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.. 1. Summaryof ProgressDuringthe GrantPeriod

Waterplaysa centralroleaffectingali aspectsof the dynamicsin aridlandecosystems.Productivity,

stability,andcompetitiveinteractionsamong ecosystem'componentswithinaddlandsare keyprocesses

relateddirectlyto water indeserts. The ecologicalstudiesinthisprojectrevolvearoundone tundamental

premise:thatintegratedaspectsof plantmetabolismprovideinsightintothe structureand functionof

plantcommunitiesand ecosystems. While it is difficultto extrapolatefrominstantaneousphysiological

observationsto higherscales,suchas wholeplantperformanceorto the interactionsbetweenplantsas

componentsof ecosystems,severalkeyaspectsof plant metabolismare scalable.

Analysesof stableisotopiccompositionin planttissuesat naturalabundancelevelsprovidea usefultool

thatcan provideinsightintothe consequencesof physiologicalprocessesover temporal and spatial

scales. Someplant processescontinuouslyfractionateamonglightand heavystableisotopicformsof an

element;overtime thisresultsinintegratedmeasuresof plantmetabolism.Forexample,carbonisotope

fractionationduringphotosynthesisresultsinleaf carbonisotopiccompositionthat is a measureoi the set-

pointfor photosyntheticmetabolismand of water-useefficiency.Thus it providesinformationon the

temporalscalingof a key physiologicalprocess. In contrast,hydrogenis notfractionatedduringwater

uptakethroughthe root. Soilwater availabilityin shallow,deep, and/orgroundwaterlayersvary spatially;

thereforehydrogenisotoperatiosof xylemsap providea directmeasureof the water sourcecurrently

usedby a plant. The longer-termrecordof carbonandhydrogenisotoperatiosis recordedannuallyin

xylemtissues(tree rings). The researchin thisprojectaddressesvariationinstableisotopiccomposition

of aridlandplantsanditsconsequencesfor plantperformanceandcommunity-levelinteractions.

Water use, water-use efficiency, and primary productivity. Primary productivityis often limited

bywaterrelationscharactersand/orsoilwateravailability).Productivityandevapotranspirationare linearly

correlatedinnaturalvegetationas weil, indicatingthe inevitabletradeoffbetweentranspirationaland

photosyntheticfluxesas stomataregulatethediffusionratesof watervapor outand carbondioxideinto

the leaf. Turbulentflowdynamicswithincanopiesandalsobetweenthe canopyandthe open

atmospherewill impactoverallcanopyphotosynthesisandtranspirationratesto some extent,deper_ing

on canopycouplingcharacteristics,butthere is no doubtthat leaf-levelgas exchangecharactersplaya

dominantroleingas exchangeof canopies,particularlyin aridhabitatswhereleafareas are low.

Stomataarethe majorfeatureallowingcontrolofwater lossinaeriallydry environ,ments. Yet at the same

time, stomatalcontrolreducesinwardC02 diffusionandthusreducesphotosyntheticrate, creatinga

fundamentaltradeoffinfluencingprimaryproductivityrates. The set pointatwhichplantsoperate is highly
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variable,dependingon bothgeneticand en_.._jnmentaltactors. Asone commonlyused parameter

describingthistradeoff,we can measurewater-useeff;ciency,whichis definedas the molarratioof

photosyntheticcarbongain(A) totranspirationalwaterloss(E). Water-useefficiencyismeasuredon an

instantaneous,gas-exchangebasisasthe NE ratio.

