Property][Prop-
erty Attribute]. The backbone of S3DB is a relational database, however, its tables contain 
the resources, the URIs, properties and values, and the data structure is not implicitly mapped 
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Fig. 5  Screenshot of the graphical interface to the S3DB database in the PHOBIA project, showing the semantic 
network.

 

in the entity relationships. The S3DB engine (built in PHP) checks for the consistency of the 
semantic data structure. The resulting data model, i.e. the network of relations between the 
different resources and their properties, are visualized by the S3DB interface, and can be eas-
ily modi�ed (Fig. 5).

Apart from the theoretical aspects of data integration using ontologies and controlled vo-
cabularies, the practical advantages of applying the semantic approach mainly consist in the 
transparency of the metadata, and the fact that – once deployed to the webserver – no coding 
at the level of the RDBMS is needed to adjust the database to changes in the data model. Se-
mantic approaches like S3DB represent thus a step towards providing data integrity across the 
sources to be integrated (like the top-down approach), yet maintaining some of the �exibility 
of the bottom-up approaches. The tradeoff for these advantages is the reduced computational 
ef�ciency and speed in query processing as compared to a taylor-made relational database.

3.3 Data Analysis and Modeling with Arti�cial Neural Networks

The second module of the web-based PHOBIA platform contained a modeling and analysis 
infrastructure relying on Arti�cial Neural Networks (ANNs, Basheer and Hajmeer 2000, 
Fig. 4). The application of this non-linear data analysis tool was inspired by its prior success-
ful and widespread application in environmental biotechnology and biochemical engineering 
(Almeida 2002). They represent a machine learning tool which can establish a functional 
relation between a set of independent (input) variables and a set of dependent (output) vari-
ables. In analogy to the neural learning process, consisting in adjusting synapsis strength in 
the network of neurons, the learning process determines the number of neurons in the hidden 
layer, and adjusts the weights of the connections between the neurons in the diverse layers, 
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such that for empirically determined input values x, the prediction error of the ANN output 
with respect to the measured output variables is minimized. For the training process, the full 
data set is divided into a training part, used to adjust the weights, a testing part, from which 
the prediction error is tested, and a validation part to avoid over�tting (Almeida 2002). This 
completely data-driven approach bears the advantage of not needing any beforehand mecha-
nistic assumption for data modeling and prediction.

In WebPHOBIA, ANNs were deployed to perform two tasks. First, through a special 
interface for predictive modeling in the website, users could select any pairs of input and 
output variables among the quantities contained in the database. By computations based on 
algorithms programmed in Matlab, ANNs would then be trained with the data available in the 
base and then serve as predictor of the output values resulting from the combination of input 
values chosen by the user. The objective of the second task was to detect the most important 
relations between the variables in the different repositories, in order generate mechanistic 
knowledge on bio�lm development and structure. Therefore the sensitivity of an given output 
variable to a certain input can be estimated via the relation
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The resulting sensitivity patterns can then be integrated with mechanistic knowledge in order 
to create testable hypotheses on the relations between the observed bio�lm variables. Given 
the above issues of the database, ANN analyses were carried out manually using data from 
spreadsheets as input form. An example spreadsheet containing a predictive model for bio�lm 
growth can be downloaded at (http://phobia.itqb.unl.pt/ann.php).

Unfortunately, the quality of the data used for the analysis indicated a loss of robust-
ness of the obtained results. As the example of the dependence of a growth parameter (days 
needed to reach 50 % of the carrying capacity) on temperature shown in Figure 6 indicates, 
the data used to train the ANN do not share equal variances and contain outliers. Furthermore, 
the division of the total data set into a training, test and validation subsets in ANN training, 
requires a large number of cases to produce reliable results. The number of available data in 
PHOBIA was close to the lower limit where the application of ANNs can be considered to 
be reliable. Hence, in analogy to the S3DB database, the ANN analysis was developed to the 
stage of a proof-of-concept only. Given the issues with the scarcity and the variation of the 
data, obtaining robust results suggests the application of classical statistical tools in parallel 
to the ANNs. Furthermore, the ANN approach needs to be preceded with additional tools for 
data normalization and outlier removal, in order to obtain more robust and reliable results 
(Basheer and Hajmeer 2000).

3.4 Integration and Analysis of Small-scale Data Sets in Ecophysiological Studies

The use of web-based computational tools for data reposition, sharing and analysis is like-
ly to become more widespread in future international interdisciplinary research projects in 
ecophysiology. Compared to the currently common practice of data sharing, i.e. using e-mail 
to exchange spreadsheets based on diverse local data models, integrated data repositories with 
a clear metadata structure provide a more transparent and consistent platform for discussion, 
interpretation and further analysis among project partners and the rest of the scienti�c com-
munity. Also in terms of maintaining and curating the data beyond the end of a project, inte-
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grative platforms present a signi�cant number of advantages. Finally, integrated data reposi-
tories are the basis for signi�cant improvements of scienti�c data work�ows by combined 
tools for data reposition and quantitative analysis (Jones et al. 2006).

