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Introduction

In the 1930s, the term 'stress' was introduced as a human health syndrome by the Canadian medical researcher and endocrinologist of Hungarian origin Hans (János) Selye (1907Selye ( -1982) [START_REF] Selye | The Stress of Life[END_REF]. Plant stress is defined as "a significant deviation from the conditions optimal for life" [START_REF] Larcher | Physiological Plant Ecology: Ecophysiology and Stress Physiology of Functional Groups[END_REF]. This definition implies that the occurrence of stress depends on the conditions to which a plant has acclimated. One can distinguish between abiotic (radiation, temperature, water, gases, minerals, mechanical effects) and biotic (induced by micro-organisms, animals, plants, anthropogenic factors) stresses.

In order to properly interpret the causes and effects of the different types of stress, it is usual to study single stresses under controlled conditions. Nevertheless such studies are of only partial relevance to natural conditions because plants are normally exposed to a multitude of interacting concurrent influences. Primary stress responses may be modified both by the acclimation and adaptation of the plants to the previous environmental factors, and by interactions with other organisms. As a further complicating factor the effect or impact of these stresses can vary with the developmental stage of the plant.

Stress does not necessarily need to be lethal. Mild stress conditions can lead to an increased resistance, which will help the plant to react to and overcome a subsequent stress (acquired stress resistance). This positive stress has also been termed 'eustress'. A strong stress may immediately lead to acute damage or later on -when there is not enough resistance -to chronic damage. A damaging stress is also called -'disstress' [START_REF]Vegetation Stress[END_REF].

The importance of biotic and abiotic stresses on plant yield and their impact on agricultural production has been widely recognized. Therefore this subject has received ample attention in the last 20 years, as evidenced by multiple reviews and books with a wide range [START_REF] Larcher | Physiological Plant Ecology: Ecophysiology and Stress Physiology of Functional Groups[END_REF][START_REF]Vegetation Stress[END_REF][START_REF] Hale | The Physiology of Plants under Stress[END_REF][START_REF] Tenhunen | Plant response to stress: Functional analysis in Mediterranean ecosystems[END_REF][START_REF] Jones | Plants under Stress: Biochemistry, Physiology and Ecology and their Application to Plant Improvement[END_REF][START_REF] Alscher | Stress Responses in Plants: Adaptation and Acclimation Mechanisms[END_REF][START_REF] Fowden | Plant Adaptation to Environmental Stress[END_REF][START_REF] Brunold | Stress bei Pflanzen: Ökologie, Physiologie, Biochemie[END_REF][START_REF] Csermely | Stress of Life: From Molecules to Man[END_REF][START_REF] Lerner | Plant Responses to Environmental Stress: From Phytohormones to Genome Reorganization[END_REF][START_REF]Plant Responses to Environmental Stress[END_REF][START_REF]Environmental Stress: Indication, Mitigation, and Ecoconservation[END_REF] and others with focus on photosynthesis [START_REF]Effects of Stress on Photosynthesis[END_REF][START_REF] Satoh | Stress Responses of Photosynthetic Organisms: Molecular Mechanisms and Molecular Regulations[END_REF], phytochemistry [START_REF]Phytochemical Adaptations to Stress[END_REF][START_REF]Environmental Stress in Plants: Biochemical and Physiological Mechanisms[END_REF] and air pollution [START_REF] Treshow | Plant Stress from Air Pollution[END_REF]. This fact, together with the increasing awareness that stresses associated with global anthropogenic factors ('greenhouse effect', 'ozone hole') caused by industrialization may have substantial ecological and economic impacts, has led to the emergence of a large body of literature on detection of plant stresses and plant responses.

With the increasing pressure on available arable land and water resources, plant stress alleviation and avoidance will increase in importance in the near future. There is therefore an urgent need to improve techniques for the sensitive early detection, monitoring and diagnosis of stress to allow effective management responses. It is essential that the detection methods are rapid, non-destructive and low cost. The detection of stress-induced changes of physiological parameters is a focus of much recent and current basic and applied plant physiological research and a range of instruments have been developed in the past 20 years that aim to detect stress effects on plants in a non-contact way. The search for optimal imaging-derived stress detection parameters is still ongoing, while the advent of multi-sensor detection of a combination of parameters could effectively lead to the identification and subsequent remediation of emerging stresses. These aims are an integral part of precision agriculture, which strives to limit the inputs of nutrients, pesticides and herbicides by matching them to the actual crop needs, which would avoid unnecessary expenditures and detrimental impact on the environment and ultimately human health. This review is based on an evaluation of stress detection by a range of imaging techniques including thermography and different types of fluorescence imaging that was undertaken in the frame of the EU-Research Training Network "STRESSIMAGING" but is extended to include a wide range of available information on stress-imaging at the leaf and plant level.

Although we concentrate here on measurements applicable at the leaf-or plant-level the results here should provide a sound basis for interpretation of measurements at the canopy or field scale and for application at larger scales and in precision agriculture approaches. It is worth noting, however, that extension to the canopy or remote-sensing scales may provide yet further opportunities for incorporation of additional information useful for stress diagnosis.

The non-contact detection of stress is largely based on optical measurements of plant temperature (by thermal imaging) and fluorescence emission (for recent reviews: [START_REF] Chaerle | Monitoring and screening plant populations with combined thermal and chlorophyll fluorescence imaging[END_REF][START_REF] Lenk | Multispectral fluorescence and reflectance imaging at the leaf level and its possible applications[END_REF]).

The latter two signals can be subdivided in spectral ranges by applying multi-or hyperspectral imaging. Thermography and chlorophyll fluorescence imaging are central in this review since they provide information on two key physiological parameters: transpiration and photosynthesis. In certain circumstances these may be supplemented by conventional digital imagery that allows, for example, measurement of growth. The most useful diagnostic information is obtained when several measured parameters, highlighting a wide range of plant physiological responses, are combined: for example leaf temperature with spectral fluorescence detected at particular wavelength bands. In the following sections, the results obtained with the different imaging techniques will be described first. Thereafter multi-sensor stress imaging will be illustrated, and the stress factors and their induced responses will be summarized in a tabular form: the stress catalogue. Canopy or leaf temperature, as measured using thermography (thermal infrared sensing or imaging), provides a powerful monitoring tool for a broad range of plant stresses that affect any aspect of plant water relations. The basis underlying most uses of leaf temperature as a stress detection tool is that leaf temperature is strongly affected by transpiration, which itself is primarily regulated by stomatal conductance, with leaf temperature increasing as transpiration rate decreases [START_REF] Jones | Application of thermal imaging and infrared sensing in plant physiology and ecophysiology[END_REF]. Leaf temperature is a particularly sensitive indicator of changes in stomatal conductance because latent heat loss is a large component of the overall leaf energy balance that determines leaf temperature [START_REF] Jones | Plants and Microclimate : a Quantitative Approach to Environmental Plant Physiology[END_REF]. Current thermal camera models commonly have a temperature resolution of 0.1°C which is adequate to reveal transpirational changes or heterogeneity at the leaf surface. Spatial resolution however is rather limited in comparison with the currently available cameras for the visual spectrum, but proved to be sufficient for leaf to plant level monitoring, and can be compensated for by automation approaches in which multiple images are captured.

