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SUMMARY

Evapotranspiration, the combinedlossof water from plantsand soil surfacesto

the atmosphere, is a processthat mustbe predictableto adequatelymodel soilwater

dynamics. In supportof the U.S. Departmentof Energy'sProtectiveBarrier

DevelopmentProgram,PacificNorthwestLaboratory(PNL)is conductingresearchat

the HanfordSite to allowthe predictionof evapotranspiration.Thisdocument

. describes the results of technological developmentsand experimentsduring FY 1990.

Researchwas conductedat the SmallTube LysimeterFacility(STLF), LowerSnively

• Field, Snively Canyon, and the Field LysimeterTest Facility (FLTF).

Pacific Northwest Laboratory built additional air conditioning units for the gas

exchange system that PNL is using to study evapotranspiration. The system will

control internal temperature and relative humidity for a total of four chambers. The

integration of the replicate gas exchange chambers into the data acquisition and

control system awaits additional funding. With the gas exchange system configured as

in FY 1989, we were able to measure evaporation, evapotranspiration, and carbon

dioxide exchange rates from the STLF lysimeters on the soil surface with and without

cheatgrass, _ tectorum, Evapotranspirationwas higher on the lysimeters with

tectorum than on the lysimeters with bare soil. Leaf area of _., tectorumwas

positively correlated with evapotra'nspirationrates.

Growth dynamics of _ tectorun],as a function of water and nitrogen treatments

were documented at Lower Snively Field from October 1989 through May 1990.

Green-leaf-area index and green-shoot biomass were measured monthly over the

period. Very little change in shoot growth was observed until April, when temperatures

warmed. The additional water and nitrogen increased growth when added singly, and

. when added together, they increasedgrowth much more. The _ize of the plant is one

factorthat influencesthe rateat whichwater is transpiredbackto the atmosphere.

. Thus, we have initiatedstudiesto developsimplemodelsof growth that will support

effortsto predictsoilwaterdynamicsfor the protectivebarrier.

The whole-plantgas exchangesystemwas usedto developsimple models of

transpirationandcarbongain for B. _ctonjm growingat SnivelyCanyon. The

relationshipsbetween stomatalconductanceand net photosynthesisand the driving
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variables of light, vapor pressure gradient, temperature, and xylem pressure potential

were parameterized. These equations were used to predict transpiration and net

photosynthesis for 2 days in June. The models were able to successfully predict these

processes.

Lastly, PNL began measuring transpiration of _ _ growing on

the FLTF precision weighing lysimeters. A new technique that measures stem flow in

woody plants by using heat flux was able to measure transpiration _ates in L_

tridentata. The technique will make it possible to observe transpiration rates of A.

continuously without disturbing the environment of either the shoot or the
roots.

Future research will entail the parametedzation for model development of

relationships between evapotranspiration, transpiration, soil evaporation, carbon

dioxide exchange, growth, and the abiotic and biotic factors that drive these

processes.
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1.0 INTRODUCTION

Pacific Northwest Laboratory (PNL)(a)and WestinghouseHanford Company

(WestinghouseHanford)are workingtogetherto develop for the U.S. Departmentof

Energy(DOE) protectivebarriersfor the near-surfacedisposalof hazardouswasteat

the HanfordSite. The proposedbarrierdesignconsistsof a layerof fine-texturedsoil

overlyinga seriesof layersgradingfrom sandto basaltriprap(USDOE 1987). Ar
i

multiyearresearchprogramis beingconductedto assessthe long-termperformance

, of barrierconfigurationsin restrictingplants,animals,and water fromcontactingburied

wastes (Adams andWing 1986).

The purposeof this reportis to reviewwork doneupto ,July31 in FY 1990 on

the evapotranspirationsubtaskof the waterinfiltrationtask.

As statedinthe testplan (LinkandWaugh 1989), specificobjectivesof PNL's

evapotranspirationwork were to

1) Developand test'an environmentallycontrolledwhole-plant
gas exchangesystem.

2) Collectevapotranspirationdata at the whole-plantlevel
on the small-tubelysimeters.

' 3) Collecttranspirr'_iondata on shrubs at McGee Ranch.

4) Collectdata necessaryto parameterizethe plant
componentof the UNSAT-H code.

This reportdescribesthe resultsfor objectives1, 2, 3, and 4 accomplishedin FY

199q. Resultsforobjective 3 were presentedin Linket al. (1989) and were extended

in FY 1990 withthe use of stemflow devic6sto measuretranspirationon Artemisia

" tridentat_ shrubsgrowingon the FieldLysimeterTest Facility(FLTF) precision

(a)Operated for the U.S. Department of Energy by BattelleMemorial Institute.
o
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weighing lysimeters. Gas exchangedata were collected at the Small Tube Lysimeter

Facility (STLF) to compare rates from lysimeters with and without plants for objective 2.

Growth data for _ t._.._LEtLm(cheatgrass), meteorological data, and soil water

data were collected at Lower Snively Field to support objective 4. In addition, data

were collected at Snively Canyon to develop gas exchange models for J_._ to

support objective 4.

The report 1) describes the study areas, the experimental designs and sampling

methods used, and the whole-plant gas exchange system; 2) gives the equations used

to analyze the data; 3) presents and discusses the results for the three sites; and

4) identifies future work that will be conducted.

1.2
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2.0 METHODS

2.1 STUDY AREAS

Work on the transpiration task was conducted at three study sites during FY

1990. The STLF is located adjacent to the FLTF. The STLF study area is described in

Relyea et al. (1990) and in Waugh and Link (1989). Lower Snively field is located on

. the Arid Lands Ecology Reserve (119° 43', 46° 28') at an elevation of 320 m. The site

had been used to grow dryland wheat until 1943, after which it was abandoned, lt

• continues to be dominated by B.,.tectorum (Rickard 1985). Snively Canyon is located

on the Arid Lands Ecology Reserve approximately 3 km southwest of Lower Snively

Field. The study area is in a protected portion of the canyon where B. tectorur?

remains active late into the growing season.

