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A BST RACT

Soil erosion could reduce the water storage capacity of barriers that have been propo,,;ed for the dis-

. posal t)['rtear-surface waste al the U,S. Department ofEnergy's llanford Site. Gravel mixed into the top

soil surface may create a self-healing veneer lhal greally retards soil loss. ilowever, grat_,l admixtures

may also enhance infiltration of rainwater, suppress plant grOwlh and water extraction, and h, ad lo lhe

le)wh ing of underlying waste,.

This report describes plans fi)r two experiments lhal were designed to lesl hypolheses concerning

the interactive effects ofsurface gravel admixtures, revegetation, and enhanced precipitation on soil

water balance and plant abundance, 7'he, first experime, nt is a factorial riehl plot se,t up on lhc site

selected as a st)il borrow area fi)r the eventual construction of barriers. The treatments, arranged irt a

split,split-plot design structure, include lwo densilies oi'gravel admix, a mixlure oi'native and inlrO-

duced grasses, and irrigation to simulate a wetter climate. Changes in soil water storage und plant

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

7'he second experiment con.sists of an array of 80 lysimeh,.rs ctmtaining several diffitrent barrier pro-

totypes. Surface treatments are similar to the/'leld-plot experiment, l)rainage is collected from a valve

at the base of each lysimeter tube. and evapotranspiration is estimated by subtraction. The lysimeh,rs

are also designed lo be coupled to a whole-plant gas exchange system that will be used lo conduct

controlled experi meats on evapotranspiralion fi)r modeling purposes.

This test plan was writte, n in 1986 as an engineering support thJcument. Publication has become

necessary because of lhe need to reference the lest plan in status reports tlnd olher documenls scheduled

" for publication by the Prolectiw', Barrier l)evehJpment Program. Anv changes in the tJriginul experi.

mental design, lest procedure, or cost estimates will he documented in ihe latter reports.

,
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EXECUTIVE SUMMARY

The Final Environmental Impact Statement. Disposal o['ilan/brd l)efense lligh-l,evel, 7'ran-

• suranw, and Tank Wastes* includes alternatives for disposing orcertain wastes near the surface. The

near-surface disposal involves the use ota protective barrier that isolates these wastes from perco-
h

lating so!l water, biointrusion, and surficial erosion for time periods as long as 10,000 years. The

conceptual protective barrier consists orcoarse-rock and sand layers covered wittl a fine-textured soil

that stores rainwater until it can be cycled back into the atmosphere by evaporation and plant

transpiration. Erosion control is a critical issue, Significant erosion of the fine-soil layer and/or a

reduction in plant transpiration would reduce barrier effectiveness, t

Gravel mulch may be the answer, I,',ngineering a gravel mulch analogous to desert pavements

that have protected underlying soils I'or thousands of years may be possible. Several questions rnusl.

be resolved before the use of gravel fi)r erosion control can be defended. What in the optimum grav(:l "

size and volume for controlling projected wind and water erosion rates? I low will plants respond? ,

Can plant transpiration offset a gravel-induced increase in water infiltration and a dc,crease in eva-

porati4m? i low much will freeze-thaw and shrink-swell action over the yearn alter the gravelt mulch

configuration" I low sensitive will the system be to climatic wlriability? The Protective Harrier ttnd

Warning Marker System Development Plan** outlines several tasks ft)r answering these ClUestionn.

Consistent with the t)arrier development plan, this document describes two experiments for

testing hypotheses on the effects orgravel mulch, revegetation, an(t precipitation on soil water stor-

age, water drainage through the barrier and evapotranspiratiun (!, 1). In the first, a rield-i)lut

*I)OE, 1987 Final ' ', Envtronmental Impact Statement, Disposal ()/'tlan/brd l)e/i,nse Iligh.l,,t,el,
" 7'runsuranic, anti Tank Wastes, I)OI"JEIS-113, U.S. I)epartment of Energy-lC.ichland ()perations

Office, Richland, Washington.
**Adams, M. I¢..and N. R. Wing, 1987, Protective Harrier and Warning Marker Sysle.,'n

. l)euehq)ment Plan, !¢.11()-i{I,]-i)!,-35 I_, Rockwell 1lanford ()perations, Richland, Washington.

,,
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experiment, u statistical procedure known as analysis oi'variance will be applied to test the effects or

12 dilTerent combinations orgravel mulch, vegetation (and no vegetation}, and precipitation (plus

enhanced precipitation} on soil water storage and plant abundance. The split-plot layout selected ['or'
t

this experiment will produce more accurate esti mates or the effects or gravel on soil water as com-

pared to the effects or precipitation ar:d vegetation. The field plots may also be more represt_ntative or

the spatial heterogeneity in soil hydraulic properties and vegetation that will occur or_ real barriers, a

source of variance not accounted ror in lysimeter studies. This sttldy will be located at McGee Ranch,

a site near the intersection orState II ighways 24 and 240 in Washington, which has been selected as a

barrier topsoil quarry.

A sec()nd experiment will test, using lysimeters, whether or not a combination orgravel mulch

and enhanced precipitation will increase soil water storage enough to cause the barrier to drain.

A grid orso tube lysimeters will be constructed to test four levels orgruvel mulch, two levels of

precipitation, and two levels or vegetation representing !6 different treatment combinations, each

replicated five times. I)rainage (I)) will he measured periodically by releasing a plug at the bottom oi"

each lysimeter. Water' storage changes (AS) will be inferred from changes in lysimeter weights

t)etween sampling periods, Treatment effectson ET will t)e measured by a subtraction method:

!"/1' = P-i)-AS

where

P = Precipitation.

As in the lield experiment, treatment erfccts will I)u compared using analysis or variance. The

results will als()comprise a I)ortion Orthe data t)ase tor validation or u NSAT. II, a st)ii water I)alanc(:

code cr'eate(l to predict h)ng-term i)arrier perrorlmance. 'l'h(., tul)e lysimel,er array will I)e constrtlctcd

at the I,'ield I,ysimeter Test Facility, which is located at the ! lanl'or'd Mete(:roh)gical Station, *

viii
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Ai, present, the plant-water relations components o_'U NSAT-II limit its usefulness ft,' i)arric.r

performancr assessment. I_,c.l'inement o1'tile code will require controlled experiments of plant pro-

cesses. The lysimeters have been designed t,obe coupled to gas exchange chambers for measuring

functional relationships between ET and environmental driving variables. 'rhc. gas exchange system

. can control dc.terminants of stomatal conductance such as val_r prc.ssure, temperature, C()2 concen-

trations, and convection. Gas exchange measurements on lysimeters, with and without vegetation,

can be compared to estimate the net difference in Icr with plants present. Although model develop-

ment is beyond the scope of this document, future experiments based on this coupled lysimc.ter/gas

exchange system, in concert with sampling for community-scale indexes of J,'q',,., will yield Informution

ncedc.d to establish the parameters or predictive mode Is oi [_ t,

q



Wl IC.EP-O067

CONTENTS

1.0 lnLroduction ................... , ................................................... I

I.I ()bjectives ................................................................... 1
1.2 Scope ...................................................................... 3

2,0 Background information ........................................................... 3
2. l Effects of Gravel on Soil Properties and Vegetation .............................. 3

2.2 Manipulation of Plant Community Development ................................ 4
2,3 Needed Information .......................................................... 4

3.0 F_×perimental AIT_)roach ............................................................ 5

4.0 Field E,,:periment l)eseripth)n ...................................................... 6
4.1 Study Area la)cation and Description ............................................ 6

4, 1. ! Soils ................................................................. 7

4.1,2 Vegetation ........................................................... 7
4.2 _xperirnental I)esign ......................................................... 7
4.3 Treatment I)escriptions ....................................................... Ii)

4.3.1 Gravel Mulch .......................................................... 10

4,3.2 Vegetatkm ........................................................... I0
4.3.3 Irrigation ........................................................... 13

4.-_ Sampling Methods and Data .................................................. i3
4.4.1 Soil Moisture and Physical Properties ................................... 13
4.4.2 Plant SpeciesComposition and Abundance .............................. !5
4.4.3 Phenology, I,eafArea, and Evatmtranspiration ........................... 15
4.4,4 F,nvironmental Monitoring ............................................ 15

4.5 Schedule ..................................................................... 16
4,6 Costs ....................................................................... 16

5.0 Small-Tube I_ysimeter Experiment .................................................. 16
5.1 Introduction ................................................................... 16

5.2 Test I)escription ............................................................. 21
5.2. ! Experimental Design .................................................. 21
5.2.2 l,ysimeter Design ..................................................... 21
5.2.3 'l,ysimeter Installation ................................................. 21
5.'2.4 Data Collection Methods .............................................. 22

5.3 Schedule and Cost ............................................................ 22

6.0 Treatment Consistency ............................................................ 22

7.0 Safety ............................................................................ 24

8.0 Quality Assurance ................................................................ 24

9.0 References ....................................................................... 24

xi



App_andteo,q:
A. ReVel_otatlon Concupts and Practices ........................................... A-i
I_. Field..Plot Experimental Design ............................................... I]-i
C, The Use oI'Gas Exchangeto MeaHuruand Model I,_vapol,rallsplration .............. C-i
I). R_viuw ofStomatal Moduls and i0'aetors Controlling St_mmtal Conductance ........ I)-i
E, Tube=l,yslmoter Experimental l)ouign ......................................... F,-i

I,IST OF FIGURES

1-I Iianford l)ufonse Waste.Environmental Impact Statement Protective Barrier Concept ... 2

4-! I,oeations of the Gravel Mulch l,'leld-Plot I,',×pertment and the Field l,yslmeter
Test l,,acil_ty ...................................................................... 8

4-2 Split-Split Plot Design Structure for the Gravel Admix Field I,'xperiment ............... 9

4-3 Spr:inkier Irrigation System for the Gravel Admix Field Experiment ................... I4

4-4 Gravel Admix Experiment Task Schedule ............................................ 17

5-I Schematic Drawing of the Small-Tube I,ysimetor Grid at the Field I,ysimutor Test
Facility .......................... ' ............ .................................... 20

I.,IST O F TA IIi,I_',S

I-1 Summary o1'Erosion Control Technical Issues and Tasks '. 3

3-1 Attributes _fa llypothetical Ideal Test_l'Gravel Mulch, Vegetal, ion, and Soil Water
Interactions l,'neompassed by the Combtnat'ion of Simulation M_.,deling, I,arge
I,ysimeter, Small.Tube l,ysimeter, and Fiuld-I_lot Experiments ........................ 8

4-I Treatment Structure ibr the (3ravel Mulch Field Experi,nent .......................... 7

4-2 Plant Species, Accessions, Cultivars, and Seeding Rates for the Vegetation Treatment
_ftheGravel Admix Field Experiment ............................................ .. 11

4-3 Gravel Admix I,'ield Experiment Construction Costs _ 18

, 4_°4-4 Tasks und Manl_wer Costs, I,'isc_l Year 1987 through I tscal Year 1991 ................ 19

5. ! Factorial Treatment Structure for the Initial Small-Tube l,ysimeter I,'.xperiment ......... 2 I

ft-2 Small-Tube I,ysimeter Pr_,jecLCosts . .................. ............................. 23

Xii



i

i

WHC-EP-O067

BARRIER EROSION CONTROI,'rEST PLAN: GRAVEl, MUI,CI-I,

VEGETATION, ANl) SOIl, WATER INTERACTIONS

1.0 i NTRODUCTION Barrier anti Warning Marker System Develop.
ment Plan (Adams and Wlng 1987) specifies

. admixing pea gravel into the topsoil layer as an

The Final Environmental Impact Statement: erosion control measure, i'_ield and lysimetor

Disposal of Hanford Defense iligh.Level, experiments are proposed here for testing
• Transuranic, and Tank Wastes (Ill)W-EIS) hypotheses on the off'acts of admix and other

(DOE 1987) compares four waste disposal alter- gravel mulch configurations on sell water

natives', geological disposal, in-piace stabiliza- storage, drainage, plant community dynamics,
rien and disposal, continued storage, and a refer- and ET, These data are also needed for the
once alternative. The reference alternative com- development and validation ofpredictive models
hines elements of the geolog;e and in-piace dis- of 14yrand water movement in barriers,

posal alternatives. Implementation of any oi"
these alternatives would include construction of

a protective barrier. The purpose ofthe protec- I.I OBJECTIVES
five barrier is to impede biointrusion and water
movement into the underlying waste zone, Pre- The purpose 0ftheso investigations is to

limlnary field demonstrations (Cltne et al. 1980i obtain field data as a basis for supportingor
Phillips et al. 1985) and computer-aided simula- rejecting the use ofgraw_l mulch for protective
tions (La et al. 1982; Fayer et al. 1985, 1986) barrier erosion control. Results will be used for
suggest that the protective barriers designed of water balance model validation and, lfappltc-
layered earthen materials may be effective in able, selection of gravel mulch design specifics-
limiting water movement, plant root intrusion, tlons. Probabilistic inferences derived from the
and animal burrowing for extended periods of experiments described here will be pooled with
time. those from companion experiments and

measured against a wet of barrier performance

The conceptual protect!re barrier design standards, thereby serving as a basis for design
_onsists era layered ro_k and soil mound con- engineering, The following are some specific
structed over a waste disposal site (Figure 1-1). objectives of the proposed field and lysimeter

A layer of fine-I.extured soil overlying coarse experiments:
sand and rock stores rainwater until Jt can be

cycled back into the atmosphere by evaporation • Measure the combined effects of gravel
and plant transpiration. This design is based on mulch, vegetation, and precipitation on
a principle ofsoil physics called ttte outflow law soil water storage and drainage
(Rtchards 1950), which says, in effect, that water
will not move from the fine.soil layer down into * Measure tlm combined effects oi*gravel
the coarse sand and rock until thesoil at the mulch and increased precipitathm on

layer interface is virtually saturated. Other vegetation composition, abundance, and
attributes of this type of design include greater gas exchange
topsoil water retention, reduced gas ,: manatton
(I lartley ct al. 1983), and enhanced evapotrans- ® Provide validation data for the
piration (ET) (U nger 1971 ). U NSAT-I! (unsaturated flow code)

The long-term performance of the layered • I)etermine functional relationships
. earthen barrier depends, to a large degree, on between I,,"1'and environment-driving

(1) adequate topsoil hydraulic properties to , variables for modeling purpo,_es
reduce _he likelihood of saturation at the layer

interface and (2} vegetation for regular depletion • Demonstrate methods to accelerate ini-
of this reservoir by ET. Erosion of the topsoil tial plant community development on
layer or destruction of the plant cover could rcn- barriers.
der the barrier inoperative. The Protective

1
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CROSS SECTIONOF BARRIER SYSTFJMOVERLYINGWAITE

, _ BJI_'I R.fUt_P LAYERSMARKER _P W.4_Tt ZOIME
| m_ I _M,,, DI_,FILLED
F_RIMETI_ TIMINCH

DETAIL A ' "

(NOT TO SC._:EI PSBBO1.7"7

Figure I-!. Hanford DefenseWaste-Environmental impact Statement
Protective Barrier Concept (I)OF_'1987).
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1.2 SCOPE 2.0 BACKGROUN|)
INFORMATION

in addressing the above objectives, this docu-
ment provides (1) an assessment of"informa-
tional needs, (2) testable hypotheses that, iftrue, 2.1 EFFECTS OF GRAVEL ON SOIL

support the use of gravel mulch for protective PRO PE RTI ES A N l) V EG E'I'ATION
• barrier erosion control, and (3) experimental

designs, treatment descriptions, sampling Incorporation of gravel into the upper 20 to
methods, construction plans, costs, schedules, 30 cm of the protective barrier topsoil is inten-
and quality assurance for field and lysimeter ded to mimic conditions that lead to the forma-
experiments to test those hypotheses. The infor- tion ofdesert pavements. Desert pavements
mational needs, hypotheses, and experiments form on soils dispersed with stones. Over time,
described here are not all-inclusive. This test the stones concentrate in the surface layer,

plan focuses on the interactions ofgravel mulch, thereby protecting the underlying soil from
soil water storage, and ET. Other test plans will furtb[, "_rosion. Ifstones remain dispersed in
address deflation, runoff, ¢_.ndsoil displacement t _ .,_,erlying soils, the pavement can be des-
by burrowing animals. Adamsand Wing (1987) cribed as 'self-healing' following disturbances of
provide a comprehensive review ofall technical the surface veneer.
issues and tasks associated with barrier erosion
control (Table l-l). Desert pavements typically occur on level or

slightly inclined relief. Their formation has
been attributed to three processes: (1) concen-
tration of stones by wind deflation, (2) concen-
tration of stones by runofferosion, and (3) con-
centration by the upward migration of stones
(Mabbutt 1977). If stones were dispersed uni-

formly in a soil, the amount ofdeflation could be
estimated by subtracting _,he tl,ickness of the
veneer from the thickness of underlying soil

Table l- I. Summary of Erosion Control Technical Issues and Tasks.