At a canopy scale where image pixels may include both leaf and soil, observed temperatures can also change as a result of varying vegetative ground cover, with increasing proportions of soil (as the canopy becomes sparser or as leaves wilt) tending to lead to higher temperatures. An approach to correct the observed average temperatures to better reflect leaf temperatures only has been proposed by [START_REF] Moran | Estimating crop water deficit using the relation between surface-air temperature and spectral vegetation index[END_REF], while for higher resolution data the image analysis approaches described in [START_REF] Leinonen | Combining thermal and visible imagery for estimating canopy temperature and identifying plant stress[END_REF] can be useful. deficit, all affect leaf temperature. Therefore in the simplest applications, thermal sensing is commonly used in a relative mode, with comparisons between known healthy and unknown sample plants/crops. The "stress index" approach [START_REF] Idso | Normalizing the stress-degree-day parameter for environmental variability[END_REF] aimed to normalize results for the environmental variation. Further improvements in normalization have been made by the use of artificial or theoretical wet and dry references, leading to better "stress indices" [START_REF] Jones | Use of thermography for quantitative studies of spatial and temporal variation of stomatal conductance over leaf surfaces[END_REF][START_REF] Leinonen | Estimating stomatal conductance with thermal imagery[END_REF].

Where all the relevant environmental variables are known, recent work in the STRESSIMAGING project has shown that it is possible to obtain quantitative estimates of absolute leaf stomatal conductance from thermal images if appropriate reference temperature information is available, or by using energy-balance calculations based on appropriate meteorological data [START_REF] Leinonen | Estimating stomatal conductance with thermal imagery[END_REF]. Notwithstanding the adoption of "stress indices", the association of leaf temperature rise with the degree of stress is generally qualitative rather than quantitative, partly because conductance itself is only an indirect indicator of the underlying stress (with different responses in different species/cultivars) and partly because the relationship between the stress indices and stomatal conductance is also dependent on environmental variables.

Abiotic stress detection

As already indicated, many stresses, including especially water deficits, lead to stomatal closure. Therefore all such stresses can, in principle, be detected and quantified by thermal sensing of stomatal closure, albeit in relative mode [START_REF] Chaerle | Tuning the pores: towards engineering plants for improved water use efficiency[END_REF][START_REF] Grant | Optimizing thermal imaging as a technique for detecting stomatal closure induced by drought stress under greenhouse conditions[END_REF]. In many cases an observed leaf temperature increase can be related to water stress, even though a water deficit may not have been the original primary stress (see below). This multiple causation also highlights the challenge of identifying particular stress classes.

Because drought causes stomatal closure and leaf temperature rise, thermal sensing has been of particular interest for many years as a tool for scheduling irrigation [START_REF] Idso | Normalizing the stress-degree-day parameter for environmental variability[END_REF][START_REF] Jones | Irrigation scheduling: advantages and pitfalls of plant-based methods[END_REF]. A fundamental difficulty in the use of stomatal conductance (and hence of leaf temperature) as a proxy indicator of the causal stress is that the relationship between stomatal conductance and leaf water status varies between species. Some plant species minimize the depression of leaf water potential as the water supply decreases by stomatal closure, for these so-called "isohydric" plants [START_REF] Tardieu | Variability among species of stomatal control under fluctuating soil water status and evaporative demand: modelling isohydric and anisohydric behaviours[END_REF] stomatal closure (and hence leaf temperature) is a very good indicator of water supply. On the other hand, so called "anisohydric" species do not close their stomata until the water deficit is severe; in such cases stomatal closure is not a sensitive indicator of water deficit stress (see [START_REF] Jones | Irrigation scheduling -Comparison of soil, plant and atmosphere monitoring approaches[END_REF]). Sunflower, most crop plants (e.g. wheat, barley and soybean)

and the grapevine cultivar 'Shiraz' are commonly classified as anisohydric, while maize and many temperate trees, together with the grapevine cultivar 'Grenache' are typically characterized as isohydric [START_REF] Tardieu | Variability among species of stomatal control under fluctuating soil water status and evaporative demand: modelling isohydric and anisohydric behaviours[END_REF][START_REF] Schultz | Differences in hydraulic architecture account for nearisohydric and anisohydric behaviour of two field-grown Vitis vinifera L. cultivars during drought[END_REF]. The latter are, given their tight stomatal control, suitable for thermal sensing for irrigation control [START_REF] Chaerle | Regulating plant water status by stomatal control[END_REF].

Thermal sensing can also be used to study the spatial and temporal dynamics of plant freezing, due to the local heat generation as tissue water freezes [START_REF] Fuller | The use of infrared thermal imaging in the study of ice nucleation and freezing of plants[END_REF]. In addition, the rates of water loss from leaves can change in response to atmospheric pollution (e.g. [START_REF] Omasa | Image instrumentation of plants exposed to air pollutants I. Quantification of physiological information included in thermal infrared image[END_REF]), nutritional status [START_REF] Wakiyama | Infrared remote sensing of canopy temperature in paddy field and relationship between leaf temperature and leaf color[END_REF] and salinity [START_REF] Sharma | Soil salinity effects on transpiration and net photosynthetic rates, stomatal conductance and Na+ and Cl-contents in durum wheat[END_REF]. Other abiotic stresses, such as the uptake of herbicides can also be detected by thermal imaging. For example, methylurea herbicide uptake induces a temperature increase emerging from the main veins and spreading to finally affect the whole leaf [START_REF] Chaerle | Robotized timelapse imaging to assess in-planta uptake of phenylurea herbicides and their microbial degradation[END_REF]. Although this effect was visualized with more contrast by using parallel chlorophyll fluorescence (Chl-F) imaging (see below), the clear spatial and temporal pattern of the development of the thermal effect adds to the information available from the thermal signal and helps to distinguish this from other stresses.

