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Abstract The use of potential evapotranspiration (PET) estimates to identify irrigation timing for greenhouse tomatoes
(Lycopersicon esculenturiill.) grown in peat-based substrate was evaluated for a spring and fall crop. PET (using the
Penman equation) was calculated from leaf, wet and dry bulb temperatures, and incident and reflected photosynthetic
photon flux. Substrate matric potential (SMP) was monitored continuously using electronic tensiometers. Two irrigation
starting setpoints (—4.5 and —6.5 kPa SMP) and two nutrient solution electrical conductivity (EC) treatments (1.5 and 3.0
dS-n?) were factorially combined in a completely randomized design. Irrigation frequency was greater in treatments
irrigated at —4.5 than at —6.5 kPa. The integral of calculated PET values was correlated with SMP for both experiments.
Accumulated PET values were higher at the start of irrigation in the —6.5-kPa treatments for spring and fall crops.
Nutrient solution EC did not influence irrigation frequency. Leaf pressure potential (LPP) was correlated to PET-
predicted LPP (r2> 0.56) in plants subjected to high EC, low (—6.5 kPa) matric potential setpoint, or both treatments. PET
and electronic tensiometer technology can be used jointly to improve irrigation management for tomatoes grown in peat-
based substrates by more accurately responding to crop needs for water and nutrients.

The use of soilless culture for growing greenhouse crops hasrients (Pill and Lambeth, 1980; Rudich et al., 1981), even
increased substantially over the last 20 years (Winsor, 1984pugh the main resistance to water movement may be in the root
During this time, peat bags have been as productive as rockw@aiklin and Weatherly, 1966). More recently, Aikman and Houter
and nutrient film technology culture for producing tomatoes (Ouim@®990), using the Penman-Monteith equation for potential evapo- :
et al., 1990; Verwer, 1976). To improve irrigation scheduling transpiration (PET) estimates (Penman, 1948), constructed a modek.
peat-based substrates, electronic tensiometers are now beingmusesticting the energy absorbed from incident total solar radiation @
to automatically control irrigation based on substrate drynessa glasshouse tomato crop. They also suggested several ways tg
(Gobeil et al., 1989; Lieth and Burger, 1989; Stockwin, 199@nprove crop nutrition based on the relationship between crop
Single-nutrient injection equipment also has been developeddoowth and environmental conditions: lowering greenhouse tem-
use in recirculating culture systems that can be programmegbaoature during low-light conditions, increasing nutrient solution
supply plants with differing nutrient solutions during the growingoncentration during periods of reduced light, and heating the
period to meet the changing demands during ontogeny; eupper canopy to drive transpiration and nutrient supply to areas of g
increased K during fruit development (Papadopoulos and Libutttiie canopy receiving more light. 3
1989). These authors also noted that such automated irrigatioMore-accurate PET models use estimates or measurements OE;
systems could be improved further by accommodating for changesmajor environmental factors influencing plant water and nutri- 3
in crop water or nutrient requirements according to environmergat uptake including net radiation, vapor pressure deficit, and the 7
conditions. resistance to heat transfer (the Penman-Monteith equation as-

Above-ground environmental influences on crop water asdmes a wet leaf surface). An irrigation system could be designed—
nutrient requirements can be assessed using evapotranspiréianodify irrigation frequency and nutrient solution electrical
models (Eliades and Orphanos, 1986; Pruittetal., 1984; Tan, 1288iductivity (EC) according to environmental pressures using
Tan and Fulton, 1980; Tan and Layne, 1981) and can be relatd@Ed estimations. This would complement and improve current
yield (Chiaranda and Serbi, 1981). Many of these models, haystems, especially for peat-based greenhouse cultures for which
ever, base irrigation requirements solely on light, temperature, stithate can be closely controlled. Such irrigation systems would ©
water potential, or chronology. Measurements of the major ensliewly increase nutrient solution EC during periods of low PET
ronmental variables controlling water and nutrient movemeantd lower it during periods of high PET (within reasonable limits,
within the plant can indicate past and present crop needg., 1.0 to 4.0 dS#) without inducing water stress or causing
(Stanghellini, 1981, 1987). Also, direct measurements of leafverse osmotic effects. For tomatoes, this type of irrigation
water potential can indicate the relationship between the plaahtrol would optimize leaf water potential (Campbell and Camp-
environment and the ability of the plant to absorb water abdll, 1982) and meet growth demands by increasing the concentra-