The experience from the PHOBIA project highlights two technological challenges in-
volved in the development of integrative data management tools. The �rst one consists in 
�nding the optimal balance between �exibility and consistency in the de�nition of the data 
model: interdisciplinary, multiyear projects on complex biological systems are highly dy-
namical systems by themselves, hence the corresponding computational tools are required to 
allow modi�cations to the data model at a reasonable cost during the life time of the project 
and beyond. As was shown by the application of the prototype software S3DB, managing 
metadata using concepts from the semantic web is at the forefront of potential solutions to 
this challenge (Almeida et al. 2006). The second theme is the adaptation of the analysis tools 
to the data volume and the quality of the data sources. In general, the data-driven, exploratory, 
approach chosen here to detect patterns hidden in the data, and proceed with statistically test-
ing concrete hypotheses only after this initial screening, is reasonable, given the situation of 
having many different variables from diverse sources in the repository. However, for data sets 
that correspond to a wide table, i.e. have a small number of cases and repetitions compared to 
a large number of trials, and in addition contain in�uential and outlying data points, machine 
learning tools like ANNs are likely to provide unreliable results. Tools using visual explora-
tion (Cleveland 1993), could provide a more ef�cient �rst approach to the data structure. 
With high speed computers being commonly available today, the numerical exploration for 
the featured type of data set should give preference to modern methods of robust statistics, 
providing more statistical power (Wilcox 2005).

Just like there is no single “golden model” describing a biological system in a compre-
hensive manner across all levels of organization, there apparently is no “golden hammer” for 
data analysis. So far, there is no tool being optimally suited for any type of data set, ranging 

Fig. 6  Example of bio�lm growth data from the PHOBIA project. The number of days to reach half the carrying 
capacity is plotted against the temperature of the corresponding incubator run.
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from high-throughput molecular data, where the sheer amount of data to be processed poses 
a challenge, to ecophysiogical studies, performed in vivo under controlled laboratory condi-
tions or even in the original habitat, where the objective is to obtain the maximum amount 
of reliable quantitative information from a given set of (unrepeatable) measurements. In the 
latter scenario, comparing notes on data analysis with astrophysicists, psychologists or social 
scientists, who experience similar sets of challenges and inherent experimental constraints, 
might be more fruitful than importing quantitative solutions from computational biosciences, 
which are optimized for other levels of organization and data volumes.

While integrative computational tools on one hand are necessary to improve the com-
munication and interdisciplinary interaction, their successful application depends on their 
integration and the overall quality of the communicational network between the members of 
the research team (Morris et al. 2005). As the PHOBIA example shows, the earlier in the 
project there is clarity about the data structure and quality, the closer one can get to obtain 
a seamless chain of knowledge generation, featuring computational tools that are optimally 
matched to the experimental design and the resulting data structure. This calls for a change of 
a widespread pattern of communication dynamics between biologists and quantitative scien-
tists: hitherto there is usually a surge of interaction between experimental and computational 
scientists towards the end of the project, when the data are available. The presented example 
suggests that a dominant peak of interdisciplinary communication should occur in the very 
initial stage of each project, in the design phase of the experiments. By eliminating potential 
bottlenecks in the scienti�c information work�ow at the beginning of a project, the return of 
knowledge on the investment of time and material resources could be optimized. As discussed 
in the following concluding discussion, this appeals to a larger awareness of the existing 
socio-psychological roadblocks and challenges involved in the development of interdisciplin-
ary team science.

4. Summary and Conclusions

The present work features two cases of quantitative ecophysiological studies of phototrophic 
systems. The example of modeling circadian rhythms in Crassulacean acid metabolism at 
different levels of organization, from the cell to the whole leaf, demonstrates how quantita-
tive models with diverse levels of abstraction can serve to conduct research on the complex 
nature of organismal function, and thus contribute to integrate similar phenomena across a 
variety of organisms. It suggests that a crucial asset of models proving to be successful in 
advancing knowledge about systems behavior is the potential to be connected with, and to 
in�uence other model activities and experimental endeavors. In this perspective, models take 
the role of navigation tools in complexity (Hammer et al. 2006), rather than the representation 
of a universal law, or an exact in silico map of experimentally observable items. Knowledge 
discovery itself might turn out be an emergent phenomenon of complex networks of logically 
connected multilevel models.