Biotic stress detection

Leaf temperature has been used as an indicator of several biotic stresses [START_REF] Jones | Application of thermal imaging and infrared sensing in plant physiology and ecophysiology[END_REF][START_REF] Nilsson | Remote sensing and image analysis in plant pathology[END_REF][START_REF] Chaerle | Imaging techniques and the early detection of plant stress[END_REF][START_REF] Chaerle | Thermographic visualisation of cell death in tobacco and Arabidopsis[END_REF][START_REF] Chaerle | Robotized thermal and chlorophyll fluorescence imaging of pepper mild mottle virus infection in Nicotiana benthamiana[END_REF]. Apart from phenolics, other classes of chemicals interfere with stomatal control; these include various pathogen toxins [START_REF] Chaerle | Seeing is believing: imaging techniques to monitor plant health[END_REF] such as the fungal toxins which cause (internal) tissue degradation, leading to local leaf temperature decreases at early stages of Cercospora infection in sugar beet [START_REF] Chaerle | Thermal and chlorophyll-fluorescence imaging distinguish plant-pathogen interactions at an early stage[END_REF][START_REF] Chaerle | Chlorophyll fluorescence imaging for disease-resistance screening of sugar beet[END_REF]. Concomitantly Chl-F was shown to increase (see below). An increase of the thermal signal was observed, both at early stages of infection with the oomycete Pseudoperonospora cubensis causing downy mildew in cucumber [START_REF] Oerke | Thermal imaging of cucumber leaves affected by downy mildew and environmental conditions[END_REF] and in the case of the fungus Phyllosticta acting on two tree species [START_REF] Aldea | Comparison of photosynthetic damage from arthropod herbivory and pathogen infection in understory hardwood saplings[END_REF].

Plant surface degradation and leaf cell death is commonly a consequence of certain specific or multiple biotic aggressions. Such damage frequently decreases leaf temperature locally due to evaporation of leaf water from the damaged tissue. Examples where temperature decreases occur include the late stages of TMV infection and upon spontaneous, disease-like lesion formation in Arabidopsis and tobacco [START_REF] Chaerle | Thermographic visualisation of cell death in tobacco and Arabidopsis[END_REF][START_REF] Chaerle | Presymptomatic visualization of plant-virus interactions by thermography[END_REF]. Similarly, damage by mechanical leaf wounding can lead to an immediate temperature increase, followed by a localized decrease due to water loss from damaged cells, that progressively disappears again upon wound healing [START_REF] Aldea | Comparison of photosynthetic damage from arthropod herbivory and pathogen infection in understory hardwood saplings[END_REF][START_REF] Chaerle | Infrared detection of early biotic stress in plants[END_REF]. In case of arthropod-induced gall formation a temperature decrease has also been described [START_REF] Aldea | Comparison of photosynthetic damage from arthropod herbivory and pathogen infection in understory hardwood saplings[END_REF].

As well as being of value for the topical diagnosis and monitoring of local (leaf) infections, thermal imaging can also provide information relating to root diseases and rots fungi. This is because these all impact on water uptake and transport, and ultimately result in a decrease in transpiration (reviewed in [START_REF] Jones | Application of thermal imaging and infrared sensing in plant physiology and ecophysiology[END_REF]). Toxic compounds absorbed by the root system of plants will also gradually affect leaf transpiration [START_REF] Chaerle | Robotized timelapse imaging to assess in-planta uptake of phenylurea herbicides and their microbial degradation[END_REF].

Diagnostic capability

From the above it follows that (especially) single-time point leaf temperature measurements by themselves are not usually diagnostic, and normally require some ancillary information to determine the precise cause of any observed temperature change. As is apparent from the detailed symptoms, especially of the various biotic stresses outlined above, additional diagnostic information can be obtained from the temporal and spatial dynamics of the temperature changes. In general leaf level-stresses, such as caused by leaf infections, tend to induce a (persistent) heterogeneous response pattern, whereas root level stresses evolve towards a more homogeneous leaf-level response. The spatial and temporal pattern of the stress response can most likely provide a first approach to further discriminate different stressors. Dedicated image processing algorithms will enable detection and discrimination of (the kinetics of) different patterns.

Fluorescence

Leaves emit fluorescence upon absorption of radiation ranging from the UV to the visible; however this dissipation typically accounts for only a few percent of the actual energy uptake.

Fluorescence always has a longer wavelength (i.e. lower energy per quantum) than the absorbed light ("Stokes-shift"). assesses changes in chemical composition; either of these may be modified by abiotic and biotic stresses [START_REF] Buschmann | The blue, green, red and far-red fluorescence signatures of plant tissues, their multicolor fluorescence imaging and application for agrofood assessment[END_REF].

Reliable detection of fluorescence emission requires a homogeneous illumination

Abiotic stress detection

Many environmental stresses affect leaf composition and photosynthesis and can therefore be monitored using fluorescence imaging; among the most important are drought and mineral nutrition. In addition high light becomes particularly damaging to the photosynthetic apparatus when photosynthesis is already inhibited (e.g. as a result of low temperatures or drought-induced stomatal closure). The excess light leads to photoinhibitory damage to the photosystems -a process than can be readily detected as a decrease in Chl-F [START_REF] Buschmann | Principles and characteristics of multicolour fluorescence imaging of plants[END_REF][START_REF] Buschmann | Induction kinetics of heat emission before and after photoinhibition in cotyledons of Raphanus sativus[END_REF][START_REF] Osmond | Photoinhibitory printing on leaves, visualised by chlorophyll fluorescence imaging and confocal microscopy, is due to diminished fluorescence from grana[END_REF] and as a reduction in maximum quantum yield of PS II (F v /F m which was introduced by [START_REF] Kitajima | Quenching of chlorophyll fluorescence and primary photochemistry in chloroplasts by dibromothymoquinone[END_REF]).

Importantly, plants under stress display an enhanced sensitivity to photoinhibition. As an example, the characteristics of photoinhibition and recovery in relation to cold exposure and acclimation have been derived from the differences in maximum quantum yield of PS II F v /F m , detected from images of Chl-F [START_REF] Gray | The characterization of photoinhibition and recovery during cold acclimation in Arabidopsis thaliana using chlorophyll fluorescence imaging[END_REF].