tion of transported Ca in the xylem, thereby reducing fruit blos-

som-end rot (Aikman and Houter, 1990), a disorder associated
Received for publication 23 Apr. 1992 Accepted for publication 5 June 1993. Cifith water stress, Ca deficiency, or both (Ehret and Ho, 1986). No
publication no. 25. We are grateful for the technical support of R. Pouliotifrigation system is currently available that uses both electronic

Charbonneau, and R. Daigle. We also thank the Conseil de recherche en pé¢geiometer and PET technology in an integrated irrigation man-

agro-ahmental_re de _Quebec forits continuing financial support of this project. Tﬁgemem system. However, before such a system is constructed
cost of publishing this paper was defrayed in part by the payment of page chal
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Under postal regulations, this paper therefore must be hereby naahkexdise- ]%r tomatoes grown in peat-based media, the relat'onShlp between
mentsolely to indicate this fact. PET and water and nutrient uptake must be evaluated.
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The objective of this study was to evaluate the performanceegtiipped with electronic pressure sensors (SenSym SX01DN;
electronic tensiometers and the use of PET estimations (predi@adke Electronics, Scarborough, Ont.). Tensiometers were ran-
from the Penman equation) in predicting irrigation timing fatomly placed into four peat bags within each treatment, and matric
tomatoes grown in peat bags. This was done by examining plogential measurements were determined by an Osborne computer
relationship between PET and irrigation frequency, measuredany DLX-100 controller—data acquisition system (AdTek, Sainte-
monitoring substrate matric potential (SMP), for treatments feay, Québec). The tensiometers were positioned horizontally 7 cm
ceiving different nutrient solution concentrations applied at diffdselow the crown of the middle plant in each peat bag. A computer

ent SMP setpoints. system monitored data and calculated the average of four tensiom-
eter measurements within each treatment and recorded several
Materials and Methods greenhouse environmental variables.

PET calculationsMeasured environmental characteristics in-

‘Caruso’ tomato plants were grown in 24-liter peat bags carluded wet and dry bulb temperatures [by thermists@s1C)]
taining 70 sphagnum peat : 30 perlite (v/v) (Allegro Gro-Baggositioned within the canopy, average leaftemperature (average of
Premier Peat-Moss, Riviére-du-loup, Québec) in a double pdigur thermocouplest0.1C) positioned at random and touching
ethylene greenhouse in Spring and Fall 1989. Plants were sowrnia leaf within the canopy of each treatment), and incident and
late January for the spring experiment and early August for the fedflected radiation. Incoming and outgoing (reflected) photosyn-
and were transplanted into peat bags 5 weeks after seeding. Pthat& photon flux (PPF) were initially measured using quantum
were grown under natural light with the greenhouse temperatseasors positioned above the canopy. Incoming global radiation o
set at 22C during the day and 18C at night. Several 2-cm-lomgs then calculated by multiplying PPF measurements by the §
slashes were placed along the ends and sides of the peat bamgetage energy per photon in the 400- to 700-nm Wavebandg
facilitate drainage and prevent water logging. In a factorial expe{[ienversion factor: 0.217imol*-s?) and dividing by the ratio of
ment, two nutrient solutions with an EC of 1.5 or 3.0 d5(fiable energy in the 400- to 700-nm band to energy in the 300- to 4000- £
1) were applied to plants at tensiometer-measured SMP setpaintdand. These energy ratio values were calculated for i mcomingt
of —4.5 or —6.5 kPa using a completely randomized design wi@47) and reflected (0.31) radiation from standard global and crop =.
seven replications. Each independent experimental unit consistdtectance spectra at sea level (Monteith, 1973). Net infrared @
of one peat bag containing three plants, giving an overall plantmagliation was estimated using the Stephan-Boltzmanndaw:
density of 3.2 plants/nDepending on the treatment, irrigatiorecT*, wheree is the emissivity of the surface,is the Stephan-
began when the SMP in two of the peat bags within respectB@tzmann constant (5.67 10 W-n12K) andT is the surface
treatments reached the irrigation setpoint and continued ut&rhperature in degrees Kelvin. The radiant energy was therefore
SMPs were above (less negative than) —0.7 kPa. Tensiometeasured in Watts per square meter.
setpoints were chosen to coincide with those used by greenhousEhe difference between the average leaf temperature and the2
tomato producers (—4.5 kPa) and the recommended lower thrasinrcoundings (the average between the air and dewpoint temperas
old of the tensiometer pressure sensor (—6.5 kPa). Irrigattare) was used in the net infrared estimations. The inside surface of3
solution EC values corresponded to levels above and belowttregreenhouse covering was usually water-saturated; therefore, &
2.2-dS-mt average used by greenhouse tomato producers. Wherface emissivity of 1 was assumed [blackbody radiator; Camp-
substrate salinity rose above 8 dS;mwhich usually occurred bell (1986)]. PET then was calculated using the Penman equation
once every 3 days in the spring and once every week in the fall dbscribed by Campbell (1986). The Penman equation can bez
substrate was overwatered by 120% to 130% of bag capacititten as
Substrate solution (50 ml/bag) was extracted daily using an evacu-
ated ceramic-tipped tensiometer to determine pH and EC. )\E ={sRn+ [(p c, (e,—e) (r)Is+vl™"

