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ABSTRACf 

Although water conservation programs in the arid Southwest have prompted prudent 

landscaping practices such as planting low water use trees, there is little data on the actual 

water use of most species. Few methods or models have been developed for measuring tree 

water use. The stem heat balance method is one such method. Predictive models of tree 

water use have been limited to applications of the Penman-Monteith (PM) equation with 

varying degrees of success. The purpose of this study was: to validate stem flow gauge 

accuracy in a greenhouse and a desert environment; to determine the actual water use of 

two landscape tree species in Tucson, Arizona; to determine water use coefficients for two 

tree species based on the crop coefficient concept; and to test and develop a predictive 

model of tree water use based on the Penman-Monteith equation. Water use of oak 

(Quercus virginiana 'Heritage') and mesquite (Prosopis alba 'Colorado') trees in containers 

was measured using a precision balance and stem flow gauges. Water use coefficients for 

each tree species were calculated as the ratio of water use per total leaf area and per 

projected canopy area to reference evapotranspiration (ETo) using the Penman combination 

equation. After accounting for tree growth, water use coefficients on a total leaf area basis 

were calculated to be 0.48 and 0.97 for the oaks and mesquites, respectively, and 1.36 and 

1.56 for the oaks and mesquites, respectively, on a projected canopy area basis. These 

coefficients indicate that mesquites (so called xeric trees) use more water than oaks (so 

called mesic trees) under non-limiting conditions. Stomatal resistances (rs) were calculated 

using the PM equation, and ranged from 20 to 200 s cm"l. Calibrations were developed 

between rs and net radiation for both species. Results of the PM model to predict daily tree 
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water use ranged from - 15 to + 150 percent error, depending on the tree, indicating the 

need for accurate measurements of stomatal resistance in order to use the PM model. 

Results indicate that a shortened form of the PM equation requiring only vapor pressure 

deficit and rs would be sufficient to predict tree water use. 



CHAPTER 1 

DISSERTATION INTRODUCTION 
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As human populations have increased in the desert cities of the arid southwestern 

United States, so has the demand for water. Over half of this water is attributed to exterior 

uses, such as evaporation from pools and coolers, car washing, and landscape irrigation, the 

largest of the exterior uses (McPherson et aI., 1991). One result of the increased water use 

in these areas has been a continuous reduction of groundwater supply, inspiring the 

Groundwater Management Act of 1980 in the state of Arizona, which mandates elimination 

of groundwater overdraft by 2025. Pursuant to this act, water conservation policies have 

encouraged residents to remove vegetation and thus reduce water use. However, recent 

studies indicate that urban desertification would conserve water at the expense of increased 

heating and cooling costs (Huang et aI., 1987; McPherson et aI., 1989; McPherson, 1990). 

Evapotranspiration is an important component of the urban energy balance, without 

which desert cities can readily become urban heat islands. Grimmond and Oke (1990) 

compared summer energy balances for a rural and suburban site in Tucson, Arizona, and 

reported Bowen ratios of 14.81 and 1.13 for the rural and suburban sites, respectively. This 

type of cooling at the suburban site is known as the urban oasis effect, and is the result of 

vegetation and irrigation. Duckworth and Sandberg (1954) reported that air temperatures 

in San Fransisco's Golden Gate Park averaged 8 degrees (C) cooler than the less vegetated 

neighborhoods adjacent to the park. Urban landscape practices in the southwest also 

contribute to the general attractiveness and livability of cities, as well as to shading, glare 

reduction, and atmospheric purification (McPherson et al., 1989). 
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The objective, therefore, should not necessarily be to reduce residential water use 

by removing vegetation, but to landscape sensibly. In general, researchers and landscapers 

agree that turf uses more water than trees, and trees more water than shrubs and 

groundcovers (Garbesi, 1991). Huang et al. (1987) have argued that on a regional scale, 

energy savings are greatest for extensive landscaping with turf. due to large scale evaporative 

cooling. This energy savings and cooling effect, however, may be offset by the fact that 

deficit irrigation is common and vegetation may seldom be freely transpiring. McPherson et 

al. (1989) have shown that relatively small vegetated areas may have a substantial impact on 

building microclimate, where the degree of cooling and energy savings is primarily a function 

of the degree of shading provided by the vegetation. Therefore. landscaping with trees 

should provide the greatest overall energy savings compared to landscaping with turf. shrubs, 

or xeriscapes. A general attitude that trees are beneficial to the environment has resulted 

in the Global Releaf campaign, and other tree planting proposals. In arid locations, such 

campaigns will be far more beneficial if those trees planted are low water users. Therefore, 

it would seem that the best strategy for sensible landscaping practices in the arid southwest 

would be to plant trees that provide plenty of shade but use little water. 

There is little information on the water use and requirements of isolated landscape 

trees. Most of the information on tree water use in the southwest is based on lists of 

recommended 'low water use' trees, issued by various organizations (i.e. Arizona Municipal 

Water Users Association, Arizona Native Plant Society, Southern Arizona Water Resources 

Association), and reported in some literature (Desai, 1981; McGinnies and Arnold, 1939). 

These lists are usually based on empirical observations and the plant's native habitat, due to 

the lack of data on actual tree water use. They are also largely based on observations of 
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minimum water requirements and drought survivability, rather than actual water use (J. 

Tipton, personal communication). Therefore, some drought resistant tree species on these 

lists may actually be moderate or high water users when water is non-limiting. Mesquite 

(Prosopis var.), for example, is known to be drought resistant, but its actual water use is not 

known. It would therefore be prudent for these various organizations to develop a new 

methodology of separately listing drought resistant species from actual low water users. This 

would enable greater water conservation if actual low water use trees are planted where 

irrigation is consistently non-limiting, and if drought resistant trees are planted where 

irrigation may be limiting. 

Methods used for estimating water use by isolated trees consist of direct 

measurement methods, such as Iysimetric methods, soil water balance methods, chamber 

methods, and heat pulse or heat balance methods. Models have also been developed for the 

indirect measure of tree water use based on the reference evapotranspiration concept, and 

on energy balance considerations. 

Weighing Iysimeters have been used in a number of tree water use studies 

(Worthington et aI., 1984; Fritschen et aI, 1979; Fritschen et aI., 1977; Fritschen et aI., 1973). 

They offer accurate estimates of mass-based water loss but may not be appropriate for large 

trees under natural conditions as they require considerable labor to install, and may inflict 

considerable disturbance to the roots (Fritschen, 1973). The accuracy of weighing Iysimeters 

generally depends on resolution of the particular Iysimeter. Lysimeter accuracy is also 

strongly dependent on wind conditions (Marek et aI., 1988). 

Soil water balance methods are generally considered to be less accurate than 

lysimeters because tree water use is inferred from soil water depletion. Soil water balance 
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methods are also generally considered to be better for time periods on the order of weeks 

of months. The soil water balance can be written as 

ET;::; P-R-D+./1W (1) 

where ET is evapotranspiration, P is precipitation, R is runoff, D is deep drainage, and !:.,W 

is the change in soil water storage. D is usually neglected due to the difficulty of its 

measurement. Also, lateral flow is assumed to be negligible (Grip et aI., 1979). Change in 

soil water storage can be measured using a variety of methods including gravimetric, neutron 

scattering, time-domain reflectometry, tensiometer, and hygrometer methods (Schmugge, 

1980). Grip et al. (1979) compared soil water balance and energy balance methods of ET 

measurement and reported 50 % differences between the two. In general, soil water balance 

methods are considered to be less accurate than other available methods. 

Chamber methods usually require a chamber to completely enclose a tree, and air 

samples from both inlet and outlet ports are analyzed. The accuracy of this type of method 

is questionable, due to a reduction in available energy to the tree when the chamber is in 

place (Leuning and Foster, 1990), and due to artificial air flow induced by the chamber. 

Recent developments in using heat to measure flow of sap offer potential for 

accurately assessing the water use of isolated trees. Heat balance methods offer accurate, 

non-invasive, and continuous measurement of stem flow. Previous studies indicate a general 

consensus of ± 10 percent accuracy when transpiration is considered on a 24-hour basis 

(Heilman and Ham, 1990; Steinberg et aI., 1990b; Steinberg et aI., 1989; Baker and van 

Bavel, 1987). These studies, however, are largely limited to greenhouse and growth 

chambers. Few studies have been conducted on trees in the field, and none that I am aware 
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of in the harsh environment of the Tucson, Arizona desert, where the amplitude of diurnal 

temperature extremes can exceed 24 degrees (C). 

Reference evapotranspiration (ETo) is defined as "the rate of evapotranspiration 

from an extensive surface of 8 to 15 cm tall, green grass cover of uniform height, actively 

growing, completely shading the ground and not short of water" (Doorenbos and Pruitt, 

1977). ETo methods include any equations that relate tree water use to ETo, either by use 

of a class 'A' evaporation pan, or by use of an ETo prediction equation. ETo prediction 

equations include temperature based equations, such as the Thornthwaite (1955) equation, 

radiation based equations, such as the Priestley-Taylor (1975) equation, radiation and 

temperature based equations, such as used by Jensen (1966), and energy balance based 

equations, such as the Penman (1948) equation. 

Energy balance based models have been used to predict ETo, as just described for 

the Penman equation. Energy balance based models have also been used to directly predict 

the water use of an isolated tree by incorporating tree surface and aerodynamic resistance 

terms into the Penman equation. This modification of the Penman equation is commonly 

referred to as the Penman-Monteith (PM) equation (Monteith, 1965). Most of the models 

developed for predicting water use of an isolated tree are based on the Penman-Monteith 

equation in some form. These models usually assume the 3-dimensional tree structure to be 

simulated by a I-dimensional single large leaf. This assumption appears to be valid based on 

some reports of the PM model yielding results of within ± 10 percent of another model 

simulation (Sinclair et al., 1975), and within ± 15 percent of gravimetric measurement 

(Thorpe et aI., 1980). 
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Objectives 

There were three broad objectives of this dissertation. The first objective was to 

evaluate the performance of stem flow gauges on isolated trees in greenhouse experiments, 

and in a desert environment. The second objective was to determine the water use of two 

potted landscape tree species, one believed to be xeric, and one believed to be mesic, by 

weighing. The xeric species, Prosopis alba 'Colorado', and the mesic species, Quercus 

virginiana 'Heritage', are both believed to be drought resistant, but their actual water use is 

based only on observation and is not quantitatively known. The third objective was to test 

and develop the few published water use models for isolated trees, by comparing water use 

estimates provided by these models with measurements made by weighing and using stem 

flow gauges. 

This dissertation is essentially divided into two independent chapters or papers. One 

reports the overall performance of stem flow gauges in field and greenhouse experiments. 

The other reports on the water use of two desert landscape tree species and the results of 

several predictive water use models. Additional relevant information such as a description 

of the field protocol for weighing and irrigating trees, a description of the irrigation system 

design, wiring diagrams for dataloggers and multiplexers, and raw data, is included as 

appendices. 



CHAPTER 2 

EVALUATION OF PERFORMANCE OF STEM FLOW GAUGES 
IN GREENHOUSE AND FIELD EXPERIMENTS 

Introduction 
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Heat has been used to measure the flow of sap in trees and other plants since at least 

1932 (Huber, 1932). Bloodworth et al. (1955) described a method by which a pulse of heat 

is applied to a plant through a heater in external contact with the plant, and that pulse is 

detected by thermistors placed against the plant stem above and below the heater. Sap 

velocity can be inferred from such measurements. Many variations of this technique have 

been reported since 1955, including placement of the temperature sensors within the tissue 

of the plant stem for greater accuracy (Stone and Shirazi, 1975; Green and Clothier, 1988). 

This technique is currently referred to as the heat pulse velocity (HPV) technique. Heat 

pulse methods are limited by the need to calibrate an empirical conversion factor between 

sap velocity and water loss, as measured by some other means, such as a Iysimeter, and by 

plant damage caused by the insertion of probes into the plant stem (Steinberg et aI., 1989). 

A stem heat balance (SHB) technique was first proposed in 1960 (Vieweg and 

Ziegler, 1960), and later improved by Daum (1967). With this technique, a continuous 

application of heat is used to directly measure the mass flow of sap by accounting for the 

entire heat balance of the system. A more recent variation of Daum's (1967) technique was 

developed by Sakuratani (1981) in which an insulating collar with a heater strip surrounds 

the plant stem. The heater is maintained at a constant power level, allowing the temperature 

at the sensors to vary. Because this technique was developed for crops, the heater and the 
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sensors were placed against the stem surface rather than embedded into the stem tissue, thus 

avoiding substantial plant damage. This method requires a zero-set, but no calibration. 

Recent developments in the design of SHB gauges, along with recent advances made 

in automatic datalogging technologies, suggest that SHB sap flow gauges show promise in 

providing accurate and continuous measurements of sap flow in crops, as well as trees (Baker 

and van Bavel, 1987). In fact, recent studies seem to indicate a general consensus that these 

gauges are within ± 10 percent error when transpiration is considered on a 24-hour basis 

(Heilman and Ham, 1990; Steinberg et aI., 1990b; Steinberg et aI., 1989; Baker and van 

Bavel, 1987). 

The current SHB gauge design described by Steinberg et al. (199Ob), has been used 

on a variety of plant types including crops, vines, shrubs, and trees. Transpiration rates of 

crops in the field were measured by Dugas (1990) for cotton, by Cohen et al. (1990) for 

soybean and maize plants, and by Sakuratani (1987) for soybean plants. Transpiration rates 

of vines have been measured by Fichtner and Schultze (1990). Transpiration rates of various 

shrubs have been measured by Steinberg et al. (1991a, 1991b), and Heilman and Ham (1990). 