Photosyntheticrates (A) tend to declinein responseto a decreased leaf conductance(g), because

carbondioxidediffusionratesintothe leafthroughthe stomataandhence intercellularcarbondioxide

concentrations(cb are progressivelyreducedwitha reductioninleaf conductance. If leaftemperaturesdo

not changesubstantiallyas the stomataclose,there may be an Increaseinthe instantaneouswater-use

efficiency(A/E). This followsbecausethe relationshipbetween photosynthesisand stomatalactivityis

_f A_

A=

andthe transpirationrate (E) is

E = vg , (2)

where ca iSthe atmosphericcarbondioxideconcentration,1.6 isthe ratioof thediffusivitiesof waterto

carbondioxidein air and is usedto convertthe conductanceto water vapor throughthe stomatato the

conductanceto carbondioxidethroughthe stomata,andv isthe gradientinwater vapor between the leaf

(ei) and atmosphere(ea), dividedbytotalatmosphericpressure(inthe past we haveused "&w"to denote

thisterm; howeverthat same symbolis easilyconfusedwithcarbonisotopediscrimination,*A', andthus

for clarity-wehaveoptedforv).

Combiningthesetwo equations,we see that the instantaneouswater-useefficiency(A/E) becomes

A/E = 1- "

Overtime, a fractionof thefixedcarbonJill be lostthroughrespiration($c)and a fractionof thewater (_)

may be lostat nightif stomatado notcompletelyclose• Therefore,the I°ng'term water-useefficiency,

knownas thetranspirationefficiency(IN), measuredintermsot biomassor yieldwithrespectto water loss
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at thewholeplant levelwillbe

i i ii

W= - 1.6v(1 +#w)

UndernaturalfieldconditionsWdepends primarilyon bothq and v. High Wvalues can be achievedby

decreasingci or bydecreasingv (e.g., photosynthesizingduringcoolertimesof the day, which hasthe

effectof reducingleaf temperatureduringphotosyntheticallyactive periods).

Carbon isotopediscrimination(A) by leavesof C3plantsis relatedto photosyntheticgas exchange,

because& is a measureof the long-termc/ca value. The c/ca valuewilldifferamongplantsbecauseof

changes instomatalopeningandinthe chloroplastdemand for CO2. Ofthe modelslinkingC,3

photosynthesisand 13CP2Ccomposition,that of Farquharet al. (1982) hasbeen the most extensively

developedand tested. Theirexpressionfor discriminationin leavesof C,3plants in itssimplestformis

c,. (5)& = a, (b- a).--:- '
Ca

where a is thefractionationoccurringdueto diffusioninair (4.4 Y,o),b isthe netfractionationcausedby

carboxylation(mainlydiscriminationby Rubisco,approximately27 Y_), andCaandci arethe atmospheric

andintercellularCO2 concentrations.The advantageof measuring& isthat sincecarbonis being

continuallyfixedby a leaf, measuring&providesan integratedestimateof ci/ca. Isotopicanalysesof

differentplantcomponentsintegrateoverseveraltimesscales. Withinleaves,sugarandstarch analyses

provideintegratedestimatesof A for periodsof 3-5 days, respectively. Leaf analysesprovidesanestimate

of & duringthe lifeperiodof that leafand tree ringanalysescan be usedfor anannualintegrationperiod.

Forreviewersmorefamiliarwithcarbonisotoperatio(8) as a measureof carbonisotopiccomposition,

s,-Sp, (6)
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.. where subscriptsa andp referto atmosphericCO2 (source)and plantmaterial(product),respectively.The

correlationbetween& and ctca havebeen confirmedformanycropspecies,but unfortunatelydata for

nativespeciesare uncommon.

Carbon Isotope discrimination es a tool for ecological studies. An objective of our current

projectwasto establishthatcarbonisotopediscriminationtheoryas developedin Eqn.5 was directly

applicableto aridlandspecies. On-linephotosyntheticobservationsof SonoranDesertspecies

contrastingin lifeformconfirmthat thesedesert speciesdiscriminateagainst13Cina mannerconsistent

withtheory (Fig. 1).