SMP was measured using four ceramic-tipped tensiometers
using the following variablexE_= PET (W-m? unit becomes
J-m?if integrated over timej is the latent heat of water vaporiza-
tion in J-gY); s = slope of saturation vapor density curve (at air
Nutrient compositioh(mg: liter?) temperature; kPa; Rn= net amount of global radiation re-
ceived at leaf surface (W-1 p ¢ = volumetric heat capacity of
air (1200 J-nt-K™* at 20C); g = saturation vapor pressure (at air
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Table 1. Composition of nutrient solutiohs.

Solution electrical conductivity (dS
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Nutrient 15 3.0 temperature; kPa), e current vapor pressure (at air temperature;
CaCQ 362+ 12.5 727 21.5 KkPa); [, = resistance to heat transfer (453:mwalculated from
N-NO, 90.5+2.2 216+ 10.3  estimates of leaf diameter and greenhouse air movement; Camp-
P 39.2+ 1.7 67.5t 2.7 Dbell, 1986); and/ = the thermodynamic psychrometric constant

K 170+ 8.6 363t 11.8 (0.066 kPa-&).

Mg 27.7£0.8 56.8+ 1.4 These calculated values and tensiometer readings were re-
Ca 99.3t 3.8 198+ 7.0  corded every minute, with average values calculated every 20 min
Na 19.5£ 0.6 30.3: 0.7 of every day for both experiments. PET estimates also were
Cu 0.1+ 0.01 0.2+ 0.01 integrated over 20-min periods. Average values of recorded envi-
Fe 1.9+ 0.08 4.4+ 0.13 ronmental variables were calculated for season and time of day
Mn 0.5+ 0.02 1.2+ 0.03  within each season. Actual evapotranspiration (AET) was esti-
Zn 0.3£0.02 0.6t 0.02 mated using daily irrigation measurements (irrigation minus drain-
B 0.2+0.01 0.4£0.03 age) averaged over the whole season.