And tree transpiration rates have been measured for mesquite (Dugas and Mayeux, 1991), 

pine (Granier et aI., 1990), and pecan (Steinberg et aI., 1990a). There is, however, a definite 

lack of available data on the actual accuracy of SHB sap flow gauges in field applications. 

Only two of these studies were conducted in the field and validated using a weighing 

Iysimeter: Dugas, 1990; and Heilman and Ham, 1990. I am aware of no studies where gauge 

performance is evaluated for harsh desert environments, where water use is of particular 

interest. It was therefore proposed to evaluate the performance of the SHB gauges in a 

desert environment. 
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Theory 

The heat balance approach as originally proposed by Sakuratani (1981), is described 

in detail by Baker and van Bavel (1987). In their description. a known amount of heat is 

applied to a stem via a flexible heater that surrounds the stem. The assumption of steady 

state implies that the continuous heat input is balanced by heat flow out of the system. The 

outward heat flow can be partitioned into conductive fluxes up and down the stem, radial 

conduction into the insulation surrounding the stem, and mass heat transport by the sap 

stream (Figure 1). If the amount of heat input and the outward conductive fluxes are 

known, the mass transport of sap up the stem can be calculated by 

Qf = Pin-Qv-Qr (2) 

where Of is mass transport of heat up the stem (W), Pin is the power input (W), Qv is the 

net vertical heat flux (W), and Or is the net radial heat flux (W). 

The conductive flux of heat upwards (Ou) can be calculated by 

(3) 

where Kst is stem thermal conductivity (W m·1 KI) and stem consists of tissue, sap, and air. 

A is stem cross-sectional area (m2)' and dTu/dX = the temperature gradient (KIm) up the 

stem. The conductive flux of heat downwards (Od) can be calculated by 

(4) 
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where dTidX = the temperature gradient (Kim) down the stem. Qv is calculated by the 

addition of these two components: 

Qv =Qu +Qd (5) 

The vertical heat flux components are measured using two differentially wired 

thermocouples, AH and BH. AH measures the difference in temperature of A-Ha and BH 

measures the difference in temperat.ure of B-Hb as illustrated in Figure 1. 

Thus Qv can be calculated by 

Qv = Kst *A * (BH -AH) 
(dX *O.04mV/K) 

(6) 

where (BH - AH) is the vertical voltage difference as illustrated in Figure 1, dX is the 

distance between paired thermocouples (0.005 m for the DYNAMAX model SGB-19), and 

0.04 mV/K is the thermocouple temperature conversion constant. 

The radial flux of heat can be approximated by the integrated form of the equation 

for radial heat flow in a cylinder of infinite length (Carslaw & Jaegar, 1959): 

(7) 

where ~ = the thermal conductivity of an insulating layer surrounding the stem (W m·' K 

I), L = the length of the heater (m), Tj = the temperature at the inner surface of the gauge 

insulation (K), To = the temperature at the outer surface of the gauge insulation (K), rj = 



25 

STEM 

L- INSULATION 

A 

I~T B 

Or 
C 

HEATER 
He '-:::.. cIT 

Or 

H IdX 

Figure 1. Schematic diagram of DYNAMAX stem flow gauge. 

the radius of the inner surface of the gauge insulation (m), and ro = the radius of the outer 

surface of the gauge insulation (m). All the parameters in Eqn. 7 are constant for a given 

configuration and can be combined into one term, referred to here and in most of the earlier 

literature as the sheath conductance (Ksh), where 

Qr = Ksh * Ch (8) 

and Ksh = the input sheath conductance value (W mV· I
). Ch is the voltage difference 

between the inside layer of the gauge insulation and the center of the gauge insulation, as 

measured by a thermopile array, yielding the radial heat conduction from the gauge. 



Combining all of the above terms yields 

Flow = ~(_Pin_· _---=Q::....v_-_Qr::....!..) 
Cp * (Tout -Tin) 
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(9) 

where Flow = the sap flow rate (g S'I), Pin = the power input to the heater (W), Cp = the 

heat capacity of the xylem sap (J g'l KI) (a constant), Tou, = the temperature of the junction 

above the heater (K), and Tin = the temperature of the junction below the heater. (Tout -

Tin), also referred to as delta T or dT, is the temperature gradient from the junction above 

the heater to the junction below the heater, and is measured by averaging the Ah and Bh 

signals (Figure 1) and then converting them to degrees C by dividing by the thermocouple 

temperature conversion constant of 0.04 mV C-I . Pin is calculated using Ohm's law: 

. V 2 
Pm=

R 
(10) 

where V is the gauge input voltage, and R its internal resistance. When all of the terms are 

combined, the stem flow equation is 

Flow = 
( f) -(Kst ... ~ ~~~ AH) ) -(Ksh ... Ch) 

(11) 

104.65 *( AH ;BH) 

where 104.65 is the product of Cp and the thermocouple temperature conversion constant: 

(12) 
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The gauge design illustrated in Figure 1 requires input constants of stem conductance 

(Kst), stem area (A), thermocouple pair spacing (dX), gauge electrical resistance (R), and 

sheath conductance (Ksh). Kst is assumed to be 0.42 W m·1 KI (Baker and van Bavel, 

1987), A requires measurement of the tree stem and may need to be updated periodically, 

and values of dX and R are supplied by the manufacturer (DYNAMAX Inc.) for each gauge. 

Exact estimates of Kst and A are not critical since Qv is usually a small percentage of the 

total energy balance of the stem flow gauge (Steinberg et ai., 1989). 

The input value of Ksh is calculated by solving the heat balance equation (Eqn. 2) 

for Or while assuming conditions of zero flow (Of = 0): 

Qr = Pin -Qv (13) 

and then dividing Or by the radial voltage difference (Ch) to yield an apparent Ksh (App 

Ksh) value where 

(Pin - Qv) App Ksh = -'-----=--'-

Ch 
(14) 

Therefore, App Ksh should be measured under conditions of zero mass flow, or as close to 

zero flow as possible. The assumption of zero mass flow for the calculation of App Ksh may 

not be valid due to some sap flow even during the night for most plants and trees, but the 

resultant error is negligible if night flow filters are used (DYNAMAX Inc., 1990). Steinberg 

et a!. (1989) describe three methods of calculating the value of App Ksh: 1) using the 

minimum pre-dawn value of App Ksh (KSHmin); 2) using the minimum value obtained when 

the entire tree canopy was enclosed in plastic and placed in the dark for several days 
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(KSHbag); and 3) using the value measured on a test tree trunk after it had been severed 

above and below the gauge to establish zero flow (KSHex). 

Objectives 

The overall objectives of this study were to evaluate the accuracy, operational 

techniques, and general performance of stem flow gauges in greenhouse tests and field tests 

in the Tucson, Arizona desert. Specifically, the effects on gauge performance of gauge 

location on the tree stem, gauge ventilation, gauge insulation, and increased numbers of 

vertical thermocouple pairs were evaluated. The effect of the Ksh selection method on 

gauge accuracy was also evaluated. 

Materials and Methods 

Greenhouse Description 

The greenhouse experiment was conducted from January 17 to June 14, 1991, in the 

University of Arizona campus greenhouses located between the Biosciences East building 

and the Shantz building. The internal air temperature was maintained between 16 (night) 

and 38 (days) degrees (C) with the use of a heater and evaporative cooler. 

Field Site Description 

The field experiment was conducted at the University of Arizona Campus 

Agricultural Center (CAC) in Tucson, Arizona, from July 2 to October 23, 1991. Tucson 

(32.3 N, 111 W) lies at an elevation of approximately 700 m (2300 ft). The weather during 

the experiment was characterized by sunny, hot, dry days, interspersed with occasional 

thunderstorms, and warm nights. The average daily maximum temperature was fairly 
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constant throughout the experiment, at approximately 36.7 °C (98 oF) ± 10 °C. The daily 

minimum temperature during the experiment ranged from 12.8 °C to 27.8 0c. 

A schematic of the field site is illustrated in Figure 2. A detailed description of the 

irrigation system design can be found in Appendix A 

Figure 2. 
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and MUX2 mark location of multiplexers. 

The oak (Quercus virginiana 'Heritage'), and mesquite (Prosopis alba 'Colorado') 

trees used in the experiment were approximately 20 mm (3/4 inch) caliper (i.e. diameter at 

0.5 m above the ground surface). For the greenhouse tests, all trees were between 150 - 200 

cm (5 - 7 ft) in height, and planted in 57 I (15 gal) containers. Containers were wrapped in 

plastic to minimize soil evaporation. 
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Oaks were between 150 - 200 cm (5 - 7 ft) in height, and mesquites were 

approximately 300 cm (10 ft) in height for the field tests. Trees were planted in 571 (15 gal) 

containers, with the exception of the mesquites, which were planted in 191 (5 gal) containers 

until July 9, 1991, when they were transplanted to 571 (15 gal) containers. At each tree site, 

an empty 57 1 pot was buried up to its top edge to provide a sleeve for the potted trees. 

This allowed the potted soil surface to be at approximately the same level as the surrounding 

ground surface. A block of wood (25 x 10 x 10 cm) was placed in the bottom of each sleeve 

to ensure that the containers did not get stuck in the sleeve. 

Data Acquisition 

Two types of tests were made throughout the experiment. In single-tree gauge tests, 

a tree fitted with a stem flow gauge was left on a balance continuously. The single tree tests 

were performed in the greenhouse and the field. Greenhouse testing lasted from January 

17 to June 14, 1991. Multiple-tree gauge tests were provided by periodically weighing 12 

trees, and comparing balance measurements of weight loss with data provided by 

measurements of cumulative stem flow. The multiple-tree gauge tests were conducted in the 

field from July 2 to October 23, 1991. All gauge installations and operations were per the 

recommendations provided by the manufacturer (DYNAMAX, Inc., 1990). 

Continuous Iysimeter measurements made for the single tree tests used an A&D 

Engineering electronic precision balance (model EP-60KB) which had a maximum capacity 

of 60 kg and a resolution of 1 g. Two channels of a Campbell Scientific 21X datalogger were 

used to collect balance data (refer to wiring diagram in Appendix B), with the aid of a 

special datalogger prom instruction (PIS) used to convert digital data (from the balance) to 

analog data (datalogger). Balance data was collected every 15 seconds and averaged into 30 
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minute data points. Data were periodically downloaded to cassette tape and transferred to 

a desktop computer for analysis. 

Continuous stem flow measurements were made using DYNAMAX model SGB-19 

stem flow gauges. For single tree tests, a gauge was wired to the datalogger which collected 

data every 15 seconds, and averaged the IS-second data values into 30 minute values. A 

datalogger program supplied by DYNAMAX Inc. was used to sample the four differential 

voltage signals (Ch, Ah, Bh, and Yin), and calculate stem flow using several input 

parameters. The input parameters consisted of stem area (cm:\ a conversion constant 

consisting of the product of the temperature gradient and area (equal to 2.0 m mV C l for 

model SGB-19.), stem thermal conductivity (0.42 W m-I KI for woody species (Steinberg et 

aI., 1989», gauge electrical resistance (.0), and the Ksh setting (W mV-I). Night flow filters 

automatically set flow rates to zero if Of is less than 20 % of Pin and if Of is negative, and 

can be enabled or disabled. Night flow filters were disabled so that night flow rates could 

be observed. 

Daily tree water use of multiple trees was measured by weighing each containerized 

tree on the balance. The weighing procedure consisted of lifting a potted tree out of its 

sleeve, placing it on a wheelbarrow, and moving it to the balance located in the center of the 

field site (refer to Figure 2), weighing the tree, then moving it back into its sleeve. The 

entire procedure took approximately 40 minutes to weigh 20 trees. A detailed description 

of the development of field protocol for weighing and irrigating the tree containers can be 

found in Appendix C. 

Measurements of daily tree water use were also made using 12 DYNAMAX model 

SGB-19 stem flow gauges. The 12 gauges were wired to two Campbell Scientific 4 x 16 relay 
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multiplexers (6 gauges for each, maximum capacity 8 gauges), which were wired to a 

Campbell Scientific 21X datalogger. Datalogger and multiplexer wiring is illustrated in 

Appendix B. Data was collected once every minute from each gauge, and averaged into 30 

minute data points. A datalogger program was written to collect only the four differential 

voltage signals (Ch, Ah, Bh, and Yin). The datalogger was connected to an cassette tape 

recorder for automatic downloading, and periodically, the tape was downloaded to a desktop 

computer where stem flow calculations were made from the voltage data. Low flow 

conditions were not automatically set to zero so that night flow rates could be observed. 

Gauge Accuracy 

Overall gauge accuracy was evaluated in greenhouse and field tests. The effects of 

gauge height above the soil surface, gauge ventilation, and gauge fit were also evaluated. 

Gauge error was calculated by 

P t Err (
GAUGE - BAL) 100 ercen or = x 

BAL 
(15) 

where Gauge = 24-hour cumulative flow (g dol) measured by the gauge, and Bal = 24-hour 

cumulative flow (g dol) measured by the balance. 

Gauge Design Modifications 

Attempts were made during the course of the experiment to improve overall gauge 

accuracy by modifying the gauges. Analysis of the various components of the stem flow 

equation (Eqn. 9) under both greenhouse and field conditions indicate that the vertical heat 

flux (Qv) is usually only 2-4 percent of the input power during the day, and thus a small 
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contribution to the calculation of stem flow. The radial heat flux component (Or), however, 

usually accounts for 30 to 40 percent of the input power during the day. Therefore, 

improvement of Or measurements could increase overall gauge accuracy much more than 

improvement of Qv measurements. 

Two types of modifications were tested in an attempt to improve the measurement 

of Or. In one, an additional layer of pipe insulation (1.27 cm thick) was wrapped around 

each gauge to act as a buffer against the effects of the changing surrounding environment. 