Technical issue Tasksa

I. Barriererodibility--wind 1.1 Wind tunnel tests(EROI)-2)

1.2 Bergmound field studies (EROI)-3)
_, 1.3 Blowout field studies (l,]ROl)-4)

1.4 Armor analog studies (N AT-4)

2. Barrier erodibility--water 2.1 Bergmound field studies (!,'_1_.()I)-3)

2.2 Water erosion field study (E1¢Ol).5)

2.3 Armor analog studies (NAT-4)

3. Gravel mulch/water 3,1 Simulation models(Fayeretal. 1985, 1986)

balance interactions 3.2 Field l,ysimeter Test Facility (WTR-1)

3.3 Field and small lysimeter gravel mulch experiments (EI¢OI)-I)

3.4 Surface armoring analog studies (NAT-4)

" 4. Gravel mulch/vegetation 4.1 Field and small lysimetergravel mulch experiments(El_;Ol)-l)

interactions 4.2 Surface armoring analog studies (NAT-4)

" 5. Gravel mulch/animal 5.1 Animal intrusion tests(BIO-l)

burrowing interactions 5.2 Barrier stress tests--animals (BIO-2)

aTask codes from Adams and Wing (1987) are in parentheses, i,s'r87.3337!
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containing an equivalent volume of stones 2.2 MANIPULATION OF PLANT
(Symmons and tlemming 1968). Furthermore, if COMMUNITY I)EVELOIJMENT
wind erosion essentially ceases when the surface
area covered by stone reaches 50% (Mabbutt Vegetation is an essential component of the
1977), predicting deflation may be possible for prol_)sed protective barrier. A plant cover can
various admix gravel layer configurations. On reduce soil loss and may enhance deposition of
sloped surfaces, overland flow may be more wind-.transported particles. The addition of
effective than wind in removing fines. For organic matter over the years binds soil partic-
slopes 9% and greater, Simanton et al. (1984) les. lligher plants also feed and are fed by soil
found that the rates of water erosion decreased- microorganisms that help drive plant succes-
expenentially with increasing percent cover of sion, secondary mineralization, soil aggregation,
rock fragments, and, hence, moisture retention and soil stability.

Perhaps most critically, vegetation removes
The soils underlying many desert pavements (transpires) infiltrated moisture.

are nearly stone-free; evidence that stones had
migrated toward the surface. These soils are Unlike other barriercomponents, an ideal
typically high in clays that swell when wet and plant community cannot be engineered, Plant
shrink and crack when dry. The stones may communities are dynamic and, to a large degree,
shift upward as the soil swells. Fines fall into unpredictable. Even if vegetation criteria were
the cracks as the soil dries (Mabbutt 1977). Con- developed to guide barrier construction, such cri-
versely, freeze-thaw action and soil mixing by teria would become superfluous considering Lhc
animals over many years may result in the requisite 10,000-yr barrier design life. Over
mixing of gravel initially appl led as a suri_ce time, regardless of what is initially planted on a
mulch into the topsoil layer (Boui eLal. 1980). barrier, the plant ct, mmunity will likely con-
Therefore, the balance of pedoturbation (soil verge with the community that would have
mixing) and erosional processes operating on a developed naturally.
gravel mulch over the long term may result in
an equilibrium gravel mix morphology, regard- In theory, the natural succession or recovery
less of hew the mulch was initially configured, of a plant, community following a disturbance

leads to greater biomass (and initially, greater
Addition of gravel to the topsoil layer influ- transpiration), slower rates of nutrient cycling,

ences soil hydraulic characteristics and the type damped effects of macroenvironmental extremes
and abundance of vegetation, in general, gravel (such as a buffering ofextreme precipitation on
increases infiltration and percolation rates, soil water movement), and overall greater site
reduces evaporation, alters soil temperature, stability (Odum 1969). Since these appear to be

and yields fewer grasses and more shrubs and attributes era desirable protective barrier state,
forbs (N ichols eL al. 1984). K irkham et al. (1982) a realistic revegetation goal may be to accelerate
measured greater soil moisture and drainage in succession by manipulating the causal factors of

soils underlying a rock cover than in soils with plant community development. Such manipula-
no rock. Model simulations indicate that adding tions would expedite field tests of vegetation,
gravel to denuded soils lowers the storage cepa- gravel mulch, and soil water interactions, as
city and, therefore, increases drainage (Fayer well as become the final phase of barrier
et al. 1985). In contrast, Beediow (1984) found construction. An overview of revegetation
no significant difference in soil moisture for a concepts and practices is provided in
soil with rock mulch compared to a soil without Appendix A.
mulch when vegetation was well established.
However, the rock cover cau,zed a greater abun-
dance ofdeep-rooted forbs and shrubs at the 2.3 NEEl)El) IN FORMATION
expense of grasses. Furthermore, crop yields are
often higher on relatively deep soils with moder-- Knowledge of the effects of gravel mulch on
ate rock fragment content than on similar soils erosional processes, soil water balance and vege-
with the rock removed (Saini and Grant 1980; tation establishment is inadequate at present to "
Magier and Ravina 1984). support operational-scale barrier construction,

4
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An understanding of the roles of pedogenic soil- 3.0 EX I'ERIM ENTAI., A PI)ROACH
mixing processes at the [laaford Site is also

lacking. Modeling and experimentation will be Perhaps an ideal experiment for measuring
necessary to fill the gaps. Informational needs the response ofsoil water parameters to differ-
include answersto the following questions, ent combinations of gravel mulch and vegetation

would consist of multiway comparisons in a net-
" • Will gravel mulch adequately impede work of large weighing/drainage lysimeters.

surficial soil erosion ibr the intended This ideal experiment, would have the following
design life of the reference barrier? attributes:
What is the optimum depth and size of
gravel mulch for erosion control? o A treatment structure comprising a full

range of factor combinations including
• Will gravel mulch reduce ET and in- climatic variability

crease water infiltration and drainage

through the barrier? What is the opti- • I,ysimeters containing full-scale con-
mum mulch configuration relative to tiguous barriers, not just design
water balance? How will climatic vari- components
ability impact the soil-water balance?

• Instrumentation capable ofhigh-preci-
• What long-term impacts will animal sion measurements of water storage and

thaw,bUrr°wing;antishr]nk-swellPlantphysiognomy,.freeZe-processeshave drainage across critical layer interfaces
on the distribution of gravels and on the • Adequate treatment replications to
microtopography of the barrier surface? make experimental error manageable

• What type ofplantcommunity will • l,ysimeters of sufficient size to contain
develop on a gravel-veneered soil. I low the degree of heterogenelt_y in soil hy-.
will the community respond to changes draulic nroperties and vegetation that
in climate? How predictable is plant would occur over time wit,,in and on the
succession at the Hanford Site? surface/)factual barriers.

• Can the plant community development Most readers would recognize that this i(lea_
be manipulated so as to accelerate initial experiment is unrealistic. An attempt to test ali
succession in an admix gravel layer? combinations of barrier designs and environ-
What type of plant community would mental conditions of concern, experimentally,
provide the highest sustained transpira- would prove futile. An alternative approach has
tion? How stable would it be, how resis- been adopted combining simulation modeling,
tent to disturbances such as fire, and lysimeter experiments, and field experiments.
how resilient following a disturbance?

Soil water balance terms for a broad range of
The experiments described in the following simulated barrier designs and environmental

sections were designed to help satisfy some of conditions will be solved with mathematical

these informational needs. These experiments models (I,'ayer et ai. 1985, 1986). Two lysimeter
focus on gravel mulch, vegetation, and soil water studies and one field-ph)t study have been de-
interactions. Other erosion conl, rol test plans signed to test a range of surface covers under
will address issues such as wind deflation rates, varying environmental conditions and to pro-
runoff, climate change impacts, pedoturbation, vide a data base fi)r water balance model valida-

, and plant succession, rien. ! l igh-precision measurements of drainage
and soil water storage changes, essential for
model validation, will be obtained in a few large
drainage and weighing lysimeters (K irkham

ct al. 1987). Optimizing the barrier surface

i

5
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cover ibr adequate erosion control without com- H ! Volume of gray el admix will not affect
promising drainage control will require many soil water storage below the root zone.
experimental unit.s (lysimeters} for making mul-
tiple comparisons. These experiments will be !i2 Twice the annual precipitation will not
conducted in a grid ofsmal l, possibly less pre- increase soil water storage below the
cise, but less expensive weighing/drainage root zone.
lysimeters (Section 5.0 of this document).
Finally, large field-plot experiments (See- 113 Addition ofgravel admix will not
tit, a 4.0} are needed to account for the variance decrease plant abundance.
in water storage changes that may be attribut-
able Lo nonuniform soil hydraulic properties 1t4, Addition of gravel admix will not
and/or plant distribution patterns, decrease I°]Trates.

These four studies (field-plot experiment, Acceptance o1"these hypotheses would
small-tube lysimeter experiments, large lysim- support inclusion ofgravei mulch in the protec-
eter experiments, and model development} en- tire barrier design. Results from this, the lysi-
compass al! of the attributes of the ideal experi- meter experiments (Section 5.0), and other
ment (Table 3-1 ). l iowever, the efficacy ofthis experiments and demonstrations (Section 1.0)

approach will depend on the level ofagreement will be pooled in the development of protective
among studies. To obtain some measure of barrier design specifications.

agreement, the demonstrations and experiments
have been designedso that at least one level of
each treatment factor is common to all. 4.1 s'ru I)Y AREA LOCATION ANl)

DESCRII_'rlON

4.0 FIEl,I} EXPERIMENT Given the high variability in model-
1)ESC R! PTION simulated effects ofdifferent types of gravel and

soil mixtures on water drainage (Fayer etal.
A factorial field-scale experiment has been 1985), field and lysimeter experiments will

designed to measure the effects ofgravel mulch, require soil having the same hydraulic
vegetation, and precipitation on soil water stor- characteristics as the soil selected for barrier
age, ph'.nt abundance, and ET, The experiment construction. The gravel mulch field experiment
was d,-signed to test the following four null
hypotrJeses.

Table 3-1. Attributes era I lypothetical Ideal Test of Gravel Mulch, Vegetation, and Soil
Water interactions Encompassed by the Combination of Simulation Modeling,

4_' .)Large l,yslmeter, Small-Tube Lysimeter, and I leld-I" tot Experiments......

Planned tests

I,arge Small-tube Field-plotAttributes of ideal experiment Simulation lysimeter lysimeter
models experiments experiments experiments

, , , ........ ,,, -

Multiple barrier/environment combinations X -- ....

Continguous barrier design tested X X ....

Drainage measured directly -- X X --
, ..... , , , ,,

Waterstorage changes measured directly -- X X --

C'(','ntrolled plant gas'exchange'treatments .... -- -- _ 'X ........ --

Multiple treatment combinations .... N X •
S_ ....................

iland vegetation heterogeneity ...... X
....... I'S'rtl7 J1'_!37.2
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will he located at McGee Ranch (Figure 4-1 ), the succession on barriers will lead to a community
site that has been selected for a barrier topsoil similar to that found on the undisturbed soil
quarry. McGee Ranch lies directly northwest of quarry. Because ofthe introduction oi'cheat-
the Yakima Barricade in Section 30, T. 13 N., grass, a Eurasian annual, sagebrush.-domlnated
R. 25 E., and is bordered on the southand east by communities of the Columbia Basin may not be
State ltighways 24and 240, respectively, as resilient now as they once were

, (Rickard 1985).

4.1.1 Soils
4.2 EXPERIMENTAl. I)ESIGN

Hajek (1966)classified the McGee Ranch soil
type as Warden silt loam. Silt h)am soils may The field expeAment was designed to test
contain up to 50% sand, 50% to 80% silt, and up the effects oi"gravel admix, vegetation, and pre-
to 20% clay fractions (Soil Survey Staff 1975). cipitation on soil water storage, plant abun-
Using U.S. Comprehensive Soil Classification dance, and ET. The three-way factorial treat-
System nomenclature (Soil.Survey Staff 1975), mentstructure is shown in Table 4-1. Twelve
the McGee Ranch soil is classified as an andic different expet imental conditions will be com-
moilic camborthid; a dry, grayish-brown, wind- pared to test the hyl_)theses defined in Sec-
laid silt mixed wiLh small amounts of volcanic tion 4, I. Each condition will be replicated three
ash, with a very weak eluvial clay horizon and times, totaling 36 experimental units, or plots,
often a calcareous horizon at about 50 cre. on which soil water storage, plant abundance,
Warden silt loam grades into Ritzville silt loam and ET indexes will be measured.
at higher elevations. ,,

The plot layout is a clmqsic example era split-
aplit-plot design structure (Figure 4-2}. Each oi'

4.1.2 Vegetation six large (10-m by ! 5- m) w hole plots contains six
..... (5-m by 5-m) subplots arrangedin a two by three

The study site lies in an abandoned agricul- grid. Irrigation, vegetation, and gravel mulch
tural field thal, at one time was flood irrigated, are assigned Lothe subplots according to the
Irrigation rills transecting the site from the following hierarchy: each whole plot receives a
northwest to the southeast are still visible, level of irrigation (the whole-plot treatment)', a
Although the plant canopy of an adjacent, un- level of vegetation is randomly applied to half of
disturbed parcel consists primarily of sagebrush a whole plot (the split-plot treatment); ,and the

(Artemisia tridenlata) and hopsage (Grayia levels of gravel are randomly assigned to the
spinose), the old field remains dominated by subplots witt_in the split plots (the split-split-
cheatgrass (Brornus tectoru m), This evidence plot treatment).
contradicts a common assumption that plant

'Fable 4-1. Treatment Structure for the Gravel Mulch Field Experiment.

