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~ABSTRACT
Soil erosion could reduce the water storage capacity of barriers that have been proposed for the dis-
posal (i/'rtear-surface waste al the U.S. I)epurtménl of Energy's Hanford Site. Gravel mixed into the top
soil surface may create a self-healing veneer that greatly retards soil loss. However, gravel admixtures
may also enhance infiltration of rainwaler, suppress plant growth and water extraction, and lead to the

lef"zching of underlying wasle. ' .‘

’Cltis report describes plan;n; for tu)q experimenls that were designed to test hypotheses concerning
the interactive effects of surface gravel admixl&res, revegetation, and enhanced procipilalioln on soil
Q)ater balance gnd plant abundance. The ﬁrst experiment is u factorial /i«eld plot set up on the site
‘ se‘lect«d as a sod horrow area for the eventual construction of barriers. The treatments, arranged in a
spli!-.s};[il-plnl design structure, includv two densities of gravel admix, a mixturv of native and intro-

duced grasses, and irrigation to simulate a wetler climate. Changes in soil water storage and plunt

cover are monitored with neutron moisture probes and point intercept sampling, respectively.

The second experiment consists of an array of 80 lysimeters containing several different barrier pro-
totypes. Surﬁzpe treatments are similar lb‘l/w field-plot experiment. Drainage is collected from a valve
at the base of each lysimeter tube, and evapotranspiration is estimated by subtraction. The lysimeters
are also designed (o be coupled to a whole-plunt gus exchunge sx.'}lem that will be used to conduct

controlled experiments on evapotranspiration for modeling purposes.

This test plan was written in. 1986 as an engineering support document. Publication has become
necessary because of the need to reference the test plan in status reports and other documents scheduled
for publication by the Protective Barrier Development Program. Any changes in the original experi-

mental design, lest procedure, or cost estimates will be documented in the lutter reports.

v(vi
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EXECUTIVE SUMMARY

The I"inal‘ls‘nvirunn‘iental Impact Statement, Disposal of Hanford Defense High-Level, T'ran-
suranic, and Tank Wastes* includes ulternutivegl for disposing (;fcurt.uin wastes near the surf'ncé. The
near-surface disposal iﬁvoivcs the usc of a protective burrier thﬁt isolutes these wastes from perco-
lating s0il water, biointrusion, und surficial erosion for time periods as long as 10,000 year}:. The
conceptual protective barrier cqnsiéts u[‘cburs@-rock and sand layers covered with a fine-textured soil
that swores rainwater until it can be eycled back into the zﬁmosphcfc by evaporation and plant
transpiration. Krosion control is u critical issue. Significant erosion of the fine-soil layer and/or a

‘

reduction in plant transpiration would reduce barrier effectiveness.

~ Gravel muleh may be Lhc’unsw‘cr“ lingineering a gravel nAulch analogous Lo désert pavements
that have protected underlying Q()iis for thousands ol years l,m‘ny l‘)c possible. Several questions musit,
be resolved before the use of gravel for érosion control can be defended. What is the optimum gravel
size and volume for controllirfg projected wind and wutqr erosion rates? How will plants respond? ¢
Can plant Lranspiraition olfset a gravél-induced increase in water infiltration and a deerease in eva-
po‘rul.ion"? How much will I'rcuzé-thuw and shrink-swell action ovvcr the yeurs alter the gravel mulch

configuration” {low sensitive will the system be Lo climatie variability? The Protective Barrier and

Warning Marker System Development Plan** outlines several tasks for answering these questions,

Consistent with the barrier development plan, this document deseribes two experiments for
testing hypotheses on the effeets of gravel mulch, revegetation, and precipitation on soil water stor-

age, water drainage through the barrier, and evapotranspiration (E'T). In the lirst, a field-plot

*DOK, 1987, Final Environmental Impact Statement, Disposal of Hanford Defense High-Level,
Transuranic, and Tank Wastes, DOE/IS1S-113, U.S. Department of $nergy-Richland Operations
Office, Richland, Washington. ‘

**Adums, M. R, und N. R, Wing, 1987, Protective Barrier and Warning Marker System
Development Plan, RIO-RE-PL-35 P, Rockwell lTanford Operations, Richland, Washington,
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experimunt, u st&tistiéul p;'occdurc known as unalysis of variance will be applied to Lest the effects of
12 different combinations of gravel mulch, vegetation (Qnd no vugctutionl), and precipitation (plus
enhanced precipilution) on soil wuterstorz‘xgé Qnd p“lunt ubundance, The split-plot layout scicetcd for
this experiment will produce more Qccutiate estimates of the cffects Qfgravel on soil water as com-
pared to the effects off prccipitution and vugc‘tutionA The ficld plots mu& ulso be more representutive of
the spatial heterogeneity in soil hydraulic proburtius a;nd vegetation that will occur on real barriers, a
source of variance not uccbunted for in lysimeter studies. "This study will be located at McGee Ranch,

a site near the intersection of State 1lighways 24 and 240 in Washington, which has been seleeted as a

barrier topsoil quarry. .

A second experiment will test, uQing lysimeters, whether or nol a combinuﬂion of gravel ;llu_lclx
and cr)‘hunccd precipitation will increase soil water storage enough to cause the barrier to drain,

"A grid of 80 tubce lysimeters will b(; constructed to Lest four levels of gravel mtilch two levels of
precipitation, and two levels of vegelation representing 16 different chutn;ent comlﬁnatlons, each
replicated five times. Drainage (D)'will be nwusuﬁcd periodically by releasing u plug at the bottom of
cach lysimeter. Water ;;Lurugc changes (AS) will be inferred from changes in lysimeter weights

\

between sampling periods. Treatment effects on E'T will be measured by 4 subtraction method:

KT =P-D-AS8

where

P = Precipitation.

As in the field experiment, treatment effeets witl be compared using anualysis of variance, The
results will also comprise a portion of the data base for validation of UNSAT-IL, a s0il water balunce
cude created Lo predict long-term barrier performance. The tube lysimeter array will be constructed

at the Mield Lysimeter Test Pacility, which is localed at the Hanford Metecrological Station,

viii
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Al present, the plu‘nt-w"utur rothioﬁs components of UNSA'T-11 limit its usefulness for barrier
performance assessment, Refinement ol the code will require controlled prerimcnts of plant pro-
cesses. The lysimoeters have been designed Lo be coupled Lo gas exchange chumbers for ﬁmusuring
functional relationships b‘gtwecn T und environmental driving variables, The gas exchange system
cun control determinants of stomatal conductance su;h us vapor pressure, temperature, COy concen-
trati«‘)‘nﬁ, and convpetion; Gas exchange measurements on ly‘simetcrs, wiLh and without vegetation,
cun bvc compured Lo ustinmtu the ﬁet difference in KT with plants present. Although mudcl‘duvclop-
ment is beyond the SQ()pe of this document, Tuture experip\ents based on this L-oupled lysimétcrlgus

‘ cxchu‘ﬁg‘c system, in concert with sumpling for community-scale ir‘ldcxus ol T, will yicld lnl‘ormﬁtion

needed Lo establish the parameters of predictive models of 1T,

ix)(
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BARRIER EROSION CONTROL TEST PLAN: GRAVEL. MULCH,
VEGETATION, AND SOIL WATER INTERACTIONS

1.0 INTRODUCTION

The Final Environmental Impact Statement:
Disposal of Hanford Defense High-level,
Transuranic, and Tank Wastes (HDW-EIS)
(DOE 1987) compares four waste disposal alter-
natives: geological disposal, in-place stabiliza-
tion und disposal, continued storage, and u refer-
ence alternative. The referonce alternative com-
bines elements of the geologic and in-place dis-

- posal alternatives. Implementation of any of
these alternatives would includo construction of
a protective barrier. The purpose of the protec-
tive barrier 1s to impede biointrusion and water
movement into the underlying waste zone. Pre-
liminary field demonstrations (Cline et al. 1980,
Phillips et al. 1986) and computer-uided simula-
tions (Lu et al, 1982; Kayer et al. 1985, 1986)
suggest that the protective barriers designed of
layered eurthen matérials may be offective in
limiting water movement, plant rool intrusion,
and animal burrowing for extended periods of
time.

The conceptual protective barrier design
sonsists of a layered rosk and soil mound con-
structed over a waste disposal site (Figure 1-1).
A layer of fine-lextured soil overlying coarse
sand and rock stores rainwater until it can be
cycled back into the atmosphere by evaporation
and plant transpiration. This design is based on
a principle of soil physics called the outllow law
(Richards 1960), which says, in effoct, that water
will not move from the fine-soil layer down into
the coarse sand and rock until thesoil at the
layer interface is virtually saturated. Other
altributes of this type of design include greater
topsoil water retention, reduced gas 2 manation
(Hartley et al. 1983), and enhanced evapotrans-
piration (ET) (Unger 1971).

The long-term performance of the layered
earthen barrier depends, Lo a large degree, on
(1) adequate topsoil hydraulic propertios to
reduce the likelihood of saturation at the layer
interface and (2) vegetation for regular depletion
of this reservoir by ET. Krosion of the topsoil
layer or destruction of the plant cover could ren-
der the barrier inoperative. The Protective

Barrier and Warning Marker System Develop-
ment Plan (Adums and Wing 1987) specifies
admixing peu gravel into the topsoil layer ag an
eroston control measure. Pield and lysimeter
experiments are proposed here for testing
hypotheses on the effects of admix and other
gravel mulch configurations on soil water
slorage, drainage, plant community dynamics,
and BT. These data are also needed for the
dovelopment and validation of predictive models
of 191" and waler movement in barriers.

1.1 OBJECTIVES

The purpose of these investigations is to
obtain field data as a basis for supporting or
rejecting the use of gravel mulch for protective
barrier erosion control. Results will be used for
water balance model validation and, if applic-
uble, selection of gravel muleh design specifica-
tions. Probabilistic inferences derived from the
experiments described here will be pooled with
those from companion experiments and
measured against a set of barrier performance
standards, thereby serving as a busis for design
engineering. The following are some specific
objectives of the proposed field and lysimeter
experiments:

@ Measure the combined cffects of gravel
mulch, vegelation, and precipitation on
soil waler storage and drainago

¢ Mecasure the combined effects of gravel
mulch and inereased precipitation on
vogelation composition, abundance, und
gus exchange

e Provide validation data for the
UNSAT-H (unsuturated flow code)

® Determine functional relationships
botween BT and environment-driving
variables for modeling purposoes

e Demonstrale methods Lo accelerate ini-
tial plant communily development on
barriers.
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1.2 SCOPE

In addressing the above objectives, this docu-

ment provides (1) an assessment of informa-
‘tional needs, (2) testable hypotheses that, if true,
- support the use of gravel mulch for protective
barrier erosion control, and (3) experimental
desngna treatment descriptions, sampling ‘
methods, construction plans, costs, schedules,
and quality assurance for field and lysimeter
experiments to test those hypotheses. The infor-
mational needs, hypotheses, and experiments
described here are not all-inclusive. This test
plan focuses on the interactions of gravel mulch,

soil water storage, and BT. Other test plans will ‘

“address deflation, runofT, ind soil displacement
by burrowing animals. Adamsand Wing (1987)
provide a comprehensive review of all technical
issues and tasks associated with barrier erosion
control (Table 1-1).

2.0 BACKGROUND N
INFORMATION

2.1 EFFECIS OF GRAVELON SOIL
PROPERTIES AND VEGETATION

Incorporation of gravel into the upper 20 to
30 ¢m of the protective barrier topseil is inten-
ded to mimic conditions that lead to the forma-
tion of desert pavements. Desert pavements
form on soils dispersed with stones. Over time,
the stones concentrate in the surface layer,

“thereby protecting the underlying soil from

furthe ~rosion. If stones remain dispersed in

t*  _.erlying soils, the pavement can be des-
cribed as ‘sell-healing’ following disturbances of
the surface vencer.

Desert pavements Lypically occur on level or
slighily inclined relief. Their formation has
been attributed to three processes: (1) concen-
tration of stones by wind deflation, (2) concen-
tration of stones by runoff erosion, and {3} con-
centration by the upward migration of stones
(Mabbutt 1977). If stones were dispersed uni-
formly in a soil, the amount of deflation could be
estimated by subtracting the thickness ol the
veneer from the thickness of underlying soil

Table 1-1. Summary of Erosion Control Technical Issues and Tasks.

Technical issue

Tasksu

1. Barrier crodibility--wind | 1.1

Wind tunnel tests (KRROD-2)
1.2 Bergmound field studies (KROD-3)
1.3 Biowout field studies (IXRO1-4)
1.4 Armor analog studies (NAT-4)

2. Barrier erodibility--water | 2.1

Bergmound field studies (KROD-3)
2.2 Water erosion field study (KROD-5)
2.3 Armor analog studies (NA'T-4)

3. Gravel muleh/water 3.1
balance interactions 3.9

Simulation models (Fayer et al. 1985, 1986)

Field Lysimeter Test Facility (WTR-1) ‘

3.3 Iield and small lysimeter gravel muich experiments (KROD-1)
3.4 Surface armoring analog studies (NA'T-4)

1 4. Gravel mulch/vegetation |4.1

Field and small lysimeter gravel muleh experiments (EROD-1)

interactions 4.2 Surface armoring analog studies (NAT-4)
5. Gravel mulch/animal 5.1 Animal intrusion tests (B1O-1)
burrowing interactions {59 Barrier stress tests-—-animals (310-2)

aTask codes from Adams and Wing (1987) are in parentheses.

PS'IHT.3887 1
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containing an equivalent volume of stones
" (Symmons and Hemming 1968). Furthermore, il
wind erosion essentially ceases when the surface
area covered by stone reaches 50% (Mabbutt
1977), predicting deflation may be possible for
various admix gravel layer confligurations. On
- sloped surfaces, overland flow may be more
effeclive than wind in removing fines. For
slopes 9% and greater, Simanton et al. (1984)
found that the rates of water erosion decreased
expnonentially with increasing percent cover of
rock fragments. ‘ "

The soils underlying many desert pavements

- are nearly stone-free; evidence thul stones had
migrated toward the surface. These soilsare
typically high in clays that swell when wet and
shrink and crack when dry. The stones may
shift upward as the soil swells. Fines fall into

" the cracks as the soil dries (Mabbutt 1977). Con-
versely, frecze-thaw action and soil mixing by
animals over many years may result in the
mixing of gravel initially applied as a surface
mulch into the topsoil layer (Boul et al. 1980),
Therefore, the balance of pedoturbation (soil
mixing) and erosional processes operating on a
gravel mulch over the long term may result in
an equilibrium gravel mix morphology, regard-
less of how the mulch was initially configured.