Secondaryfractionationprocessesafterphotosyntheticreductionof CO2 shouldnot affect the overallleaf

isotopiccomposition(becauseof mass balanceconsiderations),unlessdark-respiredCO2 has a different

isotopiccompositionthanthat of the CO2 photosyntheticallyreducedthe previousday or sugarexport

fromthe leaf is isotopicallydifferentfromthatfixed duringthepreviousday. The latterisunlikelygiventhe

strongisotopiccorrelationbetweendifferentplantparts. We are nearingcompletionof an examinationof

the hypothesisthatthe 813Cof CO2 fromdark respirationreflectsthe isotopiccompositionof carbonfixed

duringthepreviousdaylightperiod(currentyear'swork). Althoughthere is nocturnalvariationinthe 813C

of respiredCO2 (possiblyreflectingrespirationof sugar/starchsubstratesearlyand lipidslaterinthe

evening),overallmassbalancecalculationssuggestthat respiredCO2 doesnot leadto analterationinthe

leaf isotopiccomposition.Thusfromourdata sets,it appearsthat leafcarbonisotopiccompositionis a

reliableindicationof long-termCJCaindesertplantsandcouldbe usedto extrapolategas exchange

processesas outlinedabove.

Carbon Isotope discrimination as a general measure of water-use efficiency. In using

carbonisotopesto inferwater-useefficiency,it is easyto overlookthe assumptionthat leaftemperatures

are equivalentamongthe plantsbeingcompared. An analysisof the possibleerrorsintroducedwhen leaf

temperaturesare notequivalentindicatesthat, if thedifferencesin leaftemperaturesare:_3°C, a I Y.

differenceinA valuesbetweenplantsis more than sufficientto concludethat water-useefficienciescan

beunambiguouslyrankedbymeasuringtheirA values(Fig.2). Leavesof desertplantsaretypically+ 2 °C

of airtemperature,thusit is likelythat Avaluescan be reliablyusedto rankdifferentplantswithrespectto

theirwater-useefficienciesfor a given samplingdate (Ehleringeret al., 1991a). Whileoverthe courseof

theyear, absolutewater-useefficienciesof desertplantswillbe influencedmorebychangesin v

(essentiallybeyondcontrolof plants)than A, naturalselectionwouldbe expectedto act on the variationin

A as itrepresentsthe differentialresponseof plantswhen exposed to similarenvironmentalconditions.
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Water-use efficiency patterns in desert communities. In our currently-fundedproposal, we

hypothesizedthat long-livedplantswere moreconservativeintheiruse of waterthan short-livedplants,

and, thus,we expecteda negativecorrelationbetween& and lifeexpectancyamongperennialsindesert

ecosystems.Contrastingdesert plantcommunities,differingin droughtdurationand inwintervs. summer

precipitation,were examinedby collectingleaf materialfrom 10 individualsof ali commonperennial

specieswithina habitatand measuringtheir isotopiccomposition.The resultsof these comparisons

supportourhypothesisof an inverserelationshipbetweenlongevityof a specieswithinthe ecosystem

and itswater-useefficiency(Fig.3a). Long-livedspecieshavelower& valuesandthispatternis

maintainedacrossyears(Fig.3b). lt alsoappears thatinvadingspecies,whichare generallyveryshort-

lived, have higher&values. This differencein ci/cais likelyto be one of the componentsthat confersan

advantagefor rapidcolonizationof disturbedsitesduringperiodsof sufficientmoistureavailability.

Geneticstudiesdescribedbelowindicatethat high&valuesare linkedwitha numberof morphologicaland

physiologicalfeaturesthat maybe importantinearlyestablishment.

Intraspeciflc studies. Whilevariation in isotopiccompositionprovidesinsightintocommunity-level

pattems, analysesof single-speciespopulationsshouldprovideequivalentinsightintothe dynamics

affectingpopulationstructureinresponseto bioticand abioticstresses. Tagged populationsof Encelia

farinosa (medium-lived,warm desert),Larrea tridentata (long-lived,warmdesert), Co/eogyne rarnosissima

(long-lived,colddesert),and Gutierrezia microcepha/a (medium-lived,colddesert) were analyzedfor

carbonisotopediscriminationvalue, geneticvariation(by gel electrophoresis),photosyntheticgas

exchange,andwater relationscharacters.

In the field,we foundsignificantvariationin &values amongadjacent plants fordifferentspecies (Fig. 4).