Factor l,evels Treatment description*

Gravel mulch 3 I. 15% by weight gravel admix to a depth of 20cm,

2. 30% by weight gravel admix to a depth of 20 cmt

3. Control--no gravel mulch

Vegetation 2 1. Native and exotic grass/shrub seed mix
t

2. Control--bare soil (herbicide)

Water 2 l. l)oubled normal monthly precipitation

• 2. Control--no supplemental water

* 12 treatment combinations x 3 replications = 36 experimental units.
PST87.333"1.4
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The split-split-plot design structure was tions of each treatment level. Following applica-
selected because of the logistic problem,_ tion of the gravel admix treatments, the surface
associated with irrigating and drill-seeding material will be sampled randomly to ascertain
small parcels ofland, Furthermore, this design the gravel content and depth achieved,
structure will produce more accurate estimates
of the effect of gravel, the factor of greatest
interest in this experiment, as compared to the 4,3,2 Vegetation
effect,_ of vegetation and precipitation. After
data are obtained, a statistical procedure known Bare soil and a mixed stand of grass and
as analysis of variance (ANOVA) will be applied sh_'ub species will comprise the two levels of
to the data and a decision to reject or not to reject vegetation, An appropriate revegetation prac-
the above hypotheses will be based.on an F_test. tics for the barrier surface was conjectured from

A discussion ofappropriate ANOVA mode'Is and the literature and llanford Site experience,
critical values of the F-test for each of the four Descriptions of the species, planting methods,

hypotheses is provided in Appendix B. fertilizer application, and other cultural prac-
tices follow, Comparisons ofdifferent treatment
levels for these factors before operational con-

4.3 TREATMENT I)ESCRIPTIONS struction of barriers would prove useful, but
such comparisons are beyond the scope of the
present experiment,

4.3.1 Gravel Mulch

4.3.2.1 Species Selection, Species to be seeded
Three level.,_ of gravel mulch will be com- and/or transplanted and seeding rates are shown

pared, l,evel I, 15% by weight of 1.0-cm (3/8-in.) in Table 4..2. This mixture ofnative and exotic
peagravel mixed with soil, was the only level grasses and shrubs was chos _n for the following
modeled for water drainage by Fayer et al. reasons: (I) it includes indigenous species found
(1985), On bare soil, 15% gravel in Ritzville silt in mature plant communities at McGee Ranch
loam caused 1,7-cre (0.67-in.) drainage, and surrounding the 200 Areas, (2) it includes
compared to no drainage without it. No commercially available cultivars that are most
drainage occurred in admix gravel simulations like certain native species for which cultivars
when vegetation was included, regardless ofsoii are not available, and (3) ii, includes relatively
type. easy-to-establish cultivars having charac-

teristics similar to native species that are
The percentage oi'gravel will be doubled lhr dii'l]cult to establish in the Pasco Basin. The

the second treatment level (30%). A higher per- varieties and seeding rates generally conform
centage may be preferred for erosion control if no with erosi,_m control recommendations for sites
adverse effects on water storage are expected, with loamy or sandy soils in eastern Washington
Gravel will be mixed into the top 20 cm ofsoil for and with an annual precipitation of less than
both treatment levels. Depth ofadmix will not 30 cm (WSU 1983). Containerized shrub
he tested in the field experiment for two reasons: seedlings may be transplanted ifdrilled stlrub
(l) simulations indicate that depths greater than seed fails to establish, Species descriptions
7,5 cna do not increase drainage proportionately follow.
(Fayer et ai. 1985) and (2) 20 cm i,_the average
mixing depth that can be achieved with avail- Four shrub species will be seeded and/or
able equipment, The control level is no gravel, transplanted: big sagebrush, hopsage, rabbit-

brush, and bitterbrush. Basin big saget)rush
Given a soil bulk density of !.4 g/cma, (Artemisia lridentala ssp, tridentata) is fairly

approximately 0.61 ma (0,8 yd3) of pea gravel aggressive, productive, and ublqoitous at the .
will be added per 25-m 2 (270-ft2) plot to obtain I lanford Site. Although a profuse spreact of
15% admix gravel in the top 20 cm (8 in.). Abt, ut sagebrush accompanied settlement of the West

1.2 m3 (1,6 yda)will he mixed per plot I'or 30% (l lull and llull 1974), it has dominated large
gravel, A total of 23 m3 (30 yd3)of pea gravel tracts of land in the lntermountain West, since
will be purchased to construct the 12 replica the early Pleistocene (Van l)evender 1977).

10
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Sagobrush_typieally b_nofits from ondomyeof sandy and gravelly soils (MeArthur et al. 19791,
rhizae infection (Williams and Alden 1976) and is e×collont for controlling erosion on disturbed
may form symbiotic relationships with microbes sites (USI)A 1974), oi'ten dominates big sago-
to fix atmospheric nitrogen (Wallace and brush ranges destroyed by fire or heavy grazing
Romnoy 1972). Sagebrush has boon useful for (Evans ot al. 19735, yet is not overly compotltivo
stabilizin_ disturbed silos throughout the West with herbaceous Jpecies (Plummet et al, 1968).

' and often _stablishes r: _pidly from both direct
seeding and transplanting (McArthur oral. Bitterbrush (Aurshia lridentata} thrives on "
19795, At the llanford Site, its establishment sandy soils in the Columbia Basin, has the abil-
appears irregular'and dependent on an abnorm- ity to resprout following fire, and has boon ssc-
ally cool and moist Spring, l lowever, it has en- . cessfully established by direct seeding in the

crouched into many waste disposal sites within Northwe_t(Mons0n and Davis 1985), Recovery
the 200 Areas. , following fir_, however, can be slow (30 yr'o._

i more) (Nord 19655 and highly variable (I)rlscoll
Spiny hopsage (Grayia spinosa), a deciduous 1963). Because bitterbrush germination

shrub, is found along the perimeter ortho Pasco requires 5 to 6 wk ofcold, moist stratification
Basin on fine sandy loam an(_S4silt loam soils, lt (Giunta ct al, 1978), full seeding is advised. Seed
is moderately abundant in the Arlemisia triden, dormancy can also be overcome using thiourea
tata/Poa secunda association surrounding the or hydrogen peroxide (Evc, rett and
McGee old field, The dense canopy of individual Meeuwig 1975). Many ect)types are not well

plants traps aeolian fines and, thus, appears adapted to other sites (Medin and Forguson
largely responsible ibr the characteristic hum- 1980). t_ther sites (Modin and t%rguson 1950).
mocky microreliofof this area. Grayia sprouts Ilowever, the only aeces'sitm released to date,
readily following fire, and its spiny twig tips I,asson, from I,assen County, California, is
protect it against excessive grazing by livestock reported to be well adapted throughout the
(1)aubenmlre 19705. Intormountain and Pacific Northwest regions

(Shaw et ai. 1983).

Rabbitbrush (Chrysothamnus nauseosus) iu
one ortho first woody plants ttJ encroach On dis..
turbed sites in tlm 200 Areas. lt grows best on

'fable 4-2. Plant Species, Accessions, Cultivars, and Seeding Rates for the
Vegetation Treatment of the Gravel Admix Field F,xperi ment.

Species Accession or Seeding ,'atc
cultivar Soedslm2 kg/ha

Big sagebrush (Artemisia tridentata) Idaho ssp, 560 , 1
lridentata

Rabbitbrush (Chrysolhamnus nauseosus) idaho ssp. 100 8
albicaulis

Spiny hopsago (Grayia spinosa) Idaho 411 7 '

Bltterbrush (Purshia tridentata) ' I,assen 65 20
.... -_1

Siberian wheatgrass (Agropyron sibericum) P-27 540 10 :
,, _..-_

Thickspike whoatgrass (Agropyron dasystachyum) Critana 700 15

Indian ricegrass (Oryzopsis hymeuoides} Nezpar 540 10

" Sheep rescue (Festuca orins) Cowlr 725 5

Canby bluegrass (Pea canbyi) , Canbar 500 3
I*S'1'H7.11_37,5
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Five grass species will be seeded in the mix- Canby bluegrass (Pea canby_) and sheep
ture: Siberian wheatgrass, thicksptke wheat- rescue (b'eslt_ca ouina) are short-sr,at red grasses
grass, Indian ricegrass, Canby bluegrass, and with wel l-developed root systems. 'l'no Canbar
sheep rescue. Many characteristics of P-27 eultivar Is rocolnmonded for erosion control on
Stberianwheatgrass are similar to the more sites where Sandborg bluegrass (Pea secunda) is
widely used FairWay and Nordan crested wheat- a major' constituent (WSU 1983), Sandberg

grass cultivars, particularly ease of establish- bluegrass dominates many loam sites at the
ment and survival, llowever, P-27 is reportedly llanford Site. Because ofits low optimum
more drought tolerant and better adapted to germination temperature and early summer

,sandier soils (i lanson 1972; Currle and White dormancy (Young at al, 1981 ), Canbar should b
1982). Tii:_ P_27 is the most/abundant oi'the adapted to the Columbia Basin's hot, dry
perennial grasses seeded on the waste burial summers, Cover sheep fescue, an accession from
grounds. I%und to spread away fro, n seeded the dry moimtains oi'Turkey, is more drought-
areas at the ! lant'ord Site and to competitively resistant than other rescues and has been
limit cheatgrass where seeded, P-27 may have established (}n loamy soils of the 200 Areas
the potential to become a persistent resident of burial grounds.
disturbed Hanlbrd Site landscapes, in addition,
the exotic Russian wheatgrasses develop a much 4.3,2.2 Iqanting Method. To minimize initial
larger rooting density than native wheatgrasses inte'rspeciflc competltio o and to provide epri-
and, thus, more rapidly ext"act water from the mum seedbed ecology, some species will be drill
soil profile (Caldwell et al. 1983), seeded in alternating drill rows and others will

be broadcasted. Indian rteegrass will be drill

'Phickspike wheatgrass is a rhizomatous seeded 5 to 8 cm deep (2 to 3 in,). Siberian
native grass oi' the Pasco Basin and is weil- wheatgrass and thiekspike wheatgrass will be
suited for wind erosion control on deep sandy drilled 2 to 3 cm (0,8 to 1.2 in,) deep. Seed boxes
soils (Brown and Wiesner 1984)i Although not on the rangeland drill will be partitioned and
valued l'or productivity, thickspike can survive the depth bands adjusted accordingly. Ali ()thor'
in low (12- to 20-cm) rainfall areas (Assay and species wilt be broadcasted. Seeding will be com-
Know les 1985). Noted for excellent seedling pleted in late September, the optimum time of
vigor, the Critana cultivar, a r|orthern Montana the year for most ofthese species, Ifseedling
accession, has been successfully established on establishment is poor the following year, trans-
200 Areas burial grounds, plantation of containerized sagebrush and

rabbitbrush t'rom lower Snake River Valley or
Indian ricegrass (Oryzopsis hymenoides) has Columbia I._asin accessions will be considered,

been seeded successful ly on sterile, coarse mine
spoils throughout the Intermountaln West, lt 4.3.2.3 Fertilizer, Fertilizer will be applied

can be found along the periphery elective dunes concurrent with seeding ns fi_llows: ! 00 lh/aere
at the I lanford Site and also dominates many phosphorous pentoxide (P205) and 40 lh/aere

older sandy and gravel ly disturbed sites in the nitrogen.
200 Areas. Indian ricegrass is perhaps the most
resilient native perennial grass in the PaSco 4,3.2.4 Cultipaeking, Following the seeding
Basin. llowever, it is characterized by extreme and fertilizer applications (_nsplit, plots, tlm
embryo dormancy and sporadic germination seedbed will be packed and pitted with an imple..
causedby inhibited embryo gas exchange rnent called u cultipacker, The benefits of this
(McDonald and Kah 1977), Since cool moist cultural practice include lbrtilizer incorporation,
stratification improves germination (Young and seedbed water conservation, improved seed-to-

Evans 1984), fall seeding plus a high seeding soil contact; and variable seed depth placement.
rate may help overcome poor establishment. Placement oi'seed at variable depl, hs helps 1,o
Nezpar, an Idaho accession, is likely closer to the balance germination ol'a diverse species
Pasco Basin ecotype than the other available mixture.
cultivar,_,

|
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4.3.3 Irrigation Access wells wltl be.excavated to a depth _}l'
300 cm in accordance with ASTM I)- 1452

The historical mean annual precipitation at (ASTM 1986) using a hand-operated bucket
the I lanibrd Site iS 16,6 -m (6,3 in,) with ox- auger with ii diameter o£5,08 cm (2 lh,), Seam-
tremos ranging from 8 Lo27 cm (3 to 11 In,) less alulnlnum tubing (5,08 cm internal diame-
(Stone et al. 1983). Using extreme value slatis- tor) will be inserted into the borehole to serve au

, tics, Kinnison (1983) estimated the maximum well casing, Dry soil sifted into the resull, tng
100-yr extreme annual precipitation Lobe annulus will provide an adequate seal,
30.1 cre. This value has been used tri perfor-

, manc_ assessment calculations and in all _wet- Piold calibration of the hydroprobe will he
year' model simulationsofdrainage through accomplished by measuring the gnlvtmetrtc
prol ective barriers (Fayer et al, 1985), l)ouble water content ofsotl samples collect_d during
the mean annual precipitation, or 32.0 cre, the Installation of access wells, multiplying
which is a more prudent wet climate estimate these values by soil bulk density to convert the
than the 100-yr maximum annual precipitation, data to w_lumetrtc units, and constructing a
is one oftwo w_ter treatment levels. The ottwr calibration curve comparing those values with
level is no supplemental water, hydroprobe counts taken immediately following

the installation ,fian access weil, Gravimetric

Three ortho six whole plots will be irrigated water content samples and concurrent hydro.
monthly. Water will be added proportional to probe readings will be taken in artificially satur-
historical monthly means For a total of32 cm ated plots adjacent to the test plots, as well us in
(combined precipitation and Irrigation), Add{- tie relatively dry Lest plot_, The wet.site data
tional irrigation may be applied to sustain seed- w{ '{ expand the range o£observations and thus
lings during the first summer, A conventional extend the bounding li!nits of the calibration

sprinkler irrigation system has been designed to function. Gravimetric wate,' content will be
give a uniform coverage o{' whole plots (Rig- determined in accordance wtthASTM 1)-2216-80
ure 4-3). The uniformity of water application (ASTM 1986) Ibr sell samples collected at depths
will be checked with collection cans randomly of 30, 45, 80, 125, 175,225, and 275 eta.

located on the whole plots, A 9,465-1, (2,500-gel) l lydroprobe counts'will be recorded monthly at
water tank will be moved to McGee Ranch from these depths lhr the duration ortho experiment.
the 201-W Building and filled as needed from a Shielded standard counts will be recorded at the
water truck. An in-line flow motor will he used beginning and at the close crouch hydroprobe
to precisely measure applical, lon rates, I,'or session, in exactly the same manner each time,
example, 7,734 !, (2,043 gel) Is equivalent to as a means ofchecking the validity ortho
2 cm over the lhree 150-m2 plots, moisture-counting function.