2.2 EXPERIMENTAL DESIGNS AND SAMPLING

2.2.1 STLF

A complete description of the experimental design for the STLF is given in

Waugh and Link (1989). The gas exchange experiments were carded out on a subset

of the treatments described in Waugh and Link (1989). Observations were taken in

those lysimeter treatments experiencing normal precipitation with and without

B__rurn growing in them. Four replicate lysimeters were observed in each

treatment. Observations were taken in April when the plants were active and again in

July after the piants had senesced.

Four replicate lysimeters were measured between 09:00 and 15:00 hours,

depending on the conditions of any given day. Chamber conditions were as follows:

• air temperature of 25.0 ± 0.5°C, dewpoint temperature of 8.5 + 1°C, full light, chamber

CO2concentration of 345 + 5 pprn, and an overpressure of 2.5 ± 2.0 cm H20.
1.

2.2.2 Lower Snivelv Field

Twenty randomly located plots, each 25 m2,were established at the site. The

four treatments consisted of untreated controls, additional nitrogen, additional water,

2.1
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and additional nitrogen and water. The nitrogentreatment was created by the addition

of 714 g NH4NO3dissolved in 10 L of water yielding 10 g/m2 of N in January 1990.

The water treatment was created by adding enough water to equal the 30-year

maximum value from October 1 until the time of irrigation, which was in February.

Water was obtained from nearby springs and applied by drip irrigation. 'The nitrogen-

and-water treatment was created by adding nitrogen and water together as in the

nitrogen and water treatm9nts. Each treatment consisted of five replicate plots.

Growth and phenology were monitored on the replicated plots for ali four
li

treatments. Measurements of shoot height, leaf area index, and green biomass were

made monthly from October 1989 until May 1990. Leaf areas were measured using a

digital image analysis system (DIAS) (Decagon Devices, Pullman, Washington).

Biomass was determined as oven-dried weight of green vegetative material oven-
dried at 55°C for 48 h.

Observations of maximum rooting depth were made by trenching outside the

treatment plots. To determine treatment effects on root density, in March and May of

1990 soil and root cores to depths of 60 cm were taken within the treatment plots using

a sma!i 1-in.-diameter coring toot.

2.2.3 Snivelv Canyon

The experimental design for model developmentwork was simple. No
hypotheses were tested. Data were collected to parameterize the driving relationships

for transpiration and net photosynthesis. The ddving variables are vapor pressure

gradient, light, temperature, and xylem pressure potential. Data were collected

concurrently to parameterize the relationships between transpiration and net

photosynthesis and these driving variables, in addition, two diurnal curves were

generated for model testing.

The response curve for vapor pressure gradient was generated at midday by

varying the cinamberdewpoint temperature. Operating conditions were

photosynthetically active radiation (PAR) of 1650 _mol photons m-2s-1and leaf

temperature of 23°C. The light response curve was generated at midday by using



cheesecloth to reduce the light level by intervalsfrom 2000 to 0 _mol photonsm-2s-l.

A blackcloth wasdrapedover the chamberto obtaina light levelof 0 I_mol

photonsm-2s-1.Operatingconditionswerea vaporpressuregradient(VPG) of 1.9 kPa

and a leaf temperatureof 23°C.

The tempf-;ratureresponsecurve inthe lightwas generatedat middayby

varyingthe chamberair temperature from 14 to 37°C, whichyielded leaf temperatures

, ranging from 12 to 37°C. The PAR remained at a levelof approximately1300 I_mo_

photons m-2s-l. The VPG could not be held constant, and varied from 0,9 kPa at 12

, to 4.2 kPa at 37°C. The temperatureresponsecurvein the darkwas generatedat

midday byvaryingthe temperaturefrom 12 to 38°C, whichyielded leaf temperatures

rangingfrom 9 to 38°C. Darknesswas achievedby envelopingthe chamberin a

blackcloth. The _/PGrangedfrom 0.6 to 5.2 kPa. The curveforxylempressure

potentialwas generatedby allowingthe plantmaterialto change from highestvalues

of xylempressurepotential(P = -2.8 MPa) at pre..dawnto minimalvalues (P = -4.0

MPa) in the lateafternoon. Operatingconditiorlswere as follows: PAR of 1800 _mol

photonsm-2s-1,VPG of 2.3 kPa, and leaftemperatureof 26°C. Xylempressure

potentialwas measuredon shootmaterialtaken from the chamber every2 h using a

pressurechambersystem(Soil MoistureEquipment,Santa Barbara,California). A

humidatmospherewas maintainedin the chamberwith a damp towel. Measurements

were taken immediatelyaftercuttingthe leaf material,and the chamberwas

pressurizedslowlyandconsistentlyfor ali observations.

2.3 TECHNOLOGIES

The gas exchange technology used in this work has been described before

" (Waugh and Link 1988; Link et al. 1989). We describe in more detail herethe

configuration of the whole-plant gas exchange system as used at the STLF and at

' Snively Canyon.

2,_,.1 Whole-Plant G_as_change System

The whole-plant gas exchange system is portable, so that measurements can be

made away from electrical and water supplies. Instrumentation is housed in a motor

2.3
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home that is climate-controlled. An 87..A diesel generator is used to supply power for the

instruments. The power is filtered using a line conditioner. A water pump is used to

circulate cooling v.ater through the air compressor system in a closed loop.