Addition of gravel to the topsoil layer influ-
ences so0il hydraulic characteristics and the type
and abundance of vegetation. In general, gravel
increases infiltration and percolation rates,
reduces evaporation, alters soil temperature,
and yields fewer grasses and more shrubs and
forbs (Nichols et al. 1984). Kirkham et al. (1982)
measured greater soil moisture and drainage in
soils underlying a rock cover than in soils with
no rock. Model simulations indicate that adding
gravel to denuded soils lowers the storage capa-
city and, therefore, increases drainage (Fayer
et al. 1985). In contrast, Beedlow (1984) found
no significant difference in soil moisture for a
soil with rock mulch compared to a soil without
mulch when vegetation was well established.
However, the rock cover caused a greater abun-
dance of deep-rooted forbs and shrubs at the
expense of grasses. Furthermore, crop yields are
often higher on relatively deep soils with moder-
ate rock fragment content than on similar soils
with the rock removed (Saini and Grant 1980,
Magier and Ravina 1984),

2.2 MANIPULATION OF PLANT
COMMUNITY DEVELOPMENT

Vegetation is an essential component of the

proposed protective barrier. A plant cover can

reduce soil loss and may enhance deposition of

‘wind-transporied particles. The addition of
“organic matler over the years binds soil partie-

les. Higher plants also feed and are fed by soil
microorganisms that help drive plant succes-
sion, secondary mineralization, soil aggregation,
and, hence, moisture retention and soil stability.
Perhaps most critically, vegetation removes
(transpires) infiltrated moisture.

Unlike other barrier components, an ideal
plant community cannot be engineered. Plant
communities are dynamic and, Lo a large degree,
unpredictable. Even if vegetation criteria were
developed Lo guide barrier construction, such cri-
teria would become superfluous considering the
requisite 10,000-yr barrier design life. Over
time, regardless of what is initially planted on a
barrier, the plant community will likely con-
verge with the community that would have

" developed naturally.

" Intheory, the natural succession or recovery
of 4 plant community following a disturbance
leads to greater biomass (and initially, greater
transpiration), slower rates of nutrient cycling,
damped effects of macroenvironmental extremes
(such as a buffering of extreme precipitation on
soil water movement), and overall greater site
stability (Odum 1969). Since these appear to be
attributes of a desirable protective barrier state,
a realistic revegetation goal may be Lo accelerate
succession by manipulating the causal factors of

~ plant community development. Such manipula-

tions would expedite field tests of vegetation,
gravel mulch, and soil water interactions, as
well as become the final phase of barrier
construction. Anoverview of revegetation
concepts and practices is provided in
Appendix A.

2.3 NEEDEDINFORMATION

Knowledge of the effects of gravel muleh on
erosional processes, soil water balance and vege-
tation establishment is inadequate at present to
support operational-scale barrier construction,
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An understanding of the roles of pedogenic soil-
mixing processes at the Hanford Site is also
lacking. Modeling and experimentation will be
necessary to fill the gaps. Informational needs
include answers to the following questions,

o Will gravel mulch adequately impede
‘surficial soil erosion for the intended
design life of the reference barrier?
What is the optimum depth and size of

gravel mulceh for erosion control?

© Will gravel mulch reduce ET and in-
crease waler infiltration and drainage
through the barrier? What is the opti-
mum rnulch configuration relative to
waler balance? How will climatic vari-
ability impact the soil-water balance?

® Whal long-term impacts will animal
burrowing, plant physiognomy, freeze-
thaw, and shrink-swell processes have
on the distribution of gravels and on the
microtopography of the barrier surface?

® What type of plant community will
develop on a gravel-veneered soil. low
will the community respond to changes
in climate? How predictable is plant
succession at the Henford Site?

® . Can the plant community development

be manipulated so as to accelerate initial
succession in an admix gravel layer?
What type of plant community would
provide the highest sustained transpira-
tion? How stable would it be, how resis-

. tant to disturbances such as fire, and
how resilient following a disturbance?

The experiments described in the following
sections were designed to help satisfy some of
these informational needs. These experiments
focus on gravel mulch, vegetation, and soil water
interactions, Other crosion control test plans
will address issues such as wind deflation rates,
runofl, climate change impacts, pedoturbation,

. and plant succession.

3.0 EXPERIMENTAL APPROACH

Perhaps an ideal experiment for measuring
the response of soil water parameters Lo differ-
ent combinations of gravel mulch and vegetation
would consist of multiway comparisons in a net-
work of large weighing/ drainage lysimeters.
This ideal experiment, would have the following
attributes: ‘

® A treatment structure comprising a full
range of factor combinations including
‘climatic variability

o lLysimeters containing full-scale con-
tiguous barriers, not just design
components '

® Instrumentation capable of high-preci-
sion measurements of water storage and
drainage across critical layer interfaces

® Adequate treatment replications to
make experimental error manageable

® Lysimeters of sufficient size to contain
-the degree of heterogene.ty in soil hy-
draulic nroperties snd vegetation that
would occur over time witininand on the
surface of actual barriers.

Most readers would recognize that this ideal
experiment is unrcalistic. An attempt to test all
combinations of barrier designs and enviroen-
mental conditions of concern, experimentally,
would prove lulile. An alternative approach has
been adopted combining simulation modeling,
lysimeter experiments, and field experiments.

Boil water balance terms for a bread range of
simulated barriér designs and environmental
conditions will be solved with mathematical
models (I'ayer el al, 1985, 1986). Two lysimeter
studies und one field-plot study have been de-
signed Lo Lest a range of surface covers under
varying environmental conditions and to pro-
vide a data base for water balance model valida-
tion, High-precision measurements of drainage
and soil water storage changes, essential for
model validation, will be obtained in 4 few large
drainage and weighing lysimeters (Kirkham
et al. 1987). Optimizing the barrier surface
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cover for adequate erosion control without com-
promising drainage control will require many
experimental units (lysimeters) for making mul-
tiple comparisons. These experiments will be
conducted in a grid of small, possibly less pre-
cise, but less expensive weighing/drainage
lysimeters (Section 5.0 of this document),
Finally, large field-plot experiments (Sec-

licn 4.0) are needed Lo account for the variance
in water storage changes that may be attribut-
able to nonuniform soil hydraulic properties
and/or plant distribution patterns.-

These four studies (ﬁeld-plot experiment,
small-tube lysimeter experiments, large lysim-
eter experiments, and model development) en-

compass al! of the atiributes of the ideal experi-

ment (Table 3-1).- llowever, Lhe efficacy of this
approach will depend on the level of agreement
among studies. To obtain some measure of
agreement, the demonstrations and experiments
have been designed so that at least one level of
each treatment factor is common to all.

4.0 FIELD EXPERIMENT
- DESCRIPTION

A factorial field-scale experiment has been
designed to measure the effects of gravel mulch,
vegetation, and precipitation on soil water stor-
age, plent abundance, and ET. The experiment
was drsigned Lo test the following four nuli
hypotneses. ‘ ‘

1 Volume of gravel admix will not afTect
soil water storage below the root zone.

112 Twice the annual precipitation will not
increase soil water storage below the
root zone. ‘

113 Addition of gravel admix will not
decrease plunt abundance,

H4 Addition of gravel admix will not
decrease BT rates.

- Acceptance of these hypotheses would
support inclusion of gravel mulch in the protec-
tive barrier design. Results from this, the lysi-.
meter experiments (Section 5.0), and other
experiments and demonstrations (Section 1.0)
will be pooled in the development of protective
barrier design specifications.

4.1 STUDY AREA LOCATION AND
DESCRIPTION

Given the high variability in model-
simulated effects of different types of gravel and
soil mixtures on water drainage (Fayer ctoal.
1985), field und lysimeter experiments will
require soil having the same hydraulic
characteristics as the soil selected {or barrier
construction, The gravel mulch field experiment

Table 3-1. Attributesofa ll'ypothetical Ideal Test of Gravel Mulch, Vegetation, und Soil -
Water Interactions Kncompassed by the Combination of Simulation Modeling,

Large Lysimeter, Small-Tube Lysimeter, and Field-Plot Experiments,

Planned tests

Attributes of ideal experiment Simulation | l‘tufg(s‘ S‘meu-tubc Field-plot

ooty | Jysimeter | bsimter | oxperimonts
Multiple barrier/environment combinations X - --
Continguous barrier design tested X X - -
Drainage measured directly X X -
Waler storage changes measured directly - X X --
Controlled plant gas exchange treatments -- - X -
Multiple treatment combinations - X X
Seil and vegetation heterogeneity X

PSTH7.0837 .2
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will be located at McGee Ranch (Figure 4-1), the
site that has been selected for u barrier topsoil
quarry. McGee Ranch lies directly northwest of
the Yakima Barricade in Section 30, T. 13 N,,

R. 25 E., and is bordered on the south.and east by
State Highways 24 and 240, respectively,

4.1.1 Soils

Hajek (196€6) classified the McGee Ranch soil
© type as Warden silt loam. Silt loam soils may
contain up to 50% sand, 50% to 80% silt, and up
Lo 20% clay fractions (Soil Survey Stalf 1975).
Using U.S. Comprehensive Soil Classification
System nomenclature (Soil Survey Staff 1975),
the McGee Ranch soil is classified as an andic
mollic camborthid; a dry, grayish-brown, wind-
laid silt mixed with small amounts of volcanic
ash, with a very weak eluvial clay horizon and
often a calcareous horizon at about 50 em,
Warden silt loam grades into Ritzville siit loam
at higher elevations.

4.1.2 Vegetation

The study site lies in an abandoned agricul-
tural ficld thai at one time was {lood irrigated.
Irrigation rills transecting the site from the
northwest to the southeast are still visible,
Although the plant canopy of an adjacent, un-
disturbed parcel consists primarily of sagebrush
(Artemisia tridentata) und hopsage (Grayia
spinosc), the old field remains dominated by
chealgrass (Bromus tectorum). 'This evidence
contradicts a common assumption that plant

succession on barriers will lead Lo a community

,similar to that found on the undisturbed soil
© quarry. Because of the introduction of cheut-

grass, a llurasian annual, sagebrush-dominated
communities of the Columbia Basin may not be
as resilient now as they once were -

(Rickard 1985).

4.2 EXPERIMENTAL DESIGN

The lMeld expeviment was designed Lo test
the effects of gravel admix, vegetation, and pre-
cipitation on seil water storage, plant abun-
dance, and E'T'. The three-way {actorial treat-
ment structure is shown in Table 4-1. Twelve
different experimental conditiony will be com-
pared Lo test the hypotheses defined in See-
tion 4.1. Each condition will be replicated three
times, Lotaling 36 experimental units, or plots,
on which soil water storage, plant abundance,

- and KT indexes will be measured.

The plot layout is a classic example of a split-
split-plot design structure (Figure 4-2), Fach of

six large (10-m by 15-m) whole plots contains six

(5-m by 5-m) subplots arranged in a two by three
grid. Irrigation, vegetalion, and gravel mulch
are assigned to the subplots according to the
following hicrarchy: cach whole plot receives a,
level of irrigation (the whole-plot trealment); a
level of vegetation is randomly applied to half of

. a whole plot (the split-plot treatment);and the

levels of gravel are randomly assigned Lo the
subplots within the gplit plots (the split-split-
plot treatment).

Table 4-1. Treatment Structure for the Gravel Mulch Field lixperiment,

Factor Levels Treatment description®

Gravel mulch 3 1. 15% by weight gravel udmix to a depth of 20 ¢m.
2. 30% by weight gravel admix Lo a depth of 20 em
3. Control--no gravel mulch

Vegetation 2 1. Native and exotic grass/shrub seed mix
2. Control--bare soil (herbicide)

Water 2 1. Doubled normal monthly precipitation
2. Control--no supplementul water |

*12 trealment combinations x 3 replications = 36 experimental units,

PST87-33374
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WHOLE PLOT TREATRENTS

E 2x MONTHLY PRECIPITATION

VEGETAT:ON

MOISTURE PROBE

ACCESS WELLS
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Figure 4-2. Split-Spiit Plot Design Structure for the Gravel Admix Field Experiment.
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The split-split-plot design structure was
selected because of the logistic problems
associated with irrigating and drill-seeding .
small parcels of land. Furthermoro, this deslgn
structure will produce moro accurato estimatos
of the effect of gravel, the factor of greatest
interest in this experiment, as compared to the
effectd of vegetation and precipitution. After
data are obtained, a statistical procedure known
as analysis of variance (ANOVA) will be applied
to the data and a decision to reject or not.to reject
the above hypotheses will be based on an *-test.
A discussion of appropriate ANOVA models and
critical values of the F-test for each of the four
hypotheses is provided in Appendix B, .

4.3 TREATMENT DESCRIPTIONS

4.3,1 Gravel Mulch

Three levels of gravel muleh will be com-
pared. Lovel 1,15% by weight of 1.0-¢cm (3/8-in.)
pea gravel mixed with soil, was the only level
modeled for water drainage by Fayer et al,
(1985). On bare soil, 15% gravel in Ritzville silt
loam caused 1.7-cm (0.67-in,) drainage,
compared to no drainage without it, No
drainage occurred in admix gravel simulations
when vegetation was included, regardless of soil
type.

The percentage of gravel will be doubled for
the second ireatment level (30%). A higher per-
centage may be prelerred for erosion control if no
adverse effects on waler storage are expected.
Gravel will be mixed into the top 20 cm of soil for
both treatment levels. Depth of admix will not
be tested in thefield experiment for two reasons:
(1) simulations indicate that depths greater than

+ 7.5 ¢m do not increase drainage proportionately

(Fayer et al. 1985) and (2) 20 ¢m is the averago
mixing depth that can be achieved with avail-
able equipment, The control level is no gravel.

Given a soil bulk density of 1.4 g/em3,
approximately 0.61 m3 (0.8 yd3) of pea gravel
will be added per 25-m?2 (270-12) plot to obtuain
15% admix gravel in the Lop 20 cm (8 in.). About
1.2 m3 (1.6 yd3d) will be mixed per plot for 30%
gravel, A total of 23 m3 (30 yd3) of peu gravel
will be purchased Lo construct the 12 replica

Lions of cach treutment level. Following applicu-

“tion of the gravel admix treatments, the surfuce

material will be sampled randomly to ascertuin

‘the gravel content and depth achieved.