The second example, demonstrating the development of a web-based computational in-
frastructure to integrate heterogeneous datasets on phototrophic bio�lms, demonstrates the 
potential bene�ts of this type of integrative tool to enhance scienti�c information- and work-
�ows. It also demonstrates the necessity for intensive interdisciplinary communication be-
tween the team members from the very start of a project, as the ef�ciency of the applied 
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computational tools is crucially depend on their adaptation to the speci�c character of the 
project. The central challenge in the development of integrative tools is to achieve an optimal 
balance between suf�cient �exibility for local adaptation to the experimental realities and 
suf�cient structure to provide global description patterns across different species and levels 
of organization.

Both cases underline the fact that integrative systems biology not only deals with net-
works of diverse entities in biological systems, but is itself increasingly comprised of dense 
networks of scientists and resources (Morris et al. 2005). From this point of view, the orga-
nization and traditions of conducting sciences have so far followed a reductionist approach: 
from ancient times until the 20th century, from Aristotle to Einstein, milestones of sci-
enti�c progress were marked by outstanding individual accomplishments (Humphrey et al. 
2005). While specialized expertise in a given experimental or computational method and in 
a determined area of life sciences continues to be a necessary condition to achieve a better 
understanding of the complexity of living organisms, it is increasingly clear that it is not suf-
�cient, in analogy to individual molecules which are necessary but by themselves alone not 
suf�cient to provide organismal function.

Signi�cant breakthroughs in modern biology might most likely emerge from collabora-
tions in which the involved partners are committed to the solution of a scienti�c problem of 
common interest, for which they hold themselves mutually accountable. This commitment 
generally involves changes in the attitudes and perspectives on both sides of the disciplin-
ary spectrum (Humphrey et al. 2005). On the side of experimental biologists, it requires 
the commitment to produce quantitative data of the highest quality possible within a given 
technical frame, and the disposition to embrace quantitative tools as a vital part of their own 
scienti�c endeavor as of the beginning of the project. This requires extra effort to obtain 
the mathematical knowledge needed to communicate with quantitatively trained scientists, 
and to gain insight into the chances and limitations that arise from moving from qualitative 
to quantitative descriptions. This insight might then provide the willingness to put an extra 
amount of energy in the execution of the experiments, e.g., to perform apparently dull repeti-
tions of measurements to obtain an optimum of statistical power to prove or disprove a given 
hypothesis. Computational scientists on the other side must increase their appreciation for the 
technical limitations and the temporal and material investments undertaken by their experi-
mental partners, i.e. appreciate the effort behind each data point. This should be re�ected in 
the optimization of the computational tools for the given data structure, even if that implies 
the application of already established algorithms, models and software, which do not warrant 
publication in biocomputational journals. The extra effort consists thus in the intent to satisfy 
and combine both the team requirements and the individual need to produce novel tools and 
models which make a difference in the theoretical or computational community. Designing 
projects that promise a win-win-situation among the project partners could be a strategy to 
provide a maximum return of quantitative, connectable systems knowledge on a given invest-
ment of time and resources.

The required extra investment of time and effort will make these behavioral changes un-
likely, unless they are encouraged and facilitated by new modes of organization of the scien-
ti�c research and its corresponding reward systems. While the importance of interdisciplin-
ary research has become widely recognized by the scienti�c community, its recognition in 
scienti�c practice is still lagging behind (Payton and Zobak 2007). Practical improvements 
might consist, e.g., in composing committees for any type of scienti�c reviewing, such that 
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the multidisciplinary spectrum of a given project is adequately mirrored. This could foster the 
judgment of the integrated contribution to the given biological problem, instead of isolated 
appreciations of the novelty brought to the diverse disciplines of origin of the partners. As 
institutional and cultural changes naturally occur on a slow time-scale, short-term measures 
to promote interdisciplinary research could consist in highlighting success cases in order to 
develop best-practice standard procedures, and in exposing students of both experimental and 
math-based disciplines to the world of their respective partners as early as possible in their 
careers (Morris et al. 2005, Humphrey et al. 2005).

Two of the most prominent examples of team sciences, the Manhattan project leading 
to the harnessing of nuclear energy, and the Apollo project, leading to man’s landing on the 
moon, were motivated by perceived external threats during World War II and the Cold War. 
It might also be up to future challenges to mankind, arising from, e.g., the uncertainties of 
climate change, or the evolution of novel pathogens, to ultimately catalyze the establish-
ment of integrative, team-based approaches as a widespread or even standard protocol in life 
and social sciences. Promoting interdisciplinary team research out of insight into the high 
productivity and intellectual inspiration it provides, rather than out of mere practical neces-
sities caused by external pressures, would not only provide novel and powerful approaches 
to extend human perception and understanding of the complex organization of life, but could 
also catalyze the development of a general culture of collaboration between people with het-
erogeneous skills, perspectives and backgrounds.
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