The whole-plant gas exchange system was patterned after that described in

Caldwell et al. (1983), and is an open system. Carbon dioxide concentrations were

measured with an ADC 225 MKIII infrared gas analyzer (IRGA) (Analytical Development

Co. Ltd., Hoddesdon, England). An accompanying gas-routing device (WA-357,

Analytical Development Co. Ltd., Hoddesdon, England) allowed for computer-controlled

calibration and measurement in absolute and differential modes. The IRGA was

calibrated either before each lysin-leter was obsorved or every 2 h. Water vapor

concentrations entering and leaving the gas exchange chamber and in the ambient air

were measured with three DEW-10 dewpoint hygrometers (General Eastern Instruments,

Inc., Watertown, Massachusetts). Dewpoint temperature was measured with RTD

platinum resistance sensors. Fine-wire copper-constantin thermocouples were used to

measure ali other temperatures, including leaf temp=_'ature, chamber air temperature,

heat-exchanger fin _emperature, and air temperature in air lines just ahead of the

dewpoint hygrometers. Photosynthetically active radiation was measured with a LI-COR

190SB Quantum sensor (Li-Cor Inc., Lincoln, Nebraska). Supplemental lighting was

provided by a 300-W quartz-filament slide projector bulb suspended over the gas

exchange chamber when skies were overcastu

The gas exchange chamber used for these experiments was constructed of clear

acrylic plastic. The 46-L chamber was cylindrical (65 cm tall and 30 cm in diameter) with

a flat plastic top. The chamber is lined witll clear Teflon tape to minimize gas absorption

by the plastic (Bloom et al. 1980). The seal between the chamber and the lysimeter was

made with an _iuminum ring lined with closed-cell foam constructed to conform to the

aluminium lifting tabs of the lysimeter and having grooves lined with closed-cell foam on

the other side for sealing to the chamber. A 5-cre-alia inlet for recirculating air was

located 22 cm below a similar outlet port. An air-tight air conditioning unit fabricated of
q

stainless steel was attached to the ports for temperature control. Temperature control was

accomplished with Peltier chips, heat-exchanger fins, and a circulating fan. The heat..

exchanger fins were made of nickel-pl_ted copper. The air conditioning housing was

insulated with 0.64-cm-thick closed-cell foam covered with aluminum foil to reflect solar
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radiationand was always placed on the north side of the lysimeterto avoid shading the

plants. The heat exchanger and fan motor (located outside the air conditioning unit) were

water-cooled by circulating water through the heat exchanger and a radiator with a 1.5-hp
water pump.

Processair was taken from a height of 1.5 m byan oillessair compressor,passed
. througha chilled water jacket to removewater from the air, and maintained at a pressure

of 40 psiahead of two air filtersand a Tylan (FC-262) mass flowcontroller.The mass flow
. controllerwas used to contro_the flowof air for maintenanceof a constantchamber

dewpoint temperature. Ali air litres were of Bev-e-lin tubing. Sample lines were diverted
to measure the dewpoint temperature and CO2 concentration (in absolute and differential

mode) of the air going into the chamber. Sample air was pumped out of the chamber
tihroughBev-e-lin tubing to measure dewpoint temperature and CO2 concentration of the
air leaving the chamber.

Data were acquired and instruments controlled with a WB-820 board system

(Omega Engineering, Inc.)in association with an IBM-AT microcomputer.

2.4 DATA ANALYSES

2.4.1 _.LE

Data are presented as means with one standard-error bar. Treatment

comparisons are made with Duncan's Multiple-Range Test at the 95% confidence
level.

2.4.2 Lower Snivelv

Data are presented as means with one standard-error bar.

2.4.3 Snivelv Canyon

Model development entailed estimating parameters for the response curves

and subsequently estimating empirical scaling parameters for the diurnal data sets.
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The relationships between stomatal conductance and the driving variables

were determined by controlled experimentation as described above. Transpiration is
then computed by multiplying the stomatal conductance by the vapor pressure
gradient.

The relationship between stomatal conductance and vapor pressure gradient is
as follows:

f(VPG) = gvpgmin + gvpgmax /(1+ (VPG/I])n) (2.1)

where f(VPG) = stomatai conductance

gvpgmin =minimal stomatal conductance

gvpgmax - maximal stomatal conductance
13-- a parameter describingthe sensitivity of stomates to VPG
n -- an empirical curvature parameter.

The relationship between stomatal conductance and PAR is as follows"

g(PAR) = gparmin + gparmax (1 - e('c PAR/gparmax)) (2.2)

where g(PAR) = stomatal conductance

gparmin = minimal stomatal conductance
gparmax = maximal stomatal conductance

c = an empirical curvatur,Jparameter.

The relationship between stomatai conductance and leaf temperature (TI, °K) is
as follows:

h(TI) - b0 + bi TI (2.3)

where h(TI) is stomatal conductance and b0 and bl are linear-regression parameters,

Because VPG could not be held constant for the temperature relationship, the
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parameters in Equation (2.3) were estimated in the context of changing VPG by
multiplying Equation (2.1) by Equation (2.3) as follows"

h(TI)- f(VPG) * (b0 + bl TI) (2.4)

where the parameters for f(VPG) are known, as described in Equation (2.1).

The relationship between stomatal conductance and xylem pressure potential
(P) is as follows:

i(P) = gpmax + bl P (2.5)

where i(P) is stomatal conductance, gpmax is maximal stomatal conductance when
P= 0, and bl is a parameter describing the sensitivity of stomates to xylem pressure

potential.

To estimate scaling parameters, the response Equations (2.1) through (2.4)
were combined as follows"

gh = a*f + b*g + c*h + d*i + e*f*g*h*i (2.6)

where gh is stomatal conductance and a, b, c, d, and e are empirical scaling param-

eters and f, g, h, and i are as defined in Equations (2.1) through (2.4).

