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* Abstract An importantaimof plantecology is to identifyleadingdimensionsof
the basisfor them.Dimensions
ecologicalvariationamongspeciesandto understand
thatcan readilybe measuredwouldbe especiallyuseful,becausethey mightoffer a
pathtowardsimprovedworldwidesynthesisacrossthe thousandsof fieldexperiments
and ecophysiologicalstudiesthatuse just a few species each. Fourdimensionsare
reviewedhere.The leaf mass per area-leaflifespan(LMA-LL)dimensionexpresses
slow turnoverof plantparts(athighLMAandlongLL),longnutrientresidencetimes,
andslowresponseto favorablegrowthconditions.Theseedmass-seedoutput(SM-SO)
dimensionis an importantpredictorof dispersalto establishmentopportunities(seed
output)andof establishmentsuccessin the face of hazards(seedmass).TheLMA-LL
andSM-SOdimensionsareeachunderpinned
tradeoff,and
by a single,comprehensible
theirconsequencesarefairlywell understood.
Theleafsize-twigsize (LS-TS)spectrum
has obviousconsequencesfor the textureof canopies,but the costs and benefitsof
largeversussmallleaf andtwig size arepoorlyunderstood.The heightdimensionhas
universallybeen seen as ecologicallyimportantand includedin ecological strategy
schemes.Nevertheless,heightincludesseveraltradeoffsandadaptiveelements,which
ideallyshouldbe treatedseparately.Eachof thesefourdimensionsvariesat the scales
of climatezones andof site typeswithinlandscapes.Thisvariationcanbe interpreted
as adaptationto the physicalenvironment.Eachdimensionalso varieswidely among
coexistingspecies.Mostlikely this within-sitevariationarisesbecausethe ecological
opportunitiesfor each speciesdependstronglyon whichotherspeciesarepresent,in
otherwords,becausethe set of speciesat a site is a stablemixtureof strategies.

INTRODUCTION
Plant species all use the same majorresourcesof light, water,CO2, and mineral
nutrients.Ecological differences among vascular land plant species arise from
differentways of acquiringthe same resourceratherthan from use of alternative
foodstuffs. Leaves, stems, roots, and seeds vary between species in construction,
0066-4162/02/1215-0125$14.00
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in lifespan,andin relativeallocation.This reviewdiscusses fourmajordimensions
of variationacross vascularland plant species. The dimensions affect ecological
strategy,thatis, the mannerin which species securecarbonprofitduringvegetative
growth and ensure gene transmissioninto the future.Every plant ecologist will
have his or her own list of traitsthatareinformativeabouta species, andhis or her
own rankingamong those traits.Nevertheless,three of the traitsdiscussed-leaf
mass per area,seed mass, and height-rank nearthe top of most plantecologists'
lists (Vendraminiet al. 2002, Weiheretal. 1999, Westoby1998,Wilsonet al. 1999).

ABOUT ECOLOGICALSTRATEGIES
A variety of ecological strategy schemes have been proposed (see review in
Westoby 1998). One type expresses response or distributionin relation to single environmentalfactors.Examplesinclude increasersand decreasersin relation
to livestock grazing (Dyksterhuis1949), the requirementfor canopy gaps during
establishment(Denslow 1980), and reestablishmentpotentialin relationto time
since fire or other disturbance(Noble & Slatyer 1980). Raunkiaer's(1934) lifeform system involves the location of buds from which regrowthoccurs following
winteror dry season.
Currently,the InternationalGeosphere-BiosphereProgramaimsto model vegetationdynamicsunderfutureglobalchange.To thisend a broad-purposeschemeof
plantfunctionaltypes is seen as essential, and variouscommitteesand workshops
have been discussing this matter(McIntyreet al. 1999). Among the schemes that
have includedmore than one dimension (Begon et al. 1996, Loehle 2000, Smith
& Huston 1989), the best developedis Grime'sCSR triangle(Grime 1974, 1977,
1979; Grimeet al. 1988). The R (ruderal)dimensionexpressesresponseto disturbance, and the S-C (stress tolerator-competitor)dimensionexpresses capacityto
takeadvantageof favorablegrowthconditions.The meritsof the CSR schemehave
been vigorously debated.Nevertheless,the underlyingidea is simply that coping
with disturbanceand adaptingto fast versus slow growth opportunitiesare two
majordimensions of ecological variation.This much would have been accepted
by most plantecologists since the 1800s.
Strategy schemes can have different aims. Some have region-specific applications in range or forest management.Some express concepts about the most
importantfactors and opportunitiesshapingthe ecology of plants. Here we wish
to focus on a particularrole for ecological strategyschemes: their potential for
drawingtogetherand organizingthe knowledge gained from hundredsof experiments worldwide,each covering one or a few species. Southwood(1977) likened
ecology to what chemistrymust have been like before the periodic table of the
elements was invented.As he put it, "eachfact had to be discoveredby itself, and
each fact rememberedin isolation."
To benefit from synthesizing experimentalresults across differentcontinents
and environments,potentialindicatorsof the ecology of species need to be measuredeasily andconsistentlyworldwide.The conceptualstrategyschemes such as
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CSR havenot met this need. Rather,species arerelatedby comparingperformance
or distributionin a landscapewherethey occurtogether.For this reasonattempted
syntheses have been forced back to growth-form,life-form, or habitatcategorizations in the attemptto make sense of the accumulatedexperimentalliterature(e.g.,
Connell 1983, Crawley1983, Goldberg1996, Goldberg& Barton1992, Gurevitch
et al. 1992, Schoener 1983, Vesk & Westoby2001, Wilson & Agnew 1992). With
this in mind, Westoby (1998) previously suggested a "leaf-height-seed"scheme,
with the three dimensionsreadilyquantifiable.
Here we put this idea in a differentway. Ratherthan settingup a namedthreedimensionalstrategyscheme, we presenta shortlistof dimensions that might be
helpful for literaturesynthesis. At least one of the traits associated with each
dimensioncan be readilyquantified.The list need not stop at three,andthereneed
be no requirementfor absoluteconsensusaboutrankings.Still, if reasonablywide
agreementcan be achieved about a few traitsworth measuringconsistently,then
we may hope for considerablebenefits from using these traits as predictorsof
ecological behavior.

ABOUT DIMENSIONS OF VARIATION
Criteria for Ranking a Dimension of Variation
ECOLOGICALSIGNIFICANCE The positionof a species along the dimensionshould
be known to have an importantinfluencewith regardto how the species makes a
living or whereit does best. Preferably,thereshouldbe solid experimentalevidence
about this. Often there may be cross-species correlationsamong traits, such that
informationabout one measurabletraitcarries with it broaderknowledge about
the ecology of species.