Long-livedspecieswere less variablethan medium-livedspecies(Table 1),consistentwithour hypothesis

that plantspersistingthroughrepeateddroughtperiodsoveran extendedperiod shouldbe characterized

by higherwater-useefficienciesand moreuniforminthischaracter. The biologicalbasesfor differences

in carbonisotopiccompositionare unclear,exceptto saythatsome aspect(s)of gas exchangeare

inducingthe differences. These differencesmay be direct,suchas geneticdifferencesin the sensitivity

to environment(suchas stomatalsensitivityto humidity)orabsolutemagnitudeof the leaf conductance,

or they may be indirect,suchas influencedbydifferencesinhydraulicarchitecture andthe xylemwater

transportsystem.

Heritabllity of &. We used quantitativegeneticmethodsto studyheritabilityof & and several

morphologicalparametersin Gutiermzia microcepha/a,a short-livedcolddesertperennial(Schusteret al.,
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'Table 1. Comparisonof carbonIsotopediscriminationdistributionsforthe fourstudyspecies. Samples
• sizeis 400 per15opulation.Alicomparisonsof long-andmedium-livedspecieswithina desertare

: significantat thep < 0.05 level.

species normality mean vadance c.v.

Warmdesert

Encelia farinosa yes(p • 0.215) 17.25 0.817 5.24

Larrea tridentata yes (p • 0.161) 15.05 0.279 3.51

Colddesert

Gutierreziamicrocephala yes (p • 0.225) "i8.25 0.916 5.24

Coleogyneramosissima yes (p • 0.235) 17.13 0.472 4.01

........... , - - ..., - - _ i. t . i i i, i •, | ,=. ,i ,| | i i -

Table 2. Electrophoretic variation for the fourstudyspecies. Samples sizeis 100 per population.At least
twentydifferentenzyme systemswere scoredfor each species.

Percent Observed Numberof
species polymorphism heterozygosity allelesper locus

Warmdesert

Encelia farinosa 79.0 0.153 2.2

Larrea tddentata 50.0 0.130 1.8

Cold desert

Gutierreziamicrocephala 71.5 0.175 2.0

Coleogyneramosissima 59.2 0.136 1.8

........ --

..

Table 3. Comparison of levels of eleclrophoretic variation in adjacent slope and wash populationsof
Enceliafarinosa. ParkerDam, is a temporarycompositeoftwo nearbysitesto givesufficientsamplesizes
forstatisticalcomparisonsinthisproposal. The patterns betweenthe two Parkersites are similar,but not
aliplantshadbeen scoredatthe time thisproposalwas submitted. Thus,when completed,the
comparisonwillbe for three differentwash-slopesites.

Populationhabitat Polymorphism Heterozygosity Allelesper locus

Oatman slope 78.9 0.161 2.2

wash 73.7 0.148 2.2

ParkerDamslope 83.3 0.201 2.5

wash 76.7 0.181 2.2
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. 1991a). Seed collectedfromopen-pollinatedseedfrom the Stud Horsepopulationweregerminatedand

seedlingsgrownina commongreenhouseenvironment.Carbonisotopediscriminationand ali

morphologicalcharactersvadedsignificantlyamongmaternalfamilies.The variationwas of similar

magnitudeto that observedinthe field (Schusteret al., 1991b). Heritabilityof & was estimatedat 81% in

the greenhouseandas 92=/ousingthe regressionof familymean& on parent & from field samples. Using

both fieldandgreenhousedata, we estimateda lowerboundfor heritabilityinnatureof 54°/,. Offspring

sizeand biomassbothshowedsignificant,positivecorrelationswith&,similarto thatobservedfor crop

species(Ehledngeret al., 1990). The correspondinggeneticcorrelationsweresimilarinmagnitudeand

direction. These resultsimplythe existenceof heritabledifferencesin physiologyassociatedwith water-

use efficiencywithinpopulations,andthe potentialfor rapidmicroevolutionarychangethroughnatural

selection. Whilesimple,directionalselectionshouldact to reduceadditivegeneticvarianceovertime

leadingto lowheritabilityof a character,manyplantstudieshaveshownthat substantialheritablevariation

is oftenmaintainedinnaturalpopulationswith heterogeneousor fluctuatingenvironments(Hamrickand

Godt, 1990), such as desertswhichare characterizedbybothdroughtversuswet yearsand competitive,

lowresourcehabitatsversusdisturbed,relativelyhighresourcehabitats.