Net photosynthesis (Pn) was modeled as the resultant of carboxylation (Pc) and

dark respiration (Rd) as follows:J

Pn = Pc- Rd (2.7)

Carboxylation was estimated as the resultant of net photosynthesis and dark

' respiration in the context of controlled experimentation. Carboxylation was found to be
a function of PAR and TI, and dark respiration was found to be a function of TI. No

relationship was found for Pn and VPG or xylem pressure potential.
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The relationship between carboxylation and PAR/1000 is described using the

Smith Equation (Smith 1937) as follows:

j(PAR) = Pn + Rd = Pceff PAR/(1 + c PAR2) 0.5 (2.8)

where j(PAR) = carboxylation

Rd = dark respiration at a TI of 23 ° C

Pceff = the initial light-use efficiency

c = an empirical curvature parameter.

The Arrhenius relationship between Rd and Tk is as follows'

k(Tk) = Rd = r e(E/R Tk) (2.9)

where r is an empirical scaling parameter, E is an activation energy, R is the universal

gas constant (8.31), and Tk is leaf temperature in °K.

The relationship between carboxylation and leaf temperature (TI, °K)is as
follows:

I(TI)=Pn+Rd= b0+blTl+b2 TI2 +b3Ti 3 (2.10)

where I(TI) is carboxylation and b0, bl, b2, and b3 are linear-regression parameters.

The response Equations (2.8) through (2.10) were combined to estimate scaling

parameters as follows:

Pn = Pc - Rd = a*j + b'l + c*j*l - d*k (2.11 )

where a, b, c, and d are empirical scaling parameters and j, k, and I are as defined in

Equations (8) through (10).

Scaling parameters were estimated for both diurnal data sets.

2.8
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To predict rates on June 8, the models were verified using the parameters
estimated with the diurnal data set collected on June 16. To predict rates on June16,

the models were verified again using the parameters estimated with the diurnal data
set collected on June 8.

Ali computer work was done with the Statistical Analysis System (SAS)

" software. Nonlinear regression was used for parameter estimation.

t
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3.0

3.1

Evapotranspiration rates in April were apparently higher for the B. tectorum
lysimeters than for the bare-soil lysimeters (Figure 3.1) although the rates were not

different statistically. The variation about the mean for the J_._J_.£_.rJ,Im lysimeters was
" 10 times as great as that for the bare-soil lysimeters. Net carbon flux on the

J_._P.,.GtgE.gmlysimeterswas significantlydifferentfromthe flux onthe bare-soil
' lysimeters (Figure 3.2) even though variation was greater about the mean for the ]_.

lysimeters than for the bare-soil lysimeters. The B. tectorum lysimeters
showed a net carbon gain through photosynthesis while the bare-soil lysimeters
showed a net carbon loss through soil respiration. The data presented in Figures 3.1

and 3.2 are relative to the surface area of the lysimeter. The reason for greater
variation in the data for the _ _ lysimeters can be seen in Figure 3.3, which

shows the strong positive correlation (R2 = 0.89) between evapotranspiration rates

' and leaf area. This significant source of variation (plant leaf area) was not taken into
account for the data presented in Figures 3.1 and 3.2. Data collected in July await
processing.

3.2 LOWER SNIVELY

During the spring growing season, the treatment applications of nitrogen and
water at the Lower Snively site significantly affected both leaf area index (LAI) and

mean biomass of B. _ (Figures 3.4 and 3.5). During the fall and winter, no
discernable differences between treatments were noted. 'The mean biomass and LAI

for the treatments receiving nitrogen began to increase in February. The biomass and
leaf area of the treatment receiving only additional water were not significantly greater

until April. In May, both the I_AIand mean biomass began to decline for ali treatments,
" as plants began to senesce.

• No results are available yet concerning the possible effects of added nitrogen

and/or water on root density with depth. Root/soil samples are being processed and
roots washed from the soils.
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3.3 SNIVELY CANYON

Predictive models for stomatal conductance and thus transpiration and net

photosynthesis were developed by first estimating parameters for univariate

relationships between the processes and the driving variables. Statistical

characteristics of the regressions for Equations (2.1) through (2.10) are presented in
Table 3.1.

8

. TABLE _.1. Statistical Characteristics of the Regressions for Equations (2.1)
Through (2.10), Parameter Estimates, and Associated Asymptotic Standard
Errors

Asymptotic
Parameter Standard

Equation R2 Parameter Estimate Error

(2.1) 0.993 gvpg min 31.0 -

gvp_max 26.803 0.9301.764 0.037
n 6.661 0.702

(2.2) 0.996 gparmi n 9.693 -
gparmax 36.987 1.089

c 0.0514 0.0024

(2.3) b0 -76.32 37.81
bl 0.28 0.13

(2.5) 0.766 gpmax 181.26 20.94
bl -21.93 6.07

(2.8) 0.998 Pceff 9.4050 264
c 5.455 0.373

(2.9) 0.977 r 8.623x 107 1.363xl 08
. E 4.3651x104 4004

(2.10) 0.980 b0 0.01059 0.869
bl 1.491 0.2257
b2 0.05895 0.0157
b3 0.000573 0.000279
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The results for the controlled experiments are further depicted in Figures. 3.6

through 3.13. 'The relationship between stomatal conductance and PAR (Figure 3.6) is

described with a saturating curve (Equation [2.2]). Stomatal conductance is

apparently saturated with light only under full-sun conditions (2000 tJ.molm"2 s"1).

The estimated maximum stomatal conductance is obtained by summing gparmin and

gparmax, yielding a value of 46.7 mmol m-2 s-l, as can be seen graphically.

The relationship between stomatal conductance and VPG (Figure 3.7) shows
the typical curvilinear (Equation [2.1]) decrease from maximum stomatal conductance

at low VPG (humid) to high VPG (dry). Maximal stomatal conductance is obtained by

summing gvpgmin and gvpgmax, yielding a value of 57.8 mmol m-2 s-l, as can be

seen graphically. The region most sensitive to VPG is that between values of 1 and
2 kPa.

The relationship between stomatal conductance and temperature (Figure 3.8)

shows a curvilinear (Equation [2.4]) decrease from maximum stomatai conductance at

low temperature and low VPG to low values at high temperature and high VPG. The

marginal relationship for stomatal conductance as a function of temperature was

derived from Equation (2.4) and was linear (Equation [2.3]).

