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ABSTRACT 
In this study, we use the thickness of leaf as a proxy measure for plant water demand to optimize 

irrigation timing and quantity. The leaf thickness was measured with a very high resolution and the resulting 

dynamics of leaf thickness to optimize the irrigation. We used two kinds of ground covers  in our study: 

Bermuda grass (Cynodon dactylon) and Kurapia S1 (Lippia Nodiflora). It was observed that the leaf thickness 

goes through diurnal  fluctuations. In an extreme water deficit situation, we observed that leaf thickness can 

reduce as much as 42%. The dynamics of leaf thickness was used to automate irrigation for Kurapia and 

Bermuda grass. Upon aotumation, it was observed that kurapia decreased the water usage by as much as 40%. 

The dynamics of leaf thickness in Kurapia and Bermuda grass shows that the timing of irrigation as well as the 

quantity of irrigation play a vital role in the water use efficiency of the plant. 

 

INTRODUCTION 
The measurement of leaf thickness dates back to the year 1922, when Bachmann observed the substantial 

decrease of leaf thickness during plant dehydration, and the quick recovery  of  leaf  thickness  upon  

irrigation  (Bachmann 1922). However, the device Bachmann used was rather bulky, and devices for the 

measurement of leaf thickness remained so for many decades to come. Often, the thickness of leaves has 

been measured bymicroscoping leaf cross-sections, and by determining leaf thickness using the scale of the 

microscope image (Esau 1977: 356; Nobel and Hartsock 1981; Vogelmann et al. 1989;  McBurney 1992;  

Hanba  et al.  1999;  Semerdjieva et al. 2003; Cooper et al. 2004; White and Montes-R 2005). Meidner 

measured the thickness of leaves using a gear-wheel type of instrument, which  was  similar  in  design  to 

mechanical micrometers nowadays (Meidner 1952). Chaney described a lever system for the measurement of 

leaf thick- ness similar to Bachmann’s device with the ability to adjust the pressure that is being exerted to the 

leaf (Chaney 1970). In the electrical domain, the thickness of leaves has been measured using  various  

transducer techniques (Heilman et al.  1968;  Tyree  and  Cameron  1977;  Kadoya  1978; Carpenter and 

Smith 1979 1981; Syvertsen and Levy 1982; Rozema et al. 1987; Malone 1992; Sharon and Bravdo 1996; Vile et 

al. 2005; Li et al. 2009), mostly, however, by using linear variable displacement transducers (LVDTs), which 

utilize the principle of a differential transformer.  

At first glance, the thickness of leaves appears to be mainly governed by anatomical/ morphological specifics 

such as the numbers and sizes of cells and exact arrange- ments of cell-layers, which may be quite different for 

various species (Esau 1977: 356; Carpenter and Smith 1979; Vogelmann  et al.  1989;  Hanba  et al.  1999;  

Niinemets 1999). such as the numbers and sizes of cells and exact arrangements of cell-layers, which may be 

quite diVerent for various species (Esau 1977: 356; Carpenter and Smith 1979; Vogelmann et al. 1989; Hanba 

et al. 1999; Niinemets 1999). In addition, it has been shown that leaf thickness may vary substantially 

depending on the availability of photosynthetic active radiation. Leaves that developed in the bright sunlight, 

for example, are typically substantially thicker than leaves that developed in the shade (Carpenter and Smith 

1981; Nobel and Hartsock 1981; Yun and Taylor 1986; Taiz and Zeiger 2006: 198). Such leaves may also 

exhibit a substantially altered cross-sectional cell-morphology compared with shade-grown leaves. In some 

species, individual cells of the palisade layer appear to elongate in response to increased light availability, while 

keeping the number of cells of the palisade layer constant (Esau 1977: 354; McCain et al. 1988; Terashima et al. 

2006). In other species, palisade cells do not only elongate, but additional layers of palisade cells are inserted in 

response to increased light availability (Sinclair 1968: 88; Taiz and Zeiger 2006: 198; Terashima et al. 2006). In 
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some species, leaves are very compact, i.e. deprived of any air spaces, during early stages of development and 

develop a spongier layer of mesophyll cells as they mature, suggesting that leaf thickness changes signicantly 

during these phases of development as a function of leaf morphology (Gausman et al. 1970; Gausman 1974). 