Plants have evolved countermeasures to avoid light-induced damage. Increased sun exposure of leaves leads to a lower intensity of UV-excited Chl-F [START_REF] Lenk | Multispectral fluorescence and reflectance imaging at the leaf level and its possible applications[END_REF][START_REF] Lang | Fluorescence imaging of water and temperature stress in plant leaves[END_REF][START_REF] Lenk | Distribution of UV-shielding of the epidermis of sun and shade leaves of the beech (Fagus sylvatica L.) as monitored by multicolour fluorescence imaging[END_REF][START_REF] Štroch | Epidermal UV-shielding and photosystem II adjustment in wild type and chlorina f2 mutant of barley during exposure to increased PAR and UV radiation[END_REF], since UVabsorbing substances accumulated in the epidermis shield the Chl-containing mesophyll, and thus reduce fluorescence excitation by UV. UV-B treatment was shown to lead to an increased blue-green fluorescence [START_REF] Krizek | Evaluating UV-B effects and EDU protection in cucumber leaves using fluorescence images and fluorescence emission spectra[END_REF]. The effect of excess light together with the formation of reactive oxygen species could be monitored by a decrease of photosynthesis via Chl-F images [START_REF] Fryer | Control of ascorbate peroxidase 2 expression by hydrogen peroxide and leaf water status during excess light stress reveals a functional organisation of Arabidopsis leaves[END_REF][START_REF] Fryer | Imaging of photo-oxidative stress responses in leaves[END_REF][START_REF] Hideg | Parallel assessment of ROS formation and photosynthesis in leaves by fluorescence imaging[END_REF][START_REF] Chang | Induction of ascorbate peroxidase 2 expression in wounded Arabidopsis leaves does not involve known wound-signalling pathways but is associated with changes in photosynthesis[END_REF].

The most prevalent abiotic stress under natural conditions is water shortage. Although drought can affect photosynthetic rate, this is initially at least, primarily through stomatal closure with rather little effect on the activity of the photosystems as measured by F v /F m (e.g. [START_REF] Massacci | Use of simultaneous analysis of gas-exchange and chlorophyll fluorescence quenching for analysing the effects of water stress on photosynthesis in apple leaves[END_REF]). Nevertheless drought stress can lead to an increase in blue-green fluorescence, a [START_REF] Meyer | Heterogeneous inhibition of photosynthesis over the leaf surface of Rosa rubiginosa L. during water stress and abscisic acid treatment: induction of a metabolic component by limitation of CO 2 diffusion[END_REF]. A decrease in Chl-F and its derived parameters for photochemical quenching, and an increase in non-photochemical quenching have been demonstrated in leaves of roses undergoing progressive water stress [START_REF] Calatayud | Spatial-temporal variations in rose leaves under water stress conditions studied by chlorophyll fluorescence imaging[END_REF].

In addition to sufficient water supply, nutrients should be available in a balanced way to sustain optimal plant growth. Nitrogen deficiency can be recognized by a higher blue-green fluorescence and higher Chl-F at 690 nm [START_REF] Heisel | Detection of nutrient deficiencies of maize by laser induced fluorescence imaging[END_REF][START_REF] Langsdorf | Multicolour fluorescence imaging of sugar beet leaves with different nitrogen status by flash lamp UV-excitation[END_REF][START_REF] Corp | Fluorescence sensing systems: In vivo detection of biophysical variations in field corn due to nitrogen supply[END_REF]. Blue-green fluorescence increases because of changes in secondary metabolism induced by biotic or abiotic stress [START_REF] Cerovic | Ultravioletinduced fluorescence for plant monitoring: present state and prospects[END_REF]; Chl-F at 690 nm increases due to a lower Chl content of the leaves, which results in less re-absorption of Chl-F (for a review see [START_REF] Buschmann | Variability and application of the chlorophyll fluorescence emission ratio red/far-red of leaves[END_REF]). Low temperatures and gaseous pollutants can also affect photosynthesis and Chl-F emission (e.g. [START_REF] Omasa | A quantitative analysis of the relationships between SO 2 or NO 2 sorption and their acute effects on plant leaves using image instrumentation[END_REF][START_REF] Omasa | A quantitative analysis of the relationships between O 3 sorption and its acute effects on plant leaves using image instrumentation[END_REF]). In addition, inhibition of photosynthesis by heavy metal uptake was demonstrated by fluorescence imaging [START_REF] Valcke | Analysis of heavy metal stressed plants by fluorescence imaging[END_REF]. A decrease of Chl-F as detected by photography was taken as an indicator of chilling [START_REF] Gibbons | Chlorophyll fluorescence photography to detect mutants, chilling injury and heat stress[END_REF], and upon ozone-induced damage of Brassica plants and beech trees the maximum quantum yield of PS II F v /F m was significantly reduced [START_REF] Gielen | Chlorophyll a fluorescence imaging of ozone-stressed Brassica napus L. plants differing in glucosinolate concentrations[END_REF][START_REF] Gielen | Chronic ozone exposure affects leaf senescence of adult beech trees: a chlorophyll fluorescence approach[END_REF]. This was also observed at the cellular level at the very early stages of ozone stress [START_REF] Leipner | Primary sites of ozone-induced perturbations of photosynthesis in leaves: identification and characterization in Phaseolus vulgaris using high resolution chlorophyll fluorescence imaging[END_REF], and more generally, ozone-damage was detected by an increase in the Chl-F [START_REF] Kim | Steady-state multispectral fluorescence imaging system for plant leaves[END_REF]. Mechanical damage to plant foliage can be caused by both biotic (e.g.

insect damage) and abiotic factors (e.g. hail damage), but is commonly caused by windinduced movements leading to tearing damage of leaves. An artificially wounded leaf site first displays an increase in fluorescence emission, followed by a decrease to zero fluorescence in the regions where the cells were irreversibly damaged and subsequently died [START_REF] Chaerle | Early detection of nutrient and biotic stress in Phaseolus vulgaris[END_REF]. Cells proximal to a wound are characterized by a rapid induction of quantum efficiency of PS II upon actinic illumination after dark adaptation in Arabidopsis plants, revealing the power of fluorescence imaging to monitor changes in fluorescence induction kinetics [START_REF] Quilliam | Imaging photosynthesis in wounded leaves of Arabidopsis thaliana[END_REF]. To assess herbicide efficiency, the effects of multiple compounds can be tracked in screening approaches [START_REF] Barbagallo | Rapid, noninvasive screening for perturbations of metabolism and plant growth using chlorophyll fluorescence Imaging[END_REF].