The relationship between stomatal conductance and xylem pressure potential

(Figure 3.9) was linear, with decreasing stomatal conductance at lower values of

xylem pressure potential (Equation [2.5]). This data set is restricted to relatively low

values of the xylem pressure potential. A complete description of the relationship

would require data closer to 0 MPa.

The relationship between carboxylation and PAR (Figure 3.10) is described with

a saturating curve (Equation [2.8]). Carboxylation is apparently light-saturated near

1000 i_mol m-2 s"1. The estimated maximum carboxylation rate (Pcmax) is obtained

as follows"

Pcmax = Pceff/_/c (3.1) .

yielding a value of 4.02 i_mol m"2 s"1, as can be seen graphically. Subtracting dark

respiration from carboxylation results in net photosynthesis, shown in Figure 3.11. The

light-compensation point is 260 _mol m -2 s-1

3.8
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The relationship between dark respiration and temperature (Figure 3.12) shows

a typical Q10 exponential curve (Equation [2.9]), with higher dark respiration rates at

the highest temperatures.

The relationship between carboxylation and temperature (Figure 3.13) shows a

decrease in carboxylation rate with increasing temperatures after approximately 17°C,

. the optimum temperature for carboxylation. The value of 0 _mol m -2 s -1 at 0°C is an

assumed value included for curve fitting. At 37°C the carboxylation rate drops to less
• than 25% of its maximum rate.

After the univariate relationships described above were developed, it was then

possible to estimate the scaling parameters for Equations (2.6) and (2.11 ). The

purpose of this estimate was to scale the absolute predicted values of the univariate

relationships and their interaction to produce a "best" fit to the diurnal data collected on

June 8 and June 16. Statistical characteristics for the scalar parameterization of

stomatal conductance using Equation (2.6) for the diurnal data sets are presented in
Table 3.2.

P

.T.._,,F,.._._. Statistical Characteristics for Scalar Parameterization of Stomatal
Conductance Given in Equation (2.6)

Asymptotic
Parameter Standard

Date R2 Parameter Estimate Error

June 8 0.888 a -22.410 1.3051
b -0.05137 0.1204
c 5.0506 0.4794
d 3.0461 0.2161

• e -2.133x10 "5 1.292x10 "5

June 16 0.734 a -6.4296 2.0419
b -0.7682 0.1917
c -0.6543 0.5047

• d 2.8112 0.3555
e 0.0001475 1.589x10 -5
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Statistical characteristics for the scalar parameterization of net photosynthesis

using Equation (2.11) for the diurnal data sets are presented in Table 3.3. Figures

3,14 through 3.25 present the diurnal data sets for June 8, and Figures 3.27 through

3.39 present those for June 16.

June 8 was cloudy in the morning with Clearing at midday, as can be seen from the

PAR data in Figure 3.14. Temperatures rose to about 27°C by 1600 from a low of 16.5°C

at pre-dawn (Figure 3.15). Chamber temperatures tracked outside temperature closely

through the day, staying within 0.5°C, Leaf temperatures were about 0.5°C less than

chamber temperatures in the morning, and this difference decreased with increasing

temperatures. Chamber humidity control as measured by dewpoint temperature is

depicted in Figure 3.16. Humidity control was good through the day, although chamber

dewpoint temperature was consistently up to 1°C greater than the dewpoint temperature

of the outside ai_'. Dewpoint temperatures rose to about 12°C at 1500, meaning that

humidity was increasing, and then humidity decreased after that. The vapor pressure

gradient remained near 1 kPa until the sun came out near 1300, after which the gradient

increased to over 2 kPa (Figure 3.17). The xylem pressure potential gradually decreased

from -2.1 MPa at pre-dawn to -3.3 MPa in the late afternoon (Figure 3.18). The pattern

and the absolute value of stomatal conductance were well predicted by the model (Figure

3.19). A linear regression of observed and predicted values of transpiration had an R2

I_k_=E._. Statistical Characteristics for Scalar Parameterization of Net
Photosynthesis Given in Equation (2.11)

Asymptotic
Parameter standard

Date R2 Parameter estimate error

June 8 0.984 a -0.02443 0.03138 .
b 2.105 0.4319
c 0.08666 0.03877
d 2.102 0.3030 •

June 16 0.941 a -0.03431 0.05156
b 1.549 0.6069
c 0.1334 0.05344
d 1.868 0.4732
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value of 0.89. The calculation of transpiration from the predicted stomatal conductance
described in Figure 3.19 is depicted in Figure 3.20 along with the observed values of
transpiration. The pattern and the absolute value of transpiration were well-predicted by

the model. A linearregression of observed and predicted values of transpiration had an
R2 value of 0.96. Net photosynthesis (Figure 3.21) was described well using the

parameters for June 8 in Table 3. A linear regression of observed and predicted values of

. net photosynthesis had an R2 value of 0.98. Dark respiration occurred until 0800, after
which net photosynthetic rates rapidly increased to a maximum at near 1300. Rapid

. change in the rates of net photosynthesis are associated with rapid changes in PAR in the
morning and late afternoon. Internal CO2 showed a pattern that is a near mirror image of

the pattern for net photosynthesis (Figure 3.22), with minimal values occurring from 1400

until 1830. Water-use efficiency (Figure 3.23) showed rapid changes in the early morning
and late afternoon associated with rapid changes in PAR. Water-use efficiency was

essentially constant from 0900 until 1830. Using empirical scaling parameters estimated
with data collected on June 16, we were able to predict stomatalconductance on June 8
reasonably weil, but stomatal conductance was underpredicted before 1000 and
overpredicted at midday. A linear regression of observed and predicted values of

transpiration had an R2 value of 0.65. Using empirical scaling parameters estimated with
data collected on June 16, we were able to predict transpiration rates on June 8 correctly

in terms of pattern and absolute value (Figure 3.25). A linear regression of observed and

predicted values of transpiration had an R2 value of 0.91. We were able to predict net

photosynthesis rates on June 8 correctly in terms of pattern and absolute value using
empirical scaling parameters estimated with data collected on June 16 (Figure 3.26). A

linear regression of observed and predicted values of net photosynthesis had an R2 value
of 0.98.
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June 16 was generallYclear ali day, but periods of high thin clouds reduced