Nobel and Hartsock (1981) monitored the development of leaf thickness during maturation over a period of 4 

weeks, reporting a constant increase in leaf thickness during the first 3 weeks. Fluctuations in leaf cell 

morphology, and thus leaf thickness, have also been suggested in plants grown under different soil water 

regimes, and such fluctuations may not be consistent among various species (Thomas et al. 1971; Danson et al. 

1992). 

 

There are other environmental factors, which may influence the thickness of leaves, including soil salinity 

(Rozema et al. 1987), elevated atmospheric CO2-concentration, and severe weather changes (White and 

Montes-R 2005). The aforementioned factors typically affect the development of leaf thickness on a long-term 

scale, and the mentioned differences in leaf thickness are mainly due to alterations in leaf cross-sectional 

anatomy/morphology.severe weather changes (White and Montes-R 2005). The aforementioned factors 

typically affect the development of leaf thickness on a  long-term scale, and the  mentioned differences in leaf 

thickness are mainly due to alterations in leaf cross-sectional anatomy/morphology. 

 

In addition to long-term changes, leaf thickness may fluctuate substantially within very short periods of time. 

Malone and Alarcon have shown that the thickness of leaves increases to some extent in response to leaf 

wounding, even as small as insect bites (Malone and Alarcon 1994; Alarcon and Malone 1994). This response 

is immediate, and it is transported throughout the plant by hydraulic dispersal, meaning the wounding of a 

certain leaf may induce a sudden increase in leaf thickness in many other leaves of this plant. Various studies 

have recorded diurnal and nocturnal patterns of leaf thickness under different stressful and non-stressful 

environmental conditions. Typically, leaf thickness is kept fairly constant during night times, but may decrease 

to some extent after sunrise, followed by a full recovery at about sunset or during night hours (Bachmann 1922; 

Meidner 1952; Tyree and Cameron 1977; Syvertsen and Levy 1982; Búrquez 1987; Rozema et al. 1987; 

McBurney 1992). Various parameters may change particularly the diurnal pattern, including soil temperature 

(Kadoya 1978), soil salinity (Rozema et al. 1987), soil moisture content (Bachmann 1922; Tyree and Cameron 

1977; Búrquez 1987), as well as the temperature and relative humidity of the ambient air. The inverse 

relationship between leaf thickness and ambient air temperature during the day time is well documented 

(Meidner 1952; Syvertsen and Levy 1982; Búrquez 1987; Li et al. 2009). A direct relationship seems to exist 

between leaf thickness and the relative humidity of the ambient air (Búrquez 1987). It appears that leaf 

thickness may decrease to some degree, if the loss of water from leaf cells due to high evapotranspiration 

cannot be re-supplied quickly enough, because of low soil moisture content. If leaves start to dehydrate 

substantially due to severely low soil moisture content, or the sudden deprivation of water supply, perhaps 

combined with high evaporative demand, leaf thickness decreases dramatically within short periods of time 

(McBurney 1992). It is interesting to note that such a decrease in leaf thickness may be reversible if the water 

supply to the plant is re-established, for example by irrigation or rainfall (Bachmann 1922; Tyree and Cameron 

1977; Búrquez 1987). 

 

These observations give rise to the idea of using the continuous measurement of leaf thickness as an input 

parameter for irrigation control, as it could have been concluded from Bachmann’s studies already. The 
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realization of this idea, however, was hindered for many decades by technology. The typically large and heavy 

equipment for measuring leaf thickness could not easily be attached to leaves continuously, nor could it be 

operated automatically. This situation changed, when a leaf thickness sensor was developed which could be 

attached to leaves over long periods of time, and was able to monitor leaf thickness on a continuous basis 

(Sharon and Bravdo 1996). This study confirmed that the continuous measurement of leaf thickness can be used 

as an input parameter for the automated control of irrigation, also demonstrating an increase in yield when 

utilizing the measurement of leaf thickness for irrigation control. 