4,3.2 Vegetation

Bare soil and 4 mixed stund of grass and
shrub species will comprise the two levels of
vegetation. An appropriate revegetation prac-
lice for the barrier surfuce was conjectured from
the literature and Hanford Site experience,

" Descriptions of the species, planting methods,

fertilizer application, and other cultural prac-
tices follow. Comparisons of different treatment
levels for these factors before operational con-

‘struction of barriers would prove useful, but

such comparisons are beyond the scope of the
present experiment.

4.3.2.1 Species Selection. Species to be seeded
and/or transplanted and seeding rates are shown
in Table 4-2, This mixture ol native and exotic
grasses and shrubs was chorn for the following
reasons: (1) it includes indigenous species found
in mature plant communities at McGee Ranch

. and surrounding the 200 Arcas, (2) it includes
" commorcially available cultivars that are most

like certuin native species for which cullivars
are nol available, and (3) it includes relatively
cusy-to-establish cultivars having charac-
terigtics similar to native specics Lhut are
dilficult Lo establish in the Pasco Bagin, The
varieties and seceding rates generally conform
with erosiun control recommendations lor sites
with loamy or sandy soils in castern Washington
and with an annual precipitation of less than
30 cm (WSU 1983). Containerized shrub
scedlings may be transplanted if drilled shrub
send fails to establish, Species deseriptions
follow.

Four shrub ypecies will be seeded and/or
trunsplanted: big sagebrush, hopsage, rubbit- -
brush, and bitterbrugh. Basin big sagebrush
(Artemisia tridentata ssp. tridentata) is fairly
aggressive, productive, and ublquitous at the
Hanford Site. Although a profuse spread of
sagebrush accompanied settlement of the West
(Hull and 1ull 1974), it has dominated large
tracts of land in the Intermountain West sinee
the carly Pleistocene (Van Devender 1977),
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Sugebrush typically benefits from endomycor-
rhizac infection (Williams and Aldon 1976) and
may form symbiotic relationships with microbes
to fix atmospheric nitrogen (Wallace and
Romney 1972). Sugebrush hus been useful for
stabilizing disturbed sites throughouu the West
and often ustablishes r:pidly from both direct
seeding and transplanting (McArthur et al,

- 1979). At the Hanflord Site, its establishment
appears irregular and dopendent on an abriorm-
ally cool and moist spring, However, it has en- .
croached into many waste disposal sites within
the 200 Aroas. : '

Spiriy hopsage (Grayia spihosa), a deciduous

shrub, is found along the porimeter of the Pasco

Basin on fine sandy loam and silt loam yoils. 1
is moderately abundant in the Artemisia triden-
tata/Poa secunca agsociation surrounding the
McGee old lield, The dense canopy of individual
plants traps acolian fines iind, thus, appears
largely responsible for the characteristic hum-
mocky microrelief of this area. Grayia sprouts
readily following fire, and its spiny twig tips
prolect it againgt excessive grazing by livestock
(Daubenmire 1970),

Rabbitbrush (Chrysothamnus nauseosus) is
one of the [irst woody plants to encrouch on dis-
turbed sites in the 200 Areas. 1L grows best on

sandy and gravelly soils (McArthur et al. 1979),
is excellont for controlling erosion on disturbed
siles (USDA 1974), often dominales big sage-

brush ranges destroyed by lire or heavy grazing

(Kvans et al, 1973), yeut is notl overly competitive
with herbaceous spocies (Plummer el al, 1968),

Bitterbrush (1 urshia tridentata) thrives on
sandy soils in the Columbia Basin, has the abil-
ity to resprout following fire, and hus been sue-
cessfully established by direct seeding in the
Northwest (Monsén and Davis 1986). Recovery
following fire, howevor, cun bo slow (30 yr or
more) (Nord 1965) und highly variable (Drigscoll
1963). Because bitterbrush germination
requires 5 10 6 wk ol cold, moist stratification
(Giunta et al, 1978), full seeding iy advised, Sced -
dormancy cun also be overcome uging thiourea
or hydrogen peroxide (liverett and ‘

" Meeuwig 1975). Many ecolypes are nol well

adapted to other sites (Medin and Forguson
1980). other sites (Medin and ferguson 1950).
However, the only accession released to date,
Lassan, from Lagsen County, California, iy
reported Lo be well adapted throughout the
Intermountain and Pacific Northwost regions
(Shaw et al. 1983).

Table 4-2. Plant Species, Accessions, Cultivars, und Scoding Rates for the
Vegetation Treatment of the Gravel Admix lield Experiment.

Spuéics Accusgion or Sceding rute

cullivar Seeds/m? | kg/ha

Big sagebrush (Artemisia tridentata) Iduho ssp. 560 | 1
tridentata ‘

Rabbitbrush (Chrysothamnus nauseosus) 1duho ssp. 100 8
albicaulis

Spiny hopsago (Grayia spinosa) ldaho 40 7

Bitterbrush (Purshia tridentata) “Lassen 65 20

Siberian wheatgrass (Ag}'opyron' sibericum) P-27 540 10

Thickspike wheat zrass (Agropyron dasystachyum) Critana 700 15

Indian ricegrass (Oryzopsis hymenoides) Novpar 540 10

Sheep fescue (Festuca ovina) Covar 726 5

Cunby bluegruss (Poa canbyi) ‘ Canbur 500 3:

PYIHT- 44370
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Iive grass species will be seeded in the mix-
ture: Siberian wheatgrass, thickspike wheat-
grass, Indian ricegrass, Canby bluegrass, and
sheep fescre. Many characteristics of P-27
Sibarianwheatgrass are similar to the more
widely used Fairway and Nordan crested wheat-
grass cultivary, particularly ease of establish-
ment and survival. However, P-27 is reportedly
more drought tolerant and better adapted to-
sandier soils (I1anson 1972; Currie and White
1982). Thioa P-27 is the most abundant of the
perennial grasses sceded on the waste burial
grounds, Found to spread away fro.n seeded
" areas at the Hanford Site and to competitively
limit cheatgrass whoere seeded, P-27 may have
the potential to become u persistent resident of
disturbed Hanlord Site landscapes. In addition,

. the exotic Russian wheatgrasses develop a much
larger rooting density than native wheatgrasses
and, thus, more rapidly extract water from the
goil profile (Caldwell et al. 1983).

Thickspike wheatgrass is a rhizomatous
nutive grass of the Pausco Basin and is well-
suited for wind erosion control on deep sandy
soils (Brown and Wiesner 1984). Although not
valued for productivity, thickspike can survive
inlow (12- Lo 20-cm) rainfall areas (Assay and
Knowles 1985). Noted for excellent seedling
vigor, the Crilana cultivar, a tiorthern Montana
accession, hus been successfully established on
200 Arcas burial grounds,

Indian ricegrass (Qryzopsis hymenoides) has
been seeded successlully on sterile, coarse mine
spoils throughout the Intermountain West, It
can be found along the periphery of active dunes
at the [Hanford Site und also dominates many
older sandy und gravelly disturbed sites in the
200 Arcas. Indian ricegrass is perhaps the most
resilient native perennial grass in the Pasco
Basin. lowever, it Is characterized by extreme
embryo dormancy and sporadic germination
caused by inhibited embryo gus exchange
(McDonald and Kah 1977). Since cool moist
stratification improves germination {Young and
Lvans 1984), [ull sceding plus u high seeding
rate may help overcome poor establishment.
Nezpur, an ldaho accession, is likely closer to the
Pasco Basin ccotype than Lhu other available
cultivars, ,

‘Canby bluegrass (Pea canby{i and sheep

© fescue (Kestuca ovina) are short-stat’ red grasses

with well-developed root systems. Tne Canbar
cultivar ig recommended for erosion control on
sites where Sundboerg bluegraass (Poa secunda) iy
a major constituent (WSU 1983), Sandberg
bluegrass dominates many loam siles at the
Hanford Site. Becuuse of its low optimum
germination lemperature and early summer
dormancy (Young et al, 1981), Canbar should b
adapted to the Columbia Basin's hot, ary
summers, Covar sheep fescue, an accession from
the dry mountaing of Turkey, {8 more drought-
resistant than other fescues and has been
established onloamy soils of the 200 Aruzm
burial grounds.

4.3.2.2 Ptanting Method. T'o minimize initial

interspecific competition and to provide opti-
mum seedbed ceology, some specics will be drill
soeded in aliernating drill rows und others will
be broadcusted. Indian ricegrass will be drill
seeded 5 10 8 cm deep (210 3 in.). Siberian
whoualgrass and thickspike wheuatgrass will be
drilled 2 to 3c¢m (0.8 to 1.2 in.) deep. Sced boxes
on the rangeland drill will be partitioned and
the dopth bunds adjusted accordingly. All olhor
species will be broadcasted. Seeding will be com.-
pleted in late September, the optimum time of
the year for most of these species. If seedling
establishment is poor the following yedr, trans-
plantation of containerized sugebrush und
rabbitbrush from lower Snake River Valley or
Columbia Basin accessions will be considered.

4.3.2.3 Fertilizer. Fertilizer will be upplicd

12

concurrent with seeding as follows: 100 Ib/ucre
phosphorous pentoxide (P»0O5) and 40 b/ucre
nitrogen.

4.3.2.4 Cultipacking. Following the seeding
and fertilizer applications on split plots, the
scedbed will be pucked and pitted with an imple-
ment called a cultipacker. The benefits of thiy
cultural practice include fertilizer incorporution,
seadbed water congervation, improved seed-Lo-
soil contuel; und variablo seed depth placemont.,
Placemont of seed ul variable depths helps to
balance germination of u diverse species
mixture,
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4.3.8 [rrigation

The historicu! mean unnual procipitation ut

the Hanford Site {4 16.6 *m (6.3 in.) with ox-
‘tremoy ranging from 8 L0 27 ¢em (3 Lo 11 in,)
(Stone ot al, 1983), Using extreme value statis-
 ties, Kinnison (1983) estimated the maximum
100-yr gxtreme annual precipitation Lo be

30.1 ¢em, This value has been used in perfor-
mance assessment calculations and in all ‘wet-
yeur' model simulations of drainage through

prol ective barriers (Fayer et al, 1986), Double -

the mean annual precipitution, or 32.0 ¢cm, -
which is a more prudent wet climate estimate
than the 100-yr maximum annual precipitation,
Is one of two wauter treutment lovels, The othor
level is no supplemental water,

Throe of the six whole plots will be irriguted
monthly, Water will be added proportional to
historical monthly means for a total of 32 cm
(combined precipitation and irrigation). Addi-
tional irrigation may be applied Lo sustain seed-
lings during tho first summer. A conventional
sprinkler irrigation system hus beon designod to
give a uniform coverage of' whole plots (Iig-
ure 4-3). The uniformity of water application
wlll be checked with collection cuns randomly
located on the whole plots. A 9,465-1.(2,600-gal)
water tank will be moved to McGee Ranch from
the 201-W Building and filled as needed from
water truck, Anin-line llow moter witl be used
Lo proeisely measure application rates, For
exumple, 7,734 1,(2,043 gal) is equivalent to
2 cm over the three 150-m2 plots.

4.4 SAMPLING METHODS AND DATA

4.4,1 Soil Moisture and PPhysical Properties

A neutron probe or hydroprobe will be used
Lo meusure volumotric soil waler content
| American Socioty of Testing Materials (AS'I'M)
1986]. Access wells for the neutron moisture
probe will he augerod ut the center of each sub-
plot (36 total) (see Figure 4-2). Wield techniques
will be used to calibrate the hydroprobe to con-
vert slow neutron counts per unit time to volu-
metlric mousurs (cubic centimetors of wator per
cubic centimetoer of soil).

14

“Accoss wolls will be.oxcuvatod Lo u depth of
300 em in nccordance with ASTM D-1452
(ASTM 1986) using u hund-operated bucket
augor with a dinmoter of 5,08 ¢m (2 in,). Seam-
less aluminum tubling (6.08 ¢cm internal diame-
ter) will be ingerted into the borehole Lo serve us
well casing. Dry soil sifted into the resulling
annulus will provide un adequate seul,

IMield calibration of the hydroprobe will be
uccomplished by mousuring the gravimoteie
wuter content of soil samples collectod during
the Installation of access wells, multiplying ‘
these values by soil bulk density to convert the
data Lo volumotrie unlts, and constructing a
culibration curve compuring these values with
hydroprobe counts tuken immediately following
the installation of an access well, Gravimetric
wator content samples and concurrent hydro-
probe readings will be Luken in urtificiully sutur-
uted plots adjacent Lo the tost plots, us well s in
thr relatively dry test plots, The wet-site dita
wl'l expund the range ol observations und thus
oxtond the bounding limits of the calibration
function, Gravimetric water content will be
dotermined in accordunce with ASTM 1)-2216-80
(ASTM 1986) lor soil surples coHected at depths
of 30, 45, 80, 125, 175, 225, und 275 cm.
Hydroprobe counts will be recorded monthly ut
these depths (or the duration of the experiment.
Shielded stundurd counts will be recorded al the
beginning and ut the close of cach hydroprobe
sesslon, in exactly the ssine munner cach' time,
as a means of checking the validity of the
moisture-counting function.

Soil bulk density estimates are needed in the
hydroprobe calibration to convert gravimeotric
wator content into volumetric units, Relativoly
undisturbed soil coves can be recovered by pres-
sing u thin-wallod metal tube into u soil profile,
removing the soil-filled tube, and sealing the
ends to prevent disturbance or moisture loss
[ASTM D-1687-83 (ASTM 1986)]. Several cores
will be extructed randomly trom the bufler areyy
between whole plots, Bulk density (oven-dry
mass/unit volume) will be measured lor core sece-
Lions corresponding to the gravimetric sample.
depths (30, 46, 80, 126, 178, 225, und 275 ¢m),

Subsampling soil moisture within subplots
may hecome nocessary i high virianee attrei-
butuble Lo s0il heterogenoily masks treatment
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uffmt‘s. Additional hydroprobe access wells
would Le 1nstalled Lo accomplish this and u
modifled ANOVA model for multiple obsorva-
tlons per oxperimontal.unit would be adopted for
the unalysis (see Appendix B). Nonuniformity
{n s0il hydraulic properties with depth In the
prolile and among Lreaiment subplots will be
inferred from particlo-size unulysos

|ASTM D422 (ASTM 1986) ] of soil sumples
excavated during the installation of hvdroprobc
porty,

4.4.2 Plant Species C‘omposltion and
Abundance

Plant species composition will be docu-
mentod for the community surrounding us well
“u8 within the experimontal plots. Because muny
plants have sencsced and are not idontifable in
the summor, and others do nol emerge until
summer, species composition will be documented
periodically throughout the growing season,
Thig will ¢ensure that identifying charactoristics
ure observed and, thuy, that ull species are
accounted for.