Soil bulk density estimates are needed in the
, 4.4 SAMPLING METHODS ANl) DATA hydroprobe calibration to convert gravimetric

water content into volumetric units. Relatively
undisturbed soil c_res can be recovered by pros-

4.4, I Soil Moisture and Physical Properties sing a thin-wall_d metal tube into a soil profile,
removing the soil-filled tube, and sealing the

A neutron probe or hydroprobe will be used ends t,o prevenl, disturbance or moisLure loss
to measure w_lumetric soil water content IASTM i)-1587 83 (ASTM 1986)I. Several e()res

IAmerican Society of Testing Materials (ASTM) will be extracted randomly from the |ml'ibr atolls
1986]. Access wells fi_r the neutron moisture between whole ph_ts, Bulk density (oven-dry
probe will be augered at the cent.or ofeach sub- mass/unit volume) will be lnetlstlred for t:ore see-

, plot (36 total) (see I,'igure 4-2), I,'ield techniques Lions corresponding to tlm gravimetric sample
will be used to calibrate the hydroprobe to con- depths (3{},45, 80, 125,175,225, and 275 eta).
vert slow neutron counts per unit time to volu-
metric measure (cubic centimeters of water pcr Subsampling soil muisture within subpl(_l,._
cubic centi meter of soil), may hecome n(_cessary ii' a high va riance al,tri

i)utablu to soil het,er(_14cnelty masks t.reaLment
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effects, Additional hydroprobo access wells l lowevor, In ali cases budget may tlave un
would' Influence on how large the sample will be.,,e installed to accomplish {,his ands
modified ANOVA model for multiple observa-
tions per experimental.unit would be adopted flw Canopy cover is considered tt good index oi'
the analysis (see Appendix B), Nonuniformity the importance cfu species in a community ,:

In soil hydraulic properties with depth in the because tt permits comparisons ofdifferent
, profile and among treatment subplots will be growth l'orms (M ueller-I)ombols and EIIonberg

inferred from particle-size analyses 1974). The percentage ofcanopy cover will be
iASTM D422 (ASTM 198({) Iof soil samples ostl mated using a point-Intercept sighting

, excavated during tlm installation of hydroprobo instrument. The ocular point.Intercept method
,ports, provtdos less biased, more precise, and less time-

consum ing estimates of percentage oi'cover In
sagebrush.grass vegetation than the line-

4.4.2 Plant Species Composition and Intercept or the l)aubcnmiro (1959) cover-class
Abundance method (Floyd and Anderson 1983},

' Plant species composition will be docu-
nmnted for the community surrounding as well 4.4.3 Ph_nology, Leaf Area, and

as within the experimental plots. Because many Evapotranspiration
plants have senesced and are not identiflablz In
the su,nmor, and others do net emerge until Phenology, leaf area, and species composi-
summer, species composition will be documented rien data will be collected in concert. An utiLe-

mated, inclined l)oint fi'amo will bo used to mea-
periodically tF;roughout the growing season,
This will unsure that identifying characteristics sure Ioafarea nondostructively as an Index of
are observed and, thus, _hat ali species are l_hml, growth rates and phenology. To ensure
accour_tod Ibr. the accuracy of the point.frame method, vegeta-

tion surrounding the pie,ts will be randomly

l_o,'c(;nt cover will be estimated to evaluate measured with the point Frame, harvested, and

vegetation o,_tablishmont,. Cover will be ostt- measured again with a leaf urea meter. These
,hated in quadrats randomly located in each data tire needed For correlation estimates to eel-
small plot. An adequate number ofquadrats Ibr lbratc the point frame and to determine an ado-
95% confidence and a relative precision (I,) of quate sampling fi'equency. I%,' outyear setup-

± 10% will be selected using the following ling, methods developed under the transpiration
estimator (McDonald and Coch,'an 1983)' subta,,.{k ortho barrier program's water infiltra-

tion Control task (Adams and Wing 1987) may be

adopted for estt mating transpiration flu x
,, ,, density.

Z'_8 -

u (,ly)2 4.4.4 EnvlronmentaiMonitorlng
where

A ,'emote meteorological station w iII be set
n,, = The estimated minimum sample size Ul) at McGee Ranch, fitted with sensors and a

z = 1.96{} in the t.itandard normal data leg.gcr, and programmed l'or continuotm
dist,'ibution recordingorprecipitation(tippingbucket),ai,'

s2 = The sample variance temperature at 1,5 m, relative httmidity at
1.5 m, l)hotosyntheticallyactive radiathm, and

= The sample,noah, wind speedand directionat3 m, Only

' precipitation will l)eused in theANOVA t,csts of
This conl'idenco statement suggests that li'den- hypottmses. The other parameters will be
sity were sampled repeatedly, the sample mean. needed for interpretations ofdil'lk:rt:ncos between

. would be within 10%of the population mean Me(]t:o l_anch ,_(_ilwatt;r storage (i_tta _in({ data
95% (,t'the time. Those levels (,{'precision and sets I','o,u the Field I,ysimett:,' 'l'e,_t l,'acillly
confidencewillhe usedtoestimateadequate (Section5,0),
sanlple sizes for the othe,_ parameters as weil,
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4.5 SCHEDULE 112 Vegetation abundance will notaffect
storage, drainage, or h',T

Construction of the gravel-ddmix field plots
is estimated to take I yr Ifh4calyear (I,'Y)19861, 113 Increased proeipll.ation will not affect
Data collection will continue through FY 199i stawago, drainage, or ET,
with a final report prepared in I,'Y1992
(Figure 4-4). In addition to testing these hypotheses, this ,

experiment was designed to beconsistent, with
model simulations of gravel mulch effects on soil

4,6 COSTS water dynamics (Fayer "A.,.I. 1985). The rosulh_ .
will provide a chock of the U NSAT-II results,

The total cost of the project through FY 1992 Subsequentexperiments may tnclud,_
is estimated to be $387,000 (Tables 4-3 and 4-4). treatments for testing gravel slz_),gravel

amount, multiple levels of enhanced precipita-
tion, and soil type.

5.0 SMAI=I=-'I'UBE I_YSIMETER

EX PE RIM ENT An array oi'combination weighing/drainage
lysimeters will comprise the experinmntal units
for this study, This grid ofsmall-tubC lysimeters

, 5,1 INTROI)UCTION will be constructed adjacent to the large caisson
lysimeters at the Field l,ysimeter Test Facility

This experiment will use lysimeters to Lost (I,'lgure 5-I )on the gro!tnds ortho Ilanford
whether or not a gravel mulch, designed to con- Meteorological Station.
trol erosion of the barrier topsoil, will increase
soil water storage enough to cause the barrier l,o The unsaturated soil moisture flow code,
drain, I)rainage is a key barrier performance UNSAT-II, has been developed, inpart, to hell)
parameter, l lowever, for the ultimate goal of quantify the potential for water drainage
predicting long-term barrier performance, the through barriers (I,'ayer et al, 1986), I lowever,
critical parameter may not be drainage, but I,',T. the plant/water relations components of

UNSAT-II presently limit its usefulness for pre-
I)rainage across the fine- to-coarse-layer dieting the performance of barrier designs that

interface in the barrier may occur as the thresh- include gravel for erosion control. Plant transpi-
old response to water storage changes, If so, ration may tw essential in such designs to offset
drainage may be relatively insensitive Lovaria- the higher infiltration anti lower soil evapora-
bility in Lhc surface environment as long as sell tion caused by gravel, Although model develop-
water storage values remain below the thresh- ment is beyond the scope of this document, the
old, In contrast, I,]Tis highly sensitive to en- small-tube lysimeters, when coupled to a gas.
virm_mental change and, thus, may be a salient exchange control and measurement system, can

f I ,l 1measure for barrier perfi)rmance. I herefl)ro, ET be used to measure functional rulati(_nships be-
will also be a key parameter in tests ofgravel tween I,',Tand environment.,driving variables I'or
mulch and soil water interactions. This experi- use in developing predictive models ofwater
ment will answer the question: Will plant trans- movement in barriers, A gas-exchange system
piration ofihet a gravel-induced increase in can control determinants of l,'/r such as tempera
infiltration and decrease in evaporation? ture, vapor pressure, C(),2,and convection,

A description era gas-exchange measurement
The experiment was designed to test the syst¢,_, and its potential application is provided

['ollowing three hypotheses, in Appendix C. Sl,omatal ct)nductance models
and driving variables are discussed ira' ' t

II ! Gravel mulch layer configuration will Appendix I). An experimental plan for using the
not affect soil water storage, drainage, or gas-exchange system on the I_ubelysimeters will
ET. be prepared in I,'Y 1988.
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Table 4-3. Gravel Admix Field Experiment Construction Costs,
............ I_'"

Matorials Manpower", L

Category , (dollars l)ollars Manhours
× 1,000) x 1,000

III IIIl I I I J . . .

l,ead scientist ct_)rdination--fiseal year 1986 (65630) ' -- 5.4 114.0
_, , _,, i i,, , , , , , i , ,

Test plot drawings (Kaiser I,'_ngineers Iianford Company) -- 4.0 107.0
, , ,,,

Materials .... -- •

23 tna (30 yd:J) pea gravel 0.5 ....

Polyvinylchloride pipe, fittings, und Sprinklel's , 0.3 ....

8-hp gas-powered primp (80 ga!/min at i 00 ft head) I 01('.....

in-line flow meter 0.3 _ ....

Neutron moisture probe 5,0 ....

Mierometeor, ology data logger and sensors 4.0 .....

Telecommunications fi)r meteorology data transfer 4.5 .....

110 m (360 ft) of 5.08-cm (2 in. inside diameter) 1. I --
aluminum tubing

A utomated point frame 5.0 ....

Thin-wa!! tube sampler lhr bulk density 0,2 ....

Seed, fertilizer, und herbicide 0.6 -- --

Statistics software 0.8 ....

Surface preparation (38530) ......

Blade, deep tip -- 0.4 16.0
s

! larrow andeultipack -- 0,2 8,0

Move 2,506 gal water' tank from 201-W Building (38630) -- 2.7 110.0
, ,

Spread gravel (38530) -- 0.2 8.0

Fertilize, drill seed (38530) -- !.0 41.0

Cut aluminum tubing (3.8540) -- 0.2 8,0
,, . t

Auger hydroprobe wells (65630) -- 3.0 80.0

Totals 22.9 17, I 522,0
,,

_Manpower conversions (overhead included): 65630 = $37.5/h; 38530 = $24,4/h. i,s,1_7.:m77
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'rabie 4-4. TaSks and Manpower Costs, Fiscal Year 1987 through Fiscal Year 1991.
L , , '

' FY 1987 FY !988, FY 1989 FY 1990 FY 1991 FY 1992

Task ...... i , .... "

MP m MII" Ml' I Mll Mi D MII MI D Mll Hl D Mll Ml' MII
I,, ,, ,

Field data acquisition
4m

liydroprobe readings 11.3 300 ! !.3 300 11.3 300 11.3 300 I 1.3 300 ....

i Iyd roprobe calihration ""

• Cores for sell moisture 3.0 80 3.0 80 ................
and texture

Thln.wall cores for bulk 2.3 60 2.3 60 .................

density

Micrometeorology 3.0 80 3.0 80 3.0 80 3.0 80 3.0 80 --
maintenance

Plant abundance, LAI, ,1.9 130 ,I.9 130 ,1.9 130 ,I.9 130 ,1.9 130 -- --
and phenology

. ,, • ,,

Lal)oratory tasks

llydroprohe calihratlon 1.2 30 I..2 30 1.2 30 1.2 30 1.2 30 ....

Gravimetric soil moisture 5.3 140 5.3 140 ..............

Soil textural analysis 6,5 170 ....................

Bulk density ,I.5 L120 4.5 120 ................

l,eaf area measurement I '5 ,lO 1.5 ,lO ............
, J,,

Data logging and checking 13.5 360 13.5 360 13.5 360 13.5 360 13.5 360 ....

Data analysis (includes 6.8 180 6.8 180 6.g 180 6.8 180 6.8 180 ....
VAX computer account)

' r

Status reports and 6.8 180 36.8 180 6.8 180 6.8 180 6.8 180 ....
presentations

Final report preparation .................... I 1.3 300
and clearance

Technical editing 6.0 160 6.0 160 6.0 160 6.0 160 6.0 160 6.0 160
,_ L II II I

Manpower 76.6 2,030 70.1 1,860 53,5 1,.120 53.5 I,.120 58.0 1,5,1O 17.3 .160
..... ,

Travel 1.5 ,, 1.5 -- ! .5 -- 1.5 -- 1.5 .- 1.5 --
,, ,_ , ,

Replacement materials 2.0 .... 2.0 2.0 .- 2.0 -- 2.0 ......
I i||t i

Yearly totals 79.1 .- 73.6 -- 57.0 .- 37.0 -- 61.5 .... !8.8
,,

FY = Fiscal year. t,s'r,_._:l_'l.,
i,Ai = i_eaf area index.

NOTE: Costs in dollars x 1,000; 65630 manpower conversion (overhead included) = $37.5/h.
aCodes: Mi D = Manpower costs; Mil = Manhours.

t,
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28806-023,_ .

Figure 5-I. Schematic Drawing of the Small-Tube l,ysimeter Grid at the

Field l,ysimeter Test l"acility.
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5.2 TEST I)ESCRI PTION us a combined drainage and weighing
lysimeter, l)rainage will he measured directly by
collecting water fr(}m a drain plug located at tile

5.2.1 Experimental Design bottonl oi'the cap, Water storage changes will be
inferred from a record of weight changes mea-

'rho treatment structure ortho slnall-tube sured by suspending lysimeters froma hoist-
, lysimeter experiment consists of 16 treatment mounted load cell. The load coli has a resolution

combinations replicated five times (Table 5-I), equivalent to approximately 0,058 cmofprecipi-
The treatment combinations will be imposed on tation or ET. I loles will be augored in the

• 80 experimental units (lysimeters). The ground and lined with 38-cm- (14..in,-) internal
16 treatment combinations are defined by four diameter polyvinylchloride (PVC) casing, and
levels of gravel layer depth, two levels of water, the lysimeters will be emplaced at grade with
and two levels of vegetation, Each of the the surrounding soil.
16 treatment combinations will be replicated
five times for a total of 80 experimental units, lt is important to design a hoist connection
The 80 lysimeters are to be arranged in 16 rows that will not perturb the continuity ofthe
of five lysimeters per row with the treatment lysimeter surface with the surrounding soil.
combinations assigned to individual lysimeters This will be accomplished by constructing i,he
in a random order. The designstructure is a lysimeters with flush-threaded ABS well casing,
textbook example era completely randomized A long section of ABS well casing with male
four by two by two factorial experiment with five threads at one end and an internal recessed cap

replications, at the other end will constitute the lysimeter
itself. The lifting collar will consist era short

Fach ortho three hypotheses in this first ABS section with female threads,
experiment can be tested using F-tests fromthe
ANOVA. Discussion of critical F-test values, The lysimetor is designed to permit the
power of F-tests, the ANOVA model, and other coupling elan acrylic gas-exchange measure-
pertinent ANOVA information required for ment chamber (Appendix C), The nominal ox-
hypothesis testing is provided in Appendix E. ternal diameter of the chamber equals the inter-

nal diameter ortho lysimeter, A threaded collar
fitted with un O-ring will be used to seal the gas-

5.2.2 Lysimeter Design exchange chamber to the lysimeter.

The lysimeters will consist oi" 175-cm (69-in.) 5.2.3 Lysimeter Installation
sections of 30,5-cm- (12. in.-) internal diameter

acryh,nitrile, butadiene, and styrene (AI]S) tube I,'abrication and installation of the 80 lysi-
sealed at one end with a cap. The tube will serve meter grids will be completed in FY 1988, The

lysimeter will be filled with four layers ,)f

Table 5-1. l"actorial Treatment Structure h_r the Initial Small-Tube l,ysimetor Experiment.

Factor i,evel Treatment description*

Gravel mulch configuration 3 1, 7.5-cm layer' of 15% by weight pea gravel
2, 20-cre layer of 15% by weight pea gravel
3, Surface gravel mulch (volume = level 2)
4. Control--no gravel mulch

" Vegetation 2 l. Cheatgrass

: ,., 2, Control--barc soil (herbicide)

, Water 2 1. l)ouble the monthly normal precipitation
2. , Control--n,, additional water,.

* 16 treatment combinations x 5 replications = 80 experimental units, 95Ta7.]]37.9
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material to create a capillary barrier similar to A standard will be weighed with the load cell
the design u_,2d in the construction of the Field before, al'tor, and randomly throughout each
l,ysimeter Test Facility lysimetbrs (K irkham lysi meter weighing session to yield a measure or
at al, 1987): 150 cm of Warden silt loam ft'ore the the load cell's bias due to time, temperature, and
McGee Ranch over 5 em of 20/30 quartz sand other physical variables, This will provide an
over 5 em of No. 8 quartz sand over a 5- to 7-cm estimate of measurement error in iysimeter
layer of 1- to 2-cm washed pea gravel, weights for that session and between sessions, 0

Otherwise, the assumption that the weighing
Initial soil bulk density anti moisture con- error is constant for ali time and environmental

tent will be controlled as the lysimeters are conditions must be made,
baekfilled. Ideally, soil bulk density and mois-
ture content would be consistent with the large
lysimeter and field-plot experiments, 'Po 5,3 SCHEDULE ANl) COST
approach an acceptable degree ofconsisteney,
lysimeters will be backfilled in lifts, tamped, and The tube lysimeter facility will be con-
weighed until the desired density ix achieved, structed in FY 1988. Data coll_'_ction will con-
The density and moisture content will he as con- tinue through FY 1993. The tel,al cost ofthe
sistent as possible with that achieved in the tube lysimetcr experiment Utrough FY 1993 is
large lysimeters at the Field I,ysimeter Test estimated to be $337,000 (_Pable 5-2).
Facility.