Species shouldbe spreadwidely along the dimension
in "Spreadof Species Along the Dimensions,"
of
variation
is
discussed
(breadth
of
below). Further,rankings species along the dimension should be consistent
(at least approximately)in the face of within-speciesvariationdue to plasticity,
acclimation, or ecotypic variation.Traits need not be constant within species.
Indeed, it would be surprisingif naturalselection had not endowed species with
some capacityto adjusttraitsof ecological importancedependingon the situation.
The consistent-rankingcriterionmeans that plasticity and other variationwithin
species shouldnot be a conceptualproblem,thoughthey may cause complications
in measurement.
SPREADAND CONSISTENCY

PRACTICALITYFOR LITERATURESYNTHESIS It should be practical to quantify the

dimension in a manner that does not depend on the local context of physical
environmentor co-occurringspecies.
Cross-speciescorrelationsamongtraitscan arisein differentways. Most straightforward and desirable (for the purpose at hand) is a physically enforced
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tradeoff.An example is that seed output per gram of seed producedcannot be
increasedwithouta decreasein mass of individualseed. This is a matterof logic.
Another example is that longer leaf lifespan seems nearly always to demand a
more robuststructureand hence greaterleaf mass per area.
Traitcorrelationcan also arise because availableniches favorit. For example,
lifestyles or habitatsinvolving tall stems might tend also to select for largerseed
mass. These correlationsmightbe expectedto be looser thancorrelationsenforced
by a physical tradeoff.
Traitcorrelationsacrossspecies arisealso by correlatedevolutionarydivergence
of traitsat a phylogeneticbranch-pointdeep in the past, with the traitcombinations
persisting within each of the descendantlineages (Felsenstein 1985, Lord et al.
1995, Prinzinget al. 2001, Wrightet al. 2000). These old divergencesshould not
be regardedas a causationthat is distinctly separatefrom present-dayecological
selection or from a physically enforcedtradeoff,because the evolutionof species
into present-dayopportunitiesoften has a large element of phylogenetic niche
conservatism(Harvey& Rambaut2000, Price 1997, Westoby1999, Westobyet al.
1995). Only if the traits in question were incapable of respondingto selection
through millions or tens of millions of years would it be useful to regard the
present-daycorrelationas owing to the old divergenceratherthan to continuing
selection.It makessense to regardthe most recentcausativeprocessas the effective
cause of a present-daypattern.
All threecriteriafor importanceare met by leaf mass per areatradingoff with
leaf lifespan (LMA-LL) and by mass of individual seed trading off with seed
outputper gram of reproductiveeffort (SM-SO). Height of a species at maturity
and the spectrumfrom small to large leaf size and twig size meet the criteriaof
broadspreadand practicalmeasurement.They are also known to be ecologically
significant.However,height is a complex traitwith severalcomponents,and the
costs and benefitsof leaf size arepoorly understood.

LEAFMASSPERAREAAND LEAFLIFESPAN
Species with higherleaf mass per leaf area(LMA) have thickerlaminas,veins that
protrudemore, higher tissue density, or combinationsof these (Niinemets 1999,
Pyankov et al. 1999, Shipley 1995, Wilson et al. 1999, Witkowski & Lamont
1991). High-LMAspecies tend to achievelonger averageleaf lifespanin a variety
of habitats(Figure 1) (Diemer 1998a,b;Reich et al. 1997; Ryser & Urbas 2000;
Williams-Linera2000; Wrightet al. 2002), suggesting that longer leaf lifespans
requireextrastructuralstrength(Coley 1988, Reich et al. 1991, Wright& Cannon
2001). In short, the LMA-LL spectrumis a trade-offbetween potential rate of
returnper leaf mass and durationof return.
Higher LMA protectsagainst wear and tear and also deters herbivory.Under
any of several concepts about allocation to defense (Bryant et al. 1983, Coley
et al. 1985, Herms & Mattson 1992), species with slower leaf turnovershould
spend more to discourageherbivores.Thicker,tougherleaves are themselves the

This content downloaded from 132.203.227.62 on Tue, 28 Apr 2015 17:07:28 UTC
All use subject to JSTOR Terms and Conditions

DIMENSIONS
OFECOLOGICAL
VARIATION

129

1000

SMAslope = 1.73 (95%Cl 1.58, 1.89)
r2= 0.56

)

CZ

n=218

C)
0n

0-'0100
(
c/

?

10

?

0'i

__
0

o

0
000

Leaf Mass per Area (g m-2) [log scale]
betweenleaflifespanandleafmassperareaacross218 speciesfrom
Figure 1 Correlation
severalhabitatsandcontinents.RegraphedfromReichet al. (1997);datakindlyprovided
by the authors.SMA= StandardMajorAxis; CI= confidenceinternal.

most common and general-purposeform of defense (Coley 1983, Cunningham
et al. 1999), but long leaf lifespan may also be correlatedwith greaterrelative
allocationto tannins,phenols, or otherdefensive compounds(Coley 1988). Slow
leaf turnovershould favor strengthagainst wear and tear for the same reason it
favorsdefenseagainstherbivores.Forboththesereasons,defenseagainstherbivory
can be regardedas partof the LMA-LL spectrum.