This was done to all gauges from September 8 to October 23, 1991. In the second 

modification, extra layers of pipe insulation were added to one gauge in an attempt to 

completely eliminate the Or component. Valancogne and Nasr (1989) reported that Or 

could be neglected with a well-insulated gauge design, although van Bavel (1991) was critical 

of their findings. Such a design would reduce datalogger input channels from 4 to 3, and 

eliminate the zero-set procedure (Ksh) entirely. Preliminary calculations suggested that a 

13 cm thick additional layer of insulation would reduce Or to one percent of the input 

power, thus making the Or component essentially insignificant. However, these calculations 

failed to account for the increase in internal gauge temperature as a result of the increased 

insulation. Therefore, the best method for determining if Or could be eliminated was by 

experiment. A 10 cm thick layer of pipe insulation was added to one gauge, and four power 

levels were tested to see if the ratio of Or to input power (Or/Pin) was ever less than 0.01 

(assumed to be insignificant). 

The last remaining term of the stem flow equation (Eqn. 9) that can be modified is 

dT. The dT was the stem flow component believed to be most affected by a poorly fitting 

gauge, due to its limited contact with a tree stem. The dT is calculated by measuring the 
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temperature difference between two pairs of thermocouples, one pair above the heater, and 

one pair below, where both pairs are on one side of the gauge (Fig. 1). An attempt was 

made to improve the measurement of dT by installing two extra pairs of thermocouples, so 

that the three sets of thermocouple pairs were located on three sides of a gauge. The value 

of dT was then calculated as the average of the three thermocouple pairs, rather than based 

on only one pair. This is a technique practiced by the DYNAMAX company on their largest 

stern flow gauges, but not on the SGB-19 model. 

From October 4 to 24, 1991, gauge accuracy was tested on a mesquite in which three 

pairs of thermocouples were used in the calculation of dT. Two additional pairs was the 

most that could be installed due to space constraints. One of these pairs was the original 

thermocouple pair that was built into the gauge, and two other pairs were added to the 

gauge. The objective was to end up with three pairs of thermocouples located radially 

around the tree stern. Due to design and space constraints, the thermocouples were placed 

at approximately 90° intervals, leaving about 1/4 of the gauge circumference unmeasured. 

Selection of Ksh Setting 

The three methods of Ksh selection described by Steinberg et al. (1989), and two 

additional methods were evaluated. These five methods consisted of using: the minimum 

pre-dawn Ksh value (KSHmin); the average night Ksh value (KSHavg); the best-fit Ksh value 

(KSHfit) in which Ksh is manually adjusted until gauge night flow is equal to balance night 

flow; the minimum Ksh value obtained when the entire tree canopy was enclosed in plastic 

(KSHbag); and the Ksh value measured on a excised test tree trunk (KSHex). 

The KSHmin method causes minimum night flow rate to equal zero at the time that 

KSHmin was found. The KSHavg method causes the average night flow rate to be zero, so 
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KSHavg yields the same effect as using night flow filters. The KSHfit method causes the 

average night flow rate to match the average actual night flow rate, but requires a balance. 

The KSHbag and KSHex methods assume that the tree transpiration rate is zero, thus 

yielding an accurate zero set. Evaluation of the five Ksh methods was accomplished using 

single-tree gauge tests and comparing flow rates provided by the balance with those provided 

by a gauge. The effect of each Ksh method on stem flow gauge accuracy, as well as the 

frequency with which Ksh needs to be updated was evaluated. 

Results and Discussion 

Gauge Accuracy 

Gauge height above the soil surface was found to be critical to gauge accuracy in 

greenhouse, but not field tests. With two gauges on one mesquite tree, at 50 cm and 15 cm 

above the soil, the upper gauge yielded reasonable results (14 percent error) while the lower 

gauge seriously over-estimated sap flow at 58 percent error (Figure 3). A comparison of the 

radial heat flux components (Or) of both gauges reveals that the upper gauge had a positive 

flux during the day, indicating that it was losing heat, and the lower gauge had a negative flux 

during the day, indicating that it was gaining heat (Figure 4). 

Gauge ventilation also appeared to be critical to gauge accuracy in greenhouse tests. 

In one test on an oak, a gauge was located 50 cm above the soil and completely shielded 

from radiation and air movement, and the resulting error was 34 percent (Figure 5). Or 

always remained positive during this test. Lack of ventilation may have also caused the over

estimates of stem flow found for gauges located less than 50 cm above the soil surface. 

When a gauge was located less than 50 cm above the soil surface, ventilation may have been 
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substantially reduced due to the fact that the gauge and its shade cover were below the 

height of the greenhouse benches, and most of the air movement within the greenhouse was 

above bench level. 

In general, a gauge located close to the soil surface, and a gauge shielded from air 

movement yielded consistent over·estimates of stem flow. There are two possible 

explanations for these two scenarios. The first explanation is that both of these scenarios 

may be the result of a lack of convective cooling by air movement. The second explanation 

is based on the fact that a significant temperature gradient occurs up the stem trunk, close 

to the soil surface, caused by excessive heating of the tree pot. Gauge error in these 

scenarios may also be caused by a combination of these two factors. 
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Calculations indicate that a 30 percent over-estimate of stem flow on a 24-hour basis 

(typical for a low-placed gauge) could be caused by a -22 percent error in dT measurement. 

A -22 percent error in dT at a maximum daytime flow rate was found to equal 0.3 °C, which 

corresponds to a temperature gradient of _6°C mol up the stem trunk. During several 

greenhouse tests, a series of thermocouples were placed against the stem trunk at 5, 10, 15, 

and 20 cm above the soil surface in an attempt to monitor any temperature gradient up the 

stem caused by heating of the tree pot. Results typically indicated a temperature gradient 

of approximately -0.5 °C per 10 cm, or approximately -5°C mol up the stem. Therefore, this 

gradient could explain a 22 percent reduction in dT, and thus a 30 percent over-estimation 

of stem flow. 

When a gauge was installed 50 cm above the soil, with only a horizontal piece of 

cardboard directly above the gauge for shade, gauge accuracy was generally within ± 10 

percent of balance measurements (Figure 6) in greenhouse tests. Presumably, either there 

was adequate gauge ventilation in this configuration, or the temperature gradient up the stem 

trunk was minimized at 50 cm above the soil surface, thus keeping any error in stem flow to 

a minimum. 

There was no correlation between gauge height and error in field tests. This was 

believed to be the result of either: greater wind speed in the field than in the greenhouse, 

and thus greater convective cooling potential; the tree pots being placed below the ground 

surface, and kept relatively cool by insulation, thus resulting in a reduced temperature 

gradient up the trunk stem; or a combination of these factors. 

The average gauge error of 24-hour tests found during all multiple-tree gauge testing 

was -3 percent error. The range in errors, however, was quite large. The standard deviation 
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from the mean of gauge error was 21 percent for the oaks, and 30 percent for the mesquites, 

indicating that only 68 percent of all 24-hour comparisons between gauge and balance data 

were within 21 and 30 percent error for the oaks and mesquites, respectively. 95.5 percent 

of all comparisons (2 standard deviations) were within 43 and 61 percent error for the oaks 

and mesquites, respectively. Only 37 percent of the oak comparisons, and 25 percent of the 

mesquite comparisons were within ± 10 % error. Percent error for each day of the 

experiment for the oaks and mesquites is plotted in Figures 7, 8, 9, and 10. Large arrows 

indicate when every gauge was reinstalled, and small arrows indicate when one particular 

gauge was reinstalled. Reinstallation, or adjustment of the gauges is a procedure 

recommended by the manufacturer to allow for tree growth. The arrows indicate that gauge 

adjustment sometimes improved gauge accuracy, and sometimes reduced it. Comparisons of 
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gauge versus balance data are plotted in Figures 11 and 12. The percent frequency of gauge 

error magnitude is plotted in Figures 13 and 14, illustrating that errors between 0 and -10 

percent for the oaks, and between -10 and -20 percent for the mesquites were most frequent. 

The large range in gauge error in the field was different from that found in the 

greenhouse. In the greenhouse, gauge error was consistently positive in sign, whereas errors 

were both positive and negative in the field. Very large errors in Or (at least ± 50 percent) 

could explain the gauge errors found in the field. However, there is no valid reason to 

suspect such large errors in the estimation of Or. The estimation of dT appears to be the 

most likely culprit for the large range in gauge error found in the field due to the limited 

contact of the two thermocouple pairs on a tree stem, and the fact that only thermocouple 

pairs are used where a thermopile array is used to estimate Or. A gauge installed such that 

one or more of the dT thermcouples are not in good contact with the tree stem could easily 

yield inaccurate estimates of dT. This point is supported by the fact that one oak with a 

particularily smooth trunk surface was used in most of the greenhouse tests, where results 

were good (within ± 10 % error) if gauge height and ventilation were adequate. This same 

oak was moved to the field where gauge error was always within ± 20 percent, which was 

considered to be good accuracy relative to most of the gauges in the field. It would appear, 

therefore, that the contact of the vertical thermocouple pairs was better for a tree with a 

smooth surface than a rough surface, thus yielding better gauge accuracy. 

A sensitivity analysis indicates that errors in dT measurement are proportional to 

gauge error, regardless of flow rate. For example, a -20 % error in dT will always yield a 

+25 % error in stem flow, as illustrated in Figure 15. But when actual dT is plotted against 

stem flow error for several different flow rates, it is apparent that a specific error in dT 
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measurement (such as 0.2 0c) will cause a larger error at high flow rates than low or medium 

flow rates, as illustrated in Figure 16. Therefore, if a gauge has poor contact with a stem 

trunk, and the estimate of dT is in error by some discreet amount, then gauge error will be 

greatest for high flow rates, thus causing a greater 24-hour error than if dT errors were more 

significant at low flow rates. 

The accurate measurement of dT appears to be problematic in both the greenhouse 

and the field. In greenhouse tests, dT may be reduced by vertical temperature gradients 

within the stem trunk. In field tests, dT appears to be difficult to measure due to poor 

contact with the tree stems. 

Heat storage was also considered as a reason for the large range in gauge error 

during the experiment, particularily for the consistently positive errors found during 
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greenhouse tests. Heat storage was found to be significant during very low flow rates (1 to 

4 g h'I) by van Bavel and McInnes (1992). However, all daytime flow rates were far above 

20 g h't, the rate at which heat storage becomes insignificant (van Bavel and McInnes, 1992). 

In addition, there was no evidence of hysteretic flow, which would be expected if heat 

storage was significant. 

If total gauge accuracy is considered for several gauges over several days, gauge error 

was often compensating, thus yielding less error than for individual gauges for one day, For 

example, total water measured by five gauges over five days was compared to total water 

measured by the balance, and the total error was less than one percent. This indicates that 

gauge estimations of water use by a crop using several gauges over several days is 
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considerably more accurate than gauge estimations of water use for an individual plant, for 

one day. 

Gauge Design Modifications 

Results of the gauge modification to improve Qr measurement with one layer of 

insulation indicate that there was no significant difference in overall gauge accuracy when 

comparisons were made between tests with and without the ex?ra insulation layer. 

Therefore, the addition of such a layer only resulted in increased labor in the field, installing 

the extra insulation. 

Results of the gauge modification to eliminate Or contradict the work of Valancogne 

and Nasr (1989) and support van Bavel (1991), in that Qr was never found to be negligible. 

At four different power levels, Or was a significant component of the heat balance. 

However, at power levels less than or equal to 0.16 W, Or was found to be negative, 

indicating that the gauge was being heated by its surroundings, and at power levels greater 

than or equal to 0.27 W, Qr was found to be positive, indicating that the gauge was giving 

off heat to its surroundings. It would appear, therefore, that at a power level between 0.16 

and 0.27 W, gauge temperature was in equilibrium with its surroundings, and Or would 

approach zero. These results indicate that a new gauge could be designed such that Or is 

kept constant at 0 W by continual adjustment of the input power level. This would eliminate 

the need for the Ksh setting, but would still require the radial thermopile array. The results 

of the attempt to eliminate Qr are summarized in Table 1. Gauge accuracy throughout this 

test period was within ± 10 percent error on a 24-hour basis, which indicates that it is 

possible for a gauge to have a negative radial heat flux and maintain good accuracy in the 

field. 
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Table 1. Summary of Or elimination attempt. 

Date Input Daytime Daytime 
Power (W) Or (W) (Or/Pin) 

Aug 5-6, 1991 0.025 - 0.023 - 0.90 

Aug 6-7, 1991 0.075 - 0.038 - 0.50 

Aug 7-8, 1991 0.16 - 0.016 - 0.10 

Aug 8-9, 1991 0.27 0.030 + 0.11 

The results of gauge testing with additional thermocouple pairs indicate that the best 

results were consistently obtained from the original thermocouple pair in the gauge. 

Rotating the tree and adjusting the gauge appeared to have some effect on the response of 

the original gauge dT, but very little, if any, on the two additional dT sensors. In only 9 out 

of the 17 days did the average dT value yield better accuracy than using the original gauge 

dT value alone. This indicates that the addition of two more thermocouple pairs did not 

improve overall gauge accuracy. However, the overall good accuracy obtained using only the 

original gauge dT sensor in this test was not typical of the results found for gauge accuracy 

in the field. It is believed that given the more typical gauge performance found in the field, 

additional thermocouple pairs would increase gauge accuracy. The results of this gauge 

modification are summarized in Table 2. 

Selection or Ksh Setting 

If night flow filters are not used, then the accuracy of the Ksh setting is most 

important at night. The KSHfit method, therefore, provided the most accurate value of Ksh 

because the gauge accuracy at night is adjusted (fitted) to zero. This does not mean that 24-

hour gauge accuracy was best using KSHfit. If gauge error was positive over a 24-hour 
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Table 2. Gauge accuracy for single and multiple thermocouple pairs. 