 

The objectives of this study were to examine with high data- and time-resolution as well as long periods of 

measurement (1) the diurnal and nocturnal pattern of leaf thickness under non-stressful environmental 

conditions, (2) the dynamics of leaf thickness in extreme water deficit stress, (3) the dynamics of leaf thickness 

during the development of water deficit stress in a typical greenhouse application, (4) the dynamics and 

effectiveness of irrigation control utilizing the information from a leaf thickness sensor, and (5) the potential for 

water conservation by using leaf thickness sensor information as an input parameter for irrigation control. 

Experiments were conducted in the greenhouse in order to exclude as many extraneous environmental variables 

as possible. For the study, we use two different kinds of ground covers for our study: Bermuda grass (Cynodon 

dactylon) and Kurapia S1 (Lippia Nodiflora). Bermuda grass has been widely used a turfgrass for many 

decades. Kurapia S1 is a new ground cover that has been recently introduced as an alternative ground cover that 

can help reduce the water demand and grow in different soil conditions and climates. 

 

 

MATERIALS AND METHODS 

 

Establishment of Plants 

Bermuda grass and Kurapia S1 were each grown in 12 different growing pots. Each pot has a diameter of 16 

inches and contained approximately 10000 cm3 of soil (Canadian Growing Mix 2, Conrad Fafard Inc., 

Agawam, MA). Bermuda grass was established using sod while Kurapia S1 was propagated using plant cuttings 

The plants were allowed to establish themselves for two months. Plants were located where they received 

unobscured sunlight throughout most of the day, and pots were arranged in a way so that each plant was 

allowed to grow without restrictions. The plants were placed in a greenhouse with the following environmental 

conditions: day/night temperature: 25°C (±2°C), humidity: 50% (±20%), natural lighting with peak irradiance at 

midday of about 1,700 mol m-2 s-1. 

 

Measurement of leaf thickness 

The thickness of leaves was measured using electrical distance transducers (SG-1000, Agrihouse Inc., 

Berthoud, CO). Voltage outputs from the sensors were fed to a multichannel A/D-converter device (USB-6009, 

National Instruments, Austin, TX), and data were acquired, displayed, and logged with a laptop computer 

running customized data acquisition software developed under LabVIEW (National Instruments, Austin, TX. 

Leaf thickness sensor readings were calibrated against known thicknesses of various thin materials, the 

thicknesses of which were verified using a mechanical micrometer (Micrometer No. 616, Brown & Sharp Mfg. 

Co., Providence, RI). All calibration curves exhibited coefficients of correlation of R2 > 0.98. One sensor was 

attached to one leaf per pot, and leaf thicknesses were monitored and stored into data- files once every 30 s. 

Given the exact setup of the data acquisition data acquisition system, resolution of the measurement of leaf 
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thickness was approximately 0.5 µm. When selecting leaves for the measurement of their thickness, sensors 

were always attached to leaves that were located at about half the height of the entire plant, and not at the tip of 

branches. The reason was to avoid old leaves at the bottom of the plant as well as young leaves at the tip of the 

plant or branches, and hence to avoid potential differences in leaf thickness response due to leaf age. Thus, 

leaves that were measured typically were of about the same age. Sensors were slipped onto leaves from the side, 

measuring at about the center of one half of the leaf lamina, and avoiding major leaf veins. No other criteria 

were used when selecting specific leaves to be measured. Some leaves appeared to orient themselves towards 

the sun, while other leaves did not seem to exhibit an orientation toward the sun. However, when comparing 

diurnal and nocturnal patterns of leaf thickness, or the dynamics of leaf thickness during water deficit stress, no 

difference in leaf thickness dynamics was apparent between sun-oriented and non sunoriented leaves. Once 

attached to a certain leaf, the sensor typically stayed on this very leaf, measuring its thickness continuously over 

several weeks. A potential difference in leaf thickness response due to leaf aging was not detected. In the 

protected environment of the greenhouse, leaves and sensors were not exposed to violent movements provoked 

by wind shaking. Occasionally, leaves moved slightly, for example when room-dehumidifiers worked. These 

movements did not seem to impair the measurement of leaf thickness. 