6.0 TREATMENT CONSISTENCY
5.2.4 [)ata Collection Methods

Critical parameters for measuring treat- The level of agreement among results of the
ment effects include precipitation, water storage gravel admix field experiment (Section 4,0), the
changes, drainage, and ET. The ET in estimated small-tube lysimeter experiment (Section 5.0),
by subtracting the drainage value from the sum anti the large lysimeter experiment will be un
oi'water storage and precipitation change important measure ofconfidence in ali three.
values. Temperature, solar radiation, For example, high covariance for water change
photosynthetically active radiation, maximum measurements in the large and small lysimeters
and minimum air temperature, vapor pressure, would supl_ort the use ofthe less costly small
and wind speed may also be needed for model lysimeters for' tests of future barrier design
deveh)pment and validation. (_uality-assured modifications. All three experiments have the
environmental data from the nearby I lanford fifth)wing treatments in common.

Metet)r'ological Station, operated by Pacific
Northwest l,aboratory, will be used whenever Factor Treatment level
possible.

Surface I. 20-cm-thick layer of 15% by
weight admix pea gravel (1.0-

l)rainage and water storage changes will be to 2.0-cre die)

measured monthly. Lysimeters will be hoisted 2. No gravel mulch
fully above grade with a gantry crane. Drain
valves at the bottom ofthe lysimeters will be Water I. Natural precipitation
released to measure drainage (water volume). 2. 32-cm total precipitation
The difference between the current weight of the Vegeta!,ion 1. Native and exotic species mix
drained lysimeter and its drained weight from 2. No vegetatmn
the previous session will constitute the water

storage change measurelnent. A load cell sus- , ,
pended from the hoist will be used to weigh the

lysimeters. Total ET during the interim period
will be estimated by subtracting the drainage ,
value from the sum of precipitation and storage
change values recorded for the period.
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7.0 SAFETY 9,0 REFERENCES

No unique or unusual saruty hazards are Adams, M. R, and N, It, Wing, 1987, I'ro/ective
anticipated in the construction of these Harrier and Warning Marker System
experiments or with subsequent sampling, Development Plan, RI IO-R1_-1)1_-351),

Standard plant safety procedures pertaining t,, I_ock well ! l anford Operations, Richland, '
the operation of heavy equipment will be Washington,
followed. I lard hats'and stool-Leed shoes shall be

worn by workers lifting lysimeters to obtain Assay, K. I!. and R, P. Knowles, 1985, "Current ,
drainage and weight measurements, Only Status and Future of Introduced Wheat-
workers who have completed a basic training grasses and Wlldryes for Rangeland

course on radiation safety and the use of nuclear Improvement," Proc, of lhc 38lh Annaal
soil gages may operate the hydroprobe, Meeting ofthe Society/br Range

Management, Denver, Colorado.

8.0 QUALITY ASSU RANCE ASTM, 1986, An_ual IJook oi'ASTM Standards,
"Section 4' Construction, ''_Vol, 04,08,
American Society for'resting and Materials,

These experiments will be conducted in l'hiiadelphia, Pennsylvania. J

accordance with a quality assurance program
plan fi_r the II igh-Level Waste Program once Beedlow, P, A., 1984, Designing Vegetalion
thai, document has bean prepared and approved, C,,w, rs fi,r I,ong-7'erm Stat, ilization of
Work initiated at Westinghouse I lanrord Com- Uranium Mill Tailings, PN I,-4986, Pacific
pany will be continued at Pacific Northwest Northwest Laboratory, Richland,
l,aboratory (PNl,) and will be prepared to I)N !, Washington,
quality assurance l,evol Ill standards.

lh, ai, S. W., F. l) I lole, and R, J. McCraeken,
A hardbound logbook will be maintained tbr 1980, Soil G'e.nesis anti (:lassification, Iowa

the duration ortho experiments. Ali entries will State University Press, Ames, Iowa.
be signed and dated by the reslmnsible scientist
engineer, or technician, as will field und lahore- Brown, G. A. and l,. E. Wiesner, 1984, Seh,cted
tory data sheets. The transfer ordata from field Species fi)r Revegetation. A Guide for
or laboratory records to computer files will be Disturbed I,and in the Wt,stern Coal Region,
double-checked by individuals identified in the Special Pub. No. 3, Montana Agric,
logbook. Ali analytical tools such as statistical Experiment Station, Bozeman, Montana.
estimators, models, and computer software pack.
ages not included in this test plan will be refer- Caidwell, M, M,, T. J, l)ean, R, S_ Nowaqk,
enced in the logbook and/or in yearly status R. S, l)zuree, and d. i!, Richards, 1983,

reports. Instruments will be operated and calf "Bunchgrass Architecture, l,ight
brated according to manufacturers' speciflea- Interception, and Water-use Efficiency:
tions ,,r applicable ASTM procedures as Assessment by Fiber Opttc I_oint Quadrar_ts
discussed in the text of this test plan. If the anti Gas I,xchange, Oecoh,gia 59,178-184
experimental designs, sampling methods,
analytical tools, responsible organization Cline, ,J. F., K. A. Gene, and l_. E. Rogers, 1980,

,jlistings, cost estt mates, or schedules require "l,oose Rock and B it,barriers in S _allow
moct ification, these changes w ill also be recorded l,and Bur iu I," lh'alth Phys its 1:19:497 504.
in the logbook and/or status reports. Ali

documents, correspondence, logbook entries, and Currie, I), O. and I¢..S, Whitt_, 1982, "l)rought
data files will he duplicated and archived in Survival of Selected Forage Grasses
accordance with the Protective Barrier Commonly St,,eded in the Northern Great A

Development Program's recorcls management Plains," Can, d. PI.ni Sci, 62:949-955,
procedures,
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AI_PENIJIX A t"

R,EVEGI4.YI'ATION CONCEIJTS ANl) I_'RAC'I'ICES

D

I_,uvegetatlon can be viewed as the manipulation of natural causal factors of plant community
development, Figure A-I Is a conceptual model Illustrating groups oi'causal lhctoru arranged su as Lo

, depict their interaction, The _electlon of factors in Idgure A-I generally concurs wlth the plant com-
mtmlty formation function prol)osod by Muollor-l)ombois and {_llonborg (1974), Although not'shown
in Lhc diagram, time and _{pacoarc rocbgni_,od'as all.pervading dimensions,

Potentially ali oFthe Factors In I,'lguro A-1 could be manipulated In an initial eftTortto force con-
formity of'a plant community to management goals, Methodologies have boon best developed for the
reconstruction ofocosystenis dot:_troyodby surface mining, l lowover, revegetation ofprotecthm
barriersforIn-piacedisposalofradioactivewastepresentsa uniquesolOFproblemsnotencountered
in mine land reclamation, A dlscusuicm of some causal factor manipulations for accelerating plant,
succession in a soil mantled with gravel mulch follows. '

..... ,¢..

Available Habitat Autogeniea Effects ,

Macro and _ Of SpeOies . -" -" -" -" -" -" -'IInteractions
Mloro0limate {

Macro and i
Miorotopographv {

Hydrogeoiogy Exoqenous and/or Proteotlve Barrier
Soil Physics Chemistry _ Ant-hropogeniob PlaintCommunity

,and Mlorobiology Perturbations

Accessibility Optimum andTolerance Ranges
t

=,,.[ Ambient

_--_: _ " ............. Ir-I Conditions .'.......

aChanges in the available t_abltatbrought about by resident organisms,
blncludes planned manipulations of causal factors--revegetation

practices, PS87.]3]7.A,1

Figure A-I, Basic Cat,tHaiFactors of Plant Community I)oveh_pmont, on Protect, lye
Barrier,4,
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A.! MANIPULATION Ol4' SPECIES ACCESSIBILITY

An obvious manipulation (ffnatural plant community devohqmmnt la the Introduction oi'seed
l'orm species not otherwise accessiblv_ either exotic species or native species that have _iow, sporadic,
or lnefilclent seed dispersal mechanisms, Species growing on th(J soil that was borrowed to construct
a barrier might be Hooded, ii' it could be assumed that succession would eventually lead to tlmt plant
community, Sagebrush (A rle.m tsia tridenlala ssp. tridentatal dominates potential topsoil tmrrow
areas. I lowever, because oi'the Introduction ofcheatgrass (Bromun tectorum), an annual grass of

EtJraslon origin, sagebrush.dominated communitle_ oi'the Columbia Basin may not I)e very resilient
following a disturbance. Fairly homogenous swards ofchoatgrass invaded agricultural lands
abandoned In 1943 on the Arid Lands Ecology (AI,E) pce_erve at the Hanfl)rd Site and persist there
today (Rickard 19851. Those areas ()nee tmpl_)rted, and are presently _urrounded by, native
sagebrush,bunchgrass communities (1)aubonmtre 1970; Rlckard and Sauer 1982). Therefore, s_eding

protective barrler_ with choatgrus_ might be advocated as a moans l'or accelerating succession,

Conversely, an assumption that ()ld agricultural field succession on the AI,E preserve portends
plant community dynamics on disturbed sites In the 200 Areas may not be justified. A progressive
succession oi'species is apparent on the burial grounds. Russian thistle (Salsola kali), noted for broad
seed dlsporsion and relatively high germination rates under very negative water potentials (Evans
and Young 1982), readily colonizes bare waste sites. Russian thistle may play an autogenic role, lt
produces chemicals phytotoxlc to other woods but tolerated by perennial grasses (I,odhi 1979),
Through shading, lt may ameliorate high surface soil temperatures, which als() promotes grass
establishment, Over theyears, the plant community on a protective barrier may begin to resemble
that in surrounding areas as cheatgrass abundance increases und rabbitbrush (Chrysothamnus

nauseosus) and sagebrush encroach, The chronosequence in Tablu A. I exemplifies this change,

Sagebrush seedling establtshmetlt in the 200 Areas api)ears to be dependent on spring moisture
conditions, Sagebrush seedlings carpeted several disturbed 200 Area sites in 1981 ft)lh)wing a wetter
than normal spring, h growing dendrochronological record oi'sagebrush age structure at the I lanford
Site indicates that this is a recurring pattern,

Once species have been selected, the plant materials, planting method, and planting time must be

considered, Transplanting cortatn species, either as an alternative to or in conjtmction with seeding,
may be beneficial if(l) seed dormancy is a problem, (2) moisture is insufficient fi)r germination,
and/or (3) early seedling vigor is poor. _l)rill seeding has been more successful than broadcast seeding
wheatgrasses fl)r remedial burial ground stabilization at the l lanfl)rd Site, Seeding in September,
just borore the 'wet' season, has proven more successful tiron spring seeding, WItL.)ut supplemental
irrigation, seedling emergence and some root deveh)pment in the fall may he necessary for soedttng
survival the lblh)wing dry summer.

A.2 MANII*ULATION OF S!_)IL MICROORGANISMS

Microorganism succession in disturbed arid-land soils parallels higher plant succession, Blue-
green algae and lichens, which can fi_rm crusts on the soil surface, are photosynthetically active, are
able to fix atmospheric nitrogen (Rychert and Skujins 19751, and may help stabilize disturbec] soil.
protozoa ingest bacteria and may hasten nutrient cycling (Wallwork 1970}. Decomposition of organic
residue by molds and symbiotic interactions with the ,'()()ts oi' higher plants are the more important
roles ()['soil fungi, Fungi/plant interactions canbe antagonistic (pathogenic) as weil,

i1
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1'able A-1. Mean 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),
......

i

' Waste burial ground and date backfilled
,-- .......... 'l i ,.,

• ' _ Plant taxa 216-S-4 218-E-8 216-A-9 2i6-A-6
1956 1959 1969 1970

, ii ii ii i

, Annual grasses ,,

Bromus tectorum (cheatgrass) 63,8 (2,6) 66.9 (12.6) 49,1 (15,4) 0.05 (0,05)

Festuca octaflora (six-weeks rescue) 0,08 (0,08)
L i i i i

Perennial grasses ,

Pua sandbergii (Sandberg's 2.9 (0.5) 2.0 (1.3) 1,0 (0,9) ,

bluegrass) ...... ' , , ,,
Forbs

Salsola kali{Russian thistle) 0.06 (0.06) 1,8 (I,I) 24,2 (1,3) 44.6 (0,3)

Sisymbrium altissimum (Jim Ilill 0.05 (0,05) 8.2 (1,9) 1,0 (0.9) 0,03 (0,03)
mustard)

Descurainiapinnata (tansymustard) 0,2 (0,2)

Cryptantha sp/(white forget-me-not) 0,03 (0.03)

Machaeranthera canescens (hoary 2,7 (1,7)
aster)

Lactuca nerriola (prickly lettuce) 0,03 (0.03)

Epilobium sp. (willow-herb) 0,03 (0,03}
i i iii,,,J ,

Shrubs

Chrysotha,nnus nauseosus (gray 33,2 (6.7)
rabbitbrush)

Totala 71,5 (4,9) 51.7 (7.3) 54.4 (12.2) 44.6 (0.3)
....

aEstimated as a total and not the sum of species cover, PST87.3337.A.I

Mycorrhizal ful:gi (which form a mutualistic symbiosis with plant roots) aid in water and nutri-

ent uptake by plants, particularly in phosphorus uptake. These fungi may play a major, determinis-
tic role in plant community development on disturbed land (l,oree 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% ortho plant cover on an undisturbed
sagebrush-grass site consisted of mycorrhizae hosts while on ly !% of the plant cover on an adjacent
disturbed area was mycorrhizal.

Species dependent on vesicular-arbuscular (VA) mycorrhizae I'or uptake of phosphorus and other
nutrients may be poor competitors with nonmycorrhi_al species when seeded concurrently on soils
depleted of inoculum (Loree and Williams 1984), Succession to a mycotrophic perennial wheatgrass
association may be retarded on disturbed areas by the combination of low mycorrhizal inoculum and

o

high densities on nonmycorrhizal annuals such as Russian thistle (Allen 1984), Application of VA
mycorrhizae to 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).

, A-3
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Comparatively insignificant in number, autotrophic bacteria are immensely important in nitro-
gen fixation, nitrification and sulfur oxidation. The symbiosis of legumes and nitrogen-fixing bac-
teria of the genus Rhizobium is well recorded in [,he agronomy literature, Lupinus and Astragalus
species, which recover fairly rapidly fifllowing fire at the l lanford Stte, may accrue some of their
resiliency from symbiotic, nitrogen-fixing bacteria, '['he presence of free-living, heterotrophic nitro-
gen-fixlng and nitrifying bacteria, Azobaclor and Nitrobactor, respectively, could also augment soil
development and thus plant growth on disturbed sites,

Inoculation of protective barrier topsoil with nitrogen-fixing bacteria and infectious soil fungi
may help accelerate plant succession. Cundell (1977) suggested inoculating mine spoil with free-
living heterotrophic nitrogen-fixing bacteria to stimulate perennial grass establishment,, if soil

water is limiting, however, an organic amendment may be more critical than topsoil inoculant to
stimulate the growth of nitrogen:fixing and nitrifying bacteria populations (Fresquez and
Lindemann 1982).

