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EXECUTIVE SUMMARY 

This document describes the results of technological developments and experi­

ments at the Small Tube Lysimeter Facility. The objective of this research is to 

develop the capability to predict evapotranspiration in support of studies of water 

infiltration control for the Hanford Protective Barrier Development Program. Evapo­

transpiration is the combined loss of water from plants and soil surfaces to the 

atmosphere. This process must be predictable to adequately model soil water 

dynamics. 

We developed a miniature greenhouse (gas exchange chamber), where 
internal temperature and relative humidity can be controlled. With this device we 

measured evapotranspiration, transpiration, and carbon dioxide exchange rates from 

lysimeters with various surface and plant characteristics. We tested the effect on gas 

exchange rates of sand, gravel, admix, and soil surfaces in lysimeters where, cheat­

grass, Bromus tectorum, had been seeded. Results showed that evapotranspiration 

was unaffected by the surface treatments. Estimated transpiration rates were higher 

for plants growing in sand compared with rates for plants growing in the admix and soil 

treatments. Soil evaporation rates were higher in the gravel treatment than in the sand 

treatment. Future research will entail parameterization of relationships between 

evapotranspiration, transpiration, soil evaporation, carbon dioxide exchange, and the 

abiotic and biotic factors that drive these processes for model development. 
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1.0 INTRODUCTION 

Pacific Northwest Laboratory (PNL) and Westinghouse Hanford Company 

(WHC) are working together to develop protective barriers for the near-surface dis­

posal of radioactive and hazardous waste at Hanford. The proposed barrier design 

consists of a layer of fine-textured soil overlying a series of layers grading from sand to 

basalt riprap (USDOE 1987). A multiyear research program is being conducted to 

assess the long-term performance of barrier configurations in restricting plants, 

animals, and water from contacting buried wastes (Adams and Wing 1986). 

The purpose of this report is to review work done in FY 1989 on the evapotrans­

piration subtask of the Small Tube Lysimeter Facility (STLF) experiment. The STLF 

was designed to measure the influence of erosion control practices and alternative 

barrier layer configurations on water movement within and extraction from the barrier 

by evapotranspiration (Waugh and Link 1989). A summary of progress to date at the 

STLF can be found in Relyea et al. (1989). 

As s~ated in the test plan (Link and Waugh 1989), specific objectives of PNL's 

evapotranspiration work were to: 

1. develop and test an environmentally controlled whole plant gas 
exchange system 

2. collect evapotranspiration data at the whole plant level on the small tube 
lysimeters 

3. collect transpiration data on shrubs at McGee Ranch 

4. collect data necessary to parameterize the plant component of the 
UNSAT-H code. 

This report describes the results for objectives 1. and 2. accomplished in 

FY 1989. Results for objective 3. were presented in Link et al. (1989). Work on 

objective 4. was done in FY 1990. The ultimate purpose of this work is to improve the 

parameterizaton of plant processes in hydrology models, which will be used to test the 

performance of barrier structures. 
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2.0 METHODS 

2.1 STUDY AREA 

The Small Tube Lysimeter Facility (STLF) is located adjacent to the Field 

Lysimeter Test Facility (FL TF). Descriptions of the study area are given in Gee et al. 

(1989) and Waugh and Link (1989). 

2.2 EXPERIMENTAL DESIGN 

A description of the experimental design for the STLF is given in Waugh and 

Link (1989). The gas exchange experiments were conducted on a subset of the 

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

(20 cm), gravel (7 cm), and admix (20 cm) over fine soil and all fine soil lysimeter 

treatments with cheatgrass growing in them and experienced ambient or twice long­

term average precipitation with water applied as single monthly irrigations. In winter 

and spring 1989, ambient precipitation was nearly twice average precipitation. 

Observations were taken with cheatgrass present and after shoots were removed. 

With shoots present, water vapor exchange is considered evapotranspiration. With 

shoots removed, water vapor exchange is due to soil evaporation. Three to five 

replicates were observed for treatment. Data were collected between May 9 and June 

2, 1989. 

2.3 TECHNOLOGY 

Technology used in this work is explained in Waugh and Link (1989) and Link 

et al. (1989). This report describes in more detail the configuration of the whole plant 

gas exchange system as used in this experiment. 

2.3.1 Whole Plant Gas Exchange System 

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

made at remote sites where utilities are unavailable. Instrumentation is housed in a 

motor home, which is climate controlled. Power was supplied by an 87-amp diesel 

generator. Power for the instruments was filtered by a line conditioner. Cooling water 

was provided by a water chiller and circulated through the system in a closed loop with 
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a water pump. Water lines to the chamber air conditioning unit were 30 m long and 

were insulated by 3-cm-thick closed cell foam wrappings. 