 

Irrigation control 

Pots were irrigated automatically using an electrical water pump combined with 24 solenoid-operated fluid 

valves (EW- 01540-03, Cole Parmer, Vernon Hills, IL), each valve enabling the independent irrigation of an 

individual pot. The water pump and valves were operated from the laptop computer and its controlling 

LabVIEW software. The irrigation system also included an electrical flowmeter (model 101-6, McMillan Co., 

Georgetown, TX) measuring the volumetric water flow rate delivered by the water pump. When irrigating a 

certain pot, the information from the flowmeter was acquired by the data acquisition system, and combined with 

the measured duration of the irrigation, the exact amount of water could be calculated and stored that was 

delivered to this particular pot for each irrigation event. During the growing period, all 12 pots were irrigated 

daily at 6:00 a.m. with about 1.4 l liters per pot, which brought each pot to water-holding capacity. 

 

Experiment 1 

Four leaf thickness sensors were attached to selected leaves of mature plants in four different pot for Kurapia 

and Bermuda Grass, and the diurnal and nocturnal patterns of leaf thickness under non-stressful environmental 

conditions were recorded for about 3 weeks. Nonstressful environmental conditions imply daily irrigation and 

non-stressful ambient temperature and humidity ranges, thus avoiding high water vapor pressure deficit 

situations. 

 

Experiment 2 

Four leaf thickness sensors were attached to selected leaves of mature plants in four different pots and the 

patterns of leaf thickness under non-stressful environmental conditions were recorded for 4 days. On day 5 after 

the attachment of the leaf thickness sensors, the petioles of these leaves were cut through, imposing sudden and 

extreme water deficit stress to the leaves, and the dynamics of leaf thickness in response were recorded. Cutting 

a petiole clearly is a surreal extrapolation from the natural life cycle of a plant. However, it does illustrate the 

basic dynamics of leaf thickness in response to the rupture of the normally continuous water column in the plant 

xylem if the water deficit stress were to become severe, led to the loss of leaf water content, and in a broader 

sense to the deprivation of the water supply for leaves. 
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Experiment 3 

Four leaf thickness sensors were attached to selected leaves of mature plants in four different pots and the 

patterns of leaf thickness under non-stressful environmental conditions were recorded for 7 days. On day 8 after 

the attachment of the leaf thickness sensors, the four pots were irrigated for the last time so that the soil of these 

pots was allowed to desiccate on a natural time course thereafter. This experiment represents, on a small scale, 

the natural time course of the development of water deficit stress during which the dynamics of leaf thickness 

were recorded. It extends the results from experiment 2 from extreme water deficit conditions to the natural 

time course of developing water deficit stress under typical greenhouse conditions. 

 

 

Experiment 4 

Four leaf thickness sensors were attached to selected leaves of mature plants in four different pots and the 

patterns of leaf thickness under non-stressful environmental conditions were recorded for 7 days. On day 8 after 

the attachment of the leaf thickness sensors, the irrigation control for the four pots was switched from simply 

timed daily irrigation to an irrigation control scheme that utilized the information from the leaf thickness 

sensors. Leaf thicknesses were monitored and recorded continuously. From the recorded leaf thickness per pot, 

control software determined the maximum leaf thickness that was measured measured for each pot after the last 

irrigation event. Based on this maximum leaf thickness, the control software subsequently calculated a leaf 

thickness irrigation threshold for this pot, which in this experiment was calculated as maximum leaf thickness 

since the last irrigation event minus 20% of this maximum leaf thickness. Four pots were irrigated automatically 

with 2.82 liters per irrigation using the information from the leaf thickness sensors of these pots for triggering 

the irrigation. Two control pots were irrigated daily with 1.41 liters per irrigation, which was necessary for the 

re-establishment of water-holding capacity of the soil, and was the typical schedule for timed irrigation. Two 

different control pots were irrigated every second day with 2.82 liters per irrigation. Since the flowmeter 

accurately measured how much water was delivered to each pot during each irrigation event, experiment 5 

enabled a direct comparison between the irrigation control utilizing the leaf thickness information and simply 

timed irrigation control in terms of total water consumption. 