A.3 FERTILIZER APPLICATIONS

Fertilizers are commonly used in revegetation to supplement nutrient-deficient soils. Other than

poor s0ii moisture retention, limited available nitrogen, low organic matter content, and near-neutral
pl l are perhaps the most important edaphic characteristics of 200 Area soils (Rogers and Rickard
1977}, Although calcium carbonate illuviation is apparent 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 pl l of 7.7.

Nitrogen is the most limiting nutrient in 200 Area burial ground backfill. For remedial stabiliza-
tion of I lanford Site burial grounds, wheatgrass cover was considerably greater with 40 Ib/acre
nitrogen application than with no nitrogen supplement. Initial nitrogen fertilization may not be
advisable for the establishment era shrub-grass mixture because of high variability among species in
nitrogen response. Supplemental nitrogen may reduce specie,, diversity in un emerging stand. In
general, weedy annuals and perennial grasses respond vigorously while woody species are little
affected (Berg 1980).

Levels of phosphorus, a relatively immobile soil nutrient that ix particularly important lhr
seedling establishment (USDA 1979), are considered adequate in soil borrowed for burial ground
stabilization when compared to soil fertility standards. In addition, phosphorus fertilization may
retard VA mycorrhizae infection. Conversely, a soluble form of phosphorus may enhance seedling
establishment for ali species in a mixture.

A.4 IRRIGATION

Supplying additional water by irrigation is often necessary for adequate establishment of peren-
nial species in areas where precipitation is irregular or rarely sufficient. Moderate irrigation rates
can stimulate cool-season perennial grasses and thus inhibit the productivity of annual weeds such
as Russian thistle (DePuit et al. 1982). The amount, frequency, 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.

11"not controlled, irrigati(m can prove disadvantageous. The conceptual protective barrier is
designed to retain the 100-yr maximum annual precipitation (30.1 cm). 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 capacity of the site. Consequently,

when icrigation is curtailed, plants may become overly stressed, Root biomass may be concentrated
near the soil surface, causing inefficient utilization ofdeeper moisture Following cessation of irriga-
tion. Sustained (second year) irrigation may lead to a less diverse community due to varying
responses of species to the supplemental moisture (DePuit et al. i 982).

41

The mean annual precipitation at the l lanford Site is 15.9 em (Stone et ai. 1983). Much of this
precipitation comes as snow, some ofwhich is lost by sublimation, l,ess than 12% oi'the annual pre-

, cipltation comes during July through September, creating an extended growing season drought.
Supplemental irrigation, not to 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 apply to pretective
barrier stabilization, particularly gross reconttmring of landscape topography. ! Iowever, microtopo_
graphical modifications, such as furrowing, pitting, plowing, and soil imprinting, are intended to im-
prove the 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 to energy balance', the
balance of incoming and outgoing energy era plant. The temperature era plant is a Function of solar
irradiation, infrared radiation from surrounding objects, and loss by convection, latent heat of trans-

piration, and infrared emission. Plant metabolic heal. 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
tightly 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, un effective decrease in topsoil layer thickness--may outweigh the advantages. [lowever, gravel
mulch may impart somewhat analogous energy balance improvements. Ambient boundary layer con-
ditions in interstitial spaces at the soil/air interface era mulch may enhance seedling establishment.
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, AI'PENI)IX B
i

FIEI_I)-PI_OT EXPERIMENTAI_ I)ESIGN
4

Split-split pl0t (SSP) and split-plot (SP) designs wtll he used to test the following four hypotheses
* as part ortho gravel mulch field experiment.

i l I . Gravel volume will not affect soil water storage below the root zone (SSP design).

112- I)oubling oft, he mean annual precipitation will not inel'ease soil water storage below the
root, zone (SSP design).

113- Gravel volume will not alter plant abundance (SP design),

!14- Gravel volume will not alter evapotranspiration (ET) (SSP design). ,

Often SP or SSP designs are used wtlen physical conditi()ns make it impossible to completely
randomize a factorial experimental design, l,ogistic problems associated with the application of

!rrigation and vogotalAon treatments to the field plots necessitates this special design, An SP or SSP
design is also used when the experimenter is more intei'ested in one factor than in the others. In this
case, the effects of gravel mulch can be estimated more accurately than the effects el' vegetation or

precipitation. Using the SSP design, hypotheses II1 and 113 can be tested with more accuracy than
hypothesis 112 (! 14 requires an SSP design),

To test these hypotheses, soil water and plant species composition and abundance will be mea-
sured from the beginning ortho experiment, The ET indices will be measured as instrumentation
becomes available and will be adaptc, d to the conditions of this experiment. Each hypothesis will be "

tested using an P-test from the appropriate analysis of variance (ANOVA). Soil water storage and l_'I_
data will be analyzed using the SSP ANOVA. Ali three factors in the treatment structure

(precipitation, vegetation, and gravel) will be compared. The Si ) A NOVA will be used to analyze
plant abundance data because vegetation has been eliminated as a treatment. Only precipitation and
gravel mulch effects on plant abundance will be compared.

The ANOVA model for SSP and SI) designs may be specified in two ways. The data can be fitted
either to a full model, in which ali possible treatment interactions are included, or to a reduced model,

in which treatment-replication interaction effects are not included. The full ANOVA model approach
gives exact F-tests with a small number of degrees oi" freedom associated with the denominator. The
reduced model approach gives approximate P-tests with many more degrees of fl'eedom associated
with the denominator. The most desirable test would produce exact I,'-tests with runny degrees of
freedom for the denominator. Because this is not possible, both models will be computed. Full and
reduced models and related ANOVA information for the SSi ) and SP designs are included in
Tables B-I through B-4.

Subsampling within the 5-m by 5-m plots to obtain estimates of plant abundance, I,,v andA Jt p

possibly soil water, will require applying an expanded SSP full model (Table B-5), If equal numbers
ofsul)samples per plot are used, the tests of hypotheses will remain the same. I,_qttal-,_ized

, subsamples ensures 'simple' statistical analysis and interpretation (_fdata,
,i

Ii.l
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Table B-I. Full Analysis of Variance Modeland Table for the Split.Split-
Plot Gravel Mulch Field Expertnmnt,

YIjl_m = bi + Irt + Pj + (RP)Ii + Vk + (l{V)lk + (PV)jk + (RPV)ijk +Gm + (RG)lm

+ (PG)Jm + (RPG)IJm + (VG)km + (RVG)lkm -I- (PVG)jkm + (l{PVG)tjkm
+ o(Ijkml

w he ro

Ytjkm "- Water' storage or plant measurement taken on a plot that has a_stgned to lt
replication I, irrigation method 3, revegetation method k, and gravel volume m.

p = Overall mean

Ri =, I_.epllcatlon etl'oct for level I, where i = 1,2,3

Pj = Irrigation effect for method j, wh_._rej = 1,2
Vk = Revegetation effect ('or method k, where k = 1,2

Gm = Gravel oflbct for w)lume m, where m = 1,2,3

{PV)jk = Interaction effect of irrigation mothod.i and vogt_tatlon method k

(PG)Jm = etc,
elclkml = Error Ibr' split-split-ploteffects,

Not,aLien Used for I_]_peetod Mqan Square

(iRl, - Random error due to lt,xP interaction

(bl, = Component ofexpected mean square (EMS) duo to fixed effects of irrigation, 1_.

In general,

OI'acrer : Random error due to'factor'

(bl'acu_r = Component of EMS due to fixed effects oi" 'factor',.................... . .

Ellhcts _luruo l)ltgrolm iii' II) cit(le EMS F-te_it (tit' i, dt_.t) I,'.staUstiuI'r_e,' ,_,l (J.05 level
,=. , ,, ,,, . ....

Wt*lolo phlt Ii,, 2' ,% ao + 12 (iii A/F, li,Iii* --
• .: .... • ...... jj ,, ,, .....

Pl 1 !i o,, + 6 otii, + i I_*ht' PIE 1 I 1,21 18,5
,,, , , ,, ,, ............ . ,, -. .

(Irl% 2 k'l o. + 6 ot¢1, El/i*; (2,0)* -,

' Spllt-t,lo_ Vk I V o. _:'ttoi<v + 184)V _//liV li,li 11"1,5
., i , , , . ,

IRVilk 2 RV ep + 6arv RWE 12,01' .-
, u,,,, , , i , ........ ..... , L |, ,,, ,

(PV Ijl 1 PV'"' ao + 3 oRi,v + 9 _l,V PV/E2 (1,2 ) 18,5

iRl'VI,i k 2 E2 a,, + 3 orl,v E2/E (2,0i* ._

Split.splil. plot (_]m'_- 2 (] ep + 4 oll(:i .t. 12 ti)i I G/RG {2,4) 6,94
'" t. ,,, ,, ' ' "

1 ' (R(])m, _ 4 |{(_ 0,, + 4 (1RCI RG/E (4,('i1' ..
....... ,., ,, ,,, ,

.... lP(]lira 2 P(] o, + 2 otlmO+ (l<lq,v I'(I/I¢,PG (2,4) 6,94, ...... -

illP(lium 4 !{.1_(] ao + l OiU,O RI)G/10 14,Oi* --
. | ., , . , , , ,, , , ,, ,

IIi/(])km 2 _'V(] o,, + 2 olIVe + li (lIVl:l V(]/l{V(] (2,,ii 6,94

{F.V(litkm ,1 RV(I iii, + 20IIVtI li_/'(]/E '4,01* --
, ,

(PV(l!ikm 2 PVII n,, 4- 2 oRI,VII + II _III,VCi PV(]/RIW(] i2,41 6,94
.... ,. , , .... , - _ _

IPV(liilk, u 4 RPV(I iii, + 2 nRl,Vi-I ItPVG/I'_' (4,()i* .- ,
,,, . • ,,, , ........... , _, , , --

u_llml , 0 E o_,(mit retriuvablul ......
..... , , ....

• Test cannot be computed r,staa.ilT_.a.1
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Table 1:1.2, I{odueod Analysl_ or Vartaneo Model tLn(tTable tor Lho SpltL-Spllt,-

Plo_ Cir_IvelMulch l,'lold I,lxpol'imunL,

Yljkm = kl + I{i + Pj + o(Ij)+ Vk + (PV)Jk + o(IJk)+(]m + (P(])jm + (V(])km
, + (PVG)Jkm + o(Ijkm)

, where

o(ijl = l_rror ror whole ploL elTt}cLs

Olljk) = l,]rrorfi)rspllt-pl(_t(Jrfi_cts

(}(IJlcm) - l_rror ['or spllt-spltt-plot(}l'roeLs,

Ali other notutlon was proviously defined in Tublo I]. I.

1..........................

Dogroo_t of I[)eodo I_]MS l,',tost (dt'l, dt',,) le'sLutl_ltt_t,,'t1'oeta _uruo I'roedom " 0,05 h_vot
, , , i l • • ,ii iii II, 1_ li l I I I [ ( _ l ] I

Whohl l}loL i{, 2 A o. + a % + II oi + I'_ oI_ AIW 1_,_) 19,0
, t , ,, ,,, , ........

Pj I P o., + 3o u + 11oi + 18_lh, PlWi 11,2) 18,5
.L_ • , .JL , ,, .. l . I I "

2 Wl o,, + LIo,a+ 601 WI/W 12,41 1t,94 "
OI, U! . .i. l , J , ,, , , ,, ,, ,,| ,, , , ,, ,,

"Sp-iIt-plot " Vk I V o,, + 11o._+ lfi#v VIW'2 (I.4) 7.71
. lt J i ,, , ,, ,,, ,,

(l'V)_i ' 1 PV o,, + ;lo,j + 9 _lh,v I'V/W2 11,4) 7,71
, .... , , , , , ,, , |,,, . i,

Ul,lkJ 4 W2 o,, + li ou V2/W 14,1t11 _i,OI
, ...... .,, , , , , , , , ., .-

'SpIIL-apiiL phil, d m 2 (] o u -t- 12 _IJCt , , , C]/W 12,1t11 [I,611.... - i .. , r , ± , . ., . .-- ,i

(PGlu. 2 P(] % + 6 ilh,(t I'(]/W 12,11}1 _I,IIL_
. , , , t i,,, , i , ,, ._ ,,

, (V(]lkm 2 V(] % + (l_Vu V(I/W 12,11}1 a,l_;l

, , (l'Pl]ljk,,I,,,,,, 2 PV(] ,_ ,0 u +,, 8 _I)I,VLI 'I')V(]/W I 12,1(t1, 8,6_1,,,,,

O(ijkml ' I l} W or, ........... ,

P_$T88.] 1 "/9.11,2
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Table 11.3.Pull/XnalyH[.ol'VarlancoModol and Tablo for'l'oHtlngSl)llt.l_lotl!31Tocts

, of lh'eclpltal, lon and Clm_w_lM uh]h on Plant, Abundanco,

¥1jm = I_ + I{i + I"i + (It,P)Ij + Cim-t' (l'l,G)lm + (l')G)jm + (It,PG)tJm + _lljm),

..... :, .... i, , -:_,.. : : : ---: t,_m_.._ =,.,. i_ , , :, " ' •

1,311'ucl_ _lur0u DoW uo. o1' 111eoclo I_M_ I,'.to_L (dt'l, dl_j) Ii""tlLl'liJLhJ
I'roodom (),0{_h,vol ,,,

Wh.lol,l.t i_, _ A o,,+_.t_ ^/i,: _'_,0v, ..
I

, , L I I ....... ' . J ' [ ' III . -- _ _ ......

t'_ I I' .,,+_o,,,+9,1,,, I,)_'i-" (I,'_ !a,_
, q

(l't,l'l,j 2 I_1 ct,,+ li o(u, kill,.; 12,0)t' ,.
.... _ . ;: . .: ,.,..,_. :.. ; _ ,,,,,

11((11,,. 4 ' _ I(_ % + 2 ollU ll(]li_ ,'1410111 '°

(t)(l))m 2 Plt o,, + 1om,(i + LI(l_l,_l I_(]/IIPlt 1_,41 1i'94

(RP(]),Im 4 II,PC] (Io+ iOIIJ,Cl RPlllI_ 14,0)" ,., ,

,,Te_tca0-mot,becomplotod. PST_.]t"_.n,_

Table B-4. Reduced SpilL-Phil, Analysis or Vartancu M(._doland Table for To,Ling
ProclplLaLton and Gravel Mulch on PIunL Abundance.

+

Yijm = IJ + l{i-l" Pj + o(;j)+ G=. + (PG)jm+ o(ijm)

where

olij) = I']rror {'or whole plot _{'{`ect.
o(ijm) - l,,'rror {`orspill ploLelTocLs,

Ali oLher noLaLJonw_tt_provh)u.ly do{`ined in Tablo P,-1.

I,.'lt'ec.'t. _)urcu Dugreut_ut' II) e|lch: I,_MS I,'.to.L (cii'l,clga) l".statistlcI'reedom , 0,05 level
...... __ , ,, ,, ,_ , ,, , ,, , ,, , , , , . ,,,,,, , , . .