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 (Analytical Development Co. Ltd., Hoddesdon, 

England) infrared gas analyzer (IRGA). An accompanying gas routing device (WA357, 

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

controlled calibration and measurement in absolute and differential modes. Calibra­

tion of the IRGA occurred before each lysimeter was observed. Measurement of water 

vapor concentrations entering and leaving the gas exchange chamber was accomp­

lished with two DEW-1 0 dewpoint hygrometers (General Eastern Instruments, Inc., 

Watertown, MA). Dewpoint temperature was measured with RTD platinum resistance 

sensors. All other temperatures were measured with fine wire copper-constantin 

thermocouples. These included leaf temperature, chamber air temperature, heat 

exchanger fin temperature, and air temperature in air lines just ahead of the dewpoint 

hygrometers. Photosynthetically active radiation (PAR) was measured with a Li-Car 

· 190S8 Quantum sensor (Li-Cor Inc., Lincoln, NE). Supplemental lighting was pro­

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

exchange chamber when skies were overcast. This light provided full-sun-equivalent 

light conditions as measured at the top of the canopy. 

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

acrylic plastic. The chamber is cylindrical (65 cm tall and 30 cm in diameter) with a flat 

plastic top having a volume of 46 L. The chamber is lined with clear Teflon tape to 

minimize gas absorption by the plastic (Bloom et al. 1980). The seal between the 

chamber and the lysimeter is made with an aluminum ring lined with closed-cell foam, 

which is constructed to conform to the aluminium lifting tabs of the lysimeter. The ring 

has grooves lined with closed-cell foam on the other side to seal the chamber. The 

chamber has an inlet for recirculating air 22 cm below a similar outlet port. These 

ports are 5 cm in diameter. An air conditioning unit is attached to the ports to control 

temperature. The air conditioning unit housing is fabricated with stainless steel and is 

air tight. Temperature is controlled with Peltier chips, heat exchange fins, and a 

circulating fan. 

The heat exchange fins are made of nickel-plated copper. The heat exchanger 

and fan motor (located outside the air conditioning unit) are water cooled. The air 

conditioning housing is insulated with 0.64-cm-thick closed-cell foam, which is cov-
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ered with aluminum foil to reflect solar radiation. The housing is always placed on the 

north side of the lysimeter to avoid shading the plants. 

Process air was taken from a height of 1.5 m by an oilless air compressor, pas­

sed through a chilled water jacket to remove water from the air, and maintained at a 

pressure of 40 psi ahead of two air filters and a Tylan (FC-262) mass flow controller. 

The mass flow controller was used to control the flow of air to maintain a constant 

chamber dewpoint temperature. All air lines were 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 through Bev-e-lin tubing to determine 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. 

2.3.2 Leaf Area 

Total green leaf and stem area was non-destructively estimated after each gas 

exchange observation. This was done by classifying shoot parts into size sets, meas­

uring leaf and stem characteristics, and counting the number of elements in each set 

within a lysimeter. Leaf area was computed as follows: 

where A= total leaf and stem area 

I = leaf length 

w = leaf width 

h = stem height 

d = stem diameter 

i = number of elements within each of the j size classes. 

2.3 
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2.3.3 Xylem Pressure Potential 

Xylem pressure potential of leaves was measured with a pressure bomb (Soil 

Moisture Equipment Corp., Santa Barbara, CA) taking the precautions of maintaining a 

humid atmosphere in the chamber with a damp towel, taking measurements imme­

diately after cutting leaf material, and pressurizing the chamber slowly and consistently 

for all observations. 

2.4 SAMPUNG 

Up to five lysimeters were measured between 09:00 and 15:00 h, depending on 

conditions on any given day. Lysimeters with plants in them were observed first over a 
number of days; then the plants were clipped, and observations were taken again to 

measure soil evaporation and respiration. Plant transpiration and net photosynthetic 

rates were estimated by subtracting gas exchange data collected from lysimeters after 

plants had been clipped from the data collected before the plants were clipped. 

Chamber conditions were as follows: chamber air temperature (25.0 ± 0.5° C), 

chamber dewpoint temperature (8.5 ± 1 ° C), full light, chamber CO2 concentration of 

345 ± 5 ppm, an~ an overpressure of 2.5 ± 2.0 cm H20 . 

2.5 DATA ANALYSES 

Data are presented as means with 1 standard error bar. Treatment compari­

sons are made with Duncan's Multiple Range Test at the 95% confidence level 

(Duncan 1975). 
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3.0 RESULTS 

The focus of this work was to determine the effect of surface covers on transpira­

tion and evapotranspiration from the lysimeters. Three experimental approaches were 

used to investigate these effects. One way to separate the processes controlling 

evapotranspiration (plant transpiration and soil evaporation) on undisturbed surfaces 

is to maintain a positive pressure in the chamber. Positive pressure is believed to 

reduce the flux of water from the soil while not affecting plant transpiration. Thus, the 

first test examined the effect of positive pressure on soil evaporation (Figure 3.1 ). Over 

the range of chamber pressures imposed on the system, no clear reduction of soil 

evaporation was observed with increasing pressure. 