24-hour Percent Error 
Date 

Gage dT 2nd pair dT 3rd pair dT Average 
dT pairs 

Oct 4-5, 1991 2 -24 N/A -16 

Oct 5-6, 1991 12 -14 N/A -5 

Oct 6-7, 1991 17 -13 N/A -5 

Oct 7-8, 1991 A 7 18 N/A 12 

Oct 11-12, 1991 5 > 100 -14 -8 • 

Oct 12-13, 1991 6 > 100 -7 -2 • 

Oct 13-14, 1991 B -6 8 -15 -8 

Oct 14-15, 1991 -9 -1 -15 -9 

Oct 15-16, 1991 B -9 41 -17 -1 

Oct 16-17, 1991 -5 51 -22 -0.3 

Oct 17-18, 1991 A 11 53 -11 10 

Oct 18-19, 1991 15 79 -to 16 

Oct 19-20, 1991 14 >100 -17 9· 

Oct 20-21, 1991 A -to 30 -30 -to 

Oct 21-22, 1991 B -6 15 -56 -31 

Oct 22-23, 1991 0.3 15 < 100 9 • 

Oct 23-24, 1991 8 37 -52 -21 

• indicates only 2 of 3 dT values were averaged due to large error from one 
pair. A indicates tree was rotated 1800 on the balance. B indicates the gauge 
was adjusted or reinstalled. 

period, then the KSHavg method tended to yield the smallest error, because this method 

causes underestimates of night flow. If gauge error was negative over a 24-hour period, then 

the KSHmin method tended to yield the smallest error, because this method causes 

overestimates of night flow. 
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The KSHbag method was found to be less accurate than KSHmin, KSHavg, and 

KSHfit. This method generally yielded under-estimates of 24-hour flow. This was believed 

to be the result of continued low transpiration rates at night, even though the balance 

measured no water loss, which caused the zero-set (Ksh) to be erroneously high, and thus 

caused under-estimations of flow. KSHbag also required an air-tight bag to be placed over 

the tree every time Ksh was to be updated, and every time the gauge was removed because 

Ksh values were found to change significantly every time the gauge was removed and 

reinstalled, rendering the previous Ksh value obsolete. 

The KSHex method was found to be the least accurate of the Ksh methods. In fact, 

Ksh values found using the KSHex method usually caused night flow, and 24-hour flow to 

be in error by several hundred percent. This was due at least in part, to the fact that the 

Ksh value changes significantly every time the gauge is reinstalled or adjusted. The results 

of gauge accuracy using the five Ksh methods were compared for two different tests, one in 

the greenhouse and one in the field, and summarized in Table 3. These days were selected 

because the gauge error was low relative to most of the gauge tests. The results of these 

comparisons are illustrated in Figures 17 and 18. KSHex flow rates are not shown due to 

the magnitude of the error. 

Since KSHfit can only be used if balance data is available, then the next best method 

depends on the sign of the error. If gauge error is positive, KSHavg yields the least error, 

and if negative, then KSHmin yields the least error. However, the differences in gauge 

accuracy among KSHmin, KSHavg, and KSHfit methods were statistically insignificant as long 

as flow rates were above 20 g h· l
. At flow rates less than this, there were significant (p = 

0.01) differences among these Ksh methods, with the best method depending on the sign of 
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Table 3. Effects of different Ksh methods on gauge error. 

Greenhouse Test: May 19 - 20, 1991 

Method Ksh Value 24-hr Error: 24-hr Error: Night Error 
(W/mV) Night Flow Night Flow 

Filter OFF Filter ON 

KSHmin 1.064 7.8% 7.2 % 57. % 

KSHavg 1.077 6.0 % 5.5 % -37. % 

KSHfit 1.072 6.7 % 6.0 % 0.0% 

KSHbag 1.411 -42. % -18. % < -100. % 

KSHex 2.820 < -100. % < -100. % < -100. % 

Field Test: July 26 - 27, 1991 

KSHmin 1.174 3.8% 3.5 % -48. % 

KSHavg 1.183 3.1 % 2.9 % -73. % 

KSHfit 1.157 5.2 % 4.7 % 0.0% 

KSHbag 1.411 -15. % 2.0 % < -100. % 

KSHex 2.820 < -100. % -59. % < -100. % 

the 24-hour gauge error. These same results were found to be valid when night flow filters 

set night flow rates to zero. 

Ksh values were found to change from day to day. whether a gauge was reinstalled 

or not, indicating a need to update the Ksh value on a daily basis. It is suggested that this 

"drift" in Ksh is the result of variations in minimum air temperature, since air temperature 

affects the value of Ksh (Eqns. 6 and 7). Table 4 summarizes this Ksh drift over a period 

of one week from July 25 to August 1, 1991, during which the gauge was not adjusted, and 

the resulting gauge error when Ksh was updated daily. This table also includes the gauge 

error that occurred when Ksh was not updated. While the error was usually not significantly 

different between updated and non-updated Ksh gauge errors, occasionally there was a 



Figure 17. 

Figure 18. 

140 

120 

100 

".... 80 .c 
"-Ol 
'-" 

;: 60 
0 
...J 
Lo.. 40 
~ 
w 
I-

20 Vl 

0 

-20 

-40 
20:30 

KSHmin~ 
KSHavg 

KSHfif 

KSHbag ~ 

00:30 04:30 08:30 
TIME 

12:30 16:30 

52 

20:30 

Stem flow using different Ksh methods for a greenhouse test on an oak on 
May 19-20, 1991. 

300T-------------------------------------------~ 

".... 
.c 
"-

250 

200 

.!?) 150 
;: 
o 
...J 

Lo.. 100 
~ 
W 
I-
Vl 

50 

KSHmin 

KSHavg _~ 
KSHfit ~ 

~-- Balance 

KSHbag 

-50+-------.-----~-------r------,,------~----~ 
20:30 00:30 04:30 08:30 

TIME 
12:30 16:30 20:30 

Stem flow using different Ksh methods for a field test on an oak on July 26-
27, 1991. 



53 

significant loss in gauge accuracy when Ksh was not updated. The average gauge error over 

six days was -2 %, and -4 % for when Ksh was and was not updated daily. 

Table 4. Drift of Ksh values from July 25 to August 1, 1991. 

July 25 - August 1, 1991 

Date Ksh Value 24-hr Accuracy 24-hr Accuracy 
(W/mV) (Ksh

o 
updated) (not updated) 

July 25-26 1.206 2.% 2. % 

July 26-27 1.183 3.% -1. % 

July 27-28 1.181 -2. % -6. % 

July 29-30 1.173 -4. % -11. % 

July 30-31 1.199 -7. % -8. % 

July 31 - Aug 1 1.226 -4. % 2. % 

o indicates that KSHavg method was used 

Drifting Ksh values were also evaluated on a later data set in which eight gauges 

were used. From September 27 to October 14, 1991, none of the eight gauges were moved 

or adjusted. Table 5 summarizes the error on October 14 for each gauge when the October 

14 Ksh value was used, versus when the September 27 value was used. For seven of the 

eight gauges, gauge error was significantly higher when the old Ksh value was used. The 

KSHavg method was used for all calculations of stem flow. 

The apparent influence of temperature on Ksh is illustrated in Figure 19. For at 

least five out of eight gauges, there is a correlation between the magnitude of Ksh and the 

minimum night air temperature. These results indicate that it may be possible to predict 

daily changes in Ksh based on air temperature data. 
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Tree Damage 

By September 8, 1991, all of the mesquites were either dying or dead, and showed 

definite signs of trunk constriction where the gauge had been located. The first six mesquites 

fitted with gauges died within four weeks of gauge installation, and each replacement 

mesquite also died within four weeks of gauge installation. None of the oaks died or showed 

any sign of gauge damage at this time. 

It was unclear if the original mesquites were damaged and ultimately killed by the 

gauges, the silicone grease used under the gauges, the heater within the gauges, or some 

combination of these factors. Therefore, in order to determine the cause of the death of the 

original mesquites, an experiment was set up using a new supply of mesquites. Five possible 

combinations of gauge installation were tested using six mesquites. These various 

combinations are summarized in Table 6. This mesquite damage test was conducted from 

October 4 to 12, 1991. 

Table 6. Summary of various combinations of gauge installation for mesquite damage 
test. 

Tree Gage Power Grease 

4 Yes No Yes 

7 Yes Yes Yes 

9 * Yes Yes Yes 

11 Yes Yes No 

13 Yes No No 

16 No No Yes 

* denotes a replicate 
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By three weeks after the end of the test, five of the six mesquites used in the damage 

test showed various signs of damage from the gauges. The only tree that appeared 

undamaged was tree 16 which only had silicone grease applied to its trunk. All other 

combinations of gauge, power, and grease resulted in damage to the mesquites. It was 

unclear at this time if the mesquite damage was due to the youth of these trees and thin 

outer bark, or if there was some inherent problem using gauges on mesquites in general. In 

a separate study in Las Vegas, Nevada, mesquites were reported to also be damaged by 

DYNAMAX stem flow gauges (D. Devitt, personal communication). 

By May 12, 1992, all oaks, as well as mesquites, that had been fitted with stem flow 

gauges showed signs of damage. All trees appeared to have constricted growth where the 

gauges had been located. One oak was dead above where the gauge had been installed. All 

trees had numerous new shoots growing below where the gauge had been installed. These 

results indicate that extensive use of the gauges, even with frequent adjustment to account 

of tree growth, can damage or kill mesquites and oaks. 

Solar Eclipse 

A partial solar eclipse (73 percent coverage at maximum) occurred in Tucson on July 

11, 1991, from approximately 1100 h to 1330 h. Half-hourly transpiration rates using stem 

flow gauges for 6 oak trees during this day are illustrated in Figure 20. 

Conclusions 

Gauge height above the soil surface and ventilation were found to be critical to gauge 

accuracy in greenhouse but not field tests, possibly due to stem temperature gradients. If 

all precautions provided by the manufacturer, as well as those related to gauge height and 
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ventilation were taken, then the gauges were generally within ± 10 percent error on a 24-

hour basis, in greenhouse tests. In the field, overall average gauge error was found to be 

approximately -3 percent on a 24-hr basis, but with a standard deviation from the mean of 

gauge error of 21 percent for the oaks, and 30 percent for the mesquites. When gauge error 

was evaluated for five gauges over five days, the overall error was less than one percent, 

indicating that stem flow gauges are more suited to measuring transpiration of a crop using 

several gauges over several days, than to measuring transpiration of a single tree over one 

day. Accurate estimates of isolated tree daily water use in the field, therefore, require 

validation of stem flow measurements by lysimetric measurement, or by use of multiple 

gauges. 
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Attempts to modify the gauges by adding extra insulation and extra vertical 

thermocouple pairs resulted in no improvement of gauge agreement with balance data. 

However, results did indicate that a new gauge design could be implemented in which Qr is 

maintained at zero flux, thus completely eliminating the need [or the zero-set (Ksh) 

procedure. 

Evaluation of the Ksh selection methods indicated that there was little difference 

between KSHmin, KSHavg, and KSHfit, if flow rates were above approximately 20 g h· t• 

KSHbag and KSHex were found to yield poor agreement with balance data. Ksh values 

were found to change significantly every time a gauge was moved or adjusted. Ksh values 

were also found to change from day to day, indicating the need to update Ksh on a daily 

basis if night flow filters are not enabled. 

Perhaps most important of all, every tree that had been fitted with a gauge, even if 

only for one week, had died or showed signs of damage by seven months after the end of the 

experiment. 

The results of the stem flow gauge experiments indicate that the overall accuracy of 

the gauges is not as good as that reported in the literature. Although good results could be 

obtained in a greenhouse environment after taking the necessary precautions, results in the 

field were considerably worse. The extent to which the gauges were tested in the field leads 

me to suggest that they simply are not as reliable in the field, especially in Tucson in summer 

and fall, as they are in a greenhouse. These results are supported by Breshears et al. (1991) 

who found poor agreement between a stem flow gauge and lysimeter in Held tests in Los 

Alamos, New Mexico, where diurnal temperature variations were also quite large. Future 
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research projects using stem flow gauges in harsh field environments should support these 

findings. 
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CHAPTER 3 

WATER USE OF TWO DESERT LANDSCAPE 

TREE SPECIES IN TUCSON, ARIZONA 

Introduction 

Conservation of water and energy in the arid southwest through sensible landscaping 

practices was discussed in Chapter 1. If the idea, then, is to minimize water use and 

maximize shading, and if the degree of tree shading is simply a function of tree total leaf 

area, then the ratio of tree water use per total leaf area would be a useful index of landscape 

tree suitability in the arid southwest. This type of index would also be useful in that it 

accounts for tree size. This index would be limited, however, in its failure to account for tree 

shape. Two trees with the same index value of water use per total leaf area could 

conceivably supply tremendously different amounts of shade, depending on whether the tree 

is short and wide, or tall and thin. 

A similar type of index has been used for quantifying crop water use. The 

dimensionless crop coefficient (Kc) (Doorenbos and Pruitt, 1977) is calculated as the ratio 

of actual water use (ETa) to reference evapotranspiration (ETo), where water use is 

expressed as a depth of water evaporated per time for a well-watered non-stressed crop: 

K = ETa 
c ETo 

(16) 

where ETa and ETo have units of mm d· l
• ETo estimates are meant to approximate the 

evapotranspiration of a 10 to 18 cm tall, cool-season grass that is not water stressed. ETo 
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is calculated using either a class 'A' evaporation pan, or one of the ETo equations, such as 

the Penman combination equation (Doorenbos and Pruitt, 1977). 