Biotic stress detection

Again, the use of fluorescence for detection of biotic stresses, including both arthropod and microbial attacks primarily depends on their effects on photosynthesis, Arthropod wounding of leaves, mainly by chewing can lead to reductions in quantum efficiency of PS II ( [START_REF] Tang | The differential effects of herbivory by first and fourth instars of Trichoplusia ni (Lepidoptera: Noctuidae) on photosynthesis in Arabidopsis thaliana[END_REF]; [START_REF] Aldea | Comparison of photosynthetic damage from arthropod herbivory and pathogen infection in understory hardwood saplings[END_REF]). The leaf areas around the holes created by caterpillars are characterized by a lower PS II activity, as visualized by Chl-F images [START_REF] Zangerl | Impact of folivory on photosynthesis is greater than the sum of its holes[END_REF]. Even footsteps of herbivore insects can be detected by an increased Chl-F [START_REF] Bown | Insect footsteps on leaves stimulate the accumulation of 4-aminobutyrate and can be visualized through increased chlorophyll fluorescence and superoxide production[END_REF]. In other cases, leaves affected by mite attack or by the tobacco whitefly can be recognized by the increase of blue fluorescence in a characteristic pattern related to the arthropod feeding behavior [START_REF] Buschmann | Principles and characteristics of multicolour fluorescence imaging of plants[END_REF]. The response of the plant to localized wounding was monitored by Chl-F imaging as a decrease of the plant's photosynthetic activity [START_REF] Fryer | Control of ascorbate peroxidase 2 expression by hydrogen peroxide and leaf water status during excess light stress reveals a functional organisation of Arabidopsis leaves[END_REF][START_REF] Fryer | Imaging of photo-oxidative stress responses in leaves[END_REF][START_REF] Chang | Induction of ascorbate peroxidase 2 expression in wounded Arabidopsis leaves does not involve known wound-signalling pathways but is associated with changes in photosynthesis[END_REF]. Infection of sugar beet plants with root nematodes also induced an increase in Chl-F emission [START_REF] Schmitz | Detection of Heterodera schachdi infestation in sugar beet by means of laserinduced and pulse amplitude modulated chlorophyll fluorescence[END_REF]. Any factor interfering with root water or nutrient uptake can thus potentially be revealed at an early stage by monitoring at leaf level.

Damage caused by micro-organisms is the second but equally important source of biotic plant yield losses. Effects of viruses, bacteria, fungi and oomycetes on plant leaf physiology have been visualized with Chl-F imaging. For example, the infection with a virulent strain of the bacterium Pseudomonas syringae could be monitored by a decrease in the maximum quantum yield for PS II Fv / F m [START_REF] Bonfig | Infection with virulent and avirulent P. syringae strains differentially affects photosynthesis and sink metabolism in Arabidopsis leaves[END_REF][START_REF] Berger | Visualization of dynamics of plant-pathogen interaction by novel combination of chlorophyll fluorescence imaging and statistical analysis: differential effects of virulent and avirulent strains of P. syringae and of oxylipins on A. thaliana[END_REF][START_REF] Rodríguez-Moreno | Early detection of bean infection by Pseudomonas syringae in asymptomatic leaf areas using chlorophyll fluorescence imaging[END_REF]. The infection of Arabidopsis plants with 

Virus infection can be followed by means of fluorescence imaging (e.g. infection of

Chinese cabbage with turnip yellow mosaic virus: [START_REF] Szigeti | Changes in the photosynthetic function in leaves of Chinese cabbage infected with turnip yellow mosaic virus[END_REF]). During the early stages of TMV infection of resistant tobacco (Nicotiana tabacum) plants, an increase in Chl-F and blue-green fluorescence could be observed along with the rise of the thermal signal [START_REF] Chaerle | Presymptomatic visualization of plant-virus interactions by thermography[END_REF][START_REF] Chaerle | Multicolor fluorescence imaging for early detection of the hypersensitive reaction to tobacco mosaic virus[END_REF]. Thereafter, the blue-green fluorescence remained at a high level, but as cell death progressed, leaf temperature decreased sharply at the infected loci, as did the Chl-F. Photosynthetic damage induced by mosaic viruses in susceptible plants was also detected by a variation in variable Chl-F [START_REF] Balachandran | Diagnosis of the earliest strain-specifc interactions between tobacco mosaic virus and chloroplasts of tobacco leaves in vivo by means of chlorophyll fluorescence imaging[END_REF][START_REF] Osmond | Chlorophyll fluorescence quenching during photosynthetic induction in leaves of Abutilon striatum Dicks. infected with abutilon mosaic virus, observed with a field-portable imaging system[END_REF][START_REF] Lohaus | Infection with phloem limited abutilon mosaic virus causes localized carbohydrate accumulation in leaves of Abutilon striatum: Relationships to symptom development and effects on chlorophyll fluorescence quenching during photosynthetic induction[END_REF][START_REF] Pérez-Bueno | Imaging viral infection: studies on Nicotiana benthamiana plants infected with the pepper mild mottle tobamovirus[END_REF]. Systemic infection of pepper mild mottle virus (PMMoV) in tobacco (Nicotiana benthamiana) plants could be revealed by Chl-F imaging, as a dynamic increase emanating from the main veins [START_REF] Chaerle | Robotized thermal and chlorophyll fluorescence imaging of pepper mild mottle virus infection in Nicotiana benthamiana[END_REF].