Observed leaf area of cheatgrass was strongly affected by surface treatments 

(Figure 3.2). Leaf area in the sand treatment was less than half that in the admix and 

soil treatments. Neither evapotranspiration nor net CO2 flux, the combined CO2 flux of 

plant and soil, based on the surface area of the lysimeters, was influenced by the 

surface treatments (Figures 3.3 and 3.4) . 
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FIGURE 3.4. Effect of Surface Treatments on Net CO2 Uptake. Rates are based 
on the area of each lysimeter. Means with the same letter are not 
significantly different (p = 0.05, n = 3 to 5) by Duncan's Multiple Range 
Test. 

Soil evaporation rates appear to be influenced by surface treatments based on 

data obtained after shoot material had been removed from the lysimeters (Figure 3.5). 

Evaporation rates were nearly three times greater in the gravel treatment than in the 

sand treatment. Evaporation rates in the admix and soil treatments were not 

significantly different from evaporation rates in the sand or gravel treatments. 

Evaporation rates were only 20% of evapotranspiration rates for the sand, admix, and 

soil treatments and 30% of that in the gravel treatment. 

Soil respiration rates were also dependent on the surface treatments with rates 

in the soil treatment twice as great as in the sand treatment (Figure 3.6). Soil respira­

tion rates in the gravel and admix treatments were not significantly different than rates 

in the soil or sand treatments. 

Treatment effects were apparent for estimated transpiration rates (Figure 3. 7). 

Transpiration rates were greater in the sand treatment than in the admix and soil 

treatments. Transpiration rates were the same in the sand and gravel treatments. 
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There were no significant effects of surface treatment on estimated net 

photosynthetic rates (Fig. 3.8). Xylem pressure potential was signficantly affected by 

the surface treatments (Fig. 3.9). Xylem pressure potential was significantly greater in 

the gravel treatment than in the admix treatment while values in the sand and soil 

treatments were not significantly different than in either the gravel or admix treatments. 
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FIGURE 3.8. 
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4.0 DISCUSSION 

The purpose of the work done in FY 1989 was to 1) develop and test an 

environmentally controlled whole plant gas exchange system, and 2) collect evapo­

transpiration data at the whole-plant level on the small tube lysimeters. This was 

successfully accomplished. 

The development of the gas exchange system was, for the most part, accomp­

lished in the laboratory before the field season began. In the field, other technical 

problems had to be solved because of the lack of electrical power and running water 

at the study site. These two problems were solved by integrating a diesel-powered 

electrical generator and a closed-loop water cooler and circulation system into the 

system. The entire gas exchange system is now truly portable. 

The two critical control variables, chamber temperature and chamber dewpoint 

temperature, were satisfactorily controlled in the field. Chamber temperature was 

controlled to within 0.5°C of the setpoint temperature, and chamber dewpoint tempera­

ture was controlled to within 1.0~C of the setpoint dewpoint temperature. Actually, the 

chamber dewpoint temperature control was tighter than 1.0°C for most observations 

when there was a relatively high evapotranspiration rate. Relatively poor dewpoint 

temperature control occurred only when the rate of evapotranspiration was so low that 

the flow controller regulating the flow of dried outside air into the chamber was forced 

to operate at the low end of its operating range. This occurred with some observations 

on apparently dry soil without plant material. This problem can be solved by humidify­

ing the incoming air supply or incorporating a flow controller with a lower operating 

range. Overall, the current level of control is adequate for most purposes such as 

parameterizing driving relationships for gas exchange processes for model 

development. 

The other technical question investigated was the effect of maintaining a posi­

tive pressure within the chamber to suppress soil gas exchange. This has been done, 

as discussed by Tranquillini and Caldwell (1972), to separate plant gas exchange 

from soil gas exchange processes. Within the range of pressures investigated, we 

found no clear effect of positive pressure on soil evaporation or soil respiration. 

Tranquillini and Caldwell (1972) suggested that positive pressures be main­

tained between 5 cm and 13 cm H20 to suppress soil gas exchange processes. 

Unfortunately, in our experiments, we were only able to maintain pressures up to 4 cm 
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H20 because of leak problems and low flow rates over the relatively dry soils. Future 

tests can be done to investigate the effect of higher operating pressures on soil gas 

exchange processes by working at lower dewpoint temperatures, which will necessi­

tate higher flow rates, and consequently, easier pressure control. 