The concept of the dimensionless crop coefficient has been applied to orchards, 

where tree water use is defined as water use per projected canopy area, and the orchard 

canopy is considered to be a uniform surface. Worthington et al. (1984) reported crop 

coefficients of 0.71 for peach trees, where water use was measured by weighing Iysimeter, 

and ETo was based on class 'A' evaporation pan data. Tan and Layne (1981) reported 

coefficients of 0.85 for peach trees, where water use was based on soil moisture 

measurements, and ETa was based on a simplified Priestley Taylor equation. Hoffman et 

al. (1982) reported crop coefficients of 0.75 to 0.85 for mature Valencia orange trees in an 

arid climate, where water use estimates were based on leaching fraction, and ETa was based 

on class 'A' pan evaporation and several ETo equations. Middleton et al. (1979) reported 

crop coefficients of 0.02 to 0.2 for apple trees, where water use was measured by weighing 

Iysimeter, and ETa was based on class 'A' pan evaporation. Snyder et a!. (1989) reported 

crop coefficients for a variety of orchard species, as well as a general crop coefficient for 

"trees" of 1.20, but they do not report their method of determining crop water use. 

These applications of the crop coefficient concept to stands of trees, such as 

orchards, have been based on the assumption of one dimensional heat and vapor transport, 

and that the orchard surface can be considered the same as a uniform crop surface. While 

this may be a safe assumption for stands of trees, it is not for isolated trees. Heat and vapor 

transport for isolated trees is significantly more complex than the one-dimensional transport 

for a crop surface. Net radiation, which has a stronger influence on Penman ETo than any 

other environmental parameter, is measured on a horizontal surface, and an isolated tree will 
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intercept much more radiation than a horizontal surface. Also, the effects of wind on a 3-

dimensional surface such as an isolated tree are far less predictable than for an extensive 

crop. However, if calculations of Kc are made based on a 24 hour basis, and if the degree 

of cloudiness remains constant throughout the day, then the relative effect of net radiation 

from day to day on a 1-D horizontal surface versus a 3-D tree are approximately the same. 

For example, if the total net radiation on a horizontal surface increases by 10 percent from 

one day to another, then the net radiation incident on a 3-D surface will also increase by 10 

percent, assuming that the degree of cloudiness is constant throughout the day. Therefore, 

the application of Kc to 3-D geometries such as isolated trees is probably reasonable. 

Very little work has been reported in which crop coefficients are used to predict 

water use of heterogeneous surfaces. Costello et al. (1992) applied the crop coefficient 

concept to heterogeneous landscape applications by use of a landscape coefficient method 

(KL), where KL is the product of species, density, and microclimate factors. However, the 

KL method is not calculated from field measurements. The species, density, and microclimate 

factors are each qualitative approximations of the factors that affect water use in landscapes. 

Values between 0.2 and 0.9 are assigned as the species factor, between 0.5 and 1.3 for the 

density factor, and between 0.5 and 1.4 as the microclimate factor. 

Tree coefficients were calculated for actual isolated landscape trees in only one study: 

Garbesi (1992) reported that isolated landscape trees have maintained acceptable levels of 

growth and appearance at average crop coefficient values of approximately 0040. However, 

Garbesi reported a crop coefficient for trees that were not well-watered, therefore violating 

the definition of crop coefficient. 
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The crop coefficient concept can be applied to water use of isolated trees described 

in previous literature when ample climatological data is supplied. For example, I calculated 

a K.: of 1.8 for a 28-meter Douglas Fir in Seattle, Washington, based on the tree water use, 

projected canopy area, and solar radiation described by Fritschen et al. (1977); and a K.: 

value of 2.05 for a crack willow in Czechoslovakia, based on the tree water use per crown 

projection, and potential evapotranspiration data described by Cermak et al. (1984). These 

applications of Kc to both stands of trees, and isolated trees, have been expressed as water 

use per projected canopy area (PCA). While this type of coefficient is useful for comparing 

values, the ratio of water use per total leaf area (TLA) would be more useful in landscaping 

scenarios where the degree of shading is important. TLA and PCA are related to tree leaf 

area index (LA!) by 

TLA LAI=
peA 

so if any two of these three parameters are known, the third can be calculated. 

(17) 

Actual water use of a crop, where water is not limiting, was defined in Eqn. 16 as 

ETa, where soil evaporation is assumed to be minimal, and canopy cover is complete. Since 

the application of a crop coefficient to isolated trees does not include the soil evaporation 

component, it would be logical to refer to tree water use simply as T (transpiration only) 

instead of ETa, where T can be expressed on a TLA basis as TTLA and 

T = H20 
11.A TLA 

(18) 



where H20 is daily water use (mm). Similarly for tree water use on PCA basis, 

H2O 
PeA 
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(19) 

For the remainder of this paper, therefore, water use coefficients for trees will be referred 

to as ~ree instead of K.:, where 

T 
ETa 

and T can be TTI.A or TpCA for a well-watered tree. 

(20) 

The overall objective of water and energy conservation in the arid southwest would 

be facilitated by: improved lists of tree coefficients compiled for various landscape tree 

species based on quantitative measurement, as opposed to the lists of 'low', 'medium', and 

'high' water users currently available; improved distinctions between drought resistant and 

low water use trees; and lists of TLA-based crop coefficients that account for the shading 

potential of landscape trees. However, even if crop coefficients prove to be satisfactory for 

predicting water use of isolated landscape trees, the more immediate problem is how can 

these coefficients be readily determined? 

Various methods of determining water use of isolated trees were briefly discussed in 

Chapter 1, including lysimetric, soil water balance, chamber, and heat balance methods. The 

application of the heat balance method to measure water use of isolated trees was discussed 

in Chapter 2. The focus of this chapter is the determination of K.ree values for two tree 
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species, and the application of a model based on the Penman-Monteith equation to predict 

water use of isolated trees. 

Tree Water Use Models 

The extent of published models related to the water use of isolated trees is largely 

limited to applications based on some form of the Penman-Monteith equation. The 

combination equation proposed by Penman (1948) consists of an energy term and an 

aerodynamic term and is used under the assumption that the passage of water through the 

stomata to the air is met with no resistance. In 1965, Monteith proposed a modification of 

the Penman equation, the Penman-Monteith equation, in which surface and air resistances 

are incorporated into the equation. Movement of water vapor from plant to atmosphere can 

be restricted by the plant stomata, where the degree of restriction is quantified as the 

stomatal resistance. After passing through the stomata, water vapor then has to overcome 

an aerodynamic resistance (Stewart, 1984). 

The Penman-Monteith (PM) equation has been used in a number of studies to 

predict water use of isolated trees. In these studies, the PM equation is used either to 

estimate evaporation from an actual single leaf, and whole tree transpiration is estimated by 

extrapolation from the single leaf, or a whole tree is considered to be a single large 

homogeneous leaf and the entire tree canopy is mathematically condensed into a single 

plane. This concept is referred to as a Single Leaf model and a Big Leaf model 

(Shuttleworth, 1975; Sinclair et ai., 1975). 

Sinclair et al. (1975) reported results within ± 10 percent of model simulations using 

the PM model for a single leaf and extrapolating to the whole tree, but added that this 

model required validation to test its universality. In 1976, Butler used an empirical model 
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based on the PM model to predict the water use of an apple tree. He reported that 

measurements of net radiation surrounding a tree and vapor pressure deficit should provide 

rough estimates of whole tree transpiration. Thorpe (1978) compared the single leaf PM 

approach to estimates of whole tree water use made with a weighing Iysimeter, and with a 

severed tree placed in a tub of water, where the water level is measured. He concluded that 

the PM model can be used if accurate estimates of simulated net radiation on a tree surface, 

stomatal and air resistance are made. Thorpe et al. (1978) also reported the use of an 

empirical model based on the PM model in which tree transpiration is correlated with photon 

flux density and stomatal resistance. They reported good results between their model and 

balance measurements made in a greenhouse. Fritschen (1979) reported that transpiration 

calculated with a PM type equation approximated measured values using a weighing 

lysimeter. Landsberg and McMurtie (1984) describe a more complex model based on the 

PM model, which requires root length per tree, and soil drying patterns under a tree canopy. 

They concluded that the PM model was "probably suitable" to predict water use for isolated 

trees, although they did not present any results using such a model. 

Some of the literature concerning the PM model have reported poor results. Milne 

et aI., (1985) reported poor agreement between the PM model for a single leaf extrapolated 

to a whole tree, and eddy correlation measurements. They recommended that the PM 

equation be applied to many layers and leaves to improve the general resolution of the 

model. Leuning and Foster (1990) compared chamber, leaf energy budget, and PM methods 

for a single leaf and reported that there were considerable errors in all methods, and that 

none were accurate in estimating whole tree transpiration. 
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Is it valid to extrapolate whole tree transpiration from the PM model for a single 

leaf? Some researchers dealt with this question by applying the PM model to many leaves, 

canopy layers, or sections of a tree. Shuttleworth (1975) discussed how the model could be 

applied to mUltiple canopy layers to gain a better estimation of whole tree transpiration. 

Denmead (1984) recommended taking at least 100 measurements within a tree canopy to 

adequately characterize the stomatal resistance distribution. Rose (1984) attempted to 

quantify the effect of lateral air flow through a canopy, and evaluated whole tree 

transpiration by dividing a tree into discrete sections, and measuring water vapor density 

differences within each section. He reported that the horizontal component of tree 

transpiration comprised 75 percent of the total tree transpiration. 

Regardless of sampling strategies, the PM model is being applied to a 3-dimensional 

geometry although it is based on I-dimensional considerations. Stewart (1984) addressed this 

issue and discussed some of the more important differences of heat and vapor transport 

between a I-dimensional surface such as an extensive crop, and a 3-dimensional 

heterogeneous surface such as a forest or tree. In addition to the different effects of 

radiation on a horizontal surface versus a 3-D object, resistance effects are considerably 

different. A I-D surface such as a crop has a much lower stomatal resistance, and generally 

larger aerodynamic resistance than for an isolated tree. Tree transpiration rates will also be 

much more sensitive to changes in stomatal resistance than for a crop. Therefore, the 

application of the PM equation to isolated trees requires very accurate estimates of stomatal 

resistance. Other differences include greater within-plant restriction to water movement for 

a crop than for a tree, due to the lack of vegetation surrounding an isolated tree. Denmead 

(1984) also reviewed some of the critical differences between I-D and 3-D geometries, and 
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warned that PM models extrapolated for a canopy should be regarded with a good deal of 

circumspection. However, he also concluded that the application of the PM model is useful 

for single leaves, and for whole trees, depending on the accuracy of the stomatal resistance 

estimates. 

Estimates of stomatal resistance are usually made using porometer measurements 

(Leuning and Foster, 1990). Infrared thermometry has also been used to estimate stomatal 

resistance (Ben-Asher et aI., 1989). While many measurements have been made of stomatal 

resistance of a crop, few measurements have been made for forests, and even fewer for 

isolated trees. In general, r. is considered to be much greater for a forest than for a crop. 

Stewart (1984) reported values of 1.5 to 3 s cm·\ for forests, and values of 0.75 s cm·\ for 

crops. Tan and Black (1976) reported values ranging from 3 to 60 s cm·\ for a Douglas Fir 

forest. Denmead (1984) found substantial variance of stomatal resistance values within the 

canopy of an isolated tree, but failed to report the values. One of the goals of this research 

was to estimate the range of stomatal resistance values for isolated trees under stressed and 

unstressed conditions, and develop calibrations of r. with net radiation for each tree species 

in hopes of eliminating the need for stomatal resistance measurements. 

Mechanistic models that are not based on the PM model have been reported to a 

limited extent. Vrecenak and Herrington (1984) reported results of a predictive model 

within ± 50 percent error of Iysimeter measurements for isolated tree water use. Their 

model requires many additional input parameters from those described for the PM model, 

such as soil water potential, and soil surface temperature. However, they do not describe 

the model. Craul (1985) used the Vrecenak and Herrington model to predict isolated tree 
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water use based on estimates of various rooting volumes and configurations, but also 

neglected to describe the model. 

Objectives 

The objectives of this study were: 1) to determine the actual water use of two potted 

desert landscape tree species in Tucson, Arizona under non-limiting and one under limiting 

water conditions; 2) to determine water use coefficients for each tree species; 3) to estimate 

values of stomatal resistance using the PM equation, and calibrate rs with net radiation; and 

4) to test and develop the PM model of water use of isolated trees. 

Materials and Methods 

Field Site 

The field experiment was conducted at the University of Arizona Campus 

Agricultural Center (CAC) in Tucson, Arizona, from July 2 to October 23, 1991. The 

irrigation system was designed for studies of water use of two tree species under two 

irrigation levels. Therefore, a 4-station irrigation system was installed at the field site. The 

site was designed as a randomized complete block design, consisting of eight blocks, each 

containing four treatments (two species and two irrigation levels) for a total of 32 trees. 

However, a maximum of 20 trees were used in the experiment, consisting of five blocks. A 

schematic of the field site is illustrated in Figure 21. A detailed description of the irrigation 

system design can be found in Appendix A. A detailed description of the trees was given 

in Chapter 2, and a detailed description of the weighing and irrigation schedule for the entire 

experiment can be found in Appendix C. 
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From July 2 to September 23, 1991, each tree was irrigated 7.61 (2 gal) per irrigation, 

which provided non-limiting water conditions for all trees for this entire period. From 

September 24 to October 23, 1991, a water limiting treatment was imposed on four oaks 

while 7.6 I per irrigation continued to be supplied to all other trees. The water limiting 

treatment consisted of irrigating the four oaks with 50 percent of their previous actual water 

use. This was accomplished by calculating the average water use for each of the four oaks 

during the period of September 8 to 23, 1991, under non-limiting conditions. Individual 

irrigation amounts for each of the four oaks was then calculated as 50 percent of the average 
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previous water use during that period. The irrigation amounts under limiting water 

conditions is summarized in Table 7. 

Table 7. Summary of average water use under non-limiting conditions, and irrigation 
amounts under limiting conditions for four oaks. 