 

 

RESULTS AND DISCUSSION 

 

Figure 1 shows the pattern of leaf thickness (experiment 1) for one pot for both Kurapia and Bermuda grass for 

one full day, from midnight to midnight, under non-stressful environmental conditions. Figure 1 also shows the 

dynamics of the relative humidity of the ambient air during this day. Leaf thickness was very steady at about 

295µm for Kurapia and 285 µm during the morning night hours, but started to decrease slightly at about 5:30 

a.m for Bermuda and 5.00 am for Kurapia., which coincided approximalte.y with the time of sunrise. At 6:00 

a.m., this pot was irrigated, which seemed to stop the decline of leaf thickness for some time. While leaf 

thickness started to decrease for Kurapia and Bermuda grass indicating transpiration, Kurapia ceased to 

transpire after 12.00pm while Bermuda continues to transpire until 2.00 pm. The closure of transpiration of 

Kurapia early in the afternoon seems to contribute to its water efficiency. Starting at about 12.00pm  and 2:00 

p.m for Kurapia and Bermuda respectively,  leaf thickness continuously increased substantially over the next 

several hours, reaching approximately to their initial levels around midnight. During the evening night hours, 
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the leaf thickness  was kept very constant, similar to the morning night hours. 

 

Leaf thickness did not appear to be correlated with the relative humidity of the ambient air during night hours, 

when stomata were closed. However, leaf thickness essentially followed the dynamics of the relative air 

humidity during the daytimes. Likewise, leaf thickness essentially followed the pattern of the relative humidity 

during the afternoon hours. These diurnal and nocturnal patterns of leaf thickness were typical and essentially 

repeated day after day with only minor fluctuations under non-stressful environmental conditions.  Leaf 

thicknesses in the remaining three pots displayed similar diurnal and nocturnal patterns day after day, the 

display of which is omitted here for brevity. 

 

Figure 2 shows the dynamics of leaf thickness (one leaf thickness sensor) when the petiole of this leaf was cut 

through, imposing a sudden and extreme water deficit situation to the leaf by suddenly and completely 

depriving the leaf of its water supply (experiment 2). Immediately after cutting the petiole, Bermuda loses the  

leaf thickness significantly  within seconds, losing approximately 65 µm of leaf thickness, or 24%, from a 

former nominal 285 µm to approximately 210 µm within about 10 min.  Kurapia holds the leaf thickness much 

more steadily after the petiole is cut, indicating the superior ability of the plant to withstand water deficit. For 

both Kurapia and Bermuda, approximately 10 min after cutting the petiole, the rate of the loss of leaf thickness 

changed noticeably into a slower rate. Leaf thickness continued to decrease over the next several hours. 

Approximately 2 h after cutting the petiole, leaf thickness had decreased to about 150 µm for Bermuda and 

200µm for Kurapia. The time courses of leaf thickness upon the cutting of the petiole in the remaining three 

pots showed similar dynamics. Overall, leaf thickness decreased quickly and substantially upon the extreme 

deprivation of the leaf from its water supply. 

 

Figure 3 shows the dynamics of leaf thickness (one leaf thickness sensor) when the soil of the plant under test 

was allowed to desiccate on a natural time course, thus imposing a slowly but steadily increasing water deficit 

stress situation to the plant as it occurs naturally in a typical greenhouse application when irrigation is stopped 

(experiment 3). For comparison, Figure. 3 also shows the dynamics of leaf thickness of a control plant, which 

was continuously irrigated every day. During the first 4 days shown in Figure. 3, a non-stressful situation is 

represented for both plants by irrigating them every morning. During these days, leaf thickness in both plants 

exhibited comparably minor diurnal fluctuations, similar to the pattern in Figure. 1. After irrigation was stopped 

as indicated in Figure 4, it was noticed that Kurapia was able to hold the leaf thickness much longer 

(approximately 3 days) compared to Bermuda grass. The leaf thickness of Bermuda grass was decreased 

substantially by the second day of zero-irrigation. The levels of leaf thickness in Bermuda almost reach the 

same levels as shown in Figure 2 when the petiole was cur (Experiment 2). Kurapia demonstrated a much better 

resistance to water deficit. 

