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ABSTRACT 
 
The objective was to study the leaf temperature (LT) and leaf diffusive vapor conductance (gs) responses to 
temperature, humidity and incident flux density of photosynthetically active photons (PPFD) of tomato plants grown 
without water restriction in a plastic greenhouse in Santa Maria, RS, Brazil. The plants were grown in substrate and 
irrigated daily. The gs was measured using a steady-state null-balance porometer on the abaxial face of the leaves 
during the daytime. Both leaf surfaces were measured in one day. The PPFD and LT were measured using the 
porometer. Leaf temperature was determined using an infrared thermometer, and air temperature and humidity 
were measured using a thermohygrograph. The leaves on the upper layer of the plants had higher gs than the lower 
layer. The relationship between the gs and PPFD was different for the two layers in the plants. A consistent 
relationship between the gs and atmospheric water demand was observed only in the lower layer. The LT tended to 
be lower than the air temperature. The mean value for the gs was 2.88 times higher on the abaxial than adaxial leaf 
surface.  
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INTRODUCTION 
 
Plant transpiration depends on the stomatal 
opening. In tomatoes grown with good soil water 
availability, the degree of stomatal opening 
depends on the photosynthetic photon flux density 
(PPFD) and air saturation deficit (VPD) or leaf-air 
vapor pressure difference (LVPD), which is 
similar to most cultivated plants (Boulard et al. 
1991a; Jolliet and Bailey 1992; Streck 2003). 
Furthermore, the stomatal opening can still be 
affected by the leaf water potential (Tardieu and 
Simonneau 1998), which is a variable that relates 

to the abscisic acid concentration in the xylem 
and/or in the leaf tissue (Tardieu and Davies, 
1991; Mulholland et al. 2003). In addition, the 
stomatal opening depends on the CO2 
concentration in the substomatal cavity (Turner 
1991; Tardieu and Simonneau 1998) and leaf 
temperature (LT) (Boulard et al. 1991a; Turner 
1991; Tardieu and Simonneau 1998).  
Artificially protected environments, such as 
greenhouses and plastic tunnels, are highly 
modified compared to the external environment. In 
addition to a reduction in the incoming solar 
radiation (Buriol et al. 1995; Cunha and Escobedo 
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2003) for these environments, the increase in air 
temperature (T) (Buriol et al. 1997; Cunha and 
Escobedo 2003) and reduction of the relative air 
humidity (Buriol et al. 2000; Cunha and Escobedo 
2003) have been observed during the daytime. The 
variables T, VPD and even the air carbon dioxide 
concentration (CCO2) can be modified by exchange 
with the external atmosphere primarily through 
ventilation management (Fuchs et al. 1997; Buriol 
et al. 1997; 2000).  
In southern Brazil, greenhouses and plastic tunnels 
are used to produce tropical horticultural species 
outside of their natural growth season and to 
protect plants against very low temperatures 
during the autumn-winter months (Streck et al. 
1993). Intense control of greenhouse ventilation is 
necessary to maintain environmental conditions as 
close as possible to the required crop conditions 
especially for T and VPD. In this artificial 
atmosphere that is not enriched in CO2, the 
internal concentration of this gas in the 
substomatal cavity [CCO2] is not typically a 
limiting factor for stomatal opening because leaf 
temperature is not high enough to generate a 
respiration rate higher than the photosynthetic rate 
as long as water is not restricted (Bakker 1991; 
Boulard et al. 1991a).  
Thus, crop and greenhouse management must 
consider the responses of a particular species to 
environmental variables. Further, it is important to 
know how the leaf diffusive conductance to water 
vapor (gs) depends on these variables for 
physiological studies as well as modeling crop 
evapotranspiration and production for this 
environment. The objective of this work was to 
study the leaf temperature and gs responses to 
temperature, humidity and flux density of 
photosynthetically active photons of tomato plants 
grown in a plastic greenhouse without a water 
restriction in the humid subtropical climate of 
Santa Maria, RS, Brazil.  
 