Electrophoretic variation In desert plants. We t_w_ .o._edelectrophoretic techniquesto quantify

the overalllevelof geneticvariationinpopulationsof thesefourspecies,aswell as to examinecorrelations

betweenhabitat,physiology(i.e., A), andgeneticbackground.The overalllevelof geneticvariationina

species is an importantparameterthat indicatesthe potentialfor microgeographicdifferentiation,

developmentof populationstructure,andevolutionarychange. In a 1979 review,Hamrick,Linhartand

Mittonindicatedthat electrophoreticvariationwas lowerinplantsfromaridlandswhen comparedto other

environments.However,thisstatementwas basedon a very limiteddata set, andfewdata havebeen

collectedsincethat time. The resultsof ourelectrophoreticsurvey disputethisnotion:populationsof

these fourdominantaridlandtaxa exceedthe mean levelof geneticvariationreportedfor alidicotspecies

in nearlyeverycase (Table2). The highgeneticvariationdemonstratesa highpotentialfor rapid

evolutionaryresponseto natural selectionand to the developmentof populationstructure.

Previouscomparisonsof levelsof variationamongspecieshaveyieldedmanyinsightsintofactors

associatedwithhighlevelsof geneticvariation. One of the mostinterestingcomparisonsavailableinour

data iswith respectto differencesin life expectancy. Previoussurveyshaveoftenfoundthat genetic

variationandlifespanare positivelycorrelated. However,we havereasonto believethat naturalselection

may selectfora conservativeresponsein long-livedspecies,at least inwateruse, butthat short-lived

speciesmaybe muchmorevariabledueto temporal andspatialheterogeneityinthe environment.Our

data on geneticvariationare notentirelyconsistentwith eitherhypothesis,and pointto the obvious
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" importanceof otherfactorsindetermininglevel0f geneticvariation. However,relativeUyshorter-lived

Ence//awassignificantlymorevariablethanlonger-livedLarrea ineach measureof ger_ticvariation,and

shorter-livedGutierreziawas more variablethanColeog___e,at least intermsof obsen_edheterozygosity.

In Encelia farinosa we havefurtherexploredtherelationshipsbetweengeneticvariationand microhabitat.

Estimatesof geneticvariationbetween adjacentslope andwashmicrohabitatpopulatk)nsof E. farinos_ in

three differentpopulationsshowsignificantmicrohabitatvariationin percentpolymorphism,

heterozygosity,andnumberof allelesper locus (Table3). Washmicrohabitatplantsappearto be less

variablefor each ofthese characters. In addition,allelefrequencieswere significantlydifferentat several

locibetweenthese adjacent populations,despitethe factthat they are clearlycloseenoughto

experiencesignificantgene .'low. Moreover,the differenceswere frequentlyat the same gene loci(e.g

PGI, DIA, ACP, ALKP), indicatingthat naturalselectionactingonthese or closelylinkedgene loci is

responsiblefor the observedgeneticdifferentiation.Carbonisotopedis";riminationwas significantly

greater inthewash populationthaninthe slopepopulatK)n(p < 0.01). We alsofoundthat &was

significantlycorrelatedwithheterozygosityintheslope samplesat Oatman (p<0.01),a resultwe are

followingfollow-upat the othertwo locations. The washpopulationhasa greatervadatio;:inwater-use

efficiency. The basisforthisdifference isunclear,but maybe relatedto establishmentprobabilitiesand

the highly disturbednatureof washmicrohabitats.However,lt is more likelythat the more severenatureof

me slope habitatis eliminatinglesswater-useefficientgenotypes.