Fungi are generally considered more damaging to crop yields than viral infections, due to their rapid spread and propagation. An early increase of Chl-F was observed upon infection of sugar beet plants with the fungus Cercospora [START_REF] Chaerle | Thermal and chlorophyll-fluorescence imaging distinguish plant-pathogen interactions at an early stage[END_REF][START_REF] Chaerle | Chlorophyll fluorescence imaging for disease-resistance screening of sugar beet[END_REF] lindemuthianum: [START_REF] Meyer | Inhibition of photosynthesis by Colletotrichum lindemuthianum in bean leaves determined by chlorophyll fluorescence imaging[END_REF]), the maximum quantum yield of PS II Fv / F m (tomato leaves infected with Botrytis cinerea: [START_REF] Berger | Complex regulation of gene expression, photosynthesis and sugar levels by pathogen infection in tomato[END_REF] or barley leaves infected with Blumeria graminis: [START_REF] Swarbrick | Metabolic consequences of susceptibility and resistance (race-specific and broad-spectrum) in barley leaves challenged with powdery mildew[END_REF]) or (F' m -F')/ F' m (measurements obtained during full-spectrum photosynthetic illumination in tobacco leaves infected with Phytophtora nicotianae: [START_REF] Scharte | Photosynthesis and carbohydrate metabolism in tobacco leaves during an incompatible interaction with Phytophthora nicotianae[END_REF]). An increase in blue-green fluorescence has been reported in images of grapevine infected with powdery mildew (Uncinula necator, [START_REF] Bélanger | Detection of powdery mildew in grapevine using remotely sensed UV-induced fluorescence[END_REF]). Many fungi exert their damaging effects through the secretion of toxins. The action of these fungal phytotoxins could be visualized by fluorescence imaging [START_REF] Bowyer | In vivo fluorescence imaging for detection of damage to leaves by fungal phytotoxins[END_REF]. Destruxin (a phytotoxin of the fungus Alternaria brassica, which causes significant damage to Brassica crops) in a concentration as low as 0.05 mg l -1 induced an increase of the imaged Chl-F ratio [START_REF] Soukupova | Plant response to destruxins visualized by imaging of chlorophyll fluorescence[END_REF]. As a further example, the efficiency of PS II was decreased upon infection of oat leaves with crown rust Puccinia coronata [131]. Various phases of infection could be followed by imaging of Chl-F during infection of bean leaves with bean rust (Uromyces appendiculatus) [START_REF] Peterson | Chlorophyll fluorescence induction in leaves of Phaseolus vulgaris infected with bean rust (Uromyces appendiculatus)[END_REF].

F 0 / F m
In an agricultural context, some plants are considered pests since they compete with the cultivated crops. Chl-F imaging can be advantageously used to visualize the speed of herbicide uptake and to quantify its effects. The penetration of the herbicide diuron, which inhibits PS II activity, can be followed in a time-lapse sequence of fluorescence images,

showing the increase of Chl-F in the affected leaf tissue [START_REF] Lichtenthaler | Uptake of the herbicide diuron as visualised by the fluorescence imaging technique[END_REF].

Diagnostic capability

As pointed out above for thermal imaging, the physiological processes (especially photosynthesis) detected by fluorescence are potentially affected by a wide range of biotic and abiotic stresses. An explorative approach in which multiple chlorophyll fluorescence imaging derived parameters are quantified and plotted according to a spider diagram provide a visual signature of the stress impact and have the potential for automated recognition [START_REF] Berger | Visualization of dynamics of plant-pathogen interaction by novel combination of chlorophyll fluorescence imaging and statistical analysis: differential effects of virulent and avirulent strains of P. syringae and of oxylipins on A. thaliana[END_REF][START_REF] Matouš | Case study of combinatorial imaging: What protocol and what chlorophyll fluorescence image to use when visualizing infection of Arabidopsis thaliana by Pseudomonas syringae?[END_REF]. For comparative purposes different stressors have to be measured according to the same When using imaging to monitor stress responses, it is beneficial to compare several repeats and treatments or cultivars with differing resistance levels within a single experiment.

Either high-resolution sensors or automation can accommodate screening approaches. The latter setup can be realized by robotized systems that move the sensor, or alternatively the plants.

Manual analysis of many images is generally time consuming, and especially with thermal images it is often difficult to separate leaf area from background. To solve these problems, a semi-automated method for image analysis was developed [START_REF] Leinonen | Combining thermal and visible imagery for estimating canopy temperature and identifying plant stress[END_REF]. In this method, information from images of different type is combined to identify the area of interest. First, two different images (e.g. thermal and visible or thermal and fluorescence) representing the same area are overlaid using pre-selected reference (or "ground control") points. Second, the leaf area is separated from background using for example supervised classification for the visible image or pixel intensity thresholding in the fluorescence image. Finally, the identified leaf area is used to extract leaf-specific information from the other image, for example to calculate the temperature statistics of leaves in the thermal image. In cases where the positions of the cameras (thermal, fluorescence) are fixed in relation to each other [START_REF] Chaerle | Thermal and chlorophyll-fluorescence imaging distinguish plant-pathogen interactions at an early stage[END_REF], the method can be fully automated and allows rapid analysis of large number of images. In addition, specific As described above, although the individual imaging techniques are able to reveal symptoms at early stages for a wide range of stresses effective discrimination between causal stresses is improved by the use of multiple sensors (such as thermography and chlorophyll fluorescence imaging) that monitor different physiological processes. For example both water stress and nitrogen deficiency can reduce the Chl concentration (which is revealed by changes in Chl-F Imaging), but water stress typically has a more pronounced and swift effect on stomatal closure (detected by thermography), given the fact that only water stress leads to leaf wilting. Water stress will also inhibit photosynthesis by stomatal limitation of CO 2 uptake, which will affect Chl-F emission. As a consequence the kinetics of Chl-F emission will likely differ between water stress and nitrogen deficiency.

Examples for multi-sensor imaging

Dynamics of stomatal patchiness, induced by changes in environmental factors, were visualized simultaneously by thermal and chlorophyll fluorescence imaging. [START_REF] West | Dynamics of stomatal patches for a single surface of Xanthium strumarium L. leaves observed with fluorescence and thermal images[END_REF]. Both techniques provide spatial information for the interpretation of heterogeneity of stomatal and possibly linked photosynthetic responses, as well as of excess light energy dissipation mechanisms [START_REF] Kana | Thermoimaging as a tool for studying light-induced heating of leaves Correlation of heat dissipation with the efficiency of photosystem II photochemistry and non-photochemical quenching[END_REF].

Both a viral (TMV) and a fungal (Cercospora) infection lead to the enhancement of Chl-F emission, followed by a subsequent decrease. The thermal picture shows a marked contrast in response, revealing a temperature increase after viral ingress in tobacco, versus a strong local cooling for the fungal infection in sugar beet (see Fig. 1). Fungal Botrytis cinerea infection in common bean resulted in a similar pattern for thermal and chlorophyll fluorescence as compared to the viral infection example mentioned above [START_REF] Chaerle | Early detection of nutrient and biotic stress in Phaseolus vulgaris[END_REF]. However, UV-excited 1), a first coarse identification of the stress class will be facilitated. The stress catalogue will however need to be linked to a performant knowledge model or expert system that makes optimal usage of the sensor fusion approach, to derive the specific signatures needed for a sufficient level of discrimination.