 
MATERIAL AND METHOD 
 
The experiment was performed in a plastic 
greenhouse in the Experimental Field for the 
Center for Rural Sciences in the Federal 
University of Santa Maria (29o42’S, 53o4’W and 
95 m of altitude), which is located in the central 
area of Rio Grande do Sul, Brazil.  
The greenhouse was built with a wood frame and 
covered with 100 µm-thick low-density 

polyethylene transparent film (10 m wide and 
24 m long) with a 3 m high ridgepole and a 2 m 
high side wall. 
The greenhouse was operated by opening the side 
walls (24 m2 area on each side from the roof to 
1 m from the ground) and front doors (3 m wide 
and 2 m high), which generated natural ventilation 
inside. Typically, the walls were opened at 
approximately 8 AM and closed at 6 PM. For 
mornings with thick fog, the walls were opened 
after the fog dissipated or when the temperature 
increased to at least 25°C. On days with strong 
winds and/or low temperatures that are harmful to 
the plants or on cloudy days with moderately cold 
conditions, the greenhouse remained closed until 
the wind slowed and/or the temperature increased 
to at least 20°C. The greenhouse was opened to 
lower the temperature and reduce air humidity 
inside to avoid fungal diseases. For porometric 
measurements, the side walls were opened 
approximately one hour in advance to accelerate 
evaporation of the water from the leaves and the 
inner face of the plastic cover.  
The tomato cultivar used was the hybrid Emperor 
genotype, salad-type, with a determinate growth 
habit. Sowing was performed on February 1st. The 
seedlings were definitively transplanted into the 
greenhouse on February 23rd and 24th and arranged 
in ten rows towards the length of the greenhouse at 
3.33 plants per m2. The plants used to measure leaf 
diffusive conductance were cultivated in 
perforated plastic bags with 8 liters of commercial 
substrate (“Plantmax”) and a 2.5 liter water-
holding capacity (Valandro et al. 1999), which 
corresponds to 7.6 mm. These plants were in three 
drainage lysimeters (1.5 m long and 0.2 m wide); 
each lysimeter supported five plants. The 
lysimeters were used to measure plant 
transpiration (Righi 2000; Righi et al. 2002) and 
are described in Valandro et al. (1999). To avoid 
substrate evaporation, the bags were enclosed with 
black plastic mulch. Tomato plant water 
consumption ranged from 0.11 mm d-1 to 
3.31 mm d-1 during this period. The water applied 
ranged from 1.1 mm to 6.5 mm, whereas the water 
drained ranged from 0.65 mm to 3.77 mm. 
The plants were maintained in a single stem that 
was suspended and tied to a steel wire 
approximately 2 m above the soil level. Diseases 
were prevented by applying fungicides two week 
intervals using different chemicals to avoid 
pathogen resistance. Chemicals were applied twice 
to fight mites. For the plants cultivated in 
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substrate, nutrients were supplied by fertigation 
according to Andriolo and Poerschke (1997). 
Plants from the central row of the west side of the 
greenhouse were cultivated in the substrate, and 
the plants from the other nine rows were cultivated 
directly in the soil. The soil was fertilized at the 
time of preparation following laboratory analysis, 
and the plants (grown in soil) served only as 
borders. 
Irrigation was performed with drippers that were 
spaced every 0.30 m. The drippers were 
constructed with catheters 2 mm in diameter and 
0.3 m long. The hydraulic charge ranged from 
25 kPa to 31 kPa, and the average volumetric flux 
was 10 l h-1. The plants cultivated in substrate 
were irrigated early every morning and twice on 
days with high atmospheric water demand. To 
guarantee total substrate saturation, water was 
supplied up to three minutes after drainage began. 
Irrigation control for the border plants was based 
on visual appearance and soil consistency with a 
lower frequency for watering because they had a 
higher water-holding capacity and larger volume 
of soil explored by the roots compared with the 
substrate. More details on the greenhouse and 
plant management can be found in Righi et al. 
(2002).  
Diffusive resistance (rs), transpiration and leaf 
temperature (LT) for fully expanded and non-
senescent leaves were measured for one plant in 
each lysimeter using a steady-state, null-balance 
porometer (Li-1600, Li-Cor Inc.). The 
measurements were performed on the abaxial 
surface of eight leaves for the chosen plant two 
days in March, four days in April and one day in 
May. For the measurements after April 8th, the 
leaves were divided into two layers: an upper layer 
and a lower layer; the middle of the plant was the 
reference. On May 21st, both leaf faces were 
measured during the day. The incident PPFD for 
each leaf was measured using a quantometer 
coupled to the porometer cuvette, which 
maintained the leaf in its natural state. For data 
analysis, the conductance data (gs) were calculated 
through gs = rs-1.  
Immediately after each porometric measurement, 
the leaf temperature was measured using an 
infrared thermometer (IRT) (Telatemp Corp., 
model AG42) and assuming a emissivity of 0.97 
for the tomato leaf, as this value was also used for 
tobacco by Fuchs and Tanner (1966) as well as 
Idso and Jackson (1968), and approximately 0.96 
was measured for the potato by Heldwein (1995). 