PAR levels (Figure 3.27). Temperatures rose to about 31°C by'1600 from a low of

16.5°C at pre-dawn (Figure 3.28). Chamber temperatures tracked outside

temperature closely threugh the day, staying within 0.5°C. Leaf temperatures were
generally about 0.5°C less than chamber temperatures, except in the late afternoon,

when leaf temperatures were about 1°C less than chamber temperatures. Chamber
humidity control as measured by dewpoint temperature is depicted in Figure 3.29.
Humidity control was good throughmost of the day, although chamber dewpolnt
temperature was consistently up to 1°C greater than the dewpoint temperature of the
outside air. Instrumentation problems associated inadequate air-compressor capacity

caused dewpoint temperature differences to exceed 2°C from 1500 until 1700. The

vapor pressure gradient increased from near 1kPa in the early morning to 3.2 kPa at

1600 (Figure 3.30). The xylem pressure potential gradually decreased from -1.7 MPa
at pre-dawn to -4.8 MPa in the late afternoon, and then increased again to -3.7 MPa at
sundown (Figure 3.31). Stomatal conductance was maximum near 0700 and

decreased after that (Figure 3.32)° The model performed weil, Withthe exception of an

underprediction near 0700 and again near 1700. A linear regression of observed and
predicted values of transpiration had an R2 value of 0.73. The calculation of
transpiration from the predicted stomatal conductance described in Figure 3.32 is
depicted in Figure 3.33 along with the observed values of transpiration. The pattern
and absolute value of transpiration were well predicted by the model, except for an

overprediction at around 1700. A linear regression of observed and predicted values
of transpiration had an R2 value of 0.96. Net photosynthesis (Figure 3.34) was
described well using the parameters for June 16 in Table 3. A linear regression of

observed and predicted values of net photosynthesis had an R2 value of 0.94. Dark
respiration occurred until 0600, after which net photosynthetic rates rapidly increased
to a maximum at near 0900, after which net photosynthesis gradually declined until
sunset, when rates declined rapidly. Internal CO2 showed a pattern that is a near

,q

mirror image of the pattern for net photosynthesis (Figure 3.35), with minimal values
occurring near 1700. Water-use efficiency (Figure 3.36) showed rapid changes in the

early morning and late afternoon, associated with rapid changes in PAR. Water-use

efficiency was essentially constant from 0700 until 1700. We were less able to pred!ct
stomatal conductance on June 16 using empirical scaling parameters estimated v,rith

data collected on June 8 than we were using June 16 parameters to predict June 8
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data (Figure 3.37). A linear regression of observed and predicted values of stomatal
conductance had an R2 value of 0.41, which is stillsignificant (F = 78.45; p = 0.0001).

We were less able to predict transpiration on June 16 using empirical scaling
parameters estimated with data collected on June 8 than we were using June 16

parameters to predict June 8 data (Figure 3.38). A linearregression of observed and
predicted values of transpiration had an R2 value of 0.53. Using empirical scaling

• parameters estimated with data collected on June 8, we were able to predict net
photosynthesis rates on June 16 correctly in terms of pattern and absolute value

, (Figure 3.39). A linear regression of observed and predicted values of transpiration
had an R2 value of 0.94.
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Snively Canyon on June 16, 1990
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•4.0 DISCUSSION

The purposes of the work done in FY 1990 were 1) to develop and test an

environmentally controlled whole-plant gas exchange system, 2)to collect

evapotranspiration data at the whole-plant level on the small-tube lysimeters, 3) to

collect transpiration data on shrubs at McGee Ranch, and 4) to collect data necessary

, to parameterize the plant component of the UNSAT-H code. These were successfully

accomplished.

• Instrumentation development entailed the construction of three additional air

conditioning units for a total of four gas exchange systems. The purpose of the

additional chambers is to allow for replicated experiments in time. Remaining work to

be done on this instrumentation upgrade is to integrate the new chambers into the

system.

At the STLF site we measured evaporation, evapotranspiration, and carbon

dioxide exchange rates from the lysimeters in the soil surface treatment with and

without _ _ growing on the surface. Evapotranspiration was apparently higher

on the lysimeters with B. _ than on the lysimeters with bare soil. As discussed

in the results section, when plant factors are not taken into account in the computation

of evapotranspiration rates, error terms increase. As a consequent, statistical tests are

less efficient. Leaf area of _ tectorum was positively correlated with evapotranspira-

tion rates. The problem with comparing bare soil surfaces with surfaces covered with

plants is that the two conditions are not truly comparable except at a gross scale. Mere

adequately comparing such conditions requires considering plant and soil processes

separately. The other process measured was carbon flux. Carbon flux was measured

o because it is an integral component of growth models needed to predict transpiration

rates as they relate to plant size.

• Transpiration of A. _ shrubs growing on the FLTF precision weighing

lysimeters at McGee Ranch was measured using the stem flow device. The results are

presented and discussed in the Appendix.
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Growth data for I3. _ at Lower Snively Field were collected for

parameterizing the plant component of UNSAT-H. Our results suggest that leaf area

index and mean biomass increase significantly in response to additional nitrogen

and/or water. Plants in the treatment plots receiving nitrogen increased growth rates

earlier in the season than did plants receiving only additional water. Increases in plant

growth resulting from water application were apparent later in the growing season, in

April, as transpirational demand increased and available soil water became limiting,

plants receiving additional water had significantly greater biomass ar,d leaf area than

did plants in the control plots. Plants receiving additional nitrogen but no additional

water also appeared to respond to limiting soil-water conditions between March and

April by decreasing both biomass and leaf area. Plants receiving nitrogen and

additional water continue to increase biomass and leaf area between March and April.