The electrophoreticstudiesto date have establishedthe importanceof knowingmore aboutthe genetic

structureindesertspecies. Genetic variabilityappearsto be large andthe potentialfordifferentiation

existsacrossmicrohabitatgradients;it isunfortunatethatso fewotherdata setsexist. Givenwhatwe

knownow,geneticstudiesshouldplaya muchgreatej:role in understandingthe natureof ecological

dynamicsand adaptivepattemsinthese species,particularlyin Ence/iafor whicha wealthofecological,

morphological,and physiologicaldata alreadyexist. Sincealtemativemoleculargeneticapproaches(e.g.,

RFLP) are necessaryto betterunderstandthe natureof thedifferentiationand of possiblelinkages

between morphologicaland pt_ysiologicalcharactersto formadaptivecombinationsinresponse to abiotic

andbioticfactors,suchstudieswillnot proposedinthisproposalas we do not havethe molecularor

geneticexi:_.rtiseto conductsuch studies.

Drought and population structure. The prolongeddroughtof 1988-1989 in the western US had a

significantimpacton plantsinthe Sonoran Desert. Thedroughtwasthe mostextensiveinthe past 15-25

years,reducingannualprecipitationto lessthanhalf itsaveragevalue inmost locationsand 1tovirtually

nothingat the driestsites. Approximately47% of thepopulationof the medium-livedspecies (Encelia
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farinosa, 20-40 yr life expectancy)in Oatman,Arizonadied inresponseto thisunusualdroughtevent,

whereasnoneof the individualsinthe long-livedspecies(Larrea tridentata, >100 yr life expectancy)died

dudngthisdrought(Fig.5). The impactof theextended droughtin DeathValley,Californiawas more

severe,where85% ofthe E. farinosa and4 % of the L. tridentata died. Shrubmortalitywasalsocommon

inotherspecies intheseecosystems. For mostof the shrubsthat survived,Cherewas severedieback,

and growthsproutingfromthe baseof the stemswas common.

The probabilityof droughtsurvivalwascorrelatedwithintrapopulationvariationinwater-useefficiency(as

measuredbyA). E. farinosa have a clumpeddistributionandwateravailabilityhasbeen shownto be

influencedbythe presenceof neighbors(Ehleringer, 1984). An experimentoriginallydesignedto

investigategrowthandcompetitive Interactionsin a monospecificstandof E. farinosa differingin t, values

provideda fortuitousopportunityto understand the possibleinteractionsbetweenthischaracterand

survivalthroughan extendeddrought. Individualplantshadbeen monitoredfora year and a halfP:__;_:_;e

the experimentalremovalof neighborsaround individualsof known&value. The droughtbeganjustafter

the experimentwas underway. At the end of the drought(spring1990), individualswithout neighbors(>

2 m distant,either naturalorexperimental)were more likelyto havesurvivedthe 2-yr drought(p = 0.003)

than plantswith neighbors. Plantsizewas nota determinantinthe probabilityof survivingthe drought(p =

0.949). Individualsthatdied hadlowerwater-useefficienciesthan individualsthat survivedthe extended

drought(p = 0.022). Yet froma previousneighbor-removalexperimen_tconductedunder less severe

conditions,we knowthatthe growthratefollowingneighborremovalis positivelyrelatedto & value (p <

0.01). Fromthese data setsandpopulationmonitoring,we concludethatdroughteventsplay a majorrole

inaffectingcommunitystructureat the intraspecificlevel (andat the interspecificlevel aswell since short-

livedspeciesare more likelyto die duringdrought). Our resultswith Encelia suggestselectionfor both

high-&genotypesthat willhavegreatergrowthand reproductionin relativelyhighresource(water)

environmentsandfor low-&genotypesthat can survivelong-termdroughtexposureand maydo better

undercompetitiveenvironmentsas weil.