The measurements were performed by directing 
the thermometer 0.5 m away from the higher and 
lower plant layers. Between two subsequent 
measurements, the thermometer was shaded to 
avoid increasing its internal temperature (Idso and 
Jackson, 1968; Jackson and Idso, 1969).  
The air temperature, T, and relative humidity were 
measured using a thermohygrograph (SIAPE - 
Bologna, Italy) inside a meteorological shelter at 
the center of the greenhouse 1.5 m above the soil 
surface. The air vapor pressure deficit VPD (kPa) 
was calculated as the difference between the 
saturation pressure of the air estimated using the 
Tetens equation (Pereira et al. 2002) and the actual 
vapor pressure, which was estimated from air 
temperature and relative humidity data. The leaf-
to-air vapor pressure difference was calculated 
using either the mean values for the leaf 
temperature measured using the porometer 
(LAVPT) or an infrared thermometer (LAVPIRT) 
to calculate the internal vapor pressure of the leaf, 
which is considered the saturation value.  
 
 

RESULTS AND DISCUSSION 
 
The mean values for PPFD, T and VPD from the 
approximately hourly measurements ranged from 
28.1 µmol m-2 s-1 to 1104.5 µmol m-2 s-1, 21°C to 
39.5°C and 0.4 kPa to 3.8 kPa, respectively.  
On average, the leaves on the upper plant layer 
were exposed to higher levels of PPFD than those 
on the lower layer, which led approximately two-
fold higher gs values for the upper layer compared 
with the lower layer (Fig. 1), as noted by Boulard 
et al. (1991a) in tomato plants. The air vapor 
pressure deficit and leaf-to-air vapor pressure 
difference data generated using a porometer 
(LAVPT) and an infrared thermometer 
(LAVPIRT) are also shown in Figure 1. The 
coefficient of variation for each set of 
measurements (not showed) was higher in the 
lower layer.  
Using the infrared thermometer (IRT), leaf 
temperature was measured only on April 8th, 14th, 
20th and 29th and May 3rd. The mean leaf 
temperature generated using the thermocoupler in 
the porometer cuvette (Tf) was consistent with the 
mean IRT values measured during the same period 
(LT = 0.9917 IRT; R2 = 0.9697). The intercept 
was forced to zero because its value was not 
significant (P = 0.34). These parameters indicate 
that both the measurements were close.  
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Figure 1 – Time-course of the mean values for photosynthetic photon flux density (PPFD) and 
mean leaf diffusive conductance (gs) in each plant layer (lower, h1; higher, h2) as well 
as air temperature (T), air vapor saturation deficit (VPD), and the leaf-to-air vapor 
pressure difference determined from the leaf temperature measured in the porometer 
cuvette (LAVPT) and using the infrared thermometer (LAVPIRT). Santa Maria, 1999. 