LeafEconomicsand Theory for LeafLifespan
A leaf representsan investmenton the partof a plant.Kikuzawa'stheoryfor leaf
lifespan (Figure 2) can be understoodthrough the curve of cumulative return
from
the investment.
investment.This
This return
returnis
is expressed as
as net
net dry-massgain per unit
unit leaf
leaf
from the
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Figure 2 Essentialsof existing theoryfor leaf lifespan (Kikuzawa1995). Curve
showscumulativedry-massreturnfroma unitleaf area,netof costs of leaf respiration
and of root and stem activityto supportthe leaf's photosynthesis.Curveis initially
negativeowing to constructioncosts (leaf mass per area),then increasesthrougha
leaf's lifetime.Paybacktime for the investmentis at A. Net dry-massreturnper time
per leaf areais the slope of a line fromthe originto the curve.It is maximizedat the
lifespanB. This optimumat B, and also paybacktime A, shift to longerlifespanif
thecumulativedry-massgaincurveis shallower(slow-revenueenvironments)
orif the
initialinvestmentis greater(higherleaf massper area).At C, approximately,
the leaf
is no longerreturningnet dry-massrevenue.
area. Constructioncosts per unit leaf mass vary relatively little between species
(Chapin1989, Poorter& De Jong 1999, Villar& Merino2001). Cumulativereturn
is initially negativeby the amountof LMA, which is dry-massinvestmentper leaf
area,thenrises throughthe lifespan.The slope becomes shallowerovertime owing
to deteriorationof the leaf's position within the canopy or of its physiological
capacity.Eventuallya leaf returnsno furthernet dry-massgain (at C in Figure2)
when photosynthesisno longer exceeds costs of leaf respirationand of root and
stem activityto supportthe leaf's photosynthesis.
Earlyverbalformulations(Chabot& Hicks 1982, andmorerecentlyNiinemets
2001, Poorter 1994, Williams et al. 1989) were to the effect that leaf lifespan
needed to be long enough to pay back the initial investmentcosts (point A in
Figure 2). This is true, but plainly lifespans need to be longer than the payback
time if plantsareto grow.In Kikuzawa'smodel (Kikuzawa1991, 1995; Kikuzawa
& Ackerly 1999), revenueper unittime per unitleaf areais maximized.Replacing
an old leaf with a new leaf becomesjustifiedwhen the currentreturnon an old leaf
(marginalreturn)falls below the expected rate of returnaveragedover the life of
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a new leaf (point B in Figure2). Optimizingper unit leaf areaassumes (in effect)
that new leaves can be produced only by closing down old leaves. At point B
in Figure 2 leaves are closed down while still producingnet dry-massrevenue.
However,plants do generatenew leaves without closing down the same area of
old leaves. Longer lifespans (point C ratherthanB in Figure2) would be favored
if leaves were only discardedwhen their net revenuehad deterioratedto zero. A
shoot carbon budget model (Ackerly 1999) favored keeping leaves this long to
maximize extension growth.However,buildingnew leaves demandsnitrogenas
well as photosynthate,and some of this nitrogen is reallocatedfrom old leaves
priorto leaf fall (Aerts& Chapin2000). This shouldfavorclosing down old leaves
sooner, somewherebetween points B and C in Figure2.
In environmentswhere revenue accrues more slowly, the curve in Figure 2
is shallower,and points A and B are both shifted to longer lifespan. In species
with higher LMA the curve startsmore negative, and similarly points A and B
are both shifted to longer lifespan. Thus, althoughpoint A (payback)does not
predictthe correctlifespan, it predictsthe same directionof lifespan response to
alternativecurvesas does pointB (maximumreturnperleaf area).However,pointC
(no furtherreturn)does not predictlonger lifespan in response to slower revenue
accrualor higherLMA. The pace at which the cumulativenet returncurveflattens
is what decides lifespan if this dependson the point of no furtherreturn.

Correlates,Costs, and Benefits
Species with low LMA tend also to have higherphotosyntheticcapacityper unit
leaf mass, Amass
(Field & Mooney 1986, Niinemets 1999, Reich et al. 1997, Wright
et al. 2001). As well as having more light-capturearea deployed per mass, lowLMA species generallyhave higherleaf N concentrations(Diemer 1998a,b;Field
& Mooney 1986; Reich et al. 1997) and shorterdiffusion paths from stomatato
chloroplasts(Parkhurst1994). Leaf N reflects the concentrationof Rubisco and
otherphotosyntheticproteins(Lamberset al. 1998). Leaf N is more similaracross
species per unit leaf areathanper unit leaf mass (Reich et al. 1997). Probablythe
lower Nmassin leaves of high-LMA species is partlya forced tradeoff(because a
greaterconcentrationof fibers, cell walls, etc. leaves less room for N-rich mesophyll) and partly reflects evolutionarycoordinationbetween N allocation and
LMA and leaf lifespan.
Variationin LMA and leaf lifespan among coexisting species is 3- to 50-fold,
strikinglygreaterthanthe 2- to 3-fold shifts betweenhabitattypes (Table1). What
are the relativeadvantagesor disadvantagesto species at differentpositions along
the LMA-LL spectrum,and why is therenot a clear advantageat some particular
LMA-LLcompromisein a given habitat?
Low LMA, high photosyntheticcapacity,and generallyfasterturnoverof plant
partspermitflexible response to the spatialpatchinessof light and soil resources
(Grime 1994), giving short-termadvantagesover high-LMA species. However,
high-LMA-long-LLspecies have longer-termadvantages.Longermeanresidence
time of nutrients(Aerts & Chapin 2000, Eckstein et al. 1999, Escudero et al.
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TABLE 1 Summary of three dimensions of ecological variation between species discussed
here. (The height dimension is not included in this table.)a
LMA-LL

SM-SO

LS-TS

Basis of
relationship

Presumedthat greater
engineeringstrength
of leaf is required
for longer LL. There
are severalparallel
LMA-LLrelationships,
for example -40%
shorterLL for a given
LMA was achieved
at low rainfall
(Wrightet al. 2002).

SO = (mass allocatedto
reproduction)/(SMplus
accessorymass per live
seed).
Because SM varies much
more widely thanmass
allocatedto reproduction
per unit canopy area or
leaf areaand because
accessorymass is
closely correlatedwith
SM, SM is the dominant
influenceon SO.

Presumedowing to
requirementsof
mechanicalsupport,
hydraulicconductance,
and leaf spacing.
Possibly also large
leaves requirelarge
meristems,which
cannotbe
accommodatedin
very thin twigs.

Slope of
relationship
(standardized
majoraxis
on log-log
scales)

LL increasesfaster
thanLMA. Across
all availabledata
log-log slope 1.73,
95% confidence
intervals1.6-1.9
(Reich et al. 1997);
within-siteslope
1.3 common to 4 sites,
95% confidence
intervals1.1-1.6
(Wrightet al. 2002).
Mass-basedleaf N
(N-mass), leaf diffusive
conductanceG(s), and
net photosynthetic
capacityA(max) all
negativelycorrelated
with LMA and LL
(Reich et al. 1999)
LL correlatedwith
tissue density (Ryser
1996, Ryser & Urbas
2000, Schlapfer&
Ryser 1996).

Seed outputversus seed
mass log-log slope
approx.-1 (Henery&
Westoby2001).

Leaf areaversus twig
cross-sectionlog-log
slopes 1.01 (deciduous
angiosperms),1.14
(evergreenangiosperms),
1.44 (gymnosperms)
(Brouatet al. 1998),
1.69-2.05 at 3
sites (Westoby&
Wrightin press 2002).

Correlatesof SM include
3
0.29)
dispersalmode (r2
(Leishmanet al. 1995),
height or growthform
(r2; 0.20) (Leishman
et al. 1995, Levin 1974,
Mazer 1989, Metcalfe &
Grubb1995), leaf size
(Comelissen 1999),
relativegrowthrate,LMA
(Reich et al. 1998),
seedling size (Grime&
Jeffrey 1965). Smaller,
roundedseeds are likely
to have persistentsoil
seed banksin England
(Hodkinsonet al. 1998,
Thompsonet al. 1993),
Argentina(Funeset al.
1999), and New Zealand
(Moles et al. 2000) but not
in Australia(Leishman
& Westoby 1998).