Percent cover will be estimuted Lo evaluuate
vegotation establishment. Cover will be esti-
mauted in quadrats randomly located in each
amall plot, Anadequate number of quadrats for
96% confidence und a relalive preeision (1) of
1 10% will be selected using the following
estimator (McDonald und Cochran 1983):

[T}
297

(11;')?'
where

n, = The estimated minimum sample size

2 = 1,960 in the stundard normal
distribution

82" = The sample variance

¥ = The sample mean,

T'his conlidence statement suggests that il den-
sity were sampled repeatedly, Lhe sumplo mean.
would be within 10% of the population mean
95% of the Lime. These lovels of precision and
confidence will bo used Lo estimate adequate
sumple sizes for the other purameters as well,

Howevor, 1n ull cases budget may have un
inftuence on how large the saumple will be,

Cunopy cover {4 considoroed u good Indoex of
the importance of w species in u community
bocauso It permits comparisons of different
growth forms (Muoller-Dombols and Bllenborg
1974). Tho percentage of canopy covor will be
ostimated using u point-intercept sighting
Instrument, The ocular point-intercept method
providos lons biased, more prociso, and loss timo-

- consuming vstimatoes of percontugo of cover in

sugobrush-grass vogetation thun the line-
intorcopt or the Daubenmire (1969) cover-class
mothod (Floyd and Anderson 1983),

4.4.3 PPhenology, Leaf Area, and
Hvapotranspiration

Phonology, leul urou, und spocies composi-
tion data will be collected in concert. An guto-
matod, inclined point frame will be used to mea-
suro loul arou nondestructively us an index of
plunt growth rutes and phenology. o ensure
the aceuracy of the point-lrame method, vegeta-
tion surrounding the plots will be randomly
measured with tho point lrame, harvested, and
measuroed ugain with u leul urou meter, These
data aro needed for correlation estimates to cal-
Ibrate the point frame and to determine an ade-
quate sampling frequency. For outyear samp-
ling, methods developed under Lthe transplration
subtagk of the barrier program's water infiltra-
tion control task (Adums and Wing 1987) may be
udopted for estimating transpiration flux
densily.

4.4.4 Environmental Monitoring

A remole meteorological stution will be set
up ul MeGeoo Ranceh, littod with sensors and a
duta loggor, und programmed for continuous
recording of precipitation (Lipping buckot), air
temperature at 1.6 m, relutive humidity ot
1.5 m, photosyntheticilly active radiatlon, and
wind speed and diroction ut 3 m, Only
procipitation will be used in the ANOVA tests of
hypotheses, The other parameters will be
needod lor interprotations of differences between
MceGee Ranch Soil water storage data and data
sets (rom the Meld Lysimeter Test Facility
(Section 5.0).

| I
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4.5 SCHEDULE

Construction of the gruv‘uhudmix flold plots

18 ostimatoed Lo tuke 1 yr[fiscal yoar (1Y) 19861,
Daty colloction will continue through 'Y 1991
with u Mnal report prepared in 1Y 1992
(Fguroe 4-4).

4.6 COSTS

The total cost of the pr‘ojectr‘through 'Y 1992
I8 estimutod to be $387,000 (Taubles 4-3 und 4-4),

5.0 .‘:MAI L-TUBE LYSIMETER
' XPERIMENT

5.1 INTRODUCTION

This experiment will use lysimeters to Lest
whether or not a gravel mulceh, designed Lo con-
trol erosion of the barrier topsoll, will inerease
soil wuter storage enough Lo cuuse Lthe burrior to
drain, Drainuge is a Koy barvier performance’
parameter. However, for the ultimate goal of
predicting lorig-lerm barrier performance, the
critical parameter may not be drainage, but 1T,

Druinage across Lhe fine- Lto-coarse-layer
interfuce in the barrier may occur as the thresh-
old response Lo wuter storage changes. I so0,
drainuge may be relatively insensitive Lo varia-
bility in Lthe surface environment as long as soil
waler storage values remain below the thresh-
old. In contrast, E'T is highly sensitive to ¢n-
vironmentul change und, thus, may be a salient
measure lor barrier performance. Thereflore, KT
will ulso be a key parameter in tests of gravel

~mulch and soil water interactions. This experi-

- ment will answer the question: Will plant trans-
piration offset a gravel-induced increase in
infiltration and decrease in evaporation?

The experiment was designed Lo test the
Iullowmg three hypotheses.

11 Gravel mulch layer configuration will

not afTect soil wator storage, drainage, or

KT,

112 Vogetation ubundance will not affect
Htorugo, druinage, or BT,

[13 Incroused precipitation will not affect
slorage, druinugu orl T.

In addition to te%ing these hypolheses, Lhis

-experiment was designed to be consistent with

model simulutions of grave! muleh efTocts on soil
water dynumics (Fayer <L ol 1985). The rosuits
will provide a chock of the UNSAT-H results,
Subsequent experiments may includq
treatments for Lesting gravel size, gravel
amount, multiple lovels of enhanced proupltu~
tion, and soil Lype.

An array of combinution weighing/drainage
lysimotors will comprise the experimontal units
for this study. This grid of small-tube lysimeters

“will be constructed adjacent Lo the large caisson

lysimeters at the Meld Lysimoter Test Facility
(I"igure 6-1) on the grounds of the Hanford
Meteorologicul Station.

 The unsuturated soil moisture flow code,
UNSAT-11, has been developed, in purt, Lo holp
quantify the potential for water drainage
through barriers (I'uyer ot ul, 1986), lowever,
the plant/water relations components of
UNSAT-H presently limit its usefulness for pro-
dicting the performance of barrier designs that
include gravel for crosion control, Plant transpi-
ration may bo essential in such designs to offset
the higher infiltration und lower soil evapora-
tion caused by gravel. Although model develop-
ment is beyond the scope of this document, the
small-tube lysimeters, when coupled Lo u gas-
exchunge control und measurement system, can
be used Lo measure functional relaticnships be-
tween KT uand environment-driving variables for
use in developing predietive models of water
movement in barriers. A gas-exchange system
cun control determinanty of BT such as tempera-
ture, vapor pressure, CQOy, and convection,
A description of a gus-exchange measurement
systemn and its potentiel application is provided
in Appendix C. Stomatal conductance models
and driving variables are discussed in ‘
Appendix D. An experimental plan for using the
gas-exchange system on Lhe tube lysimeters will
he prepared in 'Y 1988,
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Table 4-3. Gravel Admix ield ixperiment Construction Costs,

{

. Materials Mqu‘oworu
Category (dollars Dollars
x 1,000) x 1,000 Manhours

Lead scientist coordination--fiscal year 1986 (65630) - 5.4 114.0
Test plot drawings (Kaiser I‘]ngincersl'lanford Company) - 4.0 107.0
Muterials ‘ - - -

23 m3 (30 ydd) pea gravel 0.5 = -

Polyvinylchloride pipe, fittings, and sprinklers 0.3 -

8-hp gas-powered pump (80 'gﬁl/min at 100 L heud) 0.c -

In-line Mlow meter 0.3

Neutron moisture probe "B

Micrometeorology data logger and sensors 4.0 -

Telecommunications for metcorolbgy data transfer 4.5 -

110 m (360 ft) of 5.08-cm (2 in. inside diameter) L1 -

aluminum tubing

Automated point frame 5.0 -

Thin-wa'l tube sumpler for bulk density 0.2 -

Seed, fertilizer, and herbicide | 0.6 .

Statistics software 0.8 --
Surfuce preparation (38530) - -

Blade, deep cip - 0.4 16.0

Harrow und cultipack 0.2 8.0
Move 2,500 gal water tunk from 201-W Building (38630) 2.7 110.0
Spread grave! (38530) ‘ ‘ - 0.2 8.0
Fertilize, drill seed (38530) 1.0 41.0
Cut aluminum tubing (38540) 0.2 8.0
Auger hydroprobe wells (65630) 3.0 80.0
Totals | 22.9 17.1 522.0

aManpower conversions (overhead included): 65630 = $37.5/h; 38530 = $24.4/h.

PETHT- 3387 7
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Table 4-4. Tasks and Manpower Costs, I*iscal Year 1987 through Iiscal Year 1991,

FY 1987 FY 1988, FY 1989 FY 1990 FY 1991 FY 1992
Task ‘ - : _
‘ MPs | Mila | MP* | MII [ MP | MI1 | MP | M1 | MP | MII [ MP | MU
Field data acquisition
Ilydroprohe readings | 11.3 300 (11,3 | 300 |11.3 | 300 103 ]| 300 113 | 300 | -- -
Hydroprobe calibration -
Cores for s0il moisture ' 3.0 80 | 30| 80 - - - - . . -
and texture
T'hin-wall cores for bulk 2.3 60 | 2.3 60 - - - - - - -
density
Micrometeorology 3.0 80 | 30| 80 | 30| 80 | 30| 8 | 30| 80 | - -
‘maintenance :
Plant abundance, LAL, 4.9 130 | 48| 130 | 4.9 | 130 491 130 4.9 | 130 | -- -
and phenology - i
Laboratory tasks .
I1ydroprobe cafibration 1.2 30 1.2 30 1.2 30 1.2 J0 1.2 30 -
Gravimetric soil moisture | 5.3 140 | 5.3 | 140 - - - - -
Soil textural analysis 8.5 170 | - - - -] e - - - - -
Bulk density 45 | 120 | 4.5 120 | - . S - S [ .
Leaf arca measurement 1.5 40 1.5 40 - - - - -
Data logging and checking 13.5 360 |13.5 | 360 |13.5 | 360 ;13.5| 360 |13.5 | 360 - -
Data analysis (includes 8.8 180 | 6.8 | 180 6.8 | 180 6.8 | 180 68 | 180 - -
VAX computer account)
Status reports and 6.8 180 | 36.8 | 180 68 | 180 68 | 180 68| 180 | -- -
presentations ‘ i
Final report preparation - - - - - - - 113 | 300
and clearance ‘
Technical editing 8.0 160 6.0 1 160 6.0 | 160 6.0 | 160 6.0 | 160 6.0 160
Manpower 76.6 2,030 | 70.1 | 1,860 | 53.5 | 1,120 | 53.5 | 1,420 | 58,0 [ 1,540 |.17.3 160
Travel 1.5 - 1.5 - 1.5 - 1.5 1.5 1.5
Replacement materials 2.0 - |20 2.0 - 2.0 2.0 - -
Yearly totals 79.1 73.6 - | 57.0 37.0 615 - | - 18.8
FY = Fiscal year. PSTHT- S84
LLAl = Leafareaindex.

NOTE: Costs in dollars x 1,000; 65630 manpower conversion

aCodes: MP = Manpower costs; MIT = Manhours.

{overhead included) = $37.5/h.
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Tube Lysimeter
Array At The
Fleld Lysimeter
Test Facility

Lysimeter .
Test
Facility

&1 28m

Crane
Scale

il - ABS Drainage/Waighing
Lysimater

PVC
Sleoven

e

ABS = Acrylonitrile, butadiene, and styrene
PVC = Polyvinyichloride

28806-023.1

Figure 5-1. Schematic Drawing of the Small-Tube Lysimeter Qrid at the
Field Lysimeter Test Facility.
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5.2 TEST DESCRIPTION

5.2.1 Experimental Design

The treatment siructure of the small-tube
lysimeter experiment consists of 16 treatment
combinations replicated five times (Table 5-1).
The treatment combinations will be imposed on
80 experimontal units (lysimeters). The
16 treatment combinations are defined by four
levels of gravel layer depth, two levels of water,
and two levels of vegetation, Bach ofthe
16 treatment combinations will be replicated
five times for a total of 80 experimentul units,
The 80 lysimeters are to be arranged in 16 rows
of five lysimeters per row with the treatment,
combinations assigned to individual lysimeters
in a4 random order. The design structure is a
textbook example of a completely randomized
four by two by two factorial experiment with five
replications. ‘ . ,

~ Kach of the three hypotheses in this first
experiment can be tested using I'-Lests (rom:-Lthe
ANOVA. Discussion ol critical F-test values,
power ol F-tests, the ANOVA model, and other
pertinent ANOVA information required for
hypothesis testing is provided in Appendix [,

5.2.2 Lysimeter Design

" The lysimeters will consist of 175-cm (69-in.)
sections of 30.5-cm- (12-in.-) internal diameter
acrylonitrile, butadiene, and styrene (ABS) tube
sealed at one end with a cap. The tube will serve

as & combined drainage and weighing

lysimeter. Drainage will be measured direetly by
collocting water from a druin plug located ut the
bottom of the cap. Water storuge chunges will be
inferrod from a record of weight changes mea-
sured by suspending lysimetors from a hoist-
mounted load cell. The load cell has a resolution
equivalent to approximately 0,058 em of precipi-
tation or T, Ioles will be augered in the
ground and lined with 38-cm- (14-in.-) internal
diameter polyvinylchloride (PVC) casing, and
the lysimeters will be emplaced at grade with

. the surrounding soil.

It is important Lo design a hoist connection
that will not perturb the continuity of the
lysimeter surface with the surrounding soil.
This will be accomplished by constructing the
lysimeters with flush-threaded ABS well casing.
A long section of ABS well casing with male
threads at one end and an internal recessed cap
4t the other end will constitute the lysimeter
itsell, The lifting collar will consist of a short
ABS section with female threads.

" “The lysimeter is designed Lo permit the
coupling of.an acrylic gag-exchange measurn-
ment chamber (Appendix C), The nominal ex-

‘lernal diameter of the chamber equals the inter-

nal diameter of the lysimeter, A threaded collar
fitted with an O-ring will be used Lo seal the gas-
exchange chamber to the lysimeter.

5.2, Lysimeter Installation

I'ubrication and installution of the 80 lysi-
meler grids will be completed in I'Y 1988, The
lysimeter will be filled with [our layers of

Table 5-1. Factorial Treatment Structure for the Initial Small-Tube Lysimeter Kxperiment,

[factor Level Treatment description®

Gravel mulch configuration 3 . |1, 1.5-cmlayer of 15% by weight pea gravel
2. 20-cm layer of 15% by weight pea gravel
3. Surface gravel mulch (volume = level 2)
4. Control--no gravel mulch

Vegetation 2 1. Cheatgrass
2. Control--bare soil (herbicide)

Walter : 2 1. Double the monthly normal precipitation
2. - Control--no additional water

*16 treatment combinations x 5 replications = 80 experimental units,

21
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material Lo ereato a capillary burrier similar to
the design used in the construction of the IMield
Lysimeter Test Facility lysimeters (Kirkham

et al. 1987): 150 cm of Warden silt loum from the
McGee Ranch over 6 cm of 20/30 quartz sand
over 5 cm of No. 8 quartz sand over a 5- to 7-cm
layer of 1- to 2-cm washed pea gravel.