 
 
On March 19th and March 25th negative values for 
the LAVPT (about -0.1 kPa), which are abnormal 
for a dry leaf surface, were observed. These values 
likely resulted from the rapid increase in the air 
temperature inside the greenhouse due to the high 
surface areas exposed to the sun, which were not 
the crop surfaces (such as the greenhouse wood 
frame, plastic mulch and dry soil in the inter-rows) 
and have a lower specific heat than leaves. Such 
values may also have been generated from data 
acquisition errors especially for air temperature 
and humidity measured using a thermohygrograph, 
which has a two hour resolution. Additional errors 
in leaf temperature measurements may be from 
heat conduction by the thermocoupler in the 
porometer cuvette (Tarnopolsky and Seginer, 
1999) as well as deficient contact between the leaf 
thermocoupler. The leaves may also have not been 
entirely dry at the time of measurement (next to 
8:30 AM normal local time), but water was not 
observed in the leaves surface before the 
measurements began. An additional error source 
may have been cuvette ventilation, which can 
change the leaf boundary layer and consequently 
the temperature and gs.  
Moreover, on March 19th when little energy was 
available to heat the leaves (approximately 8:30 
AM when the PPFD was low) and the VPD was 
low, the air and leaf temperature tended to be 

equal from low or null transpiration. However, on 
March 25th at approximately 8:30 AM, the VPD 
and T were high, but the LAVPT and LT – T were 
negative (see Fig. 5). For a low LT – T value, the 
leaves must transpire, which is a consequence of 
saturation pressure in the stomatal cavity that is 
higher than air vapor pressure (i.e., the LAVPT 
would be positive). The measurements and/or the 
thermohygrograph reading errors do not support 
this result, and it is possible that the leaves were 
wet during the measurements. Thus, the first 
measurement sequence at approximately 8:30 AM 
on March 25th was discarded from the analysis.  
A positive asymptotic relationship between mean 
gs and PPFD values is shown in Figure 2, which 
shows high levels of data scattering. Other 
variables are consistent with the gs values, 
primarily temperature and VPD. It was not 
possible to fit the data better by separating them 
into narrow VPD and T ranges. Despite the data 
scattering, gs clearly reaches saturation when 
PPFD exceeds a threshold at approximately 
400 µmol m-2 s-1, which is higher than 
200 µmol m-2 s-1 reported by Bakker (1991) for 
tomato plants grown in a greenhouse.  
When the layers were analyzed separately, the 
threshold saturation level for the upper layer was 
at approximately PPFD = 500 µmol m-2 s-1 with 
maximum gs values at approximately 12 mm s-1. 
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The lower layer saturation level was unclear and at 
approximately 350 µmol m-2 s-1 with maximum gs 
values at approximately 7 mm s-1. The difference 
between the two layers is likely a consequence of 
the oldest leaves in the lower layer adapting to the 
lower levels of incoming radiation. 
The relationship between gs and air and leaf 
temperature (leaf temperature, LT, and infrared 
leaf temperature, IRT) was not significant. 
However, when analyzed separately, VPD, 
LAVPT and LAVPIRT correlated with a decrease 
in gs measurements for PPFD greater than 