LS with height r2= 0.29
(gymnospermsincluded),
with seed mass 0.26,
with infructescencesize
0.79 (gymnosperms
excluded) (Corelissen
1999). Relationship
between LS and LMA
seems complex (see text).

Othercorrelated
traits

(Continued)
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TABLE 1 (Continued)

Variationacross
sites, between
species within
sites, and
within species.

LMA-LL

SM-SO

LS-TS

-50-fold variationin
LMA (12-560 g m-2
(Fonsecaet al. 2000,
Niinemets 1999),
> 100-fold variationin
LL (Ecksteinet al.
1999, Reich et al.
1997). Betweenspecies variationin
LL is much larger
than within-species
(factorof >200
comparedwith 2,
respectively)
(Ecksteinet al.
1999). LMA
variationamong
coexisting species is
greaterthanbetween
habitats,e.g., 3- to 50fold versus 2- to 3-fold
(Reich et al. 1999).

Withintemperatezone
differencesbetween
communitiesaccount
for only -4% of
variationin seed mass
between species (Leishman
et al. 1995). Differences
between the tropicsand
the temperateare somewhat
larger(Lordet al. 1997).
Species establishingin deep
shadetend to have larger
seeds. Range within sites
4-5 ordersof magnitude
(loglo units). Central66%
of species (? 1 SD) spans
-2 loglo units (mean of
7 floras) (Leishmanet al.
2000, Lordet al. 1995).
Withinspecies ? 1 SD
(66% of seeds) spans
~4-fold (medianof 39
species) (Michaels
et al. 1988).

6 classes definedby
Raunkiaer(1934) from
leptophyll(<25 mm2)to
megaphyll(>164,000 m2),
spanning5 ordersof
magnitude.Range among
coexisting species 2.5-5
ordersof magnitude
(Ackerly & Reich 1999,
Brouatet al. 1998,
Cornelissen1999,
Fonseca et al. 2000,
Niinemets & Kull 1994,
Westoby& Wright2002,
White 1983a,b).

aLMA, leaf mass per area (g m-2) = 1/SLA, specific leaf area;LL, leaf lifespan or leaf longevity; tissue density = dry
mass/volume; SM, seed mass; SO, seed output (numbersof viable seeds), per area occupied or per leaf area or per plant
mass; LS, leaf size, either leaf area or leaf width (refersto green surfaces,hence leaflets within compoundleaves) TS, twig
size (diameteror cross-sectionalarea)at base of currentyear's growth.

1992) permits a progressively greater share of nitrogen pools in a habitat to be
sequestered (Aerts & van der Peijl 1993). Further, slow decomposition of highLMA litter may restrict opportunities for potentially fast-growing competitors
(Berendse 1994, Cornelissen et al. 1999). Second, over time high-LMA-long-LL
species accumulate greater total leaf mass than low-LMA species (Bond 1989,
Midgley & Bond 1991). Despite the offsetting effect of less leaf area per unit
leaf mass, high-LMA species tend to generate a larger total leaf area as well
(Gower et al. 1993, Haggar & Ewel 1995, Reich et al. 1992). Combining their
lower photosynthetic capacity per leaf area (Reich et al. 1999) with this greater
accumulation of leaf area may result in above-ground net primary production
similar to or higher than that of low-LMA species (Bond 1989, Gower et al.
1993, Haggar & Ewel 1995, Matyssek 1986, Midgley & Bond 1991, Reich et al.
1992).
The slope of LL-LMA relationships among coexisting species has been significantly steeper than 1.0 in several datasets (evaluated using Standard Major Axis
"model 2" slope fitting from Diemer 1998b, Reich et al. 1999, Wright et al. 2002).

This content downloaded from 132.203.227.62 on Tue, 28 Apr 2015 17:07:28 UTC
All use subject to JSTOR Terms and Conditions

134

ETAL.
WESTOBY
Thatis, species with twice the leaf mass per areatypicallyhad morethantwice the
leaf lifespan. Wouldthis not lead to runawayselection for ever-increasingLMA
and leaf lifespan? Not necessarily.The revenue stream generatedby a leaf unavoidablydiminishesin value as time passes ("time-discounting")(Westobyet al.
2000) for a combinationof reasons. Leaves suffer damage from herbivoresand
pathogens(Coley & Barone 1996, Landsberg& Gillieson 1995, Lowman& Box
1983, Showalteret al. 1986) and are colonized by epiphylls (Clarket al. 1992,
Coley et al. 1993). Their light-interceptionposition deterioratesowing to overshadingby leaves producedsubsequently,by competitorsand by the plant itself
(Ackerly & Bazzaz 1995, Hikosaka 1996, Kitajimaet al. 1997, Koike 1988). A
given export rate of photosynthatefrom the leaf becomes less valuable,because
if obtainedearlierit could have been reinvestedsooner (Harper1989). Takingall
these factorstogether,theremay be no clear-cutadvantageto eitherlong leaf lifespanor low-LMA strategiesamongcoexisting species, in termsof fitnessvalue of
carbongain over the lifetime of a unit of leaf mass (Westobyet al. 2000).