These results suggest that the growth of B. _ may be limited by nitrogen

availability in the soils early in the spring growing season or when sufficient water is

available. As soil water availability decreases, LAI and biomass decrease.

For further parameterizing UNSAT-H, data also were collected at Snively

Canyon to develop gas exchange models for .I__. This effort was successful.

We demonstrated that it is possible to parametedze the driving relationships for

transpiration and net photosynthesis by controlled experimentation in a field setting.

We further demonstrated that it is possible to formulate a model for these processes

that can effectively predict diurnal rates. This was demonstrated in a simple way by

predicting data on June 16 with parameters estimated from data collected on June 8

and predicting data on June 8 with parameters estimated from data collected on June

16. The prediction of net photosynthesis worked well for both days. Tl_e prediction of

transpiration was better when applying the model developed with June 16 data to the

June 8 data than when applying the model developed with June 8 data to the June 16

data, possibly because the values of stomatal conductance measured in the morning

of June 8 were relatively high. If the soil was damp, then higher values would be

expected than if soils were dry and the control of evapotranspiration was mainly by the

plant. In fact, by the end of the day, values of stomatal conductance were half of what

they were in the early morning, suggesting the soil had dried. Values of stomatal

conductance at the beginning and at the end of the day on June 16 were comparable

and were near 4,0 mmol m"2 s'l which was comparable to the ending values of 60

,+.2



mmol m"2s"1 on June 8. If soils were damp on the morning of June 8, then the scaling
parameters estimated would be influenced by soil evaporation and would not entirely

reflect controlling plant processes, which would account for the relatively poor
prediction.
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5.0 FUTURE WORK

Future research will entail parameterizing for model development the

relationships between evapotranspiration, transpiration, soil evaporation, carbon

dioxide exchange, growth, and the abiotic and biotic factors that drive these

processes.
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APPENDIX A

MEASUREMENT OF SHRUB TRANSPIRATION
USING THE STEM HEAT FLUX TE(_HN!QIJE

A. 1 INTRODUCTION

, The development of energy and water budgets or models of productivity are

dependent on measurements of gas exchange, data that are often difficult to obtain at

remote sites. In addition, integrative measurements of large plant canopies are

necessary for understanding exchange processes of surfaces, particularly the

exchange of water. However, these data are difficult to collect because of the inherent

size of, and variability within, most plant canopies. Direct measurement of water flow

through the stem of a plant is one method of obtaining an integrated measure of plant

water loss. The direct measurement of the mass flow of water through plant stems was

first reported by Daum (1967) and further developed for woody and herbaceous plants

by a series of authors over a period of 20 years (Baker and van Bave11987; Cermak et

al. 1976; Cermak and Kucera 1981; Kucera et ai. 1977; and Schulze et al. 1985). The

application of the stem flow technique represents an advance over other conventional

techniques for measuring transpiration (e.g., cuvette systems, porometers, heat pulse

methods) because it is relatively noninvasive, it does not alter the plant micro-

environment, it can be datalogged easily for continuous monitoring, and it is relatively

inexpensive.

Cuvette and porometer systems enclose the plant, requiring power inputs and

elaborate control systems to minimize changes in the microenvironment (Bingham et

al. 1980). In the stem flow system, only the base of the stem is enclosed, eliminating

the need for" environmental control and leaving the canopy exposed for unimpeded

energy and gas exchange. Heat pulse techniques measure only the sap velocities

(Swanson 1972) and therefore require assumptions concerning the cross-sectional

areas of the conducting elements to calculate volume of flow (Swanson and Whitfield

, 1981). The stem flow system utilizes steady-state measurements of heat flow

dependent only on the volume of water convected through the stem, thereby

:eliminating errors associated with the estimates of conducting elements. And finally,

the development of microprocessor-controlled dataloggers permitted application of the

stem flow system for a nominal cost. This relatively inexpensive system permits

replication and application of the technique to several plants simultaneously.
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The objective of the proposed research is to collect data on whole-plant

' transpiration of big sagebrush diurnally and seasonally, in conjunction with the

weighing-lysimeter measurements of evapotranspiration. These data will be used to

uncouple plant transpiration from evapotranspiration for surface energy budgets, to

assess transpiration rates following supplemental watering, and to assess the quantity

of water transferred between soil layers by big sagebrush (Artemisia E.[g..e.B_ta_).
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A.2 METHODS

The stem flow technique measures water convected through a plant stem using
four basic subsystems for operation: 1) a microdatalogger, 2) a power supply, 3) a

control board, and 4) a heater and temperature-sensing collar on the plant. The

microdatalogger (Campbell Scientific 21X)senses temperature, measures power
inputs to the heater, adjusts the power supplied to the heaters, and records data on
water flux. The power supply consists of a single 12-volt battery. The control board

' permits the datalogger to regulate and measure the power supplied to the heater. The

heater and sensing collar consists of a series of thermocouples inserted into the bark

of the shrub to sense temperature differences before and after the heater coil, the
temperature of the heater coil, and the radial temperature gradient. The heater within
the sensing collar consists of a coil of resistance wire tightly wrapped around the stem
of the shrub.