Water sources of desert pla_'_ts. In our desert communitieswith high speciesdiversity,to what

extentare these plantsactua)lyi_teractingand/orcompetingforwater resources?We have been using

hydrogenisotoperatio(SD)analysesof xylemwaters to addressthisquestion. Winterrains,summerrains,

and deep water sourcesdifferin8D values(Ehleringeret ai., 1991b). Sincethere is nofractionationduring

wateruptake (Dawsonand Ehleringer,1991), xylemwatersreflectthecurrentwater sourceof plants.

WinterrainsderivedfromPacificfrontalstormsare utilizedby perennialspeciesin boththe Paintedand

Sonoran Deserts (Ehleringerand Cook,1991; Ehleringeret al., 1991b). In contrast,our data suggestthat

monsoonalsummerprecipitationis utilizeddifferentiallybyspecieswithinthe ecosystem(Fig. 6, 7). This
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Figure 5. Subpopulation sizes for Ence/ia farinosa growing near Death Valley,
Californiaand Oatman,Arizonasince 1981. Plotsizesforeach are approximately
400 sq. meters. Seedling germinationvaried between 0-3000 individualsper year.
Recruitmentas newlyestablishedindividuals(now as 1year old) wastypically
0-10 individualsper yearthrough 1987. Mortalitywastypically0-10 individuals
peryear through1987. The droughtof 1988-1989 resultedinsubstantialmortality.
Thatdroughtwas relieved in spring1991 and was associatedwith substantial
germinationsothat nextyear's populationsizeshouldincreasefrom post-drought
lowvalues.
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Figure 6. Hydrogen isotope ratiosof xylem sap for different perennial species
in a sand-shrub community during the summer at Stud Horse Point, Utah.
Each point represents a different species. Also shown are the ranges of values
for groundwater (from a weil) and summer rains.
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_1 Table 4. Hydrogenisotope ratios(,SD,%,,)inxylemsap ofcommon speciesrepresentingdifferentlife formsinthecommunityat StudHorsePoint,Utah. Dataare meanandstandarddeviationforali specieswithina lifeformper sample
period. ' "

RainPeriods DroughtPeriods

lifeform Number Spdng Summer EarlySummer Autumn
of species

annual 5 --- -26.0 + 3.3 -48.3:1:5.7 -31.8:1:4.5

herbaceousperennial 7 ,.82.5:1:4.3 -31.9 :t:4.6 -70.7 :!:5.6 -70.8 :!:4.1

woodyperennial 13 -91,8 :!:2,4 -53.5 + 3.4 -79.4:1:2.8 -76.7 :!:2.8

succulentperennial 1 -84.0 + 3.0 -22.0:1:3,0 -54.0 :!:1.0 -25.5 ± 1.5

wellwater -91 -90 -92 -92
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Figure 7. The percentage of summer rain in xylem sap of perennial species at
a Sonoran Desert site near Oatman, Arizona during successive summers. There
was no summer precipitation during 1989. Boxes represent entire range of values
observed for short-lived (2-5 yr), medium-lived (10-50 yr), and long-lived (> 50 yr)
perennials from both wash and slope microhabitats. Horizontal bar indicates the
average value for that life form.
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resultis surprising,sincerootexcavationstudiesshowthat virtuallyaliperennialshave somerootsinthe

u!_persoillayers. At the SonoranDesertsiteinOatman,substantialuse of summerrainsby long-lived

perennialsoccurredonly inthe unusuallywetsummerof 1990 (butmay beconfoundedby microsite

effects).

At Stud Horse Point,summerprecipitationwas aboveaveragein both1989 and 19900yet a numberof

the commonperennialspeciesat StudHorsePointappearto have a limitedcapacityto utilizesummer

rains. Asa result,5D valuesof xylemsapdifferedsignificantlyamonglife formsduringthe summer

• (ANOVA, F = 35.37, di - 3, p < .001) (Table 4). Annualsand the onesucculentperennialin the

communityutilizedonlythe summerrains,whereas herbaceousandwoodyperennialsused different

mixturesof winterandsummerwatersources. Two deeply-rootedperennialsutilizedlittleof the summer

precipitationand appeared insteadto be accessinggroundwateror remainingwintersoilmoisture,since

the8D valussof stemwaterswere similarto thatof wellwater. The differencein8Dvaluesof herbaceous

versusaliwoodyperennialswas significant(Student'st-test,t = 3.46, dt = 18, p = .003). Usinga two-end-

memberlinearmixingmodel,we calculatedthat,on average, 91% ofthe watersin herbaceousperennials

and57% of the watersinwoodyspecieswere fromsummerrains.