Water Use, Non-limiting Irrigation, Limiting 
Tree 9/8/91 - 9/23/91 9/24/91 - 10/23/91 

avg. ± std. dev. (I dol) 

2 2.4 ± 0.5 1.0 

5 1.1 ± 0.1 0.5 

6 2.4 ± 0.7 1.0 

10 1.1 ± 0.3 0.5 

avg. ± std. dev. (mm dol) 
ETo 

4.9 ± 1.4 5.5 ± 0.9 

Determination of Total Leaf Area (TLA) 

Total leaf area (TLA) was determined using an empirical calibration between TLA 

and shoot length, as has been done in other studies (Ceulemans et aI., 1989; Denmead, 

1984). Shoot length and TLA of one oak and one mesquite was determined using a 

Decagon Image Analysis System (DIAS) in September, 1991. The length of every shoot of 

each tree was measured, then the leaves from each shoot were removed for determination 

of leaf area. The mesquite tree used for the calibration had a 20 mm diameter (3/4 inch) 

caliper, and a total leaf area of approximately 1.46 m2
• 

A 20 mm diameter caliper oak with a total leaf area of approximately 1.12 m2 was 

used for the oak calibration. For the oak, all shoots having a length equal or greater than 

12 cm were measured. Shoot lengths shorter than 12 cm were not measured due to their 



72 

quantity. It was decided that it would be too time-consuming to measure all the shoot 

lengths of an oak in the field, and 12 cm was a good cut-off length due to a large increase 

in shoot quantity below a length of 12 cm. Therefore, any leaves on shoots less than 12 cm 

long were associated with their respective main shoots. 

Determination of Projected Canopy Area (PCA) 

On November 6, 1991, the projected canopy area (PCA) of each tree was measured 

by outlining the drip line of each tree canopy. Canopy drip lines were traced into the soil 

by use of a vertical rod, and the traced area on the soil surface was measured. For the oaks, 

the traced area was measured by a~suming a circular area and measuring its diameter, and 

for the mesquites, the area was measured by dividing each outlined area into 10 cm x 10 cm 

squares and summing their areas. Leaf area index (LA!) was then determined by Eqn. 17. 

Throughout the experiment, visual approximations were made of tree growth and leaf 

loss (under water-limiting conditions) and appropriate adjustments were made on the 

estimates of TLA and CPA Tree growth approximations were made by periodically 

measuring the lengths of new shoot growth, and approximations of leaf loss were made by 

actually counting the leaves of the water-limited trees about once a week. By the end of the 

water-stress experiment, the four stressed trees had approximately 200, 75, 300, and 100 

leaves per tree for oaks 2, 5, 6, and 10, respectively. 

Determination of Tree Coefficients 

Dimensionless tree water use coefficients for the oaks and mesquites were calculated 

using Eqn. 20. Daily reference evapotranspiration (ETa) was calculated using the Penman 

combination equation, which is defined here as 



ETo = W(Rn) +(I-W)(VPD)f(U) 
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(21) 

(Paul Brown, Arizona Meteorological Network (AZMET), personal communication) where 

Rn = the net radiation in equivalent depth of water (mm), W = a dimensionless weighting 

function, VPD = the vapor pressure deficit (KPa), and f(U) = an empirical wind function 

(mm KPao1
). 

ETo data was collected at a weather station located in the center of the field site 

(Figure 21). Measurements of solar radiation, temperature, relative humidity, and wind 

speed were taken once each minute and hourly averages of the 60 one minute values were 

used to calculate hourly ETo. Daily ETo was calculated as the sum of 24 hourly ETo values. 

Solar radiation (Rs) in MJ m-2 was converted to net radiation (Rn) in W m-2 using 

the following two empirical equations (Paul Brown (AZMET), personal communication): 

Rn = Rs (0.767) + (-0.17 + 0.056 (Es - VPD» (22) 

for Rs < 0.21 MJ m-2
, where Es = the saturation vapor pressure at the hourly average air 

temperature, and 

Rn ;:;Rs(0.767)+(-0.3) (23) 

for Rs > 0.21 MJ m-2• 

Net radiation (W m-2) was converted into an equivalent depth of evaporation (mm) 

by 
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Rn(mm) 
Rn(Wm-2 ) (24) 

694.5 (1 - 0.000946 T) 

where T = hourly average air temperature (C), and the term (1-0.000946 T) is the 

temperature coefficient of latent heat of vaporization. 

The weighting function (W) was determined by 

A W=--
A +y 

(25) 

where A = the slope of the saturation vapor pressure curve (kPa Oel), and y = the 

psychrometric constant (kPa °el). 

The wind function f(U) was calculated by the following two empirical equations 

(Doorenbos and Pruitt, 1977). When Rn was less than or equal to zero, 

feU) = 0.125 + 0.0436 (U2) (26) 

and when Rn was greater than zero, 

feU) ;: 0.030 + 0.0576 (U2 ) (27) 

where U2 = the average hourly wind speed measured at 2 m height in m S·I. 

Tree Water Use Models 

Several tree water use models were tested and developed: a linear regression model; 

a model based on the Penman-Monteith model; and a reduced form of the PM model. 
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Linear Regression Model. Lysimeter measurements of daily TlLA and TpCA were 

regressed against calculated values of daily ETo. 

Penman-Monteith Model. The Penman-Monteith equation can be expressed in many 

forms. It is expressed here as 

.l.ET = A(Rn-G)+pCp(VPD)/r. (28) 
A +y(1 +r./r.) 

where .l.ET is the vapor flux density (MJ m°:! rl (t=time», Rn is net radiation flux density 

(W mo2 rl), G is the soil heat flux density (W mo2 rl), p is the density of the air (kg mo3
), Cp 

is the specific heat of the air (MJ kgol 0C- I ), ra is the aerodynamic resistance to vapor and 

heat diffusion (t mol), r5 is the bulk stomatal resistance (t mol), and is related to rc by 

r. 
r =--

C LAI 
(29) 

All other parameters were defined earlier. G was assumed to be zero, and measurements 

of Rn and VPD were provided by the nearby weather station (Figure 19). The input 

parameters of ra and rs were not directly measured during the experiment. but calculated 

using Eqn. 28 and knowledge of hourly tree water use. 

Two applications of the PM model were tested. In one application, the total leaf 

area of each tree was assumed to be geometrically equivalent to a horizontal plane, and 

measurements of Rn incident on a horizontal plane (as measured by the weather station) 

were used. In the second application, each tree was assumed to approximate the shape of 

a vertical cylinder. A shape factor was multiplied against hourly values of horizontally 
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incident net radiation to simulate the hourly radiation exposed to a vertical cylinder 

(Monteith and Unsworth, 1990). 

Hourly estimates of AET were provided by stem flow gauges (Chapter 2). All stem 

flow gauge data for eight oaks and four mesquites that was within ± 10 percent error on a 

24-hour basis was used. Water use values were translated into a unit depth of evaporated 

water by dividing by the total leaf area of each tree. 

Average hourly values of ra were calculated using a log profile model developed for 

crops under conditions of neutral atmospheric stability. This model was deemed to be useful 

for gaining approximate values of ra for isolated trees, because the actual value of ra is not 

critical due to the fact that ra < < rs for trees and forests (Denmead, 1984; Bernhofer and 

Gay, 1989). McNaughton and Black (1973) found that an over-estimation of ra by 50 

percent only caused a 3 percent over-estimation in ET in forests. Therefore, the accuracy 

of ra estimates is assumed to be unimportant. ra was approximated using the model given by 

Allen et al. (1989): 

(30) 

where zm and Zh is the height of the measurements above the ground surface (2 m), d is the 

zero plane displacement height of the measurement surface, zorn is the roughness length for 

momentum transfer, Zob is the roughness length of the vegetation for vapor and heat transfer, 

k is the von Karman constant (0.41), and Uz is the wind speed (m S·l) at 2 m. zom was 
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calculated as 0.123 h, zoh was calculated as 0.0123 h, and d was calculated as 0.67 h, where 

h is the average height of the trees (2.5 m). 

Given an approximate estimate of ra, Eqn. 28 can be rearranged and solved for rs: 

r = [[WRn + (1-W)VPD)_ljr 
8 AET AETr a 

a 

(31) 

Equation 31 was solved to yield hourly average values of rs. Calibrations were then made 

between daytime values of rs and net radiation for each tree. rs calibrations based on one 

oak and one mesquite were then used to predict hourly and daily tree water use of the other 

oaks and mesquites using Eqn. 28. r. was used as the resistance parameter with this 

application of the PM equation, as opposed to using rc' because the entire tree canopy was 

assumed to be simulated by a single surface, completely exposed to solar radiation. This 

assumption was deemed reasonable because all the tree canopies were quite open. The 

implementation of rc with the PM equation would be appropriate for more closed canopies, 

in which some leaf surfaces are not well exposed to direct solar radiation. For example, it 

is appropriate to use rc for full canopy crops. 

Results and Discussion 

Leaf Area 

The linear regression for the mesquite shoot length (SL) to leaf area calibration (Fig. 

22) was 

Leaf Area (cm2) = 7.8 x SL (cm) - 36.1 (r2 = 0.94). 
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The linear regression for the oak shoot length to leaf area calibration (Fig. 23) was 

Leaf Area (cm2) = 8.0 x SL (cm) - 97.1 (r2 = 0.87). 

However, due to the slight non-linear trend of the data, a 2nd degree polynomial ( quadratic) 

fit was used. The non-linear trend is most likely the result of most of the short shoots « 12 

cm) being counted as part of a longer shoot. The increased scatter at shoot lengths greater 

than 70 cm supports this conclusion. The quadratic regression for the oak shoot length to 

leaf area calibration was 

Leaf Area (cm2
) = 3.6 x SL (cm) + 0.03883 x SL2 (cm2) - 21.0 

with r2 = 0.91. 

Given these calibrations, the total leaf area of the oaks and mesquites in the field 

were calculated by measuring shoot lengths of each tree. Shoot lengths greater than 12 cm 

for the oaks were measured on September 26, 1991, and shoot lengths for the mesquites 

were measured on November 4, 1991. Total leaf area of 20 trees based on the shoot length 

to total leaf area calibrations is listed in Table 8. The results for peA and LAI 

determination for 20 trees is also given in Table 8, where LAI was determined using Eqn 17. 

The average values for LAI for oak and mesquite trees were 3.0 and 1.6, respectively. 

Tree Water Use 

Tree water use ranged from 550 to 4070 g d· t for the oaks under non-limiting water 

conditions, 390 to 1920 g d·t for the oaks under limiting water conditions, and 350 to 5503 

g d·t for the mesquites for the entire experiment. Maximum daily water use by oaks under 

limiting conditions was nearly twice that of the daily irrigation of 1.0 I (Table 7). This was 

due to storage of water in the tree pots from the earlier period of non-limiting conditions, 

until this water surplus was eventually depleted, causing the stressed oaks to use only their 
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Total leaf area, projected canopy area, and leaf area index for all oaks and 
mesquites. 

Tree ID Species Total Leaf Projected Canopy Leaf Area 
Area (m2

) Area (m2
) Index 

1 Oak 1.13 0.37 3.0 

6 1.05 0.49 2.1 

2 0.92 0.41 2.2 

3 0.85 0.52 1.6 

8 0.62 0.13 4.8 

10 0.49 0.13 3.8 

5 0.45 0.12 3.7 

12 0.42 0.15 2.9 

19 Mesquite 0.98 0.55 1.8 

17 0.93 0.62 1.5 

15 0.89 0.52 1.7 

20 0.85 0.51 1.7 

18 0.83 0.46 1.8 

16 0.79 0.53 1.5 

4 0.79 0.46 1.7 

14 0.68 0.56 1.2 

7 0.66 0.54 1.2 

9 0.65 0.34 1.9 

13 0.60 0.46 1.3 

11 0.59 0.32 1.9 

irrigation amounts. The water stressed oaks adjusted to the irrigation level of 50 percent of 

previous water use by losing leaves. Trees #2 and #6 appeared to lose approximately 10 to 
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15 percent of their leaves, while trees #5 and #10 lost between 50 and 75 percent of their 

leaves. 

The large range in water use is most likely due to the range in tree sizes. A summary 

of the daily tree weighings and the corresponding values of daily ETo can be found in 

Appendix D. Water use throughout the experiment is illustrated in Figures 24. 25 and 26, 

and summarized in Appendix E. 

Differences in water use among trees was reduced when normalized by TLA (Figures 

27, 28, and 29). With the exception of unstressed oaks #5 and #12, and the mesquites 

during the first week of the experiment. normalizing by TLA appeared to reduce scatter 

considerably. The large degree of scatter among the mesquites during the first week of the 

experiment may have been the result of damage caused by extended use of stem flow gauges 

(Chapter 2). Scatter among the oaks during the first week of the experiment is most likely 

the result of errors in extrapolating estimates of TLA to the beginning of the experiment, 

since TLA was measured in the latter part of the experiment. 

When tree water use was normalized by PCA (Figures 30-32), water use differences 

among trees were not reduced as much as by normalizing by TLA. The relatively large 

degree of scatter for the unstressed oaks was predominantly caused by oaks #8 and #12. 

Oak #8 yielded relatively high water use values because of its relatively large LA!. The 

reason for the relatively high water use by #12 is not known. 

In general, it was more difficult to estimate PCA than TLA, and there was greater 

error in estimating PCA than TLA. It was easier to estimate the PCA of oaks than 

mesquites, because the PCA of oaks could be approximated by a circle, while the PCA of 

mesquites was usually irregular in shape. However, even assuming a circular PCA for the 
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Figure 27. Water use per total leaf area of 8 unstressed oaks from July 3 to October 23, 
1991. 
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Figure 30. Water use per projected canopy area for 8 unstressed oaks frorn July 3 to 
October 23, 1991. 
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Figure 32. Water use per projected canopy area for 12 mesquites from July 3 to 
October 23, 1991.· 

oaks, a 10 percent error in measuring the radius of peA would result in a 20 percent error 

in peA Better estimates of peA most likely would have improved the peA normalizations. 