Control of the system is provided by the datalogger at 1-sec intervals where the

datalogger first senses the temperature of the heater relative to the ambient
temperature of the stem. Using this temperature, the power supplied to the heater is

adjusted to maintain the temperature at 3°C above ambient temperature. The
temperature gradient before and after the heater, the radial temperature, and the

power supplied to the heater are then measured. The heater and sensing collar is
insulated with foam pipe insulation and protected with aluminum foil. Data on

temperature, power, and flow are collected at 1-sec intervals and averaged at 10- min
intervals. Data are stored on tape and returned to Washington State University for

analysis. The water flowing through the stem is calculated by the following equation:

861 (Power- Radial Dower loss/
FLOW= AT

where FLOW = flux of water through the stem in g h-1
, Power = watts applied to the heater each second

Radial power loss = a correction for the radial heat loss from the system
AT= the temperature gradient before and after the heater

861 = a constant converting the data from watts S1 to g H20 h-1 '
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During the summer of 1990, the stem flow system was constructed and installed

or_three shrubs associated with the weighing and drainage lysimeters at the Hanford

Meteorological Tower. The installation has been collecting data for approximately 30

days, and only preliminary data reduction has occurred. No comparisons between the

lysimeter or weather data have been made; however, these comparisons are planned

for the next 30 days.
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A.3 RESULTS

Preliminary analysis of one shrub (the shrub in tile weighing lysimeter) shows

patterns of stem flow with peaks at approximately 1000 h declining to undetectable

levels by 1300 to 1500 h (Figure A.1 ). The mid-afternoon decline in stem flow is

followed by a small increase in stem flow at approximately 1500 to 1600 h. This

afternoon increase was not always apparent and may be related to the ehv ronmental

conditions or plant water relat!ons of each day. The apparent sensitivity of the stem

' flow system is less than i g h"1, with maximum flows during the measurement period

of upto 15 g h-1. Because these estimates are preliminary, no confidence limits are
available.

Trends in the stem flow between days in the 3-week period of data oollection

suggest considerable variability in daily water loss (Figure A.2). Large differences in

the areas under the daily water loss curves were apparent (see, for example, Julian

day 214 and 216). The environmental or physiological control of these differences wi

be investigated in the future. Future analysis will include daily totals of water loss that

can be related directly to the lysimeter data. A tentative relationship has been

established between the canopy volume of the stem within the stem flow system and

the total volume of the shrub (Table A.1). This relationship will be used to develop

estimates of total shrub water loss. No estimates of leaf area for the shrubs studied are

currently available, so we did not attempt to calculate transpiration on a leaf-area

basis. Similar general patterns, however, are seen between the three shrubs

measured, and correlations between them and their relationship to environment are in

preparation.

Table A,!. Estimates of Canopy Volume for Stems Used for Stem Flow
Measurements in Relation to the Total Shrub Volume for Plants in the
Weighing Lysimeter and Drainage Lysimeters at the Hanford Tower Site

Canopy Volume
Plant and % Canopy in Flow System Total Shrub

" _ ._P,..&&I4.E_ ..___Lm 2) _2).

Shrub 1 7% 0,015 0.207
(weighing lysimeter)

Shrub 2 9% 0.048 0,550
(weighing lysimeter)

Shrub 3 5% 0.027 0.521
(drainage lysimeter)
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Trends In water loss measured during the first 3 weeks of operation of the stem
flow systems, were consistent with similar leaf-level measurements at the Arid Lands

Ecology (ALE) Reserve in an earlier study (Black and Mack 1986), Mid-morning peaks

In transpiration coincide with high stomatal conductance and lower air temperature
and evaporative demand. Afternoon declines in transpiration are also commonly

measured. The late..afternoonIncrease in transpiration occasionally seen in the stem
o

flow measurements is less commonly measured. In summary, the measurement
trends seen in these preliminary data are consistent with earlier observations. No

comparative data have been analyzed to date concerning the magnitude of the stem

flow rates or comparisons with the weighing lysimeter, so potential errors in the
absolute measurements by system are unknown.

The present stem flow system represents a modification of an earlier design.
The modification reduces the error related to radial heat loss and apparently increased

the sensitivity of the system. Prior systems were unable to detect flow less than
4 to 5 g h-1. The improved sensitivity permits detection of flow less than 1 to 2 g h-1,

though additional error analysis will be necessary to determine confidence limits of
this estimate. The present adaptation to measurement of stem flow in sagebrush also

improves on the sensitivity of earlier published methods (Daum 1967; Baker and van
Bavel 1987). These methods were based on a constant input of power and are

, apparently less sensitive at low rates of flow. These published stem flow systems vary
considerably from the heater and control designs employed for this project and are not

readily adaptable to sagebrush.

Future concerns with regard to these stem flow measurements include 1)
comparisons with environmental and lysimeter data, 2) data reduction and data

o

management, and 3) development of additional stem flow systems for other sites on
the ALE Reserve. As mentioned above, valuable comparisons with lysimeter data and

environmental data are in preparation. These comparisons will not only permit

deter_minationof potential errors in the stem flow system, but wilt also permit

separation of plant transpiration from total-evapotranspiration data currently available

from the weighing lysimeters. These comparisons will be made available and will
become part of a modeling effort currently underway. The current data reduction and
management procedure must be modified. During the first three weeks of operation,
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this system collected 500K of data, much of lt unneeded (for example, data collected
at night), that had to be redfacedfor the figures presented. Modification of the data
collection program should eliminate much unneeded data and reduce the effort ,

necessary to analyze the data set, The development of additional stem flow systems
will allow extension of current data sets to remote sites on the ALE Reserve. Plans

include instrumentation of hop sage and btg sagebrush in association with detailed
soil water measurements.
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FIGURES

Figure A.1 Diurnal Patterns of Stem Flow for Shrub 1. Shrub 1 is in the Weighing
Lysimeter at the Hanford Tower Site. Data are presented for Julian
Dates 209,215, 222, and 230 Corresponding to July 28 and August 3,
10, and 18, 1990

Figure A.2 Trends in Stem Flow for Shrub 1 Between Julian Dates 208 and 230,
July 27 and August 18, 1990, Respectively. Shrub 1 is in the weighing
lysimeter at the Hanford tower site.
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