ZThe 1.5- and 3.0-dShsolutions were pH 6.2 0.04 and 5.% 0.09, Leaflet pressure potential (LPP) measuremelntsflets were
respectively. cut from just above the fifth truss (same height) of experimental
YMeanzse ( n = 6). plants within each treatment and were placed directly into a plastic
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folder to reduce water loss (<30 sec between excision and nreduced PET estimates were evident during the night (<53V-m
surement) before being placed in the pressure chamber (SpoRadiation measurements are a major constituent of the PET
1985) to estimate LPP. The LPP of two leaflets was measured feeamation; therefore, the average daily profiles of PET and radiation
each treatment each hour for 1 spring and 1 fall day. Multipfeeasurements were similar during spring and fall.

regression analysis was carried out on the data using current PEThe average daily maxima of PET and radiation were higher in
integrated PET (INTPET) since the last irrigation, and the average spring (371 W-rmand 405 W-n, respectively) than in the fall

LPP measured within each treatment. (296 W-m?and 281 W-nd, respectively). Calculated average PET
values were sometimes higher than measured net radiation values,
Results and Discussion a result indicating an energy gain due to greenhouse heating.

SMP setpoint did not significantly affect overall fruit yield or
Recorded leaf and air temperatures, vapor pressure deficits,aretage fruit weight in the spring experiment (Table 2). Total fruit
net infrared radiation varied during the day in spring and faikelds were higher in plants receiving the low than the high EC
experiments. The average daily net global radiation was mutiution in the spring, but EC did not affect total fruit yield in the
higher in spring (afternoon average: 356 W)nthan in fall (103 fall. The low EC solution resulted in greater average fruit weight
W-nm?). PET calculations resulted in daily (24 h) average valuegbén the high EC solution in both seasons.
134 W-m?for spring and 95 W-thfor fall. However, as expected, Irrigation profiles. Figure 1 presents examples of the diurnal
variation between profiles of SMP and changes in INTPET be-
. . . . tween irrigations within treatments. Plants from the two —4.5-kPa
Table 2. Effects of nutrient solution electrical conductivity (EC) arl‘%ﬁatments received five irrigations during the 24 h indicated
substrate matric potential (SMP) setpoint on fruit yield of greenhou(se . . L . - -
corresponding to actual time). Irrigation periods can be identified
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tomato. , e .
by large increases (less negative) in SMP after tensiometers hav
Total fruit Marketable  reached the —4.5-kPa setpoint. The evolution of INTPET also
Treatment yield fruit wt followed the irrigation profile during the 24 h. INTPET values
SMP EC (kg-1m) (g/fruit) were reset to zero after.an irri_gation to begin the integration =.
_ : - process. Slower changes in matric potential and INTPET occurred 3
(kPa)  (dS-m) Spring  Fall  Spring  Fall gyying the night and early morning than during the day. SMP and B
—4.5 15 26.69  11.07 185 206 pET profilesin treatments receiving solutions of the same EC were =
—4.5 3.0 2424 1017 175 193t significantly different; however, these profiles were changed &
—6.5 15 26.60  9.92 190  200py differences in the irrigation setpoint. Plants from treatments
—65 30 2467 954 172 190jrrigated at—6.5 kPa generally received only two irrigations daily. =
Significance . o . INTPET for both treatments irrigated at —4.5 kPa was 2000 to %
EC NS 4000 kJ-n? when irrigation started (Fig. 1). Average PET was @
SMP NS NS NS NS |ower for each of the five irrigations at —4.5 kPa with 3.0 dShan 3
ECx SMP NS NS NS NS with 1.5 dS-ni. This was a result of higher average SMP (-4.1 £
"% Nonsignificant or significant &< 0.05 or 0.01, respectively. ValueskPa) with 3.0 dS-m (Fig. 1B) than with 1.5 dS(Fig. 1A), 5
are means of seven replications. thereby reducing the integration period before irrigation. The —4.5- &
3
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Fig. 1. Diurnal profile of peat substrate matric potential (x—x) and the accumulating potential evapotranspiration (solid line) for tregtrebtkP@, 1.5 dSm
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kPa, 3.0-dS-mtreatment resulted in five irrigations by 1718 account for water absorption at night (Fig. 3). An example of this
while the —4.5-kPa, 1.5-dS-htreatment did not receive the fifthtransformation was carried out over 3 days for the —1.5-kPa, 3.0-
one until 23:004r because the —4.5-kPa, 3.0-dS-treatment dS-nritreatment. The relationship between INTPET and substrate
received irrigation 1to 1.5 h earlier in the morning. After 14)0 water potential was improved over short time intervals (<3 days;
PET declined, thereby prolonging the time necessary for the —4%= 0.56 to 0.76; Fig. 3 A and B) by including this water uptake
kPa, 1.5-dS-m treatment to reach the irrigation SMP setpoinéstimate but was not improved over longer periods (>2 weeks;
Although small differences in daily irrigation profiles were evi= 0.84; Fig. 3 C and D).
dent, the average INTPET at irrigation did not differ significantly The ratio between seasonally averaged AET (from daily drain-