As a next step, the stressor can be identified by using tissue analysis (nutrient deficiencies) or diagnostic tests (pathogens). Therefore the multi-sensor approach could lead to a timely, localized and specific treatment, benefiting both culture economics and the environment and will become a valuable tool for the near future. illumination only show the extent of tissue death (fourth row) (see also [START_REF] Chaerle | Thermal and chlorophyll-fluorescence imaging distinguish plant-pathogen interactions at an early stage[END_REF]).

Middle column: Cercospora beticola infection of sugar beet (Beta vulgaris) at 7days after infection shows a local decrease in leaf temperature of maximum 1°C (second row), while the visual effect is limited to a pin-point lesion (first row), which can also be seen as a small spot of lower chlorophyll fluorescence (third row). An increase in chlorophyll fluorescence is visible around this spot, and is more clearly visible at higher intensity illumination (fourth row); chlorophyll fluorescence intensity increases at least 3 fold compared with the unaffected leaf area (see also [START_REF] Chaerle | Thermal and chlorophyll-fluorescence imaging distinguish plant-pathogen interactions at an early stage[END_REF]).

Right column: Botrytis cinerea infection of common bean (Phaseolus vulgaris) 21 h after infection. An increase in local, leaf temperature is apparent (second row, maximum increase of 0.3°C), while a few co-located spots of increased chlorophyll fluorescence are detectable (third row, intensity increase 2 fold over unaffected tissue). As a reference a wounding spot is included on the other side of the main leaf vein, and visible as a cold spot in the thermal picture (second row). The visible damage (first row) corresponds to the black spots in the Chl-F image captured at high light-intensity (fourth row) (see also [START_REF] Chaerle | Early detection of nutrient and biotic stress in Phaseolus vulgaris[END_REF]). Comparison of presymptomatic symptoms of 3 plant pathogen interactions. Each column displays from top to bottom visual colour image, thermal image and chlorophyll fluorescence image at respectively low and high excitation intensity. Left column: 54 hours after infection, the TMV-tobacco (Nicotiana tabacum) interaction results in a local temperature increase (second row), beyond the visually affected area (image first row). The area of chlorophyll fluorescence decrease is also more extended than the visual damage, and expanding further outward is a halo of increased fluorescence (third row). Chlorophyll fluorescence under high intensity illumination only show the extent of tissue death (fourth row) (see also [START_REF] Chaerle | Thermal and chlorophyll-fluorescence imaging distinguish plant-pathogen interactions at an early stage[END_REF]). Middle column: Cercospora beticola infection of sugar beet (Beta vulgaris) at 7days after infection shows a local decrease in leaf temperature (second row), while the visual effect is limited to a pinpoint lesion (first row), which can also be seen as a small spot of lower chlorophyll fluorescence (third row). An increase in chlorophyll fluorescence is visible around this spot, and is more clearly visible at higher intensity illumination (fourth row) (see also [START_REF] Chaerle | Thermal and chlorophyll-fluorescence imaging distinguish plant-pathogen interactions at an early stage[END_REF]). Right column: Botrytis cinerea infection of common bean (Phaseolus vulgaris) 21 h after infection. An increase in local, leaf temperature is apparent (second row), while a few co-located spots of increased chlorophyll fluorescence are detectable (third row). As a reference a wounding spot is included on the other side of the main leaf vein, and visible as a cold spot in the thermal picture (second row). The visible damage (first row) corresponds to the black spots in the Chl-F image captured at high light-intensity (fourth row) (see also [START_REF] Kim | Steady-state multispectral fluorescence imaging system for plant leaves[END_REF]). 
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 14 which inhibit photosynthetic activity (like DCMU or diuron [= 3-(3,4dichlorophenyl)-1,1-dimethylurea] and linuron) can be detected by an increase in Chl-F. With time-lapse imaging of the Chl-F one can follow uptake and degradation of these inhibitors[START_REF] Chaerle | Robotized timelapse imaging to assess in-planta uptake of phenylurea herbicides and their microbial degradation[END_REF][START_REF] Baker | Applications of chlorophyll fluorescence can improve crop production strategies: an examination of future possibilities[END_REF][105][START_REF] Lichtenthaler | Uptake of the herbicide diuron as visualised by the fluorescence imaging technique[END_REF][START_REF] Hulsen | Biodegradation of linuron in a Phaseolus bioassay detected by chlorophyll fluorescence[END_REF][START_REF] Kim | In vivo monitoring of the incorporation of chemicals into cucumber and rice leaves by chlorophyll fluorescence imaging[END_REF].

  Pseudomonas syringae was monitored by Chl-F and the different infection phases by contrasting images[START_REF] Matouš | Case study of combinatorial imaging: What protocol and what chlorophyll fluorescence image to use when visualizing infection of Arabidopsis thaliana by Pseudomonas syringae?[END_REF]. This research highlighted the possibility of assessing the relative merit of a wide range of chlorophyll fluorescence parameters (including NFQ and Maximum yield of PSII) generated by an elaborate measuring protocol. Indications were found that certain parameters could excel in signaling the onset of the early stages of stress buildup upon bacterial infection. However, spatial variability inherent to measuring conditions and plant material characteristics (including illumination heterogeneity linked to heterogeneity in leaf morphology) reduced the discriminating power and prevented the derivation of a reliable signature or classifier. Thus, it is premature to select a particular fluorescence parameter as a signature for a given class of stressors; in-depth research will be needed.