Initial soil bulk density and meisture con-
tent will be controlled as the lysimeters are
backfilled. Ideally, soil bulk density and mois-
ture content would be consistent with the large
lysimeter and field-plot experiments. To
approach an accepluble degree of consistency,
lysimoters will be back(lilled in lifts, tamped, and
weighed until the desired density is achieved.
The density and moisture content will be as con-
sistent as possible with that achieved in the
large lysimeoters at the Field Lysimeter Test
Fucility.

5.2.4 Data Collection Methods

Critical parameters for measuring treat-
ment effects include precipitation, water storage
changes, drainage, and I'T. The ET is estimated
by subtracting the drainage value from the sum
of water storage and precipitation change
values. Temperature, solar radiation,
photosynthetically active radiation, maximum
and minimum air temperature, vapor pressure,
and wind speed may also be needed for model
development and validation, Quality-assured
environmental data from the nearby ltanford
Meteorological Station, operated by Pacific
Northwest Laboratory, will be used whenever
possible. '

Drainage and walter storage changes will be
measured monthly, Lysimeters will be hoisted
fully above grade with a gantry crane. Drain
valves at the bottom of the lysimeters will be
released to measure drainage (water volume).
The difference between Lhe current weight of the
drained lysimeter and its drained weight from
the previous session will constitute the water
storage change measureinent. A load cell sus-
pended from the hoist will be used to weigh the
lysimeters. Total IET during the interim period
will be estimated by subtracting the drainage
value from the sum of precipitation and storuge
change values recorded for the period.

22

A standurd will be weighed with the load cell
before, uftor, and randomly throughout cach
lysimetor weighing session Lo yield a measure of
the loud cell's bius due to time, Lemperature, and
other physical variables. This will provide an
estimate of measurement error in lysimeter
weights for that session and between sessions.
Otherwise, the assumption that the weighing
error 1 constant for all time und environmental
conditions must be made. ‘

5.3 SCHEDULE AND COST

"The tube lysimoter facility will be con-
structed in FY 1988, Data collvetion will con-
tinue through F'Y 1993. The toual cost of the
tube lysimeter experiment tiirough I'Y 1993 is
estimated to be $337,000 ('Table 5-2).

6.0 TREATMENT CONSISTENCY

The level of ugreement among results of the
gravel admix field experiment (Section 4.0), the

small-tube lysimeter experiment (Section 5.0),

and the lurge lysimeter experiment will be an
important measure of confidence in all three.
For example, high covariance lor water chunge
measuromonts in the large and small lysimelors
would support the uge of the less costly small
lysimeters for tests of fulure barrier design
modifications. All three experiments have the
following Lreutments in common, ‘

Puctor Treatment level
Surface 1. 20-cm-thick layer of 15% by
weight admix pea gravel (1.0-
"10 2.0-cm dia)
2. Nogravel mulch
Water Natural precipitation

1
2. 32-cm total precipitation

Vegetation 1. Native and exolic species mix
2. No vegetation
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7.0 SAFETY

No unique or unusual suloly hazards are-
anticipated in the construction of these
experimonts or with subsequent sumpling,

Standard plant sufoty procedures pertaining to
the operation ol heavy equipment will be
followed. 1lurd hats‘and steel-toed shoes shall be
worn by workers lifling lysimeters Lo obtain

‘drainage und woeight measurements. Only
workers who have completed a basic training
course on radiation safety and the use of nuclear
soil guges may operato the hydroprobe. ‘

8.0 QUALITY ASSURANCE

These experiments will be conducted in
accordance with 4 quality assurance program
plan for the High-Level Waste Program once
that document has been prepared and upproved.

*Work initiuted at Westinghouse Hanlord Com-
pany will be continued at Pacific Northwest
Laboratory (PNL) and will be prepared to PN1,
quality assurance Loevel I stundards.

A hardbound logbook will be maintained for
the duration of the experiments. All entries will
be signed and dated by the responsible scientist,
sngineor, or Lechnician, as will field and lubora-
tory duta sheets, The transfer of data from fold
or laboratory records to computer (iles will be
doublc-checked by individuals identified in the
logbook. All unulytical tools such us statistical
estimators, models, and compuler soltware pack-
ages not included in this test plan will be refer-
enced in the logbook and/or in yearly status
reporis. Instruments will be operated and culi-
brated according to manufacturery’ specifica-
tions or applicable ASTM proceduroes as
discussed in tho text of Lthis test plan, [T the
experimentul designs, sampling methods,
analytical tools, reyponsible organization
~ listings, cost estimates, or schedules require
modification, these chunges will also be recorded
in the loghook and/or status reports. All
documenty, correspondence, logbook entries, and
data files will be duplicated und urchived in
accordance with the Protective Barrier
Development Program'’s records management,
procedures.
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APPENDIX A

REVEGETATION CONCEPTS AND PRACTICKES

Rovegelation can bs viewed as the munipulation of naturul cuusul factors of plunt community
development, Figure A-1is a conceptual model illustrating groups of cuusal luctors arranged 8o us Lo
depict thelr interaction, The selection of fuctors in Figure A-1 generally concurs with the plant com-
munity formation function propoesed by Mucller-Dombols und Kllenberg (1974). Although not shown
In the dlagram, time and space aro recognizod as all-pervading dlnwnsions

Potentiully all of the factors in I'igure A-1 could be manipulated in an Initial efffort Lo force con-
formity of a plant community to management goals, Methodologies have been best developed for thé
reconstruction of seosystems dostroyed by surface mining. Howover, rovegetation of protection
barriors for In-place disposal of rudiouctive waste presents a unlque set of problems not ¢encountered

in mine land reclamation. A discussion of some causal factor munipulutions for uccelerating plant
‘succossion in 4 soil mantled with gravel mulceh follows.

Available Habitat . Autogenic2 Effects :
Macro and . lmergggona - -
Microolimate i
Macro and 1
Microtopography |
A
' Hydroqu:logy F-" ‘:’Amg,‘:fg"' o Protactive Barr:er
Soil Physios Chemistry | Plant Commun
“and Micrablology v Perturbmlons : ty

7y

Species Physiological
Optimum and
Accassibility > Tolerance Ranges

Ambient
P Conditions

L

aChanges in the available habitat brought about by resident organisms,

bincludes planned manipulations of causal tactors--revegetation

practices, PSA7-3337-A41

Figure A-1, Basic Cuusul Fuctors of Plunt Community Developmont on Protoetive
Barriers,

A



WHC-LEP-0067

A.l MANIPULATION OF SPECIES ACCESSIBILITY

An obvious manipulation of natural plant communily developmont is the Introduction of soed
form ypecies not otherwise accessible; either oxotle specios or native specles that huve slow, sporadie,
or inefTiciont soed dispersal mechanisms, Spocies growing on the soil that was borrowed Lo construct
a burrier might be seeded, 1 1t could be ussumod thut suceession would sventually lead Lo that plunt.
community. Sagobrush (Artemisia tridentata ssp. (ridentata) dominatoes potential topsoil borrow
ureus‘ However, because of the introduction of cheutgrass (Bromus tectorum), an annual grass of

Burasion origin, sugebrush-dominated communities of the Columbla Busin may not be very resilient
following a disturbunce. Fairly homogenous swards of cheatgrass invaded agricultural lunds
abandoned in 1943 on the Arid Lands Eeology (ALIK) peesorve ut the Hunford Sito und persist there
today (Rickard 1985). These proas once supported, and are presently surrounded by, native
sagobrush-bunchgrass communities (Daubonmire 1970; Rickard and Sauer 1982), Therefore, sveding
protuctive burriers with cheatgrusy might be udvocatod us u mouns for aceelorating succossion, ‘

-Conversely, an assumption thut old agricultural field succession on the ALIS preserve portends
plant community dynamics on disturbed sites in the 200 Areas may nol be justified. A progrossive
guccession of specios s upparent on the burial grounds, Russiun thistle (Salsola kall), noted for broad
seed digpdrsion and relutively high germination rutes under very nogative waler potentials (Bvuns
and Young 1982), readily colonizes bure waste situs, Russian thistle may play an uutogenic role, It
producos chemicals phytotoxic to other weeds but tolerated by perennial grasses (1Lodhi 1979).
Through shading, It may ameliorate high surface soil temperatures, which also promotes grasy
ostablishment, Over the years, the plant communily on o protective barrier may begin Lo resemble -
that in surrounding ureas as cheatgrass abundancoe increases and rabbitbrush (Chrysothamnus
nauseosus) and sagebrush encroach. The chronosequence in Tuble A-1 exemplifies this chunge.

Sugebrush seedling ostablishment in the 200 Arcas appears to be dependent on spring molsturo
condltions. Sagebrush seedlings carpeted several disturbed 200 Area sites in 1981 following u wolter

than normal spring. A growing dendrochronological record ()l qugebrush age structure ut the Hanford
Site indicutes Lhut Lthis is 4 recurring pattorn,

Once ypecies have been selected, the plant materials, planting mothod, and planting time must bo
‘considored. Transplunting certuin species, cither us an alternative Lo or in conjunction with seeding,
may be beneficial il (1) seed dormancy is u problem, (2) moisture Is insulTicient for germination,
and/or (3) early seedling vigor Is poor. ‘Drill seeding hus boen more successful than broudcast seeding
wheatgrasses for remedial burial ground stabilization at the Haunford Site. Sceding in September,
just belore the ‘wel’ season, has proven more successful than spring seeding, Without supplemental
irrigation, seedling emergonce und some root devolopment in Lho lull may be nocessary for seedling
survival the following dry summer,

A.2 MANIPULATION OF SOIL MICROORGANISMS

Microorganism succession in disturbed arid-land soils parallels higher plunt succession, Blue-
green algae and lichens, which can form crusts on the soil surfuce, are photosynthetically active, are
able to fix utmosgpheric nitrogen (Rychert und Skujiny 1975), und may help stabilize disturbed soil,
Protozoa ingest bucteria and may hasten nutrient eyeling (Wallwork 1970), Decomposition of orgunic
residue by molds and symbiotic interactions with the roots of higher plants ure the more important
roles of woil fungl. I"ungi/plant interactions can be antagonistic (pathogenic) us woll,
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Table A-1. Mecan Percent Canopy Cover (and standard error of the mean) by Species
for a Chronosequence of Waste Burial Grounds Sampled in 1976
(modified from Rogers and Rickard 1977),

Waste burial ground und date buckfilled
Plant taxa 216.5-4 2188 216-A-9 216-A-6
1956 1959 1969 1970
Annual grasses : ‘ ‘ ‘
Bromus tectorum (cheatgrass) 63.8 (2.6) [66.9 (12.6) |49.1 (1564} | 0.06 (0.05)
Festuca octaflora (six-weeks fescue) ‘ o 0.08 (0.08)
Perennial grasses ‘ ‘ ‘
" Poa sandbergii (Sandberg’s | 29 (05) | 20 (1.3) | 1.0 (0.9
bluegrass) _ ‘ '
Forbs
Sulsola kali (Russian thistle) 0.06 (0.06)| 1.8 (1.1) 242 (1.3) |44.6 (0.3)
Sisymbrium altissimum (Jim il 0.05 (0.05)| 8.2 (1.9) 1.0 (0.9 0.03 (0.03)
mustard) ' : ; ' ‘
Descurainia pinnata (tansymustard) 0.2 (0.2)
Cryptantha sp. (white forget-me-not) 0.03  (0.03)
Machaeranthera canescens (hoary 2.7 (M
aster) ,
Lactuca serriola (prickly lettuce) 0.03 (0.03)
Epilobium sp. (willow-herb) ‘ 0.03 (0.03)
| Shrubs
Chrysotharanus nauseosus (gray 33.2 (6.1
rabbitbrush) ‘ :
1 Totala o 7.5 (4.9 |51.7 (7.3) 54.4 (12.2) 446 (0.3)

alistimated as a total and not the sum of species cover. PSTHT-B337.A-1

Mycorrhizal fungi (which form a mutualistic symbiosis with plant roots) aid in water and nutri-
ent uptake by plants, particularly in phosphorus uptake. Thése fungi may play a major, determinis-
tic role in plant community development on disturbed land (Loree and Williams 1984). Symbiotic
fungi may accelerate the establishment of perennial grasses on disturbed soils initially colonized by
Russian thistle (Allen 1984). Reeves et al. (1979) found that 99% of the plant cover on an undisturbed
sagebrush-grass site consisted of mycorrhizae hosts while only 14% of the plant cover on an adjacent
disturbed area was mycorrhizal. ‘

Species dependent on vesicular-arbuscular (VA) mycorrhizae [or uptake of phosphorus and other
nutricnts may be poor competitors with nonmycorrhizal species when seeded concurrently on soils
depleted of inoculum (Loree and Williams 1984), Succession Lo u mycotrophic perennial wheatgrass
association may be retarded on disturbed areas by the combination of low mycorrhizal inoculum and
high densities on nonmycorrhizal annuals such as Russian thistle (Allen 1984). Application of VA
mycorrhizae Lo accelerate succession is yet at an experimental scale. Technical problems associated
with high production of superior strains and an uncertain market has delayed commercial
development (Wood 1984).
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Comparutlvely insigniflicant in number, autotrophic bacteria ure immensgely important in nitro-
gen flixation, nitrification and sulfur oxidation. The symbiosis of logumes and nitrogen-fixing bac-
teria of the genus Rhizebium is well recorded in the agronomy literature. Lupinus und Astragalus
species, which recover fairly rapidly following fire at the lanford Site, may accrue some of their
resilioncy from symbiotic, nitrogen-fixing bacteriu. The presence of free-living, heterotrophic nitro-
gen-fixing and nitrifying bacteria, Azobactor und Nitrobactor, respectively, could ulso augment soil
development and thus plant growth on disturbed sites,

Inoculation o(’protectwe barrier topsoil with nitrogen- ﬁxmg bacteria and infectious soil fungi
may help aceelerate plant succession. Cundc‘ll (1977) suggested inoculating mine spoil with free-
living heterotrophic nitrogen-fixing bacteria to stimulate perennial grass establishment. If soil
water is limiling, however, an organic amendment may be more critical than topsoil inoculant to
stimulate the growth of nitrogen-fixing and nitrifying bactema populations (Fresquez and
Lindemann 1982).