WholophiL K, '2 A o,,+ _1uI + 1;o1¢ A/W' (2,2) 19,0

i!_ I' P . o,,+_1o_ +9,I)_, P/WI (I,21 18,5

ou 2 Wl o,, + ',1o_ WI/W (2,4) ' 6,94

, ,,,q , ,,...._ , , , ,,: ,,: .-:

(P(.])_,,, _ I'(; ,,,, + :1 ,l,,,t..!.. , I,(]fW (2,Hl 4.46.................. ,

elOjllll ......... _ ' Iw (ill , " ..... ,.............. , , ,

P_T81t.] 179,B,4
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Table B.& Expandocl Split.Split.Plot Pull Model and T_Lblofor Plant Abundance
_lndSoil Water Subsampllng Within the 5-m x 5-m Subplots,

YUk.I = P + I{'1-F.Pj + (I{P)U + VI{ + (ItV)tk + (PV)jk + (RPV)IJk-t- Elm+ (I(Ct)I.I
. + ,(PG)j,u+ (l{PG)thu + (VG)km + (I{VG)II¢.I-t-(l_VCJ)jk,. + (I{I)VG)Ijt_,u

+ Otljkvql + eqlljkm_

II

whore

YlJkm = Water Htov'v,go(w plant mea,4uremontq taken on a plot that hauas_tgnedto lt
replication i, irv'tgutlon methodj, rovogetuthm mot,hod k,_=ndgravel volume m,

ulijkm) = I,]xpertmontal'err()r (not retrieve:bio)
eqlljkm ) = ()bt_orvattonalorrm'

' o(I.tkmq) = eljkm + eqllJkm_ (the combined ot'ror_ _lv,e not aLl(really slmpler to use)

'
.... , , , ,.,, u,,, , ....... . ........ ,..... , .................... " ,:::.L,,, i.,. .

EIl'ee_ _ur(.,e llegr_. (d' i11cod_ EMB I,'.te.t ........ I,'..tatlHtic
I'roud_Hn , i(ll I ,ui,j_ 0,11_Iow_l

.... _ : , ,, ,,L,,_.,.... : i,L, ,_c t, : - - ........

Whoh_plot I1', _ A ou + 12ol1 A/E 1'2,1)1 ..
,, , - : : : , ,, _ • .: :: ..... ,,, ,u ,! '. '

Pl t I) oo + H oi(j, + IH (hl' PIE I ( 1,2) IH,5

,, ,l,,,,i, i _ , ,,, ,l, ,, ,, ,_ ,,, , , ,_ _, ,

Split.plot V_ I V o_+ 11oi¢v .t- IH@v v/RV 11,2) 1t4,5
u _, _ ,,,,,, , . ,, , _ ,, ,,, r- : : . .......................

' |{Vl0k 2 l{V o,,+ IIOl¢V RVIE (2,l)l ..
, [L I I ] , _, ' ' I ,Z , ,,_ ..... _ i , I I l ' H I ' _J ' iii : . . , . T_Z C ,

(PV)jk 1 PV iOo+ li OlLI,V+ 9tN,V PV/E2 11,21 lH.5
, , ,, ,,,L • : _ , ,, ' , ,, ,,,,L , ,L _ _,,_ ,j, , ,,,,

(I1'PVltlk 2 E2 oo+ li ol_.l,v E2/E 12,1)1 ..
i ,,,,, ,,,_,, ,,,,, , ,, , , ,, ,,, ,

Spllt..pllt plot (1,. 2 (l o. + 4 oictl+ 12_c'_ (]/Rt] 12,41 tt,94
,,,,,,,, , ,._,.,_, , ,,, , , , , , , ,m . , ,, | , J ,' ., _,,, , ,, : "

(IIG 1,.._ 4 tt,(3 o, + 4 o1((:1 I{(t/I!', 14,1)) ..
, ,, , , , . i,, ,_ .J ,,i ,., , _ ....

' (1'!(1)1._ 2 1'(1 r_,,+ 20ltl,tl .t- ii _1'(I I'(1/1{1'1t 1_'4) 11.94
, , ,,t,= . . ..

. , ......... :t,L , t, _L_.,

(ItI_L]lq,. 4 I{.P(I o,, + 2OlLI,{I t_.I_CI/I,: 14,1)) ..,,, , , ii , : , i i ,, , ., . , i .u,,,,, . ,,

(VG)km _ V(] (h,+ 2 Oily{I + 6_l'Vtl V(]/llVd 12,41 6,94
,.,, ,,,,L , _ ,,, - : _- -

([_V(lllkm 2 PV(] o,,+ 2 ot¢I,W]-F.11'tq'V(I PV(I/I{PV(] 12,,11 tt,94, ,,,,, u, ,, , ,,

ti1,PV(lluk., 4 RPv(]" (I,, + 20l(i,V[ I I(PV(I/E {4,11) .-

O(ilkCtt(i) [) = [Ht(Ii-I ) ii: 11_, •.....
............ ..................................

PSTilS.1179,_.$
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API'ENI)IX C

THE USE OI4'GAS EXCHANGE TO MEASURE ANl)
, MOI)EI, EVA POTItANSI_'I RATIONi

' C.I INTRODUCTION

The small.tube lysimeters (Section5,0)wore designedte beconnect,cd to a gas,exchangemeasure-
mont system for the purposeofconducting experiments on variables that control oval.)transpiration ,
(ET), Evapotransp[ration is the Ieus of water from an ecosystem to the atmosphere, lt is the major
source of water loss from arid ecosystems (Campbell and l larris i977) and the most difficult Lopredict

, because of the many factors Influencing plant transpiration, I_rodicttve models o1'E'Pmay be critical
to the successof tile Protective Barrier' l)ovolopmont Program (Soc'Lion5,0). Gmr-exchangetoch-

_j ' tnoiogy provtdes the capability to directly measure I,'/P, t orhapsoi greater importance l'or the Proto(l.
Live Barrier I)ovolopnmnt I_rogram, the combined lystmetor/gaS,,exchango measurement systOm can
he used to control environmental driving variables or ET and thus aid in developing flmcttonal
relationships Ibr modeling purpo_es,

Early gas-exchangesystemsconcentratedon controlling C()_Iand tomperat,uro within chambers
over crops (I,ouwerso and Eik houdt 1975; Brown and Trlica 1977; H,odmann 1978),, Those systems
were not able to control ET und could not measure tt accurately because oi'inaccurate sensors, P,ocont

, improvements allow for the concurrent measurement and co_,wol or temperature, wind speed, CO2,
and 1120 (Caldwull et al, 1983), which makes it possible to develop functional relationships between
ET and its environmental driving vartabhjs,

Gas-exchange work would proceed in tt_roe phases. 'rho I'irst would be to Lest the soul connecting
gas-u×changu chambers to lysimeters. The second would be to check gas.exchange measurements
against lyslmeter weight change estimates of I,_"r,The third would be to design experiments, in co-
operation with contributors Lothe d0volopmont oi'barrier performance models, such aMU NSAT-I!
(li'ayor ot al, 1986), h_='the purposeorparametorizing predictive modelsor ET, An oxtmrtmontal plan

' will be prepared during fiscal year (FY) 1988 that doscribqs this work in greater detail,

C.2 GAS-EXCHANGE SYSTEM I)ESCRIPTION ANl)TESTING

, (]as exchange will be monitored by placing a chamber over the entire lystmotor surl'ttce, Com-
puters will bu w4od Locontrol the chamber environnmnt, serially sample gas_ and log data, Ambient
at="wtll be drawn from a height o(3 m by oi l lo_s compressors and passed through heelless dryers and
into a large pressurized mixing tank, The dryers remove a subst=tntial portion of the CO2 and water
vapor, To compot_sato i'or t|iis, as well us for C(),2uptake by plant, s, pure C()2 will be metered into Lhc.,
Incoming air to supply 350 p/m, Ali air.line components will be constructed oi'stainless-steel piping
or Tel]on* Loi)revont adsorption ol'CO,,_and 112(13hmmeLal, 1980). Flow rat.OHwill l)omeasured and
controlled with computers.

I

Chamber walls will be com,tructod o(acrylic plastic (:_)atodwith a (:lear Teflon Film, which reduce:,
phot.synthothically tt('tivo radiation by only 5%, NonsLainlvss st,eel comp(mt_l_tswit,his the chambers

. will bf) nickel plated to reduce gas adsorption (Icl(mm ot al, 1980), Chamber air samples will he

*'l'ellon is a trademark o1'E, I. dupont do Nomours & C,omt)any

C-I
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pumped to an Infrared gas analyzer (IItGA) for C(),,l measurement and inte a (lewpolnt hygrometer fl)r
1t20 measurement, Computer-drtwm, water-cooled heat exchanger_ dither will control chamber tem-
perature (,o a set i_)tnt or will truck ambient air temperature, Thtn-wl:'e thermocoul}los will be ran-
domly placed to measure chamber air temperature, canopy Ioai' mesopyll tomperatul'e, and cuLt-tide air
temporat, ure at canopy height,

Relative humldttyofthe ambient _anopy air and air entering and returning t'i'am the chamber
will be measured with a thin-film capacitance s_,_nsorand a dewpoint hygr,imeter, respectively, The
capacitance sensor provides the signal for controlling chamber humidity when tracking ambient
conditions, Chamber humidity will be controlled by varying the l'low ratei)f Incoming dry air, Air
lines will be lnsulatedand/or heated to prevent water vapor condensation, Photosynthetically active
radiation will he measured at a height of 1,5 m,

Analog signals will be digitized with a digital data logging system, Data will be acquired every
10 s, averaged over a 5.mtn ported, and stored on a floppy disk with a microcomputer, The program
controls solenoids fur the serial interrogation ofchamber._ and for periodic automatic recalibration of

the IRGA, Chamber temperature, relative humidity, and flow rates will be controlled by the CRTX,

The first of four gas-exchange chamber tests will be to seal the chamber over a nonevuporattve,
inert surface and operate the _yst,em to determine If zero 11_O anti Ct),., exchange can be maintained.
The seals connecting the gas-exchange chamber to lysimot, er prototypes Will be tested second, lt must
be established that measurements of 1_"1'in the chamber are attributable to the lysimetor column and
not to leaks,

Tim sensitlvity of the system to known water loss rates will l)e tested, Evaporation loss from u
surface will bo monitored concurrently by the gas-t_×chango uy._tem and a poromotor placed tnstdo the
chamber, The amount of water monitored by the gas-exchange system integrated over the ()bserva-
rien period should correspond to that observed with the poromeLer (Tranquil llnl und Caldwell 1972),
Carbon dloxido exchange will be vortfied in the fourth Lest by metering it into a chamber at a known
concentration and i'low rate, =The amount of CO2 measured 'with the gas-exchange systems should

correspond with the metered source,
i

+

C.3 COMPARISON OleGAS-EXCHANGE ANl) WEIGHT-CHANGE
ESTI M A'I'ES Oi 4_EV A PETRA N SPI RATI ON

The accuracy of ET measurements using the gas-exchange system will be checked by comparison
with lysimetor weight changes, This will be done by weighing lysimeters immediately belbre and
immediately after a session of monitoring 1,1'1'with the gas-e×change system, The environmental con-
trol mechanism of the system will be similarly tested by comparing weight changes for lysimeters
with and without the gas-exchange chambers attached, Observations will com,_ist of' steady_,stato
measurements o1'ET rates under conditions impose d by tlm control mechanism of tim gas-o,,¢change

system,

lly imposing standard environmental conditions on lysimeters with the control mechanism, the
gas-o×chango system can also be used to measure gravel mulch treatment ofi'octs on ET, Standard
conditions will consist ofconstanl, wind speed, vapor pressure, humidity, and high light. Ali 80 lysi-
meters could be monitored by moving thtJ chamber from lyslmetcr to lyslmoter. The monitoring

would be reduced substantially with a multiple chamber system. 14t_causo trt_atmonts will ht_ ran-
do mly assigned t,o lysimeters in the fie ld, the effect oi' Limo wt li a I,,,;obe randomized,

i=

i
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C.4 EVAi_OTRANSPIRA'rION MODEL DEVELOPMENT

The unsaturated soil moisture flow code, U NSAT-li, has been developed to help quantify the
potential for water drainage through barriers (Fayer ct al. 1986). The plant/water relations compon-
ent of UNSAT-II, which was based on data from 2 mo ofcheatgrass growth, limits the usefulness of
the code for predicting long-term drainage. The purpose of this phase of the ,,_tudy would be to mea-

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

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

Evapotranspiration can be quantified in two ways; each provides only part oftheanswer. Evapo-
transpiration can be measured either at the community level or holistically or can be considered tile
sum of soil evaporation and plant transpiration. Community-level data integrate plant and soil
losses but do not lend themselveswell to the parameterization of mechanistic relationships. Separate
soil and plant data allow for mechanistic parameterization, but fail to account lhr community-level
synergism. Because U NSAT-lt requires mechanistic descriptions of the ET, soil and plant model
development may need to be done separately, while model validation should include correlations of
model predictions with holistic measurements, Soil and plant components can be measured
separately with a combination of lysimetry and gas-exchange techniques, Estimates ofcommunity-

' level ET may be possible with lysimetry (water balance), micrometeorology (energy balance), light
detection and ranging, and/or short- and long-range multispectral remote sensil_g.

C.4.1 Mechanistic and Empirical Models

The problem in writing differential equations describing the separate responses of plants and soil
to the environment is determining the functional form and parameter values for the equations.
While mechanistic formulations will be used, their paramcterization will be based on empirical data.
In a strict sense, mechanistic models break system processes down into individual physical and
chemical components and then try to explain the behavior of the system from component interactions.
At present, formulating a mechanistic, ecosystem-level model by this strict definition is not possible.
ilowever, combining the best eflbrt at a mechanistic model 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 ibr them are not constants as in a
fundamental physical law. For this reason, parameters for model equations must be determined by
control led experi mentation.

C.4.2 Factors Controlling Evapotranspiration

Ewiporation from the soil surface depends on several soil properties, soil water content, surface
I

litter, cryptogam 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, stomatai conductance, and leaf area. Ifa plant can acquire

• adequate water by root exploration, it will transpire at rates controlled by plant liquid water conduc-
tance, stomatal conductance, and leaf area. Transpiration will decrease as the water supply is
reduced.

=
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Plant liquid water conductance is mainly a function of root temperature, the depth of usable
water, and species. Root growth is controlled mainly by soil temperature, nutrient status, soil water
content, carbon gain, and genetically determined species-specific phenology. Stomatal conductance is
mainly a function of light, temperature, vapor pressure deficit, leaf water potential, Iear'age, wind
speed, nutrient status, acclimation to current environmental conditions, and specie,_ effects. I,eal"
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 eh)sure because of water stress necessarily restricts ' I

the supply of CO2 to the plant. (A literal:ure review ofstomatal models and the biotic and abiotic
factors controlling stomatai conductance are provided in Appendix I).)

C.5 EXI*ERIMENTAL AI)PROACH

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 through the season, while others change rapidly on a diurnal basis. The basic strategy
for establishing parameters ibr transpiration will be to construct multidimensional responsesurfaces
at points through the growing season and to consider such parameters as a function of slowly
changing determinants. Some of those 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 described below I)evelopment of treat-
ment structures for these model parameter-establishing experiments would be premature at, present.
The design of these experiments must be done in concert with the U NSAT-! i refinement tasks and
community-scale ET experiments (Adams and Wing 1987),

The experimental units for the model parameter-establishing experiments will consist of multiple
gas-exchange chambers affixed to the small-tube lysimeters. The gas-exchange system can control
factors :;uch 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 CO2 (greenhouse effect) is desired, i,ysimeLer weight difference_ will be used to estimate
water storage changes, l,ysimeters with and without vegetation will be compared to measure the net
effect oi"plants, l_oot growth and wetting fronts will be monitored with fiber-optic periscopes, l{,oot
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, l,eafarea will be measured nondestructively with an
automated inclined point frame.

C.6 COST

• _

FY 1988 a FY 1989
Category -

MAT MP MII I MAT MI* Mil
,,

Multiple gas-exchange system materials
Chamber materials 2.0
Air conditioning _ 12.0
Fh)w controls 6.0
Infrared gas analyzer 14.0
Air compressor 4.0
! loses and sensors 5.0

j .... ,

System construction and testing 27,0 500

Data acquisition and model development 5,1.0 1,090 •

!reports and i)re._entations 21.6 .t00 _ 21.6 100_,.
Technical editing 8.6 160 8.6 160

Yearly totals .12.0 ' 57.2 1,060 83.2 1,560 •
Project total 182.1 b .....