Leaf Mass per Area: Leaf Lifespan Tradeoff

in DifferentEnvironments
Greaterleaf mass per arearepresentsgreatercost to the plant. If it were possible
to achieve the same leaf lifespan for lower LMA, plants would be selected to do
so. In ourview, the underlyingreasonwhy leaf lifespanandLMA arecorrelatedis
thatlong leaf lifespannearlyalwaysrequiresleaves to be strongin an engineering
sense. Depth and materialstrengthare the two main influenceson the strengthof
a horizontalbeam (Vogel 1988), and both of these are reflectedin LMA.
Withinthe overallLMA-LLcorrelationshownin Figure 1, thereare seemingly
a numberof parallelrelationships.Shifts in the LMA requiredto achieve a given
leaf lifespan could arise from two causes. First,the wear and tear on a leaf might
be more severe in some environmentsthan others. Second, leaf tissue might be
softer in some environmentsthan others, such that a greaterlamina depth is requiredto achieve a given overall structuralstrength.It has recently been shown
how differencesbetweenrainfallenvironmentscan be tracedto this second cause
(Wright& Westoby2002a, Wrightet al. 2002). AverageLMA is well knownto be
higherat low rainfall,owing to thickerleaves, densertissue, or both (Cunningham
et al. 1999, Fonseca et al. 2000, Mooney et al. 1978, Niinemets 2001, Schulze
et al. 1998, Specht & Specht 1989). It has now been shown that this does not
achieve longer leaf lifespan [two rainfallcomparisonsin Australia(Wrightet al.
2002a) and one in the United States (Reich et al. 1999)]. Thatis, a shift to higher
LMA is requiredat low rainfall to achieve a given leaf lifespan. Surprisingly,
the higher-LMAleaves at low rainfall did not show greaterstructuralstrength.
Rather,low-rainfallspecies tendedto be builtfromsoftertissue (Wright& Westoby
2002a). Low-rainfallspecies hadhigherleaf N per mass andper area(Wrightet al.
2001). This was associated with strongerdrawdownof internalCO2 concentrations, leading to economy of transpiration,but was associated also with softer
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tissue, requiringhigher LMA for a given overall leaf strengthand leaf lifespan
(Wright& Westoby2002a).
Species characteristicof shadedunderstoreyusually have longer leaf lifespan
in association with lower LMA than species from well-lit habitats(Bongers &
Popma 1990, Hladik& Miquel 1990, King 1994, Lusk & Contreras1999, Suehiro
& Kameyama1992, Valladareset al. 2000, Xu et al. 1990; but see Williamset al.
1989). Similarly, within species, individuals or leaves growing in shade often
have longer leaf lifespan and lower LMA (Miyaji et al. 1997, Reich et al. 2002,
Steinke 1988). The low wind, high humidity,andreducedriskof wilting thatcharacterize dense-shadeenvironmentsmay make it possible to achieve longer leaf
lifespan without physical reinforcementexpressed as a cost in increasedLMA
(see also Bongers & Popma 1990). Slow revenue has been proposedto explain
the increasedleaf lifespan in shade (Figure 2) but does not explain decreasing
LMA at the same time as increasingleaf lifespan. The most plausible explanation for increasedleaf lifespan in conjunctionwith lower LMA is that there are
a numberof separatebut parallelLMA-LL relationships(as shown for rainfall
in Figure 3). The shift to humid, low-wind, low-radiationconditions of shaded
understoreyis a shift towardthe upperleft in Figures 1 and 3, but within shaded
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Leaf mass per area [log scale]
Figure 3 Schematic of leaf lifespan: leaf mass per area (LMA) relationshipsobserved
by Wright et al. (2002). Each oval cloud represents the scatter of species in a given
habitat.Species occurring at lower soil P tend to have higher LMA, and leaf lifespan is
also higher, corresponding to the same LMA-LL relationship observed across species

withinhabitat.Speciesoccurringat lowerrainfallalso tendto higherLMA buthave
shiftedto a parallelrelationshipachievingshorterleaf lifespanfor a givenLMA.

This content downloaded from 132.203.227.62 on Tue, 28 Apr 2015 17:07:28 UTC
All use subject to JSTOR Terms and Conditions

136

ETAL.
WESTOBY
understoreythere would still be a positive relationshipbetween LMA and leaf
lifespan.
Species occurringon nutrient-poorsoils shift towardhigheraverageLMA and
longer leaf lifespan than species on more fertile soils (Chapin1980, Monk 1966,
Reich et al. 1992). It has recently been shown (Figure 3) that the shift toward
higher leaf lifespan and LMA on low-nutrientsoils occurs along the same LMALL relationshipas on higher nutrients,ratherthan shifting to a differentparallel
LMA-LL relationship,as at low rainfall and deep shade. Most likely there is
strongerselection in nutrient-poorhabitatsto extend nutrientretention(Aerts &
van derPeijl 1993), favoringextendedleaf lifespan,which is in turnmadepossible
by higherLMA.

LMA-RelatedLeafTraitsthat Have Been
Suggestedas AlternativeStrategyIndices
Historically,LMA firstattractedattentionas a significantdescriptorof plantstrategies becauseof its relationshipto potentialrelativegrowthrate,potRGR.PotRGR
is the exponentialgrowthrate(drymass gain per mass per time) measuredon fastgrowing seedlings given plentifulwaterandnutrients.PotRGRhas been seen as a
bioassayof responsivenessto favorableconditions(Grime& Hunt 1975, Lambers
& Poorter 1992). PotRGRis made up of net assimilationrate x leaf mass fraction x specific leaf area(SLA). Hence, LMA (= 1/SLA) necessarilyinfluences
potRGR. Indeed, in most comparativestudies SLA (= 1/LMA) has been the
largestof the three sources of variationbetween species in potRGR(Lambers&
Poorter1992, Wright& Westoby1999, andreferencestherein).It has now become
apparentthathigh LMA, long leaf lifespan, slow turnoverof plantparts,and long
nutrientresidence times are associatedwith adaptationto slow-growthsituations
in a more fundamentalway thanis slow seedling potRGR(Aerts & van der Peijl
1993, Chapin1980, Cunninghamet al. 1999, Poorter& Gamier 1999).
LMA is made up of lamina depth multipliedby tissue density (Witkowski&
Lamont 1991). Both components,or measuresclosely relatedto them, have been
advocatedas betterindices of plant strategiesthanLMA. Leaf volume is made up
of solid (cell walls), liquid (cell contents),and gas (intercellularspace). Roderick
et al. (1999a,b, 2000) arguedthat liquid volume of leaves should be considered
fundamental,because the metabolically active components are in liquid phase.
Further,because light captureis area-basedwhile gas exchange is volume-based
(Charles-Edwards1978), the surfacearea-to-volumeratioof leaves shouldbe considereda fundamentaldescriptorof leaf structureandfunction.Ineffect, this argues
that leaf thickness is more informativethan LMA or SLA. Dry mass/freshmass
(drymattercontent)approximatestissue density for leaves with little intercellular
space and has been used in several studies (e.g., Ryser 1996, Wright& Westoby
1999). Wilson et al. (1999) found dry mattercontentmore tightly correlatedthan
LMA with a "primaryaxis of specialization"that Grime et al. (1997) identified
by ordinationof 67 traitsamong 43 Britishherbaceousspecies, correspondingto
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the C-S axis of the CSR scheme, but Vendraminiet al. (2002) found the reversein
Argentina.
In our view, LMA remains the most useful single indicatorof leaf strategy,
although thickness, dry mattercontent, and volume components should also be
measuredwherepossible (Garnieret al. 1997, Niinemets 1999). First,LMA is the
constructioncost of a unit leaf area, a fundamentalquantityin leaf economics.
Second, a leaf's physical strengthdepends on both its thickness and its tissue
density. Third,LMA generally appearsto be correlatedas least as strongly with
traitssuch as leaf lifespan,residencetime of nutrients,andphotosyntheticcapacity
as are alternativeindicators(Niinemets 1999, Ryser 1996, Ryser & Urbas 2000,
Schlapfer & Ryser 1996, Vendraminiet al. 2002, Wright et al. 2002). Fourth,
internalvolumes are much harderto measurethan mass and area. Most workers
wouldbe unwillingto shiftto expressingtraitson a volumeratherthana massbasis,
except for species withoutinternalgas volume, wherethe two areinterchangeable.