A.3 FERTILIZER APPLICATIONS

Fertilizers are commonly used in revegetation to supplement nutrient-deficient soils. Other than
poor s0il moisture retention, limited available nitrogen, low organic matter content, and near-neutral
pll are perhaps the most important ecdaphic charaeteristics of 200 Arca soils (Rogers and Rickard
1977). Although calcium carbonate illuviation is appurent in some soils, sodium and other salts occur
in minor concentrations. Analyses of 200 Area soil fertility provided the following mean values
(Fuchs and Cox 1983): 0.43% organic matter, 6.7 kg/ha nitrate, 8 p/m available phosphorus, 213 p/m
exchangeable potassium, 8.6 meq/100 g exchangeable calcium, 1.2 meq/100 g exchangeable mag-
nesium, 0.07 meq/100 g exchangeable sodium, 0.23 mmho/cm soluble salts, and a pll of 7.7.

Nitrogen is the most limiting nutrient in 200 Area burial ground backf{ill. FFor remedial stabiliza-
" tion of {1anford Site buriul grounds, wheatgrass cover was considerably greater with 40 1b/acre
nitrogen application than with no nitrogen supplement. Initial nitrogen fertilization may not be
advisable for the establishment of a shrub-grass mixture because of high variability among species in
nitrogen response. Supplemental nitrogen may reduce specie. diversity in an emerging stand. In
generdl, weedy annuals and perennial grasses rcspond vigorously while woody species are little
alfected (Berg 1980).

Levels of phosphorus, a relatively immobile soil nutrient that is particularly important for
seedling establishment (USDA 1979), are considered adequalte in soil borrowed {or burial ground
stabilization when compared to soil fertility standards. In addition, phosphorus fertilization may
retard VA mycorrhizae infection. Conversely, a soluble formof pho:,phorus may enhance seedling
establishment for all species in a mixture.

A.4 IRRIGA'I‘!ON

Supplying additional water by irrigation is often necessary for adequate establishment of peren-
nial specics in areas where precipitation is irregular or rarely sufficient. Moderate irrigation rates
can stimulate cool-season perennial grasses and thus inhibit the productivity of annua! weeds such
as Russian thistle (DePuit et al. 1982), The amount, [requency, and duration of irrigation depends on
soil water retention, the water requirements of the species planted, and the amount, frequency, and
duration of precipitation. Variable success of wheatgrass establishment on waste burial grounds is
attributable, in part, to insufficient precipitation and poor moisture retention in the sandy backfill.

If not controlled, irrigation can prove disadvantageous. The conceptual protective barrier is
designed Lo retain the 100-yr maximum annual precipitation (30.1 em). Excessive irrigation would

A-4
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saturate the topsoil layer and promote leaching into the underlying sediments. Over-irrigation can
also result in initial plant production levels beyond the natural capucity of the site. Consequently,
when irrigation is curtailed, plants may become overly stressed. Root biomass may be concentrated
near the soil surface, causing inefTicient utilization of deeper moisture following cessation of irriga-
tion. Sustained (second yeur) irrigation may ledd to a less diverse community due to varying
responses of species to the supplemental moisture (DePuit et ul. 1982).

The mean annual precipitation ut the Hanford Site is 15.9 ¢m (Stone et al. 1983). Much of this
precipitation comes as snow, some of which is lost by sublimation. Less than 12% of the annual pre-
cipitation comes during July through September, creating an extended growing season drought.
Supplemental irrigation, not Lo exceed the protective barrier performance criteria for soil moisture
retention, may greatly enhance germination and seedling establishment.

A.5 SURFACE MANIPULATIONS

Many types of surface manipulations common in mine land reclamation do not upply to pretective
barrier stabilization, particularly gross recontouring ol landscape topography. lowever, microtopo-
graphical modifications, such as furrowing, pitting, plowing, and soil imprinting, are intended to im-
prove Lhe microclimate for seedling establishment (Wight 1976; Dixon 1983), and could be advantage-
ous on barriers. ‘

Much of the effect of soil depressions on plant microclimate is related Lo energy balance; the
balance of incoming and outgoing energy of a plant. The temperature of a plant is a function of solar
irradiation, infrared radiation frem surrounding objects, und loss by convection, latent heat of trans-
piration, and infrared emission. Plant metabolic heat. is insignificant. A soil depression offsets the
‘balance of these factors, causing the microclimate to be cooler and wetter in the summer and warmer
in the winter than it would be otherwise.

The effects of soil microdepressions on energy balance and water balance, since the two are
Lightly coupled, are sometimes overlooked because of more obvious, larger scale physical attributes:
snowmelt and rainwater retention, soil deposition, litter accumulation, and increased infiltration.
The potential disadvantages of these practices--increased water infiltration, deep percolation, and,
thus, an effective decrease in topsoil layer thickness--may oulweigh the advantages. However, gravel
mulch may impart somewhat analogous energy balarce improvements. Ambicnt boundary layer con-
ditions in interstitial spaces at the soil/air interface of @ mulch may enhance seedling establishment,
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APPENDIX B

FIELD-PLOT EXPERIMENTAL DESIGN

Split-split plot (SSP) and split-plot (SP) daslgns will be uqud Lo Lest the l‘ollowlng l‘our hypotheses
as part of the gravel mulch fleld experiment,

1 - Gravel volume will not affect soil water storage below the root zone (SSP design).

12 - Doubling of the mean annual precipitation will not inerease soil waler storage below the
root zone (SSP design).

113 - Gravel volume will not alter plant abundance (SP design).
114 - Gravel volumo will nol alter evapolransgpiration (K1) (SSP dosign).

Often SP or SSP designs are used when physical conditions make it impossible to completely
randomize u factorial experimentul design, Logistic problems ussociated with the upplication of
irrigation and vegetation treatments to the field plots necossitates this speclal design. An SP or SSP
design is also used when the experimenter is more interested in one factor than in tne others. In this
case, the effects of gravel mulch can be estimated more accurately than the effects of vegetation or
precipitation. Using the SSP design, hypotheses 111 and 113 can be lested with more accuracy than
hypothesis 12 (114 requires an SSP design), ’

To Lest Lthese hypotheses, soil waler and plant specios composition and abundance will be mea-
sured from the beginning of the experiment, The BT indices will be measured as instrumentation
becomes available and will be adapted to the conditions of this experiment. Kach hypothesis will be
tested using un IP-test from the appropriate analysis of variance (ANOVA). Soil water storage and KT
data will be analyzoed using the SSP ANOVA, All three [actors in the treatment structure
(precipitation, vegetation, and gravel) will be compared. The SP ANQVA will be used to analyze
plant abundance data because vegelation has been eliminated as a treatment. Only precipitation and
gravel mulch effects on plant abundance will be compared.

The ANOVA model for SSP and SP designs may be specified in two ways. The data can be fitted

- either Lo a full model, in which all possible treatment interactions are included, or to a reduced model,
in which treatment-replication interaction effects are not included, The full ANOVA model approuch
‘gives exact I¥-tests with a small number of degrees of freedom associated with the denominator. The
reduced model approach gives approximate ['-tests with many more degrees of freedom ussociated
with the denominator. The most desirable test would produce exact IF-Lests with many degrees of
freedom for the denominator. Because this i not possible, both models will be computed. Full and
reduced models and related ANOVA information for the SSI? und SP designs are included in

Tables B-1 through B-4

Subsampling within the 5-m by 5-m plots Lo oblain estimales of plunt abundance, T, and -
possibly soil water, will require applying an expanded SSP full model (Table B-5). 1f equal numbers
of subsamples per plot are used, the tests of hypotheses will remain the same. Bqual-sized
subsamples ensures ‘simple’ statistical analysis and interpretation of data.

B-1
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'l‘able B-1. "ull Analysis of Variance Model and 'l‘ablo for the Split-Split-
Plot Gravel Mulch l"wld hxporimtmt

Yikm = W+ R+ P+ (RPY + Vi + (RV) + (PV)j + HPVEK + Qp + (Rﬂ)lm
+ “)G)Jm + (RPG)Um (V@ + (RVGjk + (PV )ka + (RP VG)Ukm

+ Oijkmn
whero
Yikm = Waterstorago or plant measurement taken on a plot that has assigned to it
replication , irrigation method |, revegotation method g, und gruvel volume .
u = Overall mean ‘
R; = Replication effect lor lovel 4, whcrul =123
P; = lrrigation effoct for method j, wherej = 1,2
Vi = Revegetation offect for method , where g = 1,2
Gn = Gravel effect for volume , where ,, = 1,2,3
(PV)jx = Interaction offoct of irrigution mothod j und vegetation moethod g
(PO)J(]‘ = GLC,
Cijkny = Krror for split-split-plot effects,
Notation Usoed for Ixpocled Moun Square
ogp = Random error due to RxP intéraction :
¢pp = Component of expected mean square (IEMS) due to fixed effects of irrigation, 1.

In genoral,

Ofgeror = Random error due to fuctor’
Pluctar = Cumponent of EMS due to fixed effecty of fucl,or
Kltuety Source Dl,uiz:a:"‘.’:-:" 1D code KEMS P-Lest (df), diy 15:)‘;‘:::‘%‘1'
Whole plot R, 2 A a, + 120y \ A/l (2,0)* -
P, S P 0, + Bage + 16 by P (1,2) 14.6
(RPY, z 1 oy + 60w : E1/k (2,00
Split-plat Vi 1 Vo o, + Bogy + 180y VIRV (1,2) 18,5
RV 2 RV g, + Bagy : RV/E C2,0
PV, 1 BV o, + Sogpy + 9 dpy PV (1,2) 8.5
(RPV), 2 B2 o, + 3ogpy w2/ (2,00
Bplit-split plot (}m' 2 0] 0, + dayg + 124y G/RG (2,4} 6.94
(RO, 4 RG o, + doyg RG/K 14,09¢
PGy 2 PG o, + 20ppg + 6y PG/RPG (2,4) .94
(RPG), 4 RPG o, + 20 ‘ RPG/L (4,00
(VGhm 2 VvQ o, + Zogye + B dyy VG/RVG (2,41 6.94
(RVGm 4 CORVG o, + 2ogyg RVG/E A0
PV 2 PVG o, + 2oy + 3 dpva PVGRPVG | (2,4 .94
(PVG 4 RPVG o, + 2ogeya RPVG/L (4,00
Vi o t 0, tnat retrievable)
*Test cannot be computed ' PST88.3179-8.9
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'l‘nble B-2, Reducod Anulysls of Varianee Modal und Tuble for the Split- Split-
Plot Gravel Mulch [Hold xporiment,

Yigw = W+ R+ Py o+ Vi (V)04 o + G+ (PGl + (Vi
+ (PVQjkm + o(jkan

i

whore

i

o) lirror for whole plot effecty
Oijo Lrror for split-plot effects
ke = Brror for split-uplit-plot effocts.

i

All other notution was proviously deflned in Tuble B-1,

Degrous of

KtYocts Source (reudont N eude BMs It Lost (dfy, dfy) 188[;‘:"‘:“/&:1‘
Whola plot R, ‘ 2 A a, +doy + o+ 12y A/W (2,2) 19.0
‘ e 1 ¥ o, + By + G+ 18y PIW1 (,2) (4.6
oy 2 C WL o, 4+ Boytdey W1/W (2,4) 6.94
Split-plot Vi ! v a, +doy + 1y Viwe 1 n
PV, 1 PV o, + Bag+ 9y PVIW2 (1,4 M
gk 4 W2 o, + Joy ‘ VW (4,16 3.01
Split-splivplot | Gy 2 Q o, + 12y ‘ aw (2,16} 3.63
(P, ) PA o, + 6pg PO/W (2,16) 2.60
(Vi 2 va o, + By VGIW (2,18) 3,08
(PPQYy,, 2 PVG o, + B dpyy PVO/W | e | 0 3.6
Oiykm) 16 w 0,

PST88.3179-82
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Table B-3. ['ull Anulysls of Varianco Modol and Table for Tosting Split-Plot liffoets

ol Precipitation und Gravol Muleh on Plant Abundance.

Yijm = }1 + R‘ + l"] + ““’)u + (]li\ + (RO)“" + (I’O)Jm + (l“)a)nm + U(Uu\].

$octs Suuroo "l‘;m‘(”?‘;" 1 codo My Ptout | Wt diy) '(‘;:;‘)g‘h'fa[f

Whaolu plot R, 2 A o, + oy A/l {2,
", ‘ | P o+ o + 8 dp /K (1,2) 14.6
(R, P g1 [, + Bogp w1/ (2,0m

Splivplot G, 2 G (o + Sopg + 6 a/mQ (2,41 .94
(RO, 4 RA o, + 2oy ‘ RO | (40w
(B 9 PG [+ Lagg + 3 b PORPG | (24 .94
(RPQ)yy, 4 _ea o, + Lo REQA | (400
Yo 0 I o, tnotrutrivvablo)

4ot cunnot be completed,

PSTE0.3170.8.3

Table B-4. Reduced Split-Plot Analysis of Varlance Model and Tuble for Testing

Procipitation and Gravel Muleh on Plunt Abundunce.

Yijm = ut R+ PJ + o) -t Gy + “’G)jm + Oij
‘whero
aip = lrror for whole plot effects
oijuy = lrror lor aplit plot effects.