Accurate estimates of TLA were dependent on the accuracy of the shoot length to TLA 

calibration. However, if a reliable calibration is available, then it is fairly simple to obtain 

accurate estimates of TLA by measuring shoot lengths. 

Tree Coefficients 

Tree coefficients on a TLA basis for unstressed oaks, stressed oaks, and mesquites 

are illustrated in Figures 33, 34, and 35, respectively. Tree coefficients for the unstressed 

oaks that were greater than three standard deviations from the mean were neglected, thus 

eliminating any extreme outliers (99.7 % of sample population was retained). This included 
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Figure 35. TLA-based tree coefficients for mesquites. 

any tree coefficients greater than 1.10, which included only data from DOY 261. Tree 

coefficients for the mesquites, also, that were greater than three standard deviations from 

the mean were neglected (99.7 % of sample population was retained). This included any 

tree coefficients greater than 1.82, which included data from DOY 187 and 213. 

PeA-based tree coefficients for unstressed oaks, stressed oaks, and mesquites are 

illustrated in Figures 36, 37, and 38, respectively. Again, tree coefficients for the unstressed 

oaks that were greater than three standard deviations from the mean were neglected. This 

included any tree coefficients greater than 4.17 for the unstressed oaks, and 3.01 for the 

mesquites. These results are summarized in Table 9. 
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Table 9. Statistics of dimensionless tree coefficients (Ku-ee) for unstressed oaks, 
stressed oaks, and mesquites. 

Tree Coefficient (Ku-ee) Statistics 

Unstressed Stressed Mesquites 
Oaks Oaks 

TLA PCA TLA PCA TLA PCA 

mean 0.48 1.36 0.25 0.81 0.97 1.56 

std dey 0.14 0.75 0.10 0.47 0.22 0.41 

n 263 265 60 60 167 168 

max 1.08 4.97 0.46 1.75 1.80 3.00 

min 0.23 0.35 0.11 0.23 0.47 0.61 
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The mesquites used 50 percent more water than the unstressed oaks on a TLA-basis, 

and 13 percent more water on a PCA-basis. The unstressed oaks used 48 percent more 

water than the stressed oaks on a TLA-basis, and 40 percent more water on a PCA-basis. 

Although the calculation of tree coefficients for stressed oaks violates the definition 

of crop coefficient, they were calculated for the purpose of comparison with coefficients 

reported by Garbesi (1992) for stressed trees. For future work, it would probably be useful 

to redefine t.he tree coefficient with an additional factor that accounts for reduced water 

availability. One possible definition could be 

(32) 

where F is a water stress factor. In the case of this research, the stressed oaks were irrigated 

with 50 % of their previous water use, so F would be 0.5. The use of Eqn. 32 would cause 

the average K.ree for the stressed oaks on a TLA basis to change from 0.25 to 0.5, which is 

quite close to the value of 0.48 calculated for unstressed oaks on a TLA basis. 

Tree Water Use Models 

Linear Regressio:1 Model. Linear regressions of TLA-based daily tree water use 

against daily ETo yielded r2 values of 0.74 for the unstressed oaks, 0.63 for the stressed oaks, 

and 0.52 for the mesquites, and are shown in Figure 39. Linear regressions of the PCA

based daily tree water use data against daily ETo yielded r2 values of 0.41 for the unstressed 

oaks, 0.62 for the stressed oaks, and 0.52 for the mesquites, and are shown in Figure 40. 

When correlation coefficients were compared between the TLA and PCA methods, they 
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were virtually the same except for the unstressed oaks, which were bctter correlated by the 

TLA method. A summary of the linear regressions for TLA and PCA methods is given in 

Table 10. 

Table 10. Summary of linear regression analysis of daily water use (mm/day) with 
reference ET (mm/day) for unstressed oaks, stressed oaks, and mesquites. 
A dcnotes intercept, B denotes slope, and r2 denotes the correlation 
coefficient. 

Linear Regression Model 

Tree TLA-based PCA-based 

A B 
? 

A B 
? r- r-

Unstressed oaks 1.20 0.26 0.74 4.94 0.47 0.41 

Stressed oaks -0.40 0.33 0.63 -1.25 1.04 0.62 

Mesquites 2.33 0.56 0.52 4.03 0.86 0.52 

Penman-Monteith Model. Hourly average values of r. calculated using Eqn. 30 ranged 

from 2.2 s cm,l at a minimum wind speed of 0.2 m S'I, to approximately 0.1 s cm,l for wind 

speeds between 2 and 4 m S'I (Fig. 41). 

Hourly average daytime rs values calculated using Eqn. 31 were generally between 

20 and 200 s cm't. Rn versus rs is plotted for the unstressed oaks, stressed oaks, and 

mesquites, in Figures 42, 43, and 44, respectively. With the exception of oak #1 and #3, and 

mesquite #9, there was a classic light response of the stomata for unstressed trees, with rs 

increasing sharply under low radiation loads, and flattening out to a constant rate at high 

radiation loads. There was no correlation between Rn and rs for the stressed oaks. This was 

due to the fact that each stressed oak received a limited irrigation at least every 36 hours, 

which caused some rs values to represent an unstressed tree, and some to represent a 
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stressed tree. The average hourly r. of a stressed oak (#6) for one day after a limited 

irrigation the previous night is depicted in Figure 45. rs is at a minimum of 20 to 40 s cm-} 

for approximately 2 hours in the morning, before it begins to increase in the afternoon due 

to water stress. 

An empirical calibration between Rn and rs was performed on Oak #8. This tree 

was selected due to the small degree of scatter between Rn and rs' An empirical non-linear 

equation was fit to the data using a non-linear equation fitting computer program (NFIT). 

The best-tit equation was 

r. = 30 +(Rn -0.04)"1.3 (33) 

where r2 = 0.93. This rs calibration is illustrated in Figure 46. 

When the oak ra calibration was used to predict hourly average rs, which was then 

used with Eqn. 28 to predict hourly average water use for oak #8, results were within ± 37 

percent error for one standard deviation (68 % of the values). This large degree of scatter 

(r = 0.71) is due to the fact that accurate rs estimates are critical to predicting tree water 

use on an hourly basis. However, when hourly values of water use were totaled to give daily 

values, the PM equation yielded good results for oak #8. Predicted daily water use for oak 

#8 was within ± 15 percent error (r = 0.95). Hourly and daily predicted water use for oak 

#8 is illustrated in Figures 47 and 48, respectively. 

When the oak rs calibration was used with Eqn. 28 to predict hourly water use of 

other oaks, results were generally poor. However. when daily water use was predicted. 

results ranged from - 15 to + 150 percent error, depending on the oak. The large error in 

prediction found for some days for oaks #1 and #3 was due to the large range in rs values 
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for these two trees, as illustrated in Figure 42. Predicted daily water use for the unstressed 

oaks is illustrated in Figure 49, and a summary of the error in daily water use prediction for 

each tree is given in Table 11. 

The same rs calibration used for the unstressed oaks was also used for the mesquites. 

There was a limited amount of stem flow data for mesquites that was within ± 10 percent 

error, and the oak rs calibration was also the best fit equation for the mesquites. This would 

appear to contradict the tree coefficient results, as the mesquites should be expected to have 

a slightly lower rs value than the oaks. However, the tree coefficient results were based on 

balance data for fully transpiring mesquites. The hourly stem flow data for the mesquites was 

believed to be affected by the damage inflicted by the stem flow gauges (refer to Chapter 

2), which may have caused lowered transpiration rates, which would explain the similarity 

between oak and mesquite rs values. 

When the r. calibration was used with the PM model (Eqn. 28) for the mesquites, 

results were poor for predicted hourly water use. However, results were satisfactory for 

predictions of daily water use. Predicted daily water use of the mesquites is illustrated in 

Figure 50, and summarized in Table 11. Predicted versus actual daily water use for all trees 

is illustrated in Figure 51 (r2 = 0.33), where the overall average error was 32 percent, and 

68 percent (1 standard deviation) of all data points were between -20 and +84 percent error. 

The rs calibration used with the PM model failed to predict hourly water use for any 

trees other than oak #8, the calibration tree. This is because rs can change quite drastically 

during a day (i.e. from 20 to 200 s cm· I
), and the PM equation requires very accurate 

estimates of rs (Denmead, 1984). In fact, a sensitivity analysis revealed that a 50 percent 

change in rs resulted in a 50 percent change in tree transpiration rate on an hourly basis. 
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This is in sharp contrast to the effects of ra, for which a lO-fold increase was found to yield 

less than 10 percent change in transpiration. On a daily basis, however, the rs calibration 

used with the PM model yielded satisfactory results. 

In a second application of the PM model, average hourly net radiation was scaled to 

simulate the radiation exposed to a vertical cylinder. Results of modelled transpiration rates 

indicate that the sine curve of incident radiation on a horizontal surface provides greater 

accuracy than the scaling factor for a vertical cylinder. No other shape factors were 

attempted, because the tree shapes approximated vertical cylinders more than any other 

shape. 

Empirical VPD-rs model. Eqn. 31 can be rearranged into the form of 

WRnr. (l-W)VPD 
r = + -r 

S AET AET • 
(34) 

One of the results of this research was that the first and third terms of Eqn. 34 constitute 

only several percent of rs. This is due to the fact that ra < < rs' which tends to make any 

term with ra very small. The implication of this result is that the first and third terms are 

essentially negligible, thus Eqn. 34 can be written as 

r = (l-W)VPD 
B AET 

(35) 

Eqn. 35 can then be rearranged to solve for AET: 
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(36) 

Results indicate that there was no significant difference in hourly or daily tree water 

use between calculations made using Eqn. 28 and Eqn. 36. This is the result of the relatively 

large ratio of rslra that was found for isolated trees. Therefore, it is proposed that this 

empirical VPD-rs model be tested in a future study of isolated tree water use. 

Conclusions 

Based on the results of this experiment, daily tree water use can most accurately be 

predicted by use of a tree coefficient, Ktree• The Ktree values were fairly consistent 

throughout the experiment for the unstressed oaks, the stressed oaks. and the mesquites. 

indicating that one value of Ktree may be appropriate for an entire growing season. The 

mesquites yielded a larger value of K.ree than the oaks, indicating that the mesquites, a so 

called xeric species, used more water than the oaks, a so called mesic species. under non-

limiting water conditions. These results illustrate the need to reevaluate existing lists of 

drought tolerant and low water use trees. 

The 50 percent water treatment for four oaks resulted in between 15 and 75 percent 

leaf loss, but all four trees had fully recovered by several months after the end of the 

experiment. 

The PCA-based K.ree values of 1.36 and 1.56 for the unstressed oaks and mesquites, 

respectively, are much larger than the Ktree values of 0.40 reported by Garbesi (1992). 

However, these coefficients are for potted, relatively small trees, which were probably 

transpiring fully throughout their relatively open canopies. These factors would tend to 
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yield higher K1ree values than for trees under more natural conditions. Also, Garbesi reported 

coefficients for trees that were simply maintained, and were not fully transpiring, thus 

violating the definition of the crop coefficient, and resulting in coefficient under-estimations. 

Therefore, a new definition of tree coefficient was proposed as a result of this work to 

account for water stress factors. 

Linear regressions between daily tree water use and daily reference 

evapotranspiration yielded satisfactory results. Water use per TLA yielded the same accuracy 

as water use per PCA for the stressed oaks and mesquites, while water use per TLA yielded 

much better accuracy than water use per PCA for the unstressed oaks. Estimates of TLA 

were easier and more accurate to make than estimates of PCA. 

Application of the Penman-Monteith model to the unstressed oaks and mesquites 

yielded poor results when tree transpiration was calculated on an hourly basis, but 

satisfactory results on a daily basis. These results illustrate the strong dependence of tree 

transpiration rates on, and therefore the need for, accurate measurements of stomatal 

resistance. Calibrations of stomatal resistance with net radiation using one tree did not 

appear to be adequate to predict the wide range of rs that occurs for each tree. 

Results using the PM model indicated that a reduced form of the PM model would 

be adequate for predicting hourly and daily tree water use, requiring measurements of VPD, 

rs' and W only. 

In general terms, it appears that the crop coefficient concept is applicable to 3-D 

geometries such as isolated trees. It also appears that the PM model is applicable to 3-D 

geometries depending on the accuracy of the stomatal resistance measurements. An 
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empirical calibration of rs failed to adequately describe the behavior of rs for all trees, which 

would have simplified the required measurements for the PM model considerably. 

Future work should include validation of the developed tree coefficients, and 

validation of the empirical form of the PM model. Although this empirical model requires 

only several measurements, it does require accurate estimates of stomatal resistance. Future 

work should also include extensive spatial and temporal measurements of rs within a single 

tree canopy, for further validation of the Penman-Monteith model. 
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APPENDIX A: 

IRRIGATION SYSTEM DESIGN 
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Tucson city water was delivered to the north side of the field site via a 6.35 cm (2.5 

inch) diameter galvanized iron pipe. The end of the pipe had a control gate valve and 

threaded opening to which a 1.9 cm (3/4 inch) PVC adapter was fitted. A 1.9 cm (3/4 inch) 

PVC tee was connected to the adapter. In one direction from the tee, the 4-station manifold 

was located, and to the other direction an end cap sealed the pipe. This capped end was 

designed so that an additional manifold could be connected at a later date. The 4-station 

manifold consisted of a filter, electric anti-siphon control valve, and pressure regulator 

connected in series for each of the four stations. At the end of each pressure regulator, 1.27 

cm (1/2 inch) poly drip irrigation tubing was connected. Each of the station control valves 

was controlled by an electric timer located in a nearby utility shed. The 4-station irrigation 

manifold design is illustrated in Figure 52. 