within these two treatments (Fig. 1 A and B) during the spriage and irrigation measurements) and PET rates ranged from 0.60
experiment, with values of 2642125 and 2662 204 kJ-n?, to 0.78 in the spring and 0.53 to 0.81 in the fall. PET values were
respectively. Slight variance in substrate matric potentials egher because they predict potential rates by assuming open
tween different EC treatments within a kPa treatment possibly véé@emates and little or no diffusional resistance (wet leaf surfaces)
due to differential substrate drying caused by peat bag locatiopén unit surface area (Campbell, 1986; Monteith, 1973). Differ-
the greenhouse. In our experiment, two tensiometers indicatingganes between PET and AET can induce some variability in the
SMP at the threshold level were required to begin irrigation. If tRET-SMP relationship. However, environmental conditions af-
average SMP reading of all four tensiometers was used to dteating PET also can affect AET. Further, environmental condi-
irrigation, the average might deviate from the desired irrigatitions affecting the physiology of the plant (e.g., stomatal opening)
SMP setpoint. may influence AET. Irrigation scheduling may, therefore, be
Treatments irrigated at —6.5 kPa (Fig. 1 C and D) yieldeffected by differential substrate drying within and between EC
INTPET values of 5000 to 6500 kJarHigher accumulated PET setpoint treatments, or both, and may in turn affect PET |ntegrat|on 3
estimates were found in these treatments before irrigation bedpatween irrigations.
and irrigation was less frequent. Average seasonal INTPET valuet eaf water statusA series of pressure potential measurements =
atirrigation of 4502 262 and 4972 186 kJ-n?for the —6.5-kPa, was conducted to determine the effect of PET and INTPET on LPP £
1.5-dS-mtand —6.5-kPa, 3.0-dS-tireatments respectively, wereduring cloudless test days in spring and fall. To examine the effects=.
not significantly different. Plants from fall treatments receiveaf PET on LPP, a multiple regression equation was constructed for$
only one daily irrigation and, although irrigations started at diffegach treatment using the PET at the moment of LPP measurement.
ent times, INTPET and SMP values followed each other closealyd the integral of PET since the lastirrigation. The —4.5-kPa, 1.5- s
(data not shown). Average fall values for INTPET at irrigatiothS-m* treatment showed no relationship between actual LPP and 3 5}
were 2316 103 for the —4.5-kPa, 1.5-dS*freatment and 5156 PET; however, the relationship was significah&(0.05) for the
+ 271 kJ-n? for the —6.5-kPa, 3.0-dS-Hreatment. However, as—4.5-kPa, 3.0-dS thtreatment, withi? = 0.61 and 0.56 for spring
in the spring experiment, solution EC did not affect irrigaticaind fall, respectively (Table 3). The respectinalues increased
frequency significantly. to 0.61 and 0.62 in the spring and 0.71 to 0.79 in the fall for the —
PET and substrate tensions were related linearly for all treaB-kPa, 1.5-dS-thand 3.0-dS-mtreatments.
ments (Fig. 2). Similar linear relationships also have been foundOur results suggest that the relationship between LPP and PETS
between global radiation and transpiration in pepp@apgicum improved in plants supplied with a more concentrated nutrient &
annuumL.), tomatoes, and cucumbe@ucumis sativug.) (de solution orirrigated at a lower SMP. Thus, when plants are placed &
Graff and van den Ende, 1981). SMP profiles taken at 20-minder greater water stress (higher substrate solution salt concentraz
intervals and accumulated over 2 weeks were averaged for tréatr or lower SMP), there was improved ability to predict plant 3
ments receiving different irrigation solution EC, but with the samater stress in the plant as a function of PET. Rudich et al. (1981) 2
irrigation setpoints. In both seasons, SMP and PET were clodelynd LPP to be affected more by aerial atmospheric factors in %
related at less than —2.0 kRa= 0.80). The more negative thewell-irrigated field tomatoes but that soil water had a greater effect 3
preprogrammed irrigation setpoints, the higher the accumulaggdess than —20.0 kPa. Our results also suggest a close relationshifg
PET at irrigation. The PET-SMP relationship varied within eatietween PET estimations and plant water and nutrient uptake. >
season and with irrigation setpoint, béitvalues were always These results provide the basis for developing a system to irrigate—
>0.75 when examined over periods longer than 1 week. with a higher-EC solution during periods of low PET (e.g.,
Water absorption under low PEDuring times of reduced or maximum 4.0 dS-mhat PET < 100 W-m) and with less-concen-
negligible PET (i.e., at night), an estimated water uptake of ttated solutions during periods of high PET (e.g., 1.0 dSam
g-h:-nmr2was added to the INTPET measurements to linearize BT > 600 W-n?), and increasing irrigation frequency during
relationship between PET and substrate water potential andirtees of high PET. Irrigation control of this type is not possible
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Table 3. Relationship between leaf water potential (Y) and potential evapotranspiration (PET) in greenhouse-grown tomatoes from spring and f
experiments as influenced by nutrient solution electrical conductivity (EC) and substrate matric potential (SMP).