400 µmol m-2 s-1 with an increase in these three 
variables (Fig. 3). In the upper layer, where the 
leaves are exposed more solar radiation and 
consequently more thermal and water stress, a 
clear response from gs to the three variables is 
expected. However, in Figure 3a only a slight and 
inconsistent gs reduction with an increase in VPD 
for the upper layer was measured, which is 
visually represented by the line. On the other hand, 
a clear relationship between gs and the three 
variables was detected in the lower layer (Fig. 3b).  
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Figure 2 – The relationship between the mean leaf diffusive conductance (gs) and the average 
photosynthetically active photon flux density for all leaves (PPFD). Santa Maria, RS, 
1999. 
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Figure 3 – The relationship between the leaf diffusive conductance for the upper plant layer 
(gs(h2)) and the vapor pressure deficit for the air (VPD) (a) as well as the leaf diffusive 
conductance of the lower plant layer (gs(h1)) and the vapor pressure deficit for the air 
(VPD, closed circles), the leaf-air vapor pressure difference (LAPVT, triangles) and 
the leaf-air vapor pressure difference (LAVPIRT, open squares) (b). The line in (a) was 
manually drawn. Santa Maria, RS, 1999. 
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Leaf water potential measurements would likely 
be helpful in verifying a plant water deficit, 
elucidating the basis for the different gs behavior 
in the two layers and better understanding the role 
of VPD in tomato crop stomatal control (Streck 
2003). Except for May 3rd (irrigation: 3.32 mm; 
drainage: 1.28 mm; transpiration: 3.31 mm; and 
reposing irrigation in the next day: 5.23 mm), the 
water deficit in the rhizosphere can be discarded 
because the plants were irrigated every morning, 
and the maximum transpiration was 3.31 mm d-1, 
which is lower than half the substrate water 
holding capacity (7.6 mm). On April 20th and 29th, 
a supplementary irrigation was performed soon 
after noon (3.58 mm and 2.82 mm total irrigation 
and 1.48 mm and 1.91 mm drainage; transpiration: 
3.20 mm and 2.48 mm, respectively). Furthermore, 
Ferreira and Katerji (1992) showed that water 
stress is more harmful than a soil water deficit in 
tomato plants cultivated in the field due to high 
atmospheric demand. 
Basiouny et al. (1994) observed a decrease in 
abscisic acid levels for leaf tissues in tomato plants 
under high levels of PPFD either from excessive 
or deficient soil water, which partially explains 
this different behavior. Nan et al. (1999) observed 
similarly lower tissue abscisic acid (ABA) levels 
in wheat under high light intensities. Thus, it may 
be hypothesized that even if induction increased 
the leaf ABA concentration ([ABA]) in both plant 
layers under the conditions for this study, the 
leaves in the upper layer, which were exposed to 
more sun, would have lower [ABA] values. This 
would generate higher gs values compared with 
the lower layer. Basiouny et al. (1994) could not 
determine if PPFD has an inhibitory effect on the 
ABA concentration or if other factors are 
associated to this process. Tardieu and Davies 
(1992) demonstrated that the leaf ABA 
concentration is increased by a decrease in leaf 
water potential. Thus, if the leaf water potential 
did not reach low values, the PPFD in the upper 
layer might have reduced the [ABA] levels.  
gs mildly decreased while PPFD increased only on 
March 19th and 25th, in which was likely from the 
VPD (Fig. 1). For these two days, the maximum T 
was approximately 40°C with a maximum VPD at 
approximately 3.8 kPa and a maximum LAVPD at 
approximately 2.6 kPa and of 1.9 kPa, 
respectively, on March 19th and 25th (Fig. 1). This 
weak gs decrease may be from a more 
homogeneous PPFD distribution throughout the 
leaves due to the reduced leaf area for the plants. 