All other notation was pruviously delined in Tablo B-1,

13-4

Bfocts | Source Dtrovs of | 113 gade | MY ol et | dty ‘”;*)Lﬁ“h“;‘(‘;
Whaole plat R, 2 A g, + 3oy + oy . AW 12,2) 19.0
P, l P o, + 80, 4 Yy W1 (12 18,5
0, ] wi o, + 3o, AN (2,4 .94
Split-plot G 2 G fu, +6¢q ‘ /W (2,81 4.46
(PQ),, 2 PG o, + Sdpg PGIW (2,8) 4.46

G H W a,
PSTAB.3179.0.4
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T'able B-8. lxpandoed Split-Split-Plot 1'ull Model und Tuble for Plunt Abundanco

und Soil Wuter Subsumpling Within the -m « 6-m Subplots,

Yikm = W+ 1 + Pyt (RPY) + Vi (RY)ge+ (PV)) + (RPV) i+ Gy + (RG)yyy,

t ’(l)o)h" e ('{I)O)Um + (Vﬂ)kn\ + (R-VO)”("‘ -+ (I’\’G)ka + (Rl’V(])Uum
+ Okt Gk '

whero
Yikm = Water slorugoe or plant measuremont ; luken on plot that hus ussigned Lo It
replicution |, lrrigation method rovugutubion mathod i, und gravel volumeo y,.
Gk = Kxperimental error (not rutrlow.ulo)
Ogigknn = Observational orror
Oilkmy = Ok quijkny (Lhe combined orrors ure notutionully simpler Lo o)
Li(fecty Saure | DEMrus 0l gy g M8 Foost | (dfydry) | faeb
Wholo plot R, ; pA A o, + 120y : A/ win
P, 1 B o + By + 18y X (1,2) 18,6
(R, 2 B1 o, + 6opp B/ (2,01
Split-plot Vi | Vo o, + Bojy + 1y VIRV (1,2) 18,6
' RV o2 18% a, + oy RV/Y 2,
- PV, ! PV o, + Jogpy + 9 dpy PV (2 14.6
(RPV),, 2 B2 [0, + B oppy KK (2,0)
Split-splitploy |Gy, 2 Q 0, + Aoy + 1240 R4 (2,4) 5,94
(RO, 4 RO o, + 4oy RO/ 4,0)
(eQy, 9 PQ o, + Loy + 6y POREA | (2,4) .94
(RPGY,, 4 RPQ [, + 2oy RIG/E (4,00
(VOhy 2 va o, + 2oyt Bidyg VAmvae, 2,4 6,94
Yy 4 HVQ o, + 2ogya RV (4,0
PVQi,, 2 PVA o, + 2ogeya + 3 dpv PVG/RPVG | (2 (.94
(RPVQyg 4 RPVQ o, + 2 agpvy REVGE | @,
Bk D=361y-1) I a,

PSTEH.3179.8.5
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APPENDIXC

THE USE OF GAS EXCHANGE TO MEASUREK AND
MODEL EVAPOTRANSPIRATION

C.1 INTRODUCTION

"Tho small-tube lysimeters (Section 8.0) wore designod Lo bo connected to a gas-oxchange measure-
ment system for the purpose of conducting experiments on variubles that control evapotranspiration
(119, Bvapolrunspirution is the loss of water from an ocodyslom Lo the abmosphoro, [t is the major
gource of water loss from arid ecosystems (Campbell und Harrls 1977) and the most difficult v predict
becuuse of the many factors influencing plant transpiration, Prodictive models of 1T may be critical
Lo Lho suceess of the Protective Burrler Devolopment Program (Section 8.0). Guu-exchange toch-
nology provides Lhe cupubility to direetly measure BT, Perhups of grouter importance for the Protoc-

tive Burrier Development Program, the combined lysimotor/gus-exchunge measuremoent systdm can
be usod to control environmental driving variables of 1T und thus uid In devoloping functionul
rulutmnﬂhlpa for modeling purposes,

l'}urly gay-axchange systoms concontrated on controtting COy und temperalure within chumbery
over crops (Louwerse and Likhoudt 1976; Brown and T'rlica 1977; Redmann 1978), These systems
were not able Lo control ET and could not measure it accuralely becuuse of Inuceurate sensors, Rocent
improvemens allow for the concurrent mousurement and cot.Lrol of temperature, wind specd, COy,
and 11,0 (Culdwell et ul, 1983), which mukes it possible to develop functional relationships hetween
KT und its environmental driving variables, ‘

 Gus-exchange work would proceed in three phases. The first would be to Lest the soul connecting
gus-exchunge chambers Lo lysimeters, The second would be Lo check gas-exchange meusurements
against lysimeter weoight change estimates of T, The third would be to design experiments, in co-
operalion with contributors Lo the development of barrier performunce modols, such us UNSAT-H
(I'ayor ot ul, 1986), for the purpose of parametorizing predictive models of 'T. An exporimental plan
will be propared during fiscal year (1Y) 1988 that desceribgs Lthis work in groater dotail,

C.2 GAS-EXCHANGE SYSTEM DESCRIPTION AND TESTING

Clas exchange will bo monitored by placing u chamber over the entire lysimeter surfuce. Com-
putors will be used to control the chamber environment, sorlally sumplo gus; und log dutu. Ambicnt
alr will be drawn from a height of 3 m by oilloss comprossors und pussed through heatless dryoers and
Into « lurge pressurized mixing tank, The dryors remove u substuntial portion ol the COy und water
vapor. 'I'o compensatoe lor Lhis, as well as for COy uptuke by planty, pure COyz will be metered Into Lhe
incoming uir Lo supply 350 p/m. All air-line components will bo constructed ol stainloss-steel piping
or Tellon® Lo provent adsorption of C()u und Hy (Bloom ot al. 1980). Mow rates witl bo measured und
controlled with computers,

Chamber walls will be constructed of uerylie plastic couted with a clear Teflon [ilm, which reducos
photosynthethically uetive radiation by only 5%. Nonstainless steol components within the chumbers
will be nickel plated to reduce gas adsorption (Bloom ot al. 1980). Chamber air samples will bo

“l'eflon is a trademark of 1.1, duPont de Nemours & Company.

C-1
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pumped Lo an Infrarod gas analyzor (IRGA) for COy measurement und into a dowpoint hygromotor for
Hy0 measurement. Computer-driven, water-cooled heat exchangory elther will control chumber tom-
parature to u set point or will track ambient ulr tomperature, Thin-wire thermocouplos will be ran-
domly placed to measuro chumber alr tomperature, cunopy loul mosopy !l Lamperature, und outkide air
lemparature ut canopy helght,

Relative humidity.of the amblent sanopy air and alr entering und returning from the chamber
will be measured with a thin-film cupucitunce sensor and a dewpoint hygrometer, respectively. The
cupueltunce sengor provides the signal for controlling shumbor humldity when tracking amblont
conditions, Chamber humidity will be controlled by varying the fow rate of iIncoming dry alr, Alr
lines will be insulated and/or heated o prevent water vapor mmdmmutiom Photosynthetically uctive
radiation will be measured ul u height of 1.6 m,

Analog signals will be digitized with a digltal data logging system, Data will bo acquired every
10 5, nveragod over a B-min period, and stored on a floppy disk with a microcomputer. Tho program
conlrols solenoids for the serial interrogation of chumbers und for periodic nutomatic reculibration of
the IRGA. Chumber temporalure, relutive humidity, und low rates will be controlled by the CR7X,

The first ol four gas-oxchunge chumber tosts will be to seal the chamber over a nonevaporutive,
Inert surfuce und operate the system to dotorming if zoro HyO und COy uxchungo cun be maintuined.
The souls conneeting the gas-exchange chamber to lyqimolur prototypos will be tested second. Tt must.

be estublished that measurements of KT {n the chamber are altributuble L the lysimeter column und
not to loaks,

The sensitivity of the systom Lo known wator logs rates will bo tested, Kvaporation losy fromu
surface will bo monitored concurrontly by the gas-oxchungo system und a porometor placed inside tho
chamber. The amount of water monitored by the gas-exchange system integratod over the observa-
tion period should correspond o that observed with the poromoter (Tranquillini and Caldwell 1972).
Carbon dioxide oxchange will be verified in the fourth test by metoring it into u chamber at a known
concentration and flow rate; The amount of COy meusured with Lhe gus-exchange systems should
corrospond with the metered source.

C3 COMI"ARISON OF GAS-EXCHANGE AND WEIGHT-CHANGE
KSTIMATES OF EVAPOTRANSPIRATION

The accuraey of BT measuremonts using the gus-oxchunge systom will be chockod by compurison
with lysimeter weight changes, ‘This will be done by weighing lysimeters immediately before und
immediately alter a session of monitoring 3T with the gas-exchange system. The environmental con-
trol mochanism of the system will be similarly tested by compuring weight chunges for lysimetors
with and without the gas-exchange chambers attuched. Observations will congist of stoady-stute

measurements of 181 rates under conditions imposed by the control mechanism of the gas-exchange
gystem

By imposing standurd environmental conditions on lysimetors with the control mechanism, thoe
gas-oxchange system can nlso be used to moasure gravel muleh treatmont offects on BT, Standard
conditions will consist of constant wind speed, vapor pressure, humidity, and high light, All 80 lysi-
maters could be monitored by moving the chumber from lysimetor to lysimoter. Tho moenitoring
would he reduced substantially with u multiplo chamber system. Bocauso treatments will be ran.
domly assigned to lysimeters in the field, the effect of time will ulso be rundomized,
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C.4 EVAPOTRANSPIRATION MODEL DEVELOPMENT

The unsaturated soil moisture flow code, UNSAT-U, has been developed Lo help quantifly the
potential for water drainage through barriers (IFayer et al. 1986). The plant/waler relations compon-
ent of UNSAT-II, which was based on data from 2 mo of cheatgrass growth, limits the usefulness of
the code for predicting long-term drainage. The purpose of this phase of the study would be to mea-

sure functional relationships between ET and environmental driving variables [or use in predictive
 models of water movement through barriers.

Predictive ET models for barrier development must account for a broad range of plant commumty
and climatic possibilities. With adequate computer resources, the model should be able to predict [&T
on a time step small enough to incorporate diurnal variation in plant activity. Diurnal prediction can
be integrated numerically to yicld daily and then seasonal ET, and so on, Lo any point in the future
relevant to drainage processes. The model should also predict 2T for conceivable climate and ecosys-
tem changes by changing environmental input parameters as the simulation progresses.

Fvapotranspiration can be quantified in Lwo ways; cach provides only part of the answer. Evapo-
transpiration can be measured either at the community level or holistically or can be considered the
sum of soil evaporation and plant transpiration. Community-level data integrate plant and soil
losses but do not lend themselves well to the parameterization of mechanistic relationships. Separate
soil and plant data allow for mechanistic parameterization, but fail to account for community-level
synergism. Because UNSAT-H requires mechanistic descriptions of the KT, soil and plant model
development may need to be done separately, while model validation should include correlations of
madel predictions with holistic measurements. Soil and plant components can be measured ‘
separately with a combination of lysimetry and gas-exchange techniques. stimates of community-
level ET may be possible with lysimetry (water balance), micrometeorology (energy balance), light
detection and ranging, and/or short- and long-range multispectral remote sensing.

C.4.1 Mechanistic and Empirical Models

The problem in wntmg differential equations dcﬁcrlblng the separate responses of plants und sml
to the environment is determining the functional form and parameter values for the equations.
While mechanistic formulations will be used, their parameterization will be based on empirical data.
in a strict sense, mechanistic models break system processes down into individual physical and
chemical components and then Lry to explain the behavior of the system from component interactions.
At present, formulating a mechanistic, ecosystem-level medel by this strict definition is not possible.
tlowever, combining the best effort at a mechanistic medet with empirical information is possible.

In practice, model components are chosen to conform to the capabilities of current technology. As
such, most model components will combine underlying physical and chemical processes. Functional
relationships are only empirically known and parameter values lor them are not constants as ina
fundamental physical law. For this reason, parameters for model equations must be determined by
controlled experimentation.

C.4.2 Factors Controlling Evapotranspiration

lsvaporation from the soil surfuce depends on several soil properties, soil water content, surface
litter, cryplogam cover, shading by vascular plants, solar radiation, temperature, atmospheric vapor
pressure, wind speed, and animal activity. Transpiration is controlled by the supply of water to the
roots, plant liquid water conductance, stomatal conductance, and leafl arca. 1fa plant can acquire
adequate water by root exploration, it will transpire at rates controlled by plant liquid water conduce-
tance, stomatal conductance, and leal area. Transpiration will decrease as the water supply is
reduced.

C-3
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'
A

" Plant liquid water conductance is mainly a function of root Lemperature, the depth of usable
waler, and species. Root growth is controlled mainly by soil temperature, nutrient status, soil water
content, carbon gain, and genctically determined species-specific phenology. Stomatal conductance is
mainly a function of light, temperature, vapor pressure deficit, leaf water potential, lcalage, wind
speed, nutrient status, acclimation to current environmental conditions, and species efTects. Leal
area is mainly a function of carbon gain, nutrient status, water stress, and genetically determined
species-specific phenology. Carbon gain is a function of several of the above factors and is closely
related to the water status of the plant. Stomatal closure because of water stress necessarily restricts
the supply of COg to the plant. (A literafure review of stomatal models and the biotic and abiotic
factors controlling stomatal conductance are provided in Appendix 1))

C.5 EXPERIMENTAL APPROACH

~ Controlled experiments with lysimeters and gas-exchange methods will be used to establish para-
meters for models of evaporation and transpiration. In the field, some determinants of transpiration
change slowly Lhrough the season, while others change rapidly on a diurnal basis. The basic strategy
for establishing parameters for transpiration will be Lo construct multidimensional response surfaces
al points through the growing season and Lo consider such parameters as a function of slowly
changing determinants. Some of these determinants will be found to contribute little to the explana-
tion of variation in transpiration and can be ignored. The methods that will be used for measuring |
stomatal conductance and its important determinants are desicribed below. Development of treat-
ment structures for these model parameter-establishing experiments would be premature at present.
The design of Lhese experiments must be done in concert with the UNSAT-1 refinement tusks and
community-scale ISl experiments (Adams and Wing 1987),

The experimental units for the model parameter-establishing experiments will consist of multiple
gas-cxchange chambers affixed to the small-tube lvsimeters. The gas-exchange system can control
factors such as convective loss, chamber humidity and chamber air temperature. Carbon dioxide
concentrations can also be controlled if expanding the model to predict plant responses to increased
atmospheric COg (greenhouse ¢fTect) is desired. Lysimetor weight differences will be used Lo estimate
water storage changes. Lysimeters with and without vegetation will be compared Lo measure the net
effect of plants. Root growth and wetting fronts will be monitored with fiber-optic periscopes. Root
distribution will also be measured with the lysimeters and excavated at the end of an experiment.
Cross-hole, high-frequency tomography will be investigated as an alternate method for root structure
measurements. Root zone temperature can be monitored with thermistors, Nutrient status will be
monitored with standard agricultural practices. Leafl arca will be measured nondestructively with an
automated inclined point frame.