SEEDMASSAND SEEDOUTPUT
The mass of an individualseed ranges5-6 ordersof magnitudeacrossspecies, even
within communities(Figure4). This is much largerthan within-speciesvariation
(Table 1). Within-speciesvariationoccurs mainly within individualsratherthan
amongplantsor populations(Obeso 1998, Vaughton& Ramsey 1998), indicating
environmentaleffects duringdevelopmentmore thangenetic differencesbetween
mothers.
Vegetationcan be thoughtof as species competing to occupy patches. Under
this "sessile dynamics"theoreticaltradition(Fagerstrom& Westoby 1997), the
groundavailableis imaginedas a set of patches.The abundanceof each species is
representedby the proportionof patchesit occupies. For species to persistin these
patch-occupancymodels, theyneed to colonize vacantpatchesat least as rapidlyas
they vacatepatchesby the deathof individuals.A crucialparameterin the criteria
for invasion and coexistence is the chance that a vacated patch will be reached
by one or more seeds from a patch alreadyoccupied by the species. Seed output
per occupied patch (or per unit area) is a centralquantityfor understandingthe
differencesin potentialcolonization ability between species within communities
of sessile, patch-occupyingspecies.
Several studies have found seed outputnegatively correlatedwith seed mass,
sometimesafteradjustingfor plantsize (Greene& Johnson1994 across 17 woody
species, Jakobsson & Eriksson 2000 across 72 seminaturalgrassland species,
Shipley & Dion 1992 across 57 herbaceous angiosperms,Turnbullet al. 1999
across 7 annuals in limestone grassland, Werner & Platt 1976 across 6 Solidago species). In a study that expressed seed outputper squaremeter occupied,
log seed mass could predict aboutthree fourthsof the variationbetween species
in log seed outputacross 47 woody evergreenspecies (Henery& Westoby2001),
and slope was -1, i.e., directly inversely proportional.By definition, seed output per squaremeter is equal to mass devoted to reproductionper squaremeter
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Figure 4 Cross-speciesfrequencydistributionsof individualseed mass for severallocations (Leishmanet al. 2000). Twobarsperorderof magnitudeof seed mass.

dividedby (seed mass + accessorycosts per seed), where accessorycosts include
fruitstructures,dispersalstructures,andearlyabortedseeds. The influenceof these
differentcomponentson seed outputmust dependon how widely each varies and
on any cross-correlationsbetween them. In Henery & Westoby's (2001) dataset,
seed mass varied across three ordersof magnitude,but reproductiveproduction
variedacrossonly one (even allowingfor limitedsamplingduringa single season);
hence, seed mass accountedfor threefourthsof the variationin output.Accessory
costs variedin proportionto seed mass and so did not change the -1 slope.
The large outputadvantageof small-seededover large-seededspecies must be
counterbalancedat some stage of the life cycle. The most obviousinfluenceof seed
mass is on the initial size of the seedling and on the provisions availableduring
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early seedling life. Therefore,it is logical to expect the countervailingadvantage
to be principallyat seedling establishmentphase. Strongevidence supportsthis.
Under sufficientlyfavorableconditions, 100%of viable seeds make seedlings,
no matterhow small. Hence, it must be underdifferentkinds of hazardsthat the
advantageof largerseeds becomes apparent.A substantialbody of manipulative
experiments(Table 2) shows clearly that larger-seededspecies usually perform
better under hazards during seedling establishment.Further,in four of the six
experimentswhere larger-seededspecies did not performsignificantlybetter,the
reason is understood.Three in deep shade are discussed below. In a field drought
experiment(Leishman& Westoby 1994) conditions were particularlyharsh, so
that survivalwas low even in wateredtreatments.
The benefitof largerseed size applies acrossmany differenthazards(Table2).
That is, larger seed size might initially evolve in a lineage owing to one type
TABLE 2 Between-species experimentsthathave tested the propositionthat seedlings from
species having largerseeds performbetterthan seedlings from species having smallerseeds,
undervarioushazards*
Larger-seeded species
performed better

Larger-seeded species did not
perform significantly better

Competitionfrom
established
vegetation

Gross (1984), Bakker(1989),
Reader(1993), Ryser (1993),
Burke& Grime(1996),
Eriksson& Eriksson(1997),
George & Bazzaz (1999; firstyear)

Thompson& Baster (1992),
George & Bazzaz (1999;
second year)

Competitionfrom
otherseedlings
Deep shade

Leishman(1999),
Turnbullet al. (1999)
Grime& Jeffrey(1965),
Leishman& Westoby(1994a),
Osunkoyaet al. (1994),
Saverimuttu& Westoby(1996b;
cotyledon-phase),Walters
& Reich (2000; early phase)
Armstrong& Westoby(1993),
Harms& Dalling (1997)
Jurado& Westoby(1992),
Milberget al. (1998)
Gulmon (1992), Jurado& Westoby
(1992), Juriket al. (1994),
Seiwa & Kikuzawa(1996)
Leishman& Westoby
(1994b; glasshouse)

Hazard

Defoliation
Mineralnutrient
shortage
Depth undersoil
or litter
Soil drought

Augspurger(1984), Saverimuttu
& Westoby(1996b; first-leaf
phase);Walters&
Reich (2000; laterphase)

Leishman& Westoby
(1994b; field)