Only after April 20th was the gs decrease clear in 
the lower layer throughout a large part of the day 
without a decrease in PPFD and even with lower 
VPD levels compared with 3.8 kPa, which was 
observed on March 19th and 25th. On April 20th, the 
leaf area was approximately 1 m2 per plant, which 
shaded the lower layer considerably (Fig. 1).  
Specific modeling for each layer was performed to 
demonstrate the relationship between gs and VPD 
as well as PPFD averaged for the specific layer in 
addition to “response surface” analysis, which was 
based on “boundary layer analysis” (Jones 1994; 
Lyra et al. 2003) and Jarvis’ multiplicative model 
(1976). For each layer, a gs response to VPD (Fig. 
4) was detected, which resulted in improved data 
fit compared with the adjustments from the mean 
PPFD values (Fig. 2), as demonstrated by the 
determination coefficients R2 with a standard error 
(SE) of 1.72 mm s-1 for the upper layer and 
1.02 mm s-1 for the lower layer. Thus, it is 
interesting to separate the layers to fit the gs data 
with PPFD and VPD.  
The exponential coefficient for the PPFD function 
from the boundary line analysis for the two layers 
was near the original coefficient from the mean 
values for the entire plant (Fig. 2). However, the 
multiplication factors that corresponded to the 
maximum mean leaf conductance were different: 
12 mm s-1 and 7 mm s-1 for the upper and the 
lower layers, respectively. Therefore, gs has a 
unique relationship with PPFD. Further, when 
fitting gs for each layer using the same procedure 
but considering the mean PPFD for the entire leaf, 
the relationships and significance were similar:  
gs(h2) = 12.0 (1-0.9916PPFD) (1-0.1005 VPD)  
(R2 = 0,52) and gs(h1) = 7.0 (1-0.9950PPFD)  
(1-0.1447 VPD) (R2 = 0.60).  
The Jarvis multiplicative function can be 
simplified to a single relationship between gs(h2) 
and PPFD with a one degree loss in the data fit and 
near the SE (1.69 mm s-1) for the upper layer 
(gs(h2) = 9.7 (1 – 0.9922PPFD(h2)), R2 = 0.51). The 
gs values estimated using the maximum PPFD 
values generated by the “boundary lines analysis” 
do not represent the mean values. Thus, the VPD 
fit the function such that it approached the mean 
values for the “cloud” of points (Fig. 4) even 
without a clear relationship to gs, which generated 
a significant VPD. Ecologically and 
physiologically more appropriate, use of two 
environmental variables is questionable if a single 
variable produces results similar to those obtained 
with more variables. Nevertheless, an effect from 
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VPD on gs in the lower layer was evident, as 
demonstrated by the VPD coefficients.  
The stomatal response on March 19th and 25th was 
different from measurements on other days when 
comparing the mean gs values. When 
measurements from those two days were excluded 
from the gs relationships with the representative 
environmental variables for the entire plant, the 

VPD became significant and generated a better 
data fit (R2 = 0,54) compared with only using the 
PPFD (Fig. 2). These results support the 
hypothesis that PPFD level affect [ABA], which 
necessitates consideration of this concentration 
and/or the leaf water potential to generate a more 
accurate model.  
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Figure 4 – Response surfaces for the leaf diffusive conductance (gs) to photosynthetically active 
photons flux density (PPFD) in the upper (h2) and lower (h1) plant layers as well as to 
the vapor pressure deficit for the air (VPD). The response functions were fit for the 
variables as shown, where gs(h1)max and gs(h2)max are the maximum values for leaf 
conductance in the lower and upper plant layers, respectively. These values were 
generated by considering the fit curve as the “boundary lines” for simple relationships 
with PPFD(h1) and PPFD(h2). Except for the coefficient -0.0999 for the gs(h2) 
function, which was significant at 5% probability, the coefficients were significant at 
1%. SE is the standard error of the estimate. Santa Maria, 1999. 

 
 
Considering the values of the leaf-air temperature 
difference [either calculated using the mean leaf 
temperature from the porometer (LT – T) or 
infrared thermometry (IRT – T)], the temperature 
of the plants remained lower than the air 
temperature T (Fig. 5) except on March 25th and 
May 3rd. On these days, certain values were close 
to zero in the early morning or late afternoon when 
the PPFD and VPD values were relatively low. 
Thus, the LT – T values close to zero were not a 
consequence of stress but likely a response to the 
low energy available for heating the leaves and 
increasing atmospheric water demand, as 
demonstrated by the low VPD values 
(approximately 0.5 kPa) (Idso et al. 1981a; 
1981b).  