  . The decrease of the photosynthetic electron transport upon infection with fungi was demonstrated by Chl-F images representing the photochemical yield parameter (1 -F s ) / F m (bean plants infected with Colletotrichum
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 20 under similar conditions to be able to draw conclusions and to expand on the preliminary stress class classification of Table1. In addition effective methods for distinguishing between different causes of the symptoms detected again depend on both the utilization of the temporal and spatial characteristics of the response and the use of complementary signals (such as thermal imagery, blue-green fluorescence and reflectance indices) that respond to different physiological processes. A combination of temporal measurements and multiple imaging techniques likely will allow to derive timedependent signatures typical for a particular stress factor, and provide enough redundancy to overcome the confounding effects of measuring conditions.With the ongoing technical development, imaging is more and more replacing the usual point measurement devices. Imaging allows measuring multiple samples (plants, leaves or leaf regions) simultaneously with a high two-dimensional resolution, and thus provides both the statistical distribution of the signal and information on the spatial variation. The use of imaging lends itself to a multi-sensor approach where images are obtained using different sensors (thermal and fluorescence) and overlaid to obtain a wide range of information for each area of the object. This maximizes the opportunities for discriminating stresses. A promising technique in this respect seems also the 'combinatorial imaging' by searching the most contrasting images taken with different protocols, as illustrated for chlorophyll fluorescence parameters[START_REF] Matouš | Case study of combinatorial imaging: What protocol and what chlorophyll fluorescence image to use when visualizing infection of Arabidopsis thaliana by Pseudomonas syringae?[END_REF] , and the analysis of time sequence images[START_REF] Polder | Correcting and matching time sequence images of plant leaves using Penalized Likelihood Warping and Robust Point Matching[END_REF]. The latter is advantageously combined with the derivation of parameters describing image statistical information, for example maximum temperature difference (MTD) as a measure of heterogeneity in thermal images [48]. A similar approach can be applied to chlorophyll fluorescence (parameter) images. Developing strategies of signature definition and recognition based on dedicated models and training datasets is gaining importance as an approach for stress factor discrimination [115], [19 and references therein]. When considering field or greenhouse measurements, adequate monitoring of environmental data is of prime importance to ascertain comparability of the obtained data to earlier or future results. The same pertains to closed environment measurements when considering integration of results obtained by different research groups on monitoring multiple plant-stressor combinations into a global overview that aims at a first-line identification of stressor classes.Thermography detects infrared radiation within the 3 to 14 micrometer range, the exact wavelength sensitivity depending on the chosen model, and can readily reveal temperature distributions at plant canopy to leaf level, without the need for any illumination. Many current models have a sensitivity of 0.1 °C which is adequate for leaf temperature heterogeneity visualization. Thermal cameras are increasingly popular with industrial, maintenance and safety monitoring, which tends to further lower their price and increases the availability of higher resolution detectors.Fluorescence imagingA fluorescence imaging system includes an excitation light source(s), a detector equipped to measure only at specific wavebands (usually achieved by inserting filter(s) in front of the camera), and a computer for controlling the measurement, the data acquisition and the data analysis (see e.g.[START_REF] Nedbal | Chlorophyll fluorescence imaging of leaves and fruits[END_REF]). The excitation light distribution over the target surface needs to be as homogeneous as possible to avoid masking the heterogeneity of the photosynthetic processes underlying the chlorophyll fluorescence emission.The spectral range of the excitation light source determines the fluorescence that can be measured. When measuring Chl-F blue or short wavelength red excitation is used most frequently, because Chls absorb in these regions with the highest quantum efficiency. With UV radiation both blue-green fluorescence and Chl-F can be detected. However, when using UV excitation the intensity of Chl-F strongly depends on the presence of UV absorbing substances in the epidermis which cause UV shielding of the Chl in the mesophyll tissue below. The light sources are usually operated in pulsed mode in order to eliminate ambient and reflected background light. As light sources either light emitting diodes (LEDs) or lamps Xenon or halogen) fitted with band-pass filters are used. The fluorescence images are detected by monochrome charged coupled device (CCD) cameras combined with different band-pass filters (e.g. a high-pass red filter blocking all light with wavelength smaller than 650 nm for Chl-F detection) and synchronized with the excitation light pulses. Cooled CCDs are used for the determination of particularly low fluorescence signals (e.g. F 0 ) [67]. CCDs with an image intensifier unit allow shorter integration time, and photon counting for measuring extremely short and low signals, respectively.

  obtained for discriminating shadow versus sunlit leaves under field conditions[START_REF] Moller | Use of thermal and visible imagery for estimating crop water status of irrigated grapevine[END_REF].

Figure 2 ,

 2 Figure 2, spontaneous cell death is apparent in the visual image of Arabidopsis lsd mutants,

Figure 1 .

 1 Figure 1. Comparison of presymptomatic symptoms of 3 plant pathogen interactions. Each
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 26 Left column: 54 hours after infection, the TMV-tobacco (Nicotiana tabacum) interaction results in a local temperature increase of maximum 0.5°C above the non-affected area of the leaf (corresponding with a 2 fold increase in pixel intensity) (second row). The increase extends beyond the visually affected area (image first row). The area of chlorophyll fluorescence decrease is also more extended than the visual damage, and expanding further outward is a halo of increased fluorescence (third row, halo presents an 1.5 fold increase in pixel intensity compared to unaffected tissue). Chlorophyll fluorescence under high intensity

Figure 2 .

 2 Figure 2. Arabidopsis plants as imaged with a multispectral fluorescence imaging system. In

  Arabidopsis plants as imaged with a multispectral fluorescence imaging system. In each panel, upper left and lower right position feature a spontaneous cell death mutant lsd (lesions simulating disease resistance,[START_REF] Chaerle | Thermographic visualisation of cell death in tobacco and Arabidopsis[END_REF]; the other 2 plants are the Col-0 wild type from which this mutant was derived. Upper left: color reflectance image, middle panel: green fluorescence emission (550nm), right panel: chlorophyll fluorescence emission (690nm). The lower panels show thresholding of respectively color video and green fluorescence image, the latter indicating the leaf area affected by cell death. Thresholding of the chlorophyll fluorescence image includes part of the growing medium background and displays little or no contrast between affected and unaffected leaf areas, as is already evident from the depicted original fluorescence image. The lower right panel shows a schematic robotized system applicable for multi-sensor imaging. 254x176mm (72 x 72 DPI)

  

  F[START_REF] Lang | Fluorescence imaging of water and temperature stress in plant leaves[END_REF][START_REF] Barták | Heterogeneity of chlorophyll fluorescence over thalli of several foliose macrolichens exposed to adverse environmental factors: Interspecific differences as related to thallus hydration and high irradiance[END_REF][START_REF] Nejad | Dynamics of spatial heterogeneity of stomatal closure in Tradescantia virginiana altered by growth at high relative air humidity[END_REF][START_REF] Georgieva | Responses of the resurrection plant Haberlea rhodopensis to high irradiance[END_REF] and a decrease of variable Chl-F[START_REF] Osmond | Reversible, water stress-induced nonuniform chlorophyll fluorescence quenching in wilting leaves of Potentilla reptans may not be due to patchy stomatal responses[END_REF][START_REF] Lichtenthaler | Detection of photosynthetic activity and water stress by imaging the red chlorophyll fluorescence[END_REF][START_REF] Baker | High resolution imaging of photosynthetic activities of tissues, cells and chloroplasts in leaves[END_REF]. A particularly useful measure of stress is the photochemical yield parameter, which is expressed as (1 -F s )/ F m
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 1 Summary of stress effects and their detection by thermography and fluorescence imaging. Variation in Chl-F parameters related to photosynthesis, increase of Chl-F and blue-green-F
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