Bythe autumndroughtperiod,both herbaceousandwoodyperennialshadshiftedbetween possible

water sources. With the uppersoillayersdepleted,perennialsspeciesswitchedbackto exploitthe

remainingmoistureindeepersoillayers(Table 4) andthere was nodifferenceinthe SDvaluesof stem

watersamongperennialtypesat that time(p = 0.273). Consequentlyduringthisdroughtperiod,woody

andherbaceousperennialsalicompetedlor limitingmoisturefromthe samedepths. A similarpattemwas

seenwhen perennialplantswere sampledinthe droughtperiodin earlyJulybeforethe onsetof summer

rains(Table4). Duringthat early summerdroughtperiod,_SDvaluesof herbaceousand woodyperennial

stemwaterswere againnotdifferentfromeach other(p = .192). Thus, inthe droughtperiodsof early

summerandagaininfall, as wellas inthe wetperiodsfollowingwinterrains,herbaceousand woody

perennialsutilizedthe same water source,soil moistureat greaterdepths. Duringdroughtperiodsplants

_ maycompetefor soilmoisture,andthe effectsof limitedmoisturewouldimpactgrowth,reproduction,and

survival(Ehleringer,1984). In contrast,it is onlyduringthe rainysummermonthsthat herbaceous

perennialshave apparentgreateraccessto soilmoisture(fromsummerrains)thando woodyperennials,

andthusshouldbe ableto gain a competitiveadvantageby utilizingthiscriticalresourcewhichseems not

as utilizedbywoodyperennials.

The SDvaluesforxylemsapof alispeciesduringthe summerwere marginallycorrelatedwithwaterstress

levelsas measuredbymiddaywaterpotentials,indicatingthat specieswithaccessto summerrainswere

10
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lesswaterstressed(1989: r - 0.396, n - 24, p - .055; 1990: r - 0.373, n - 26, p - .061). This pa_em,

however,wasobscuredby includinginthe analysisthe twodeeply-rootedwoodyperennialsthat

appearedto be accessinggroundwater. Whenthese two specieswere eliminatedfromthe analysis,

watersourceandwaterstresswere significantlycorrelated(1989: r = 0.608, n = 22. p =,003; 1990: r -

0.449, n = 24, p = .028). The negativerelationshipbetween plantaccessto summerprecipitationand

waterstresswas alsoreflectedin theefficiencywithwhichthat waterwasused (againexcludingthetwo

specieswithdirectaccessto groundwater). Whenwaterstresswas regressedagainstcarbonisotope

discrimination,therewas a significantpositiverelationship(p = .023). Greater accessto and utilizationof

summerrainswas associatedwithdecreasedplantwater-useefficiencyin differentspecies. The lackof

uptakeof appreciableamountsof summerprecipitationby mostwoodyperennialsresultedin significantly

lowerwater potentialsinthese speciesand presumablycorrespondingreductionsingrowthrate.

Community-levelproductivitystudieshavein thepast indicatedthat growthof mostwoodydesert

perennialswas limitedto the spring,andthat littleabovegroundgrowth occurredinsome perennialsin

responseto limitedsummerrains. There is a progressivechangein rootactivitiesof Great Basinshrubsto

greatersoildepthsduringspringdry-downinresponseto decreasingsoilmoistureas a meanso!

providingwaterto maintainphotosyntheticactivityintothe summerperiod. Yet no studiesthat we are

awareof provideinformationonwhy rootsinthe upperlayersmightnot respondto summerrains. Why

severalof theseperennialspeciesseem notto utilizesummerrainsis unclear.

11
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