_Codes: MAT = materials, MP = man rower, liltS = manhours.
IJCosts in dollars x 1,000. PNl, manpower conversion, = $5,1/h.

C-4
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APPENIJIX I)

REVIEW OF STOMATAI, MOI)EI,S ANl) FACTORS
, CONTROI,I,ING STOMATAI, CONI)UCTANCE

, ILl STOMATAL MOI)ELS

Most models that focus on stomatal conductance usually consider only one influencing factor.
Multivariate models ofstomatal conductance are fewer. The model of Avissar et al. (1985) describes

the response of stomatal conductance to abiotic factors, while that oi' Kuppers and Schulze (1985)
couples the responses of CO2 assimilation and st0matal conductance to abiotic factors.

!). I.I Model of Kuppers and Schulze (1985)

The model of Kuppers and Schuize (1985) is a recent model that couples CO?, assinlilation and
stomatal conductance to environmental factors, lt predicts diurnal assimilation and conductance I'or
Pinus silueslris 1,. lt consists of two submodels, one describing Lhc response of CO2 uptake to light and

temperature, the other describing the response of leaf conciuctance to temperature and humidity The
s_lbmodels are joined via the linear relationship between C(),z uptake and leaf conductance at short-
term variations of light. From the humidity response of leaf conductance and the demand function
(Ra,_chke !979) oi'CO2 in the mesophyll, the effect of stomata on the diffusion of CO2 between leaf and
air is determined. The end point of the analysis oi'this model will be to provide an estimate of inter-
nal CO2 concentration as a I,unction of light, temperature, and humidity, Because the diffusivity of
CO2 can be correlated with that of some gaseous air pollutants, this model should also provide predic-
tion_ of air pollutant internal concentrations. Carbon dioxide assimilation was related to light and
temperature as follows:

t Jl-Ul I"Ic<7'_ (!)A I,,I,_ = Amax_7, _ I -e

where

ACt,7,; = Light responseofCO,2assimilationatagivenleaftemperature
T = l,eaftemperature
/ = Light

A,n,x(,i,_ = The light-saturated response oi'CO2 assimilation to temperature
lerT'_ = l,ightcompensation pointat T.

The parameter, al, determines the curvature of lhc light relationship and we.,; found to be inde-

pendent of t:emperature.

¢

The light-saturated response of CO,2 assimilation to temperature (A ,,taxiT)) was described w lth the
following polynomial regression:

- c "'=' ,, (2)
maw7'1 2 , 4i

t
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and the temperature dependence ortho light compensation point given as

("J' + *_ (3)/ =e
c('I')

lh

With these three equations, describing the response surface of CO2 u'ptako to light and tempera-
ture is Ix_ssible,

4

Independent of the above submodel, the temperature response oi'dark respiration was deternlined
as

A('I'J = o) = -uS 7'u9 (4)

In the second submodel the response of leafconductance to temperature and humidity is deter-
mined. The response of leaf temperature at low leaf-air vapor concentration differences (dw) was
described as

_. e(b IT+ b2) (5)
g mo_'/'l

where

gmazf'P) = Response ofleafconductance when it is maximal because of low dw (d = delta) to
leaf temperature,

'l't_e relationship between leafconductance and dw was described as a '('eedforward' response as
Follows:

g_dwJ = Ig,,- (g*ldw*)dwl/I !' - (2 -g,l[_,*)dwldw*l (6)

where

dw* : I,eaf-air water vapor concentration difference at which transpiration is maximal
g* = Corresponding leafconductance.

l,'or the determination of w*, a regression of the ty pe

( b3dw + b4) (7) ,
-I-e

cdwl

was determined. F,xtrapolation to dw = 0 yielded g,,. The position ot"maximal transpiration is given
by w* = b_- ! Thus//* can be determined and with it Equation 6can be solved.

i)-2
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The two submodels can be linked at any given combination of light and temperature as follows:

{I lA,,,A }g(I.7'l = gmax(7') -- t4(A = 0/Pl ,,mx(7') + t4(A=O.T;

J

where

" gtA =o.'/') = I,eafeonductance at light compensation for C()2 uptake.

lt was found that gtA =off') was linearly related to gmox,'/'l and could be paramoterized as

(9)
(IIA =0,T) = p g maxlTI'

The relationship between assimilation and conductance is given by

A = (C.a - C)gdJI,600 (10)

where

C(, = AmbiontCO2
C, = Internai CO2eoncentrations.

The factor 1,600 accounts for tile difference ofdtffusivtties of l120 and C()2.

For different leaf temperatures and light levels it was assumed that, the relative response of stom-
ata to humidity did not vary. IAkewise, a similar limitation oi'C()2 assimilation because ofstomata
was assumed for thesame dw, but different temperatures and light levels, The prediction oi"

transpiration (E) is dependent on the vapor pressure gradient (upg) and stomatai conductance and is
given by:

) (ll)E = upg g dto

I). 1.2 Model of Aviss_r et al. (1985)

The previously described model of Kuppers and Schulze (1985) is very accurate, but is perhaps
somewhat involved, lt also does not include the effect (_t'water potential on stomatal conductance.
The model of Avissar eL al. (1985) includes a relationship between soil water potential and stomatal
conductance in addition to the effects of vapor pressure deficit, temperature, und light, lt is simpler
and dees not consider assimilation, lt als()is not quite as accurate, but may be acceptable. This model

relates stomatal conductance to solar gh,bal radiation, leaf temperature, vapor prussure gradient,
ambient CO2, and soil water potential h_rNit'olanitzl(tl_tccum,

I)-3
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The general equation used to predict relative stomatal conductance is as fl_llows:

I I (12)dr_ = dsm + (dsM - dsm) fR/:li'V/'C/'p /d_M

Q

where

drs = Relative stomatai conductance (llls.I/ms -I) '

dNm = Minimal conductance that occurs through the Ioatcuticle when the stomata are cloned
dsM = Maximal stomatal conductance obtained when Stomata are completely opened.

l_aeh of the fi functions refors to the influence era specific environmental factor on the conductance (R
for solar global radiation, 7' for leaf temperature, v for vapor pressure deficit (vpd), c for air CO2
concentration, and p for soil water potential},

The mathematical expression used to for each oi' the fi functions is as follows:

-SIX, - bll { (13)I] = 1/ ! + e I

where

i = Environmental factor

b = Abscissa atf4- 1/2
, S = The slope of the curve at this point

Xt = lnl,enslty ofthe factor i.

To use this model dsm.I, d_M, b, and S must bodetermined, in their experiment d_,, = 0.05 cm.n
and dsM = 0.93 c,m.s-I, Values for b and S are found in Table 2.

To predict transpiraLion, drs must be converted back to absolute values (ds). The equation flJr
transpiration ts then

E = vpdd. (14)8

1).2 ABIOTIC ANl) BIOTIC FACTORS CON'rROIAANG
STO M ATA L CO N l) UCTA N C E

Most models ofstomatal conductance consider, at most, only a few of the environmental or bio-

logical factors that control stomatai aperture, Most models are specific for the condition,_ of the exper-
iment, such as the time ofyear or growing conditions, and are not easily extended to other conditions.
Models that can predict stomatal conductance taking into account ali the important controlling fac-

tors have not been found. Such a model would be able to predict stomatal conductance l,hrough the

life span or a whole growing season for various abiot, ic and hb)tic conditions.

I)-4
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The most important environmental factors eorttrolling Htomatal conductance are light intensity,
light quality, C()_ concentration, temperature, humidity, wind Hpood, soil nutrient status, and Iear

wator potentfal,

The response o(stomatal _onductance to the Intensity oawhite light is a saturation type whore
conductance Increases rapidly with Inltlal Increments of light and levels off'at Mghor light Intunsl.

+ ties, The exact form of the relationship ts dependent ml 1,he species and other factors the t control con-
ductanco (IIsiao 1975), Stumatal opening responses are ino_t responsive to light in the blue portion of
the spectrum wlth a peak o(uctlon extending from 4'20 and 460 nm and no action > 560 nm. Stomata

, will respond l,o this light at low Intensities (Ihtschke 1975), IAght In the green portion ortho spectrum
elicits un opening response only at high Intensities (10arquhar and Sharkey 1982),

Stomata tend to maintain a constant internal C()2 (l{.a.,{chke 1975), opening as Internal u(meuntra-

Lions drop and t_losing as concentrations increase (Sheriff 1979). Stomata also eh>so at high external
CO_ concentrations (l islao 1975), Closure at high C(),2 (mneuntratlons is mentioned because lt can be
unlntqnthmally Introduced in experimentation by breathing (I loath und Mansfield 19fl2), Expert-
menl, s t,<>define stomatal conductance relationships under natural conditions do not require the ex-

perimental variation oi'external CO,a concentrations, and care must be taken to maintain CO,2 at am-
blent levels during experimentation, Monitoring C(),., levels Is done hy infrared gas analysis,

The most common form of relationship between temperature and stomatal conductance is one
with ctmduetanco increasing to a broad optimum and then declining with Increasing temperature
(llsiao 1975; Avissar ot al, 1985), Other relationships have boon observed: ,decreasing, Increasing, or

no relationship with temperature (Sheriff 1979),
,

A direct relationship between the vapor pressure gradient and stomatal conductance was c(,nclu-
sively demonstrated and terms a 'foedfl_rward' stomatal response (Cowan 1977), The general form <_f
the relationship is a linearly (Warrit eL al, 1980), exponentially (l¢.oesslur and Monson 1985), or
'threshold type' (Avissar el, al, 1985) decreasing function with increasing vapor pressure deficit
depending <>nspecies and conditions,

Stomatal closure is induced by bulk lear water st,r0ss in a 'fet;dbuck' r'esponse (Cowan 1977) und
the form o1'the relationship ts general ly found to be a 'threshold-tyl_o' response (Avissar eL el, 1985)

with decreasing leaf water lmtentlal,

Wind spued influences stomatal c<mductancc, Some specie,,+ respond to increasing wind speed
with stomatal closure and some with stomatal opening (Caldwetl 1970; Kr'amer 1983), Those
responses are attributed to changes in humidity near the leaf'hecause of changes in the Imundary

layer (Sheriff 1979) or changes in the internal C()2 concentrations,

Reductions in stomatal conductance have been observed wil,h ctcllciencles in a wide variety oi'soil

nutrients: nitrogen, phosphorus, and potassium in parti<'ular (Sheriff 1979), l_lants al:+o rt_spond to
stressi'ul conditions of temperature and water sf,arcs hy 'hardc, ning' I,o the conditions, Ad.iustmcnts ira
stoma tel conductance is one manifestal, iml of hardening ira response I,o stress (Tazaki ut u I, 1980),

'l'he major biotic factors controlling stomatal c<>nduetance are physiological leafage and hor.

stones, The responsiveness ofstomates depends on tlm physiological age lfr the leaf, Sl,omata of older
, , louvre4 oi'some species de not open as rapidly or rts widely as those ol'yl)ungel' leaves (11siao 1975;

Kramer 1983), Tazakt (;t all (1980) found that thf., st<_mata (_l'(_lder mulberry leaves would not ch_su
The hormone, abscisic acid, ha.,+been flmnd 1.oinduce st,t_matal closure, usual ly ira associath>n with
water stress (Kramer 1983), In some plants, sl,(_rmtl,al cl(),,+t£reiu nel, correlated with at)scistc acid
levels (Ackerson 1980) bcl, may be related I,o otht_r substttnces such rts l)hasc'ie acid
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(Sharkoy and Raschko 1980). Cytoktnlns cause Htomatal opening and also retard suneHconee
(l,'ar(luharand Sharkoy 1982),'1'hlsmay be,'elatedtothe(,hsorvodorroct()rleafageon sto,nat_il
oonduclanot{,
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'I*UIiE.I.,YSIMIIYrEIt h_XI'_'_ltlMEN'rA I , I)ESIGN
D

Tho l'lr_;t lyHlmotor uxporlmont (Soctlon 5,0) wuH dostKnod to toHt throo major hypotho_ou:
f

!11. Admix gravul I_tyur uonflguratlofl will not al'four soil wator t_torago, drulnago, or ,
ovapotrat_pirat, ior_ (E'P) rato_t

r

112- Vogotution will not ttl'l'oct ,_l,t_rugo,draimtgo, or 1,3'I'ratos

113- Incroasod procipItatlon will not til'root storago, drttlnago, or 1,3'I',

'l'_tt)loE..I contains Lhc analysis orwtrla.co (ANOVA) modul and Lhc AN()VA tttblo ('or LhcO×l)orl-
mohr, in_ludin_ ._ourcosof variutlo¢l, dogrcoNoi"froodom, oxpoctod mo_tnsqtiaro_, critical valuo_ for
Lhc F-tostH (loyal 0,05), and associatod hypothosos. Tho magnitudos o('Lhc critical I,'-valuos aro
rt_la_,lvoly Hmall bocuu_o oFtho llvo ropli_ation_ ol'oa_h troutmont comblrmtton, Whon _rttical
I,'-vul u o_ arc largo, _uch _s fl_roxport mantel with too t'ow troatmont ropltcatlonH, Important troatmont
dlFlbronco._ may not _ppoar _tutl_tlcally Hll_nlflcant,
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Table E- I. Analyl+t_(ff'Vurlunee Model_md'l'Ld}leForLhc4-by+2-t}y-2
l,'actorlul Small-Tube l,yHlmoter E×perimenLH,

Yjkmq = p :+"I'_j+ Vk + Om+ (PV)jk + (VG)km+ (PVd)jkm + eq(jkml

where ii

YJkmq = Water _Itorageor drainage measurement t.akenon the qth lyHimeter that
ha. preeiplLaLlenlav'elj, vegetaLlonlevel k, and gravel layer depthm,

p = Overall moan

Pj = Precipitation olTeetl'or levelj, wherej = 1,2
Vk = VogeLuLloneffecLtor levelk, where k = !,2
Om = Gravel h_yerdepth elTeetrot level m,whore m =" 1,2,3,4

(PV)jk = InLoraetioneffect,or precipitation Iovelj andvegetal,ion level k
' (PO)lm = oLc.

eq(jkml ---- R.andonerror--error wlLhin treatment combination jkm,

Notatior_ U_oOrot Ex_mctod Mean Squa,:o

(% = Randomerror
_I, = Ct)ml_)nent ofoxpectod mean mtuare (EMS) due to precipitation levelt4,i,

In general,

(l}l'ucUJr .'= Component o£EMS due to fixed effects of'factor

l,'.XLtitixtlc
_mr(;o I)ogree_4ii' II1m_do EMS t,'.toHt (di'l, dt') I ly poth(me_lrroodom 0,05 lovt+lr

1 V o,,+ 404+V VIE (1,64J II,9910 113:_pt, = 0

l,, ,3 C] o+,"!"411¢(.1 (lIE la,ft4) 2,7322 11,3:4_1,= 0

l"Q1jk I I'V 0, -_ 4(I*i, v - ' .... I'I'_/]I+: ' (3,i'_41 ..... _.1.9010 " ..

(l_<llmt 3 lJl} 0,, + 411_Jl,(I PUlE 11,1t41 't .,I,J,_,,.++# o _ _.l "
i i H, . L I ,II . '' Lt , • IIII I t I I

IV(ll+u, t} V(] o,,+ 411+va VlJ/E' til,641 2,7'122 ..
, __ ,,,,,, _,q J .

tPVG)I_.,. ;I IWG o, + 40_pv'u PVq/E 111,641 2,71122 .-,
............. . -+ : • .. :P.,_-- _ , i, , .... , , .... ,,u, . , ,t

,_l+_!!pi 64 lP+ o,, •...............

PST_i,11179,E '1

/

E.2
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