 

To further study the water saving potential of Kurapia over Bermuda grass as evident in the previous 

experiments, we automated the irrigation using the leaf clip sensor. Figure 4 shows the results of experiment 6 

for one pot. The percentage defining the irrigation threshold level based upon the maximum leaf thickness was 

fixed at 15% less than the maximum leaf thickness. Since the irrigation is automated by the thickness of the 

leaf, the experiment is supposed to indicate the true water savings that can be achieved through use of an 

irrigation control along with a water-deficit resistant ground cover. Figure 4 shows the cumulative water usage 

for one pot when irrigation was timed (daily and alternate) and automated for both Kurapia and Bermuda. It was 
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observed when irrigation is automated Kurapia can reduce water usage by as much as 40%. The water savings 

of automated irrigation over timed irrigation using the leaf clip sensor was substantial for both Bermuda and 

Kurapia. 

 

As intriguing as this method appears, many other questions remain and could, for various reasons, not be 

investigated within this study. Among these is the wondering what physiological fact actually causes leaf 

thickness to respond so quickly and so sensitive. Hydraulic dispersal has been shown to cause rapid increases in 

leaf thickness due to leaf wounding (Alarcon and Malone 1994). Perhaps then, the rapid loss of leaf thickness 

during water deficit stress may be due to actual leaf dehydration. Future studies should, therefore, include the 

careful measurements of leaf water status. Another remaining question is the impact of using this technique of 

irrigation control on the physiological response from the plant, that is, the plant’s photosynthetic activity. As 

much irrigation water as could be saved, how does this method of irrigation control affect plant growth? 

 

Irrigation is often scheduled simply by using timed irrigation procedures. The advantage is clear: simplicity and 

ease of implementation. However, in order to avoid underwatering and its detrimental effects on plant yield, 

Welds are likely to be overwatered to some extent, deliberately. Thus, more water is spent than necessary by 

using this economic approach. The use of soil moisture sensors can introduce some feedback information about 

the proper amount and timing of irrigation, which is actually needed. However, soil moisture sensors may only 

assess the degree of water deficit stress that is imposed to the plants, but not necessarily the level of water 

deficit stress as it is actually experienced by the plants, since these are two different items (Sinclair and Ludlow 

1985). The concept of precision irrigation control should, therefore, also include some measurement of the 

plant’s actual physiological response to the dynamics of soil moisture content. 

 

Nonetheless, the measurement of leaf thickness could provide the physiological feedback needed for the reliable 

application of precision irrigation control. It has been shown here that this method can be used to control 

irrigation directly. More importantly, this technique is not necessarily in competition to the measurement of soil 

moisture content, or even to the use of simply timed irrigation. Rather, all of these techniques may be used in 

concert to fine tune irrigation control. That is, to irrigate exactly when needed and only when needed, and thus 

to conserve as much freshwater as possible. 
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Figure 1. Diurnal and nocturnal pattern of leaf thickness under nonstressful environmental conditions. Also 

shown are the changes of the relative humidity of the ambient air on this particular day. 
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Figure 2. Dynamics of leaf thickness after the petiole of a leaf was cut through. 
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Figure 3. Dynamics of leaf thickness of Kurapia and Bermuda grass during the development of water deficit 
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stress. After the indicated last irrigation, the soil of this plant desiccated on a natural time course. Also shown 

are the dynamics of leaf thickness of a control plant, which was continuously irrigated every day. 

 

 

 

 

 

 

 
 

Figure 4.Cumulative water consumption of a selected pot using the leaf thickness information for automated 

irrigation control and  timed irrigation. 

 