Approximately 2 m south of the irrigation control box (refer to Figures 2 and 21), 

each of the four 1.27 cm poly drip lines were split into two directions using tee connectors. 

This enabled the placement of each of the four station lines to be buried down the east and 

west sides of the field site, as illustrated in Figures 2 and 21. For each tree, two 6.35 mm 

(1/4 inch) poly drip lines were connected to the 1.27 cm poly mainlines. Approximately 1 

m of 6.35 mm poly lines were exposed above the soil surface and next to each tree. At the 

end of each 6.35 mm poly line a 5.7 lib (1.5 gallb) pressure compensating emitter was 

attached. This design provided each tree with two drip emitters, anchored on opposites of 

each tree. Such a design enabled uniform irrigation within each tree container, and 

decreased the possibility of stressing or killing a tree if one emitter became clogged. All poly 

drip irrigation tubing was buried approximately 15 cm deep. 
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Figure 52. 
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Schematic diagram of 4-station irrigation manifold. 
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On September 17, 1991, an irrigation uniformity test was performed in order to 

determine the variability among drip emitters. Water from a 30 minute irrigation was 

collected from each of twenty-four emitters (12 trees), and measured using a graduated 

cylinder. Statistical analysis yielded: 

mean = 
std. dey. = 
range = 
n = 

4.421/h 
0.141/h 
4.24 to 4.96 l/h 
24 
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Irrigation uniformity is often evaluated using the Christensen Uniformity Coefficient 

(UCC) where 

and Xi = individual value 
X = mean 

ucc 

n = number of observations. 

In the case of this uniformity test, the VCC 

uniformity. 

0.977, indicating very high irrigation 
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APPENDIX B: 

DATALOGGER AND MULTIPLEXER WIRING DIAGRAMS 
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1H +C GAUGE 
C CONNECTOR 

1L -He A 
2H +A B 
2L -He H 
3H +B 0 
3L -Hb 

E 4H +Vin 
4L -Vin 
5H Bal 

POWER SUPPLY BALANCE 

Figure 53. Schematic diagram of datalogger wiring for a single DYNAMAX stem flow 
gauge, and electronic balance. 
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Figure 54. Schematic diagram of datalogger and multiplexer wiring for one of 12 stem 
flow gauges. 
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Several different schedules for weighing and irrigating the trees were tested during 

the experiment. The objective was to develop a schedule in which acquired data was 

maximized and labor was minimized. 

From July 2 to 9, 1991, tree water use was determined by weighing, and that exact 

amount of water was replaced using a graduated cylinder. During this period, the bottom 

of the tree pots were also sealed to prevent drainage. This procedure offered the advantage 

of requiring only one weighing to determine 24 hour water use. However, water seepage 

through the bottom layer of plastic, the lack of leaching of salts, and lack of excess irrigation 

for plant growth contributed to the revision of this schedule. 

From July 10 to 20, 1991, the revised daily schedule was tested using only the oaks 

which involved irrigation from 2100 to 2300 h, weighing the pots at approximately 900 h, and 

then again at approximately 2000 h. Difficulty arose in translating the water loss from 900 

to 2000 h as measured by the balance, into more useful 24-hour water loss data for use in 

modeling transpiration. The II-hour balance data was converted to 24-hour data by using 

the 24-hour stem flow gauge data (Chapter 2). Any stem flow gauge errors were adjusted 

using the 11-hour balance data for each gauge. 

From July 22 to August 1, 1991, and from September 8 to 23, 1991, a 3 day schedule 

was tested in which all trees were weighed at 2000 h, then irrigated from 2100-2300 h on the 

first day of a cycle and weighed at approximately 0900 h on the second. On day 3, trees 

were weighed at 0900 h, irrigated from 0900-1100 h, allowed to drain until 2000 h, then 

weighed again, at which time the cycle repeated. This schedule yielded an irrigation 

frequency of 36-hours, and 24-hour water use data every 36-hours. It provided frequent 

water use data, allowed drainage, and prevented the trees from becoming water stressed, but 
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required considerable labor time in the field. The experiment was stopped between August 

1 and September 8, 1991, due to technical problems. 

From September 24 to October 23, 1991, a schedule similar to the previous one was 

tested. During this period, the weighing frequency was reduced to decrease the labor time 

in the field. The trees were irrigated at 2000 on day 1, weighed at 900 on day 2, weighed 

again at 900 on day 3, and then irrigated at 1000 and 2000 on day 3. This schedule provided 

24-hour water use data every 48 hours, and an irrigation frequency of 36 hours. This 

schedule allowed drainage, was frequent enough that the trees did not become water 

stressed, required only one weighing per 24 hours, and was the preferred weighing/irrigation 

schedule overall. 

Each of the tested weighing/irrigation schedules is illustrated in Figure 55. 
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~o~o~ 

I 
W 

Figure 55. 

II II II 1 
WI WI WI 

t-o-t It-o-t II 2 
W WI W WI 

t-o-t It-o-t 3 
W WI W 

It- o-+-o-4' 4 
WI W 

Four tested weighing/irrigation schedules. Schedule 1 was tested from 
July 2 to 9; 2 from July 10 to July 20; 3 from July 22 to September 23, 
and 4 from September 24 to October 23, 1991. 

W = weighing, I = irrigation, and D = drainage. 
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APPENDIX D: 

SUMMARY OF TREE WEIGHINGS AND ETa 
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DAY DOY DATE TIME ETa (mm) 24-hr 
ID adjusted 

ETa (mm) 

1 184 7/2/91 - 7/3/91 1900 - 1900 9.03 

2 185 7/3/91 - 7/4/91 1900 - 1900 7.98 

3 186 7/4/91 - 7/5/91 1900 - 1900 7.98 

4 187 7/5/91 - 7/6/91 1900 - 1900 2.31 

5 188 7/6/91 - 7/7/91 1900 - 1900 4.03 

6 189 7/7/91 - 7/8/91 1900 - 1900 6.72 

7 190 7/8/91 - 7/9/91 1900 - 1900 7.98 

8 192 7/11/91 - 7/11/91 0800 - 1900 6.60 7.55 

9 194 7/13/91 - 7/13/91 1300 - 1930 3.34 6.30 

10 196 7/15/91 - 7/15/91 0930 - 1900 4.80 5.87 

11 197 7/16/91 - 7/16/91 1030 - 1930 5.76 6.72 

12 198 7/17/91 - 7/17/91 1000 - 1900 5.66 7.03 

13 200 7/18/91 - 7/19/91 1030 - 1130 9.92 

14 202 7/20/91 - 7/21/91 1830 - 1930 7.82 

15 204 7/22/91 - 7/23/91 1900 - 1900 7.91 

16 206 7/24/91 - 7/25/91 1030 - 1030 8.11 

17 207 7/25/91 - 7/26/91 1900 - 1900 8.01 

18 209 7/27/91 - 7/28/91 1030 - 1030 7.84 

19 213 7/31/91 - 8/1/91 1000 - 1000 5.09 

20 251 9/7/91 - 9/8/91 0930 - 0930 6.14 

21 252 9/8/91 - 9/9/91 1830 - 1830 2.53 

22 254 9/10/91 - 9/11/91 0930 - 0930 4.36 

23 255 9/11/91 - 9/12/91 1800 - 1800 5.00 

24 257 9/13/91 - 9/14/91 0930 - 0930 5.97 

25 258 9/14/91 - 9/15/91 1830 - 1830 5.84 

26 260 9/16/91-9/17/91 0930 - 0930 6.04 

27 261 9/17/91 - 9/18/91 1800 - 1800 1.44 

28 262 9/18/91 - 9/19/91 1800 - 1800 5.15 

29 264 9/20/91 - 9/21/91 0930 - 0930 5.54 
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DAY DOY DATE TIME ETa (mm) 24-hr 
ID adjusted 

ETa (mm) 

30 265 9/21/91 - 9/22/91 1830 - 1830 5.40 

31 267 9/23/91 - 9/24/91 1800 - 1800 5.40 

32 268 9/24/91 - 9/25/91 1800 - 1800 6.55 

33 270 9/26/91 - 9/27/91 0930 - 0930 7.18 

34 272 9/28/91 - 9/29/91 1200 - 1200 4.98 

35 274 9/30/91 - 10/1/91 0930 - 0930 5.94 

36 275 10/1/91 - 10/2/91 1800 - 1800 6.08 

37 277 10/3/91 - 10/4/91 1800 - 1800 5.79 

38 279 10/5/91 - 10/6/91 1800 - 1800 5.53 

39 281 10/7/91 - 10/8/91 1800 - 1800 5.53 

40 283 10/9/91 - 10/10/91 0930 - 0930 4.82 

41 285 10/11/91 - 10/12/91 0930 - 0930 6.66 

42 287 10/13/91 - 10/14/91 1000-1000 5.19 

43 289 10/15/91 - 10/16/91 0930 - 0930 5.06 

44 291 10/17/91 - 10/18/91 0930 - 0930 5.05 

45 293 10/19/91 - 10/20/91 1000-1000 4.89 

46 296 10/22/91 - 10/23/91 1000-1000 3.17 
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APPENDIX E: 

TREE WATER USE (BY WEIGHING) 
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All values are in g dol. 

OAKS 

DAY 1 2 3 5 6 8 10 12 
ID 

1 2180 2140 2320 1980 2670 2310 

2 1903 2215 2130 1953 2398 2675 

3 1903 2215 2130 1953 2398 2675 

4 950 1690 1480 1250 1492 1058 

5 1040 1260 1527 1179 1346 1132 

6 1735 1850 1983 1776 2222 2030 

7 1875 2070 2270 2041 2407 2230 

8 1753 1852 2311 1833 1630 1850 

9 1798 1555 2377 1709 1959 2177 

10 1702 1839 2100 2107 2062 1783 

11 1822 2061 2154 2389 2356 1781 

12 1969 2109 2115 2135 2446 1936 

13 2270 1880 1665 1805 2750 2165 

14 2067 2006 2205 2125 2440 1760 

15 2090 1595 2120 1490 1895 

16 2105 2130 1837 1550 2085 1916 

17 2065 1804 1830 1590 2140 1831 

18 2110 2170 2040 1950 2155 1778 

19 1875 2485 2335 2084 1210 1204 

20 3305 2505 3075 1335 4070 1625 1650 1064 

21 2119 1610 1870 900 1600 775 1170 730 

22 2690 2050 1640 1030 2070 910 1490 940 

23 3100 2650 2440 1210 2530 1240 1770 1275 

24 3225 2680 2265 1187 2435 1188 1755 1094 

25 2850 2750 2410 1170 2450 1290 1760 1123 

26 3480 3300 2775 1340 3200 1540 2070 1230 
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OAKS 

DAY 1 2 3 5 6 8 10 12 
ID 

27 1240 1415 1540 870 1735 1145 1290 1010 

28 2660 2650 1960 1120 2700 1175 2270 1400 

29 2750 2105 1605 1000 2005 880 1305 850 

30 2960 2200 1733 1114 1900 856 1625 970 

31 3230 2370 2485 1264 2226 850 1845 1118 

32 2975 1888 2100 1288 1920 1930 960 1205 

33 2862 1657 2605 1315 1125 2040 1090 1309 

34 1794 1058 1700 990 555 1505 870 880 

35 2175 1160 2145 1128 1120 1782 1182 1070 

36 3085 1130 2180 1045 790 1840 1190 1085 

37 3440 960 2040 950 830 1809 1080 1030 

38 3380 860 1730 815 650 1750 977 1103 

39 3628 881 1940 815 874 1882 1000 1267 

40 3591 920 1740 810 830 1950 1093 1000 

41 3764 940 1935 610 770 1925 906 885 

42 3272 715 1250 561 915 1645 683 723 

43 3615 830 1592 592 980 1822 667 837 

44 3237 806 1540 588 940 1636 595 730 

45 3193 793 1300 553 1026 1610 458 635 

46 2340 540 1340 435 450 1135 390 550 
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MESQUITES 

ID 4 7 9 11 13 14 15 16 17 18 19 20 

1 1290 1460 1430 1070 1400 1530 

2 1630 1400 1214 1030 1435 1474 

3 1630 1400 1214 1030 1435 1474 

4 773 852 955 763 625 886 

5 478 827 792 727 350 687 

6 961 1141 815 835 820 

7 1161 1251 975 975 950 

8 

9 

10 

11 

12 

13 

14 

15 3260 4620 3143 2920 

16 3530 3707 3275 3365 

17 3250 3058 2785 3213 

18 3575 3940 3160 2930 

19 3763 4422 3206 3855 

20 

21 

22 

23 

24 

25 

26 

27 

28 
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MESQUITES 

ID 4 7 9 11 13 14 15 16 17 18 19 20 

29 

30 

31 

32 

33 

34 

35 

36 

37 3300 1924 2275 2640 

38 4860 3860 2850 2700 3334 4700 3060 3400 3630 3970 4530 4210 

39 5330 4116 3312 3365 3777 5218 3886 3778 4462 4162 5503 4830 

40 4710 3327 3003 2940 3990 3411 3550 3948 3820 5010 4380 

41 4940 3500 3488 3334 3166 3660 4145 3910 4033 3885 5010 4716 

42 4345 3056 2965 2965 3060 3391 3848 3899 4287 3993 4308 4189 

43 4480 3270 3510 3280 3262 3475 4160 4120 4620 4345 5160 4274 

44 4370 3355 3395 3344 3259 3057 3940 4040 4450 4008 4790 4053 

45 4532 3495 3260 3276 2794 3043 3620 4090 4130 3585 4585 3955 

46 3580 2900 2970 2850 2772 3030 3380 3510 3260 3280 3900 3490 
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