*Updatedfrom Westoby et al. (1996). Studies were included only if they covered at least five species, with seed mass
spanningat least one orderof magnitude
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of advantagebut having evolved, would be functional also in relation to other
hazards.
Manystudies(reviewedin Leishmanet al. 2000) haveshownthatinitialseedling
size is positively related to seed size across species as well as within species.
Seedlings from larger-seededspecies also tend to have greaterreserves relative
to the autotrophicfunctioning parts of the seedling, and thereforecan support
respirationlonger under carbon deficit. This has been called the "larger-seedlater-deployment"interpretation(Ganade& Westoby 1999, Kidson & Westoby
2000, Leishman et al. 2000) or "cotyledon functional morphology hypothesis"
(Garwood1995, Hladik& Miquel 1990, Kitajima1996a,b).Forcompetitionfrom
establishedvegetation,depthundersoil or litter,and soil drought,betterseedling
survivalmight be attributableto largerinitial size of the seedling. In most deep
shade experiments,for defoliation and for mineralnutrientsthere is no resource
gradientaway from the soil surface and consequentlyno built-in advantageto a
largerinitial seedling that reaches furtheraway from the surface.Advantagesof
largerseed mass owing to greaterreserves(as distinctfrom owing to largerinitial
seedling size) applyduringcotyledonphasebutnot laterduringseedling life. This
has been directlydemonstratedunderdeep shade (Saverimuttu& Westoby 1996,
Walters& Reich 1999) and can accountfor all three cases in which largerseed
mass was not associatedwith bettersurvivalunderdeep shade (Table2).
Thereare some consistentshifts in mean log seed size between differentenvironments,thoughnot so manyas mightbe expectedfromthe experimentalresults.
Many studies have shown that species establishingin closed or shadedenvironmentstendto have largerseeds thanthose in open environments[e.g., Baker1972,
Foster1986, Foster& Janson1985, Grubb& Metcalfe 1996 (generawithinfamilies
but not species within genera),Hewitt 1998, Hodkinsonet al. 1998 (angiosperms
but not gymnosperms)],Mazer 1989, Metcalfe & Grubb 1995, Salisbury 1942,
Thompson& Hodkinson1998]. Evidenceaboutnutrient-poorversusnutrient-rich
soils is contradictory.Westobyet al. (1990) found little effect comparingsclerophyll woodlandon low-nutrientsoils with temperaterainforeston higher-nutrient
soils in Australia.Parolin(2000) foundlargerseeds in nutrient-poorenvironments
among58 CentralAmericanfloodplainspecies. It has been suggestedthatspecies
in drought-proneenvironmentsare likely to have largerseeds thanthose in moist
environments(Baker 1972, Rockwood 1985, Salisbury1942). However,the correlationBakerfound was mainly caused by a tendencyfor herbaceousspecies in
flood-pronehabitatsto have small seeds (Westobyet al. 1992), and Mazer (1989)
failed to find a relationshipbetween aridityand seed mass. Seed mass tends to be
greatertowardlow latitudes(Baker 1972, Levin 1974, Lordet al. 1997), and this
is only in parta correlateof shifts in growthform, dispersalmode, and shading.
No relationshipwith altitudehas been found (e.g., Rockwood 1985).
Despite some shifts in the mean between habitats,especially shaded versus
open, it is strikingthat the spreadof seed mass between species within a habitat
is very wide (>95% of all variationis within ratherthanbetween temperatezone
floras)(Table 1 and Figure4).
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SPECTRUM
LEAF-SIZE-TWIG-SIZE
Corer (1949) pointed out two cross-species patterns.The thickerthe plant axis
(stem), the largerthe individualappendages(leaves, inflorescences,fruits). The
moreclosely spacedthe ramification(branching),the thinnerthe ultimateaxes and
the smallerthe appendages.Halle et al. (1978) called these patternsCorner'sRules
(White 1983a,b),and recentwork has confirmedand quantifiedthem (Ackerly &
Donoghue 1998, Brouatet al. 1998, Cornelissen1999).
Twig cross-sectionalareais expected to be coordinatedwith the total leaf area
supportedon the twig, forbothhydraulicandmechanicalreasons.However,a given
total leaf area might logically be made up of many small or of few large leaves.
Hence, coordinationof twig cross-sectionalareawith transpirationdemandfrom
the leaves or with requirementfor mechanicalsupportdoes not, in itself, force a
correlationbetweenthe size of twigs andthe size of individualleaves. Presumably,
when twigs are closer together,then leaves should be smallerbecause otherwise
they would overlap wastefully. Perhaps also they might damage each other by
thrashingtogetherin the wind.
Althoughthe leaf-size-twig-size spectrumis apparentall aroundus, and quantificationsof it areaccumulating,its adaptivesignificanceis far fromclear.Theory
about leaf size has been developed by Parkhurst& Loucks (1972), Givnish &
Vermeij(1976), andGivnish(1978,1979,1984). Largerleaveshavethickerboundary layers of still air. Consequentlytheir convective heat loss is slower, and they
tendto be heatedaboveairtemperatureby a widermargin.This may be a disadvantage, increasingrespirationrates more thanphotosynthesisrates. This effect will
be more importantfor leaves understrongerradiationand where wateris in short
supply (because transpirationalso sheds heat). Givnish (1978, 1979, 1984, 1987)
expressedthe costs of slow convectiveheat loss in termsof the carbonexpenditure
in the root system that would be needed to supply the leaf with sufficientwater
for cooling by transpiration.These costs were balanced against photosynthetic
carbongain in assessing optimalleaf size. As rainfalldecreased,increasingwater
acquisitioncosts were expected to favor smaller leaves. Under low soil nutrient,
Givnish invoked a flatterresponse to temperatureof mass-basedphotosynthesis,
droppingoptimaltemperaturefor net carbongain and favoringsmallerleaves.
Empirically,leaf size tendsto decreasetowarddry,sunny,or nutrient-poorhabitats (Givnish 1984, 1986, 1987; Hall & Swaine 1981; Raunkiaer1934; Schimper
1903; Shields 1950; Walter1973; Webb 1968), as expected underGivnish'streatment. It is widely held that closely ramifiedbranchingis better suited to strong
light environments(Cornelissen1993, Givnish 1984, Horn 1971, Kempf& Pickett
1981). A substantialpaleobotanicalliteratureuses fossil leaf sizes to estimatepast
precipitation(Gregory-Wodzicki2000, Jacobs 1999, Wiemannet al. 1998, Wilf
et al. 1998, Wolfe 1995).
Otherpotentialcosts and benefitsof a position high or low along the leaf-sizetwig-size spectrumremain little investigated.Leaf-size-twig-size is well correlated with the size of infructescencesand weakly with mass of individualseeds
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(Cornelissen 1999). These relationshipsalso occur ontogeneticallyand between
gendersin dioecious species (Bond & Midgley 1988, Midgley & Bond 1989), suggesting thatundersome circumstancesselection for largerfruitsor flowers could
drive selection on leaf size. Smaller-leavedspecies may sufferless herbivoryduring leaf expansion,becausethe durationof expansionis shorter(Moles & Westoby
2000). Ritchie & Olff (1999) modeled coexistence of species thatforage at different scales. Species that could orient their foraging accuratelyinto small patches
requiredhigher resourceconcentrationsto supporttheir populations.Therefore,
fine-scale foragingspecies were superiorin local resourceconcentrationsbut unable to occupy most of the space available,and a series of coarser-scalespecies
could coexist. One of their datasets used leaf width as an indicatorof foraging
scale. Giventhatleaf size is correlatedwith twig size anddegreeof ramification,it
could be arguedthatleaf size acts as a surrogatefor somethingto do with the scale
of twig or branchsystems, which conceivablyreflectthe naturalscale of foraging
for light (Cornelissen 1993, Givnish 1984, Horn 1971, Kempf & Pickett 1981).
However,Bragg & Westoby (2002) did not find supportfor this idea. Although
smaller-leavedspecies were positionedin higherlight relativeto their height, the
light patchesin questionwere several-foldlargerthanwhole plants.
Surprisingly,the dry-masseconomics of deployingleaf areaas few largeversus
many small leaves seem to have been little investigated.Dry-massgain per shoot
masscan be partitionedintodry-massgain/leafarea x leaf area/shootmass. Given
that leaf area ratio (leaf area per plant mass) has proved to be the largest source
of variationin seedling growthbetween species (Poorter& van der Werf 1998), it
would not be surprisingif leaf areaper shoot mass were importantin the economy
of branchsystems. We have found a substantialtendencyfor larger-leavedspecies
to have higher leaf mass fraction beyond 10 mm2 twig cross-section, but this
was counterbalancedby larger-leavedspecies havinglower leaf areaper leaf mass
(higherLMA) (M. Pickup,A. Basden,M. Westoby,unpublisheddata).It is already
clear that this second patternis not a universalrule. Grubb(1998) and Shipley
(1995) found that among species with similar ecology those with larger leaves
tend to have higherLMA. They suggestedthis was a requirementfor mechanical
support.Niinemets (1996, 1998; Niinemets & Kull 1994), however,found lower
LMA in larger-leavedspecies; this patternmay occur within a vegetation type
when species are differentiatedmainly along a shade-tolerancespectrum.Using
data from several habitats,Ackerly & Reich (1999) found LMA and leaf size
negativelycorrelated,but this consisted almost entirelyof the differencebetween
angiospermsand conifers;there was little correlationwithin either clade. Across
sites, SLA and leaf size both tend to decline towards lower rainfall and lower
soil nutrient(Ackerly et al. 2002, Fonseca et al. 2000). In datasets spanning a
range of habitats,within-habitatand between-habitatpatternsare liable to cancel
each otherout, leaving little or no overallrelationshipbetween leaf size andLMA
(Ackerly et al. 2002, Fonseca et al. 2000, Wilson et al. 1999). In summary,if
larger-leavedspecies turn out consistently to have higher leaf mass fractions in
their shoots, this will not always be counterbalancedby higherLMA. Higherleaf
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mass fractionmay delivera substantialleaf areaper shoot mass advantageto large
leaf size and large twig size in some comparisons.