On March 25th, high T and VPD values were 
observed, which reached 39.5°C and 3.8 kPa at 
11:35 AM, respectively (Fig. 1), and the LT – T 
values were lower than -6 °C (Fig. 5; the values on 
March 25th at approximately 8:30 AM were 
discarded from the analysis as previously 
discussed in the text). The plants were irrigated 
before the measurements began, and the leaf water 
potential in the early morning was likely high. 
Therefore, the leaves were similar to the wet bulb 
of a psychrometer (i.e., they were colder than the 
air, which supports observations in corn by 
Bergonci et al. (1999)). This leaf cooling must be 
intensified by the small leaflet boundary layer of 
tomato plants, which facilitates leaf-air energy 
exchange (Gates 2003) (i.e., the sensible heat of 
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the air is transformed into latent heat for plant 
transpiration). The PPFD increased during the 
morning and reduced this effect by heating the leaf 
and slightly decreasing gs (Fig. 1). Nevertheless, a 
significant decrease in PPFD was measured 
between 11:35 AM and 1:13 PM (Fig. 1), which 
decreased the T and VPD to 35.0°C and 2.1 kPa, 
respectively (Fig. 1). Consequently, LAVPT 
decreased from approximately 2.0 kPa to 1.0 kPa, 
which led to decreased transpiration and an 
approximation of LT through T by a reduction in 
sensible heat consumption by transpiration. On 
March 19th, a similar behavior was observed. In 

the morning, the leaves were heated and LAVPT 
was increased, which generated lower LT – T 
values compared with the first daily values until 
approximately 10:20 AM. At approximately 10 
AM, the gs slightly decreased (Fig. 1), and in 
conjunction with a PPFD increase, it generated a 
higher LT – T. The later PPFD decrease with a 
moderate LAVPT and high VPD generated a LT –
T decrease until 2:40 PM; however, gs slightly 
decreased at approximately 1:50 PM and 2:47 PM. 
Thereafter, the LT – T increased until evening 
likely from the low LAVPT. 
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Figure 5 – A time-course for the leaf-to-air temperature difference measured using the porometer 
(LT – T) and infrared thermometer (IRT – T). T is the air temperature. Santa Maria, 
RS, 1999. 

 
 
Leaf cooling was a consequence of the 
atmospheric water demand, as demonstrated by the 
straight line fit for the relationship between LT – T 
and VPD (Fig. 6) (Idso et al. 1981a), which is a 
“lower baseline” for a non-stressed crop. The 
equation for this baseline is similar to a 
watermelon (Orta et al. 2003), wheat (Gontia and 
Tiwari 2008) and maize (Cárcoma et al. 1998). 
The linear regression coefficient is the most 
variable among the cited results likely from the 
different conditions and crops. According to Jones 
(1999), these differences are partially from wind 
speed, which was low when gs was measured. 
According to Heldwein (1999)2, inside the 
greenhouse at the experiment site, the wind speeds 
are typically lower than 0.5 m s-1.  

                                                           
2 HELDWEN, A. B. Personal communication (1999)  

 

On May 3rd, high atmospheric water demand was 
observed in the afternoon, which was primarily 
from the high VPD and T values that generated a 
gs decrease likely because the plant water 
absorption did not match transpiration. Symptoms 
of water stress were more evident this day because 
gs decreased in the upper layer of the plants even 
with high PPFD values, which was not observed 
for previous days. It is interesting to remark that 
leaf conductance in the lower plant layers was 
more responsive to high VPD values (Fig. 1). A 
single daily irrigation with substrate saturation was 
likely insufficient to prevent water stress. The leaf 
area of each plant increased significantly (from 
0.19 m2 on March 19th to 1.19 m2 on May 3rd), and 
plant transpiration increased from 2.23 mm day-1 
(on March 25th) to 3.31 mm day-1 (Righi et al. 
2002). Although the water-holding capacity for the 
substrate in each plant was 7.6 mm, an increase in 
the water flow resistance inside the substrate and 
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between the substrate and the roots cannot be 
excluded because the region near the roots is drier. 
Perhaps an additional irrigation at noon could 
alleviate the effect of high atmospheric water 
demand in the afternoon. However, additional 
studies are required to supply adequate 
information for managing growth of this crop in 
substrate, including irrigation and greenhouse for 
high leaf area values and high atmospheric water 