Treatment Spring Fall
EC SMP Regression Regression
(ds-m?h (kPa) equation r? equation r?
15 —45 Y = 4.67 + 0.0021(PET) + 0.00084(INTPET 0.22° Y =3.05 + 0.0037(PET) + 0.00024(INTPET)  0'20
3.0 Y =4.23 + 0.0052(PET) + 0.00083(INTPET) 0.61 Y =3.35 + 0.0072(PET) + 0.00022(INTPET)  0.56
15 -6.5 Y = 6.94 + 0.0020(PET) + 0.00045(INTPET) 0.61 Y = 2.04 + 0.0083(PET) + 0.00077(INTPET) 071
3.0 Y = 6.61 + 0.0052(PET) + 0.0014(INTPET) 0.62 Y =2.79 + 0.0065(PET) + 0.00021(INTPET)  0.79

INTPET = integral of the PET since the last irrigation.
ns®™ Nonsignificant or significant & < 0.05 or 0.01, respectively. Two samples for leaf pressure potential measurements were taken from six and
nine plants per treatment on spring and fall test days, respectively.
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without integrating PET and using tensiometer technology foElsevier, New York.
peat-bag-grown tomatoes. Varying solution EC can optimiggimet, R., J. Charbonneau, L.-E. Parent, J. Blain, P. Joyal, and A.
nutrient uptake and improve fruit quality by accommodating fofGosselin. 1990. Effets de la composition du substrat tourbeux et du

changes in plant requirements for water and nutrients. This is maiglume des sacs de culture sur la productivité de la tomate de serre. Can.

. . L . . Plant Sci. 70:585-590.
important in the case of some nutritional disorders (e.g., bloss padopoulos, A.P. and N. Liburdi. 1989. The “Harrow fertigation

end rot_due to Ca defici.en_cy).. 'I.'her.efor.e, .PET—tenSiom.etE.Ir.tec 1anager’—A computerized multifertilizer injector. Acta Hort.
nology is useful for predicting irrigation timing and for optimizing ,60-255_265.

nutrient uptake in crops grown in peat-based media. By accoun{i@@man, H.L. 1948. Natural evaporation from open water, bare soil and
for environmental effects on plant needs for water and nutrientgrass. Proc. Roy. Met. Soc. London. 198:120-145.
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