C.6 COST
FY 19882 F'Y 1989
Category
MAT mp Mil MAT M Ml

Multiple gas-exchange system materialy

Chamber materials 2.0

Air conditioning 12.0

Flow controls 6.0

Infrared gas analyzer 14.0

Air compressor 1.0

Hoses and sensory 5.0
System construction and testing 27.0 500
Data acquisition and model development ‘ 54.0 1,000
Reports and presentations 21.6 100 21.6 100
Technical editing 8.6 160 8.6 160
Yearly totals 42.0 57.2 1,060 §3.2 . 1,560
Project total 182.1h '

aCodes: MAT = materials, MP> = manpower, IIRS = manhours.
bCosts indoilars x 1,000. PN manpower conversions = $54/h.
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APPENDIX D

"REVIEW OF STOMATAIL. MODELS ANl) FACTORS
CONTROLLING STOMATAL CONDUCTANCE

D.1 STOMATAL MODELS

Most models that focus on stomatal conductance usually consider only one inflluencing factor.
Multivariate models of stomatal conductance are fewer. The model of Avissar et al. (1985) deseribes
‘the response of stomatal conductance Lo ubiotic factors, while thut of Kuppers and Schulze (1985)
couples the responses of COg ugsimilalion and stomatal conductance to abiotic factors.

D.1.1' Model of Kuppers and Schulze (1985)

The model of Kuppers and Schulze (1985) is a recent model that couples COy assimilation and
stomatal conductance to environmental factors. It predicts diurnal assimilation and conductance for
Pinus silvestris L., 1L consists of two submodels, one describing the response of COq uptake Lo light and
temporature, the other describing the response of leaf conductance to temperature and humidity, The
stibmodels are joined via the linear relationship between COy uptake and leaf conductance at short-
term variations of light. From the humidity response of leal conductanee and the demand funclion
(Raschke 1979) of COyg in the mesophyll, the effect of stomata on the diffusion of COy between leal and
air is determined. The end point of the analysis of this model will be to provide an estimate of inter-
nal COy concentration as a function of light, temperature, and humidity. Because the diffusivity of
COy can be correlated with that of some gaseous air pollutants, this model should also provide predic-
tions of air poilutant internal concentrations; Carbon dioxide assimilation was reluted to light und
temperature as lollows:;

—a | -1 . ‘
— l‘ c('/')J (1)
A(l,’!') - Amax(’l') { e } : : .

i

where
Agy = Lightresponse of COp assimilalion at a given leaf temperature
T = Lealtemperature
Anax = The light-saturated response o COy assimilation Lo temperature
fayy = Lightcompensation pointat 7.

The parameter, ay, determines Lhe curvaturc ol the light refationship and was found to be inde-
pendent of temperature.

"The light-saturated response of COy assimilution to temperature (A ox7) was deseribed with the
following polynomial regression:

ol o2 o ‘ (2)
maxt 1) = (12! + “:1! "+ (141 + a,
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and the Lmﬁperutum dependonce of the light compensation point given us

'1 _ e(u“’l‘ + u,,) ) . (3)
e " ' ‘

With these three equations, deucnbmg the response surface of COy uptake to light and tempers-
ture is possible, . »

~ Independent of the above submodel, the temperature response of durk respiration was determined
as : o “ : '

4 ' '
_ m 9 , (4)
A('/‘J =0 = oyl ‘

In the second submode! the reéponse of leal conductance to telmperavture and humidity is deter-
mined. The response of leal temperature at low leal-air vapor concentration differences (dw) was
described ag

B (hl’l‘+b2) ‘ (5)
max™ € ‘

where

EmaxtT) = Response oflealconductance when lL is maximal because of low dw (d = delta) to
o leal temperature.

The relationship between leafl conductance and dw was described as a feedflorward’ response ay
follows:

&g =18, (@*dw*dwl|l - (2 - g‘,/g{*)(lw[diu*l (6)
where
dw* = Leal-air water vapor concentration difference ut which transpiration is maximal
g* = Corresponding leal conductance.

[for the determination ol w*, a regression of the type

(badw+b4) (7)

Bldw I=e

was determined. Fxtrapolation to div = 0 ylcldod go. T'he position of maximal transpiration is gwc
by w* = bg-!. Thus g* can be determined and with it iquation 6 can be solved.

-2
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The Lwo submodels can be linked ut any given combination of light und tempeérature as follows;

- | (8)
am = [ 8 max(t " (A = 0."/'1‘ /\”‘,l,)//\ mux('l')} * g(Az()\.’l') ‘
wherc :
#ia=0,1 = lLealconductance ut light compensation for COy uplake.
It was found that g4 =g g was linearly reluted L0 gmax ) and could be parameterized us
| - | . | (9)
ia=0m = PE maary
", The relationship betwoen assimilation and conductance is given by
T ‘ (10)
A=(C,—Cg, /1600 o
wherg
C, = Ambiont COy
C, = Internal COy concentrations,

The factor 1,600 accounts for the difference of diffusivities of 150 and COs.

For different leal Lemperatures and light lovels it was ussumed that the relative response of stom-
ala to humidity did not vary. Likewise, a similar timitation of COy assimilation because of stomata
was assumed for the same dw, but different temperatures und light levels, The prediction of
transpiration (K) is dependent on the vapor pressure gradient (vpg) und stomatal conductance and is
given by: ' ‘

(1
K= vpg(@.'dw)

D.1.2 Model of Avissar et al. (1985)

The previously described model of Kuppers and Schulze (1985) is very accurale, but is perhaps
somewhat involved, 11 also does not include the cffect of water potential on stomatal conductance.
The model of Avissar et al. (1985) includes a relationship between soil water potential und stomatal
conductance in addition to the effects of vapor pressure deficit, temperature, und light. It is simpler
and does not consider assimilation. It also is not quite as accurate, but may be acceptable. 1'his model
relates stomatal conductunce Lo solar global radiation, leal temperature, vapor pressuro gradient,
ambient COq, and soil water potential for Nicotania tabaccum.
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The general equation used to predict relative stomatal conductance 1s us follows:

‘ o (12)
drﬂ = dum + (duM - dmn)fh‘/'l"\//CfP /duM

~where
dry = Rolalive stomatal conductunce (my:!/my-!)
dym = Minimal conduciunco that oceurs through the leal cuticle whon the stomula are closed
dyy = Maximalstomatal conductance obtained when gtomutu ure completely opened.

Bach of the /i functions refers o the influence of a specific environmental factor on the conductanco (g
for solur globul radiation, ¢ for leal temperature, y for vapor pressure doficit (vpd), ¢ for air COq
concentration, und p for soll water potential).

T'he mathomatical expression used o for each of the f; functions is as lolows:
p {

[ ~S(.\", - b

/".::1/ l +¢ ' ‘ (13r
where
i = Hnvironmentul fuctor
b = Abscissaalf;- 1/2
8 = Theslopeof the curve at this point
X, = Inlensity ofthe fuctor [,

T'o use Lthis model d, .1, dup, b, and 8§ must be dewrmmud in their experiment dy,, = 0.05 cmes
and dyy = 0.93 cmes!, Values {or b und § are found in Tuble 2.

"To predict transpiration, drs must be convertoed buck to ubsolute values (ds). The equation for
transpiration is then

¢ = ‘ 14
K=uvpdd,. (14)

D.2 ABIOTIC AND BlO’l‘lC FACTORS CONT ROLL.IN(A
STOMATAL CONDUCTANCE

Most models of stomatal conductance consider, at most, only a few of the environmental or bio-
logical fuctors that control stomatal aperture, Most models are specific for the conditions of the exper-
iment, such as Lhe time of year or growing conditions, und are not casily extended Lo other conditions,
Models that can predict stomatal conductance taking into account all the important controlling lac-

tors have not been found. Sueh a model would be able to predict stomatal conductance lhrough the
life span or a whole growing season for various abiolic and biotic (ondxtmm
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The most important environmental fuctors controlling stomatal conductanco ure light intensity,
Aight quality, COy concentration, LumpuruLuru humidity, wind spoed, soil nutriont stalus, and loal
walor potentiul,

Tho response of stomatal conductance to the Intensity of white lght is u suturatlon Lype whoro
conductance increases rapidly with initial incroments of light and levels off at higher light Intensi-
tios. The exact lorm of the relationship 1s dependent on the speclos and other {uctors thut control con-
ductunco (Hsluo 1975), Stomautul oponing rosponses ure most responsive W light in the blue portion of
the spectrum with 4 peak of uction extending from 420 und 460 nm und no action > 660 nm, Stomuta
will rospond Lo this light at low intensities (Ruschke 1976), Light in the green portion of the spectrum.
elicits an opening responso only at high Intensities (IFarquhar and Sharkoy 1982),

~ Stomuta tond Lo maintain u constunt intornal COy (Ruschke 1975), opening as internal coneentra-
tions drop.und closing as concentrations incroase (Sheri(f 1979), Stomuta alse close at high oxtornal
COy concontrations (Hsiuo 1976). Closure at high COg concentrations is mentioned becuuse it can be
“unintgntionully introduced in oxperimontation by brouthing (Heuth und Mansfiold 1962). lixperi-
muan 10 define stomatal conductance relationships under natural conditions do not require the ox-
perimental variation of external COy concentrations, und care must be tuken to maintain COy ul um-
hient lovels during oxperimentation, Monitoring COy levels ls done by infrared gus unalysis,

The most common form of relatlonship between temperature and stomatal conductance is one
with conductance increasing to a broud optimum and then declining with increasing tomperature
(11sino 1975; Avissar ot al, 1986). Other relationships have been obqorvud docreasing, incroasing, or
no relutionship with temperaturo (Sheri(f 1979).

A direct relationship between the vapor pressure gradient und stomatal conductunce was conclu-
sively domonstrated and terms u ‘foedforward’ stomatal response (Cowan 1977). The genoral form of
the relatlonship is a linearly (Warrit et ul, 1980), exponentially (Roessler und Monson 1986), or
"threshold type’ (Avissar et al, 1985) decreasing function with increasing vapor prossure doficit
depending on gpecies and conditions.

Stomatal closure is Induced by bulk leal water stross inu Toedbuck’ rosponse (Cowan 1977) und
the form of the relutionship is generally found Lo be a "threshold-type' response (Avissar et ul, 19856)
with decreasing loul water potential,

Wind speed influences stomutal conductance. Some spocies respond Lo inerousing wind speed
with stomutal closure und some with stomatal opening (Caldwell 1970, Kramor 1983). These
“responsies are altributed to changes in humidity noar the loul becuuse of chunges in the boundary
luyer (SherilT 1979) or chunges in the internal COy concentrations.

~ Reductions in stomatal conductance huve boen obsorvod with deficiencios in w wido variety of soil
nutrients: nitrogen, phosphorus, and potassium in particular (Sheriff 1979). Plants also rospond Lo
strossful conditions of temperature and water status by ‘hardening’ Lo Lthe conditions. Adjustments in
stomaltal conduetance is one manifestation of hurdening in responsoe Lo stress (Tazaki ot al, 1980),

T'he major biotic factors controlling stomatal conductance are physiologieal leal uge and hor-
mones, The responsiveness of stomates depends on the physiological uge of the leal. Stomata ol older
louves of some species do not open as rapidly or us widely as Lhose of youngor leaves (Hsiao 1975,
Kramer 1983), Tazaki et al, (1980) found that the stomata ol older mulborry leaves would not eloso.
Tho hormone, abscisic ucid, hus been found 1o induce stomalal closure, usually in ussociation with
water stross (Kramer 1983). [n some plants, stomatal closure is not correlatod with abseisic aeid
levols (Ackerson 1980) but may be related to other substunces such us phasceic ueid
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(Shurkoey and Raschke 1980). Cytokining cuuse stomatal oponing und ulso rotard senescence
(I'urquhar and Sharkoy 1982) This may be rolatud to the ohsorved ul‘l‘uct ol loul uge on stomatal

conductancy, ;
1980, "Stomaulal Rgsponse of Cotton to Wuler Stress und Abscisie Acld us Affected by
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APPENDIX E

TUBE-LYSIMETER EXPERI MENTAL DESIGN
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APPENDIX K

TUBE-LYSIMETER EXPERIMENTA!. DESIGN

The Mrst lyslfnutur expariment (Soction B.0) was designed Lo Lest three mujor hypothepes!

I - Admix gravel luyor configuration will not alTeel soll wator storago, drainago, or
© avapotrunspiration (K1) ratos

ne.- Vugu(utlon will not affeet storago, deainago, or BT rutos
13 - Incrousod procipitution will not ulfuct storage, drainago, or 17,

Tublo i1 containg the analysis of varlance (ANOVA) modol und the ANOVA tuble for the experi-
ment, including sources of variation, degrees of freodom, expected moun squares, eriticul values for
the F-testy (loval 0.06), und associuted hypothoses. The magnitudes of the eritical F.values are
relatively small bocuuso of the Mve replications of sach troatment cormbination, When eritical

I*-vulyoes aro lurgo, such as for oxporiments with too few troatment r‘opllcuti(ms Important troutmont
differences may not appear Mtutimtlcully signiflcunt,
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Table K1, Analyuis of Variance Model and Tuble for the 4-by-2-hy-2

Ifugtorial Small-Tubo Lysimoter Bxperiments,

Yikmg = M+ P+ Vick Gy PV 4 (VO o+ (PVjkn + 0giiiom)

where
Yikmgy = Water storage or drainage measuremont taken on the quh lysimeter that
. has procipitation level ;, vegotatlon lovel ¢, und gravel layer dopth .
= Overall mean : ‘
P) = Proclpitation uffect for level ), whore | = 1,2
Vi = Vegetation offect for lovel ¢, where g = 1,2
G = Qravol layer ddpth efTact for level \,, where , == 1,2,3,4 ‘
(PV)j = Interaction offect of precipltation lovel jund vegotation lovel
(PGl = ole. :
oqykmi = Randon error--error within treatmoent combination ji,
tation Used for Kxpoeetod Moan Square
up = Random error ‘
ép = Componontof expectod moun square (KMS) due o precipitation lovels, p.
In general, |
Gracwr = Componont ol MS due to lixed offocts of fuctor’.

Suueey “I‘:ﬁ:;:;:?x:ﬂ 1D eode | KMS 1" tust dfy diy) ‘(';‘:‘)'g"t",:t(:f 1y pothesos
P, I p o, + 40, /e (1,64) 3.9910 1y, = 0
v, 1 v a, + 40 py Vil (1,64) 8.9910 | 3, =0
Qa, 3 a 0, + 40 by G (3,64) 2,702 3y, =0
(V) | (% a, -+ 40 gy PV e 419910
(P 4 PG a, + 40 dyg PO (1,64) 9.7422
(VG 3 VG o, + 40 gy VQL (3,04) 2.1322
(PYQyy,, a PVa | o, + 40 gpyg PVG/ 13,64) 2,794
g 64 Iy a,
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