demand. For example, under high atmospheric 
water demand, such as on March 19th and 25th 
(Fig. 2), if the plants had greater values of leaf 
area the gs may have responded differently as a 
function of VPD. Under such conditions, a water 
nebulizer would likely be necessary to reduce T as 
well as VPD and to avoid physiological injury to 
the crop (Boulard et al. 1991b; Katsoulas et al. 
2001; Furlan et al. 2001; Streck et al. 2002).  
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Figure 6 – The relationship between the mean leaf temperature for the two plant layers (LT – T) 

measured using the porometer as well as the air temperature (T) using the 
thermohygrograph and the air vapor pressure deficit (VPD). The square point near the 
x axis was not considered in the analysis (see the text). Santa Maria, 1999. 

 

 
The gs values at the adaxial surface of the leaves 
were lower than at the abaxial surface (Fig. 7). The 
average ratio between the abaxial and adaxial gs 
was 2.88 (± 0.95) on May 25th with 
PPFD ≥ 400 µmol m-2 s-1, which is similar to 
Boulard et al.’s observations (1991a); however, 
they considered average gs values for a PPFD 
range higher than 700 µmol m-2 s-1 (300 W m-2 

above the plants), which were not values observed 
in these measurements. (Boulard et al. (1991a) 
considered the resistance values (rs), which are 
inversely related to gs. Thus, they obtained a ratio 
for the adaxial and abaxial rs values). In a 
contradictory result, we observed a lower ratio for 
the abaxial and adaxial gs with a higher PPFD.  
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Figure 7 – A day time-course for the leaf diffusive conductance (gs) on the abaxial and adaxial 
surfaces as well as the photosynthetic photon flux density (PPFD) for the tomato 
plants, Santa Maria, 1999. 
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Boulard et al. (1991a) observed the inverse 
through PPFD ≈ 700 µmol m-2 s-1. The 
temperature and VPD were low on the day of these 
measurements; it is unclear why gs abaxial 
decreased at approximately 1:40 PM.  
Clearly, measurements from a single day are 
insufficient to draw conclusions on the behavior of 
adaxial and abaxial gs. The gs difference at both 
leaf surfaces was primarily from their difference in 
stomatal density. Bar-Tsur et al. (1985) and 
Kebede et al. (1994) observed a 1.5- to 2.0-fold 
greater stomata per leaf area unit for the abaxial 
surface compared with the adaxial surface. The 
latter authors did not observe a difference in the 
pore length between the two surfaces when they 
were fully open, but the instantaneous stomatal 
opening can be different, which would facilitate a 
possible greater control over water loss on the 
adaxial face and increase the gs ratio to 3 or 
greater, as observed by Boulard et al. (1991a) and 
in the present study. 
 
 
CONCLUSIONS 
 
- The upper layer tomato plant leaves had average 
incident photosynthetic photon flux density values 
two-fold higher than the lower layer.  
- Different relationships between the leaf diffusive 
conductance (gs) and incident photosynthetic 
photon flux density in the leaves were observed 
for the upper and lower layers of the tomato plant.  
- The maximum leaf conductance was 
approximately 12 mm s-1 in the upper plant layer 
and approximately 7 mm s-1 in the lower plant 
layer.  
- In the upper plant layer, a weak relationship was 
observed between leaf diffusive conductance and 
air vapor pressure deficit (VPD); in the lower 
layer, a more consistent relationship between leaf 
conductance and VPD as well as leaf-to-air vapor 
pressure difference was observed.  
- The gs values for the upper plant layer were 
higher than the lower layer.  
- The leaf temperature was lower than the air 
temperature.  
- A linear relationship was observed between the 
leaf-to-air temperature difference and VPD with 
an increase in the difference with higher VPD 
values.  
- On average, the gs values were three times 
higher on the abaxial than adaxial leaf surface.  
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