POTENTIAL CANOPY HEIGHT
Potential or maximum canopy height can range from -1 cm to >50 m, four
orders of magnitude. Sometimes this full range can be found at a single site.
Here we considerself-supportingspecies only. The height-parasites,climbersand
epiphytes, are importantin some vegetation types. Their strategiestestify to the
advantageof height but do not really have characteristicheights of theirown.
The benefit of supportingoneself at a height cannot be understoodby considering a single strategyin isolation (Iwasa et al. 1985). At any moment in the
successional process, being taller than neighborsconfers competitive advantage
throughprior access to light. However,height incurs costs from past investment
in stems and supportstructures,from continuingmaintenancecosts for the stems
andvasculature,and from disadvantagesin the transportof waterto height. In the
absenceof competition,a single strategycould maximizeproductivityper leaf area
by minimizingthe costs associatedwith height and growing close to the ground.
However,plants using this strategywould be open to invasion by plants using a
strategythat divertedsome resourcesto nonproductivetissues such as stem and
grew slightly taller.Plants using that strategyin turnwould be open to invasion
by plants using a thirdstrategythat grew slightly taller still, and so forth. Height
is the classic case of a strategythatneeds to be understoodin the context of game
theory (Kawecki 1993).
Height is the one quantitativetraitthathas been adoptedby virtuallyeveryone
doing comparativeplantecology (e.g., Bugmann1996, Chapinet al. 1996, Grime
et al. 1988, Hubbell& Foster1986, Keddy 1989, Weiheretal. 1999, Westoby1998,
Wilson et al. 1999). Nevertheless,unlike the LMA-LLand seed mass-seed output
spectra,ideas about canopy height strategiesinclude several trade-offs(Givnish
1995). The upperlimit on height, the pace at which species grow upward(which
may decide relativeheight advantageat differenttimes afterdisturbance),and the
durationover which stems persist at their upper height, have costs and benefits
thatare at least partlyseparate.If the costs andbenefitscould be elucidated,andif
easily measurablekey traitscould be identified,these componentswould ideally
be separatedout.
Some studies have consideredthe biomass cost for supportinga unit of leaf
areaat a given height. In herbaceousvegetationtallerspecies have lower leaf area
ratios (leaf area per abovegroundbiomass) owing to lower leaf mass fraction or
higherSLA or both.Althoughshorterspecies interceptless light per unitleaf area,
they are not necessarilyinferiorwith regardto light interceptionper aboveground
biomass (Anten & Hirose 1999, Hirose & Werger1995).
A weakness of consideringlight interceptionper unit biomass is that biomass
of stems and branchesaccumulatesover time. Accumulatedbiomass is not in the
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same units as currentphotosynthesisfor assessing the budgetat a particularstage
of growth. The argumentcan be improvedin two possible directions.One is to
express stem and branchbiomass as currentcosts. The other is to consider the
time-dynamicsof competitionfor height and light.
Along the current-budgetdirection,Givnish(1988, 1995) used allocationequations from Whittaker& Woodwell (1968) to estimate currentgrowthof non-leaf
tissues. Allocationto non-leafincreasedwith the heightof the tree.Takentogether
with leaf respirationand with leaf constructioncosts amortizedover the season,
these costs can be balancedagainstcurrentphotosynthesis.Throughthis reasoning
a maximumheightcan be estimatedas the height at which costs fully consumeall
currentphotosynthesis.
This respirationhypothesis for the upper limit to plant height has been contrastedwith a hydraulic-limitationhypothesis (Goweret al. 1996, Ryan & Yoder
1997), leadingto a recentoutburstof debate(Beckeret al. 2000a,b;Bond & Ryan
2000; Mencuccini & Magnani2000). In reality,argumentsabout single limiting
factors for plant height are unlikely to be profitable,at least for thinking about
differencesbetween species. First, species are not expected to evolve to grow as
tall as is physiologicallypossible. It is the density and height of shadingby competitorsthatdetermineshow muchbenefitcan accruefromheightgrowth.Second,
naturalselection shapes strategiesin such a way that no single capabilityof the
plant is limiting. Rather,strategiesare characterizedby coordinationof different
capabilitiesandquantities.Sapwoodcross-sectionalareais coordinatedwith total
leaf area,the ratio of the two being adjustedto evaporativeclimate (Mencuccini
& Grace 1995, Schaferet al. 2000). Stomatalconductance(and hence assimilation and transpiration)are coordinatedwith vascularconductance(Hubbardet al.
2001, Magnani et al. 2000, Nardini & Salleo 2000, Sperry 2000) and with the
cavitationrisk of the vasculature(Whitehead 1998). Constrictionsin vessels to
lower branchescan ensurethatsufficientwaterflow is directedto upperbranches
(Hacke & Sperry2001). Vessel taperingcan be coordinatedwith height to buffer
the effect thatheight would otherwisehave on conductanceof the vascularpathway (