The other objective of this work was to collect data on the effect of surface treat­

ments on evapotranspiration rates. To this end, we gathered data on cheatgrass leaf 

area, xylem pressure potential, gas exchange rates with plants on the lysimeters, and 

gas exchange rates of the soil after the plants had been harvested. 

The amount of leaf area present is related to transpiration and evapotranspira­

tion rates. Relyea et al. (1989) concluded that the presence of plants on the small tube 

lysimeters increased evapotranspiration for all conditions. Leaf area was significantly 

lower in the sand treatment than in the admix or soil treatments. This may be a result 

of differences in germination rates, survival to maturity, or size at maturity. Plants in the 

sand treatment appeared to be more physiologically stressed than those in the other 

treatments although the xylem pressure potential of surviving plants in the sand 

treatment was not significantly different from those in the other treatments. The 

appearance of stress in these plants may also be because of low nitrogen contents in 

the sand compared with those in the admix and soil treatments. A possible 

explanation for lower leaf areas might be that the sandy surface could become 

desiccated more rapidly than the other surfaces causing lower germination rates or 

higher mortality of young plants. It appears that cheatgrass grows better in the admix 

and soil surface treatments and may be related to water-holding capacity of the fine 

soils compared with that of sand and/or soil nitrogen status. 

Observed evapotranspiration rates were apparently unaffected by the surface 

treatments. This may be explained by the manner in which the rates were computed. 

The rates were based on the surface area of each lysimeter and did not take into 

account the amount of leaf area in the lysimeters. 

When transpiration rates were estimated, significant treatment effects were 

found. This increase in resolution is because the variation associated with plants is 

accounted for in the data by relativizing with leaf area. Transpiration rates were lower 

in the admix and soil treatments compared with rates in the sand treatment. This sug­

gests that the plants in the admix and soil treatments were under more stress than 

those in the sand treatment. This was the case for the admix and gravel treatments 
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where the xylem pressure potential of the plants in the admix treatment was signifi­

cantly lower than for the plants in the gravel treatment. A similar result was found for 
the net CO2 uptake flux data except that when rates were converted to net photo-

synthesis by basing rates on leaf area, there still were no evident effects of treatments. 

We investigated soil gas exchange processes after plant material had been 

removed to determine if the gas exchange system was sensitive enough to measure 

the relatively low rates of soil evaporation and respiration from apparently dry sur­

faces. The gas exchange system proved to be sensitive enough to measure soil gas 

exchange processes. This capability may be used to increase our understanding of 

soil gas exchange processes. The main treatment effect for soil evaporation was the 
nearly threefold greater rate for the gravel surface compared with the sand surface. 

This may be explained as the result of the greater boundary resistance to gas diffusion 

that sand has relative to gravel. A similar result was found for soil respiration where 

rates from the sand treatment were significantly lower than those in the soil treatment. 

This result is probably due to a likely lower root biomass in the sand treatment than in 

the soil treatment. Although we did not measure root biomass, it is likely that the lower 

leaf area in the sand treatment also suggests that there is less root material. Because 

we measured soil gas exchange within a few days of harvesting the shoot material 

and because we observed shoot regrowth, we assume that roots were still active and 

capable of significant respiration. 

Evapotranspiration, measured over a year, was greater in the soil and admix 

treatments compared with the sand and gravel treatments (Relyea et al. 1989). We 

found no effect of the treatments on evapotranspiration; however, at the time of these 

experiments, we observed less transpiration in the admix lysimeter than in the sand or 

gravel lysimeter. This is a reflection of xylem pressure differences as a result of less 

available water in the admix lysimeters than in the sand or gravel lysimeter. Our data 

are instantaneous compared with the integrated values found in Relyea et al. (1989), 

making comparisons difficult. 

In summary, the gas exchange system operated better than expected in that it 

was sensitive enough to measure low rates of soil gas exchange. Evapotranspiration 

rates on lysimeters with plants were about five times greater than evaporation rates on 

lysimeters with the plants removed .. Soil evaporation rates were higher on the gravel 

surfaces than on the sand surfaces. Transpiration rates were higher for plants in the 

sand treatment than for plants in the admix and soil treatments. 
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5.0 FUTURE WORK 

Future work with the gas exchange system should concentrate on model 

development so that we can predict how much water various species will remove from 

the soil. We propose the construction of replicate chambers and a large chamber for 

full-size shrub gas exchange work at McGee Ranch. The relationship between gas 

exchange processes and environmental driving variables should be systematically 

developed. This will require some modifications to the gas exchange system used this 

year. In addition, more data need to be gathered on whole plant leaf area dynamics 

and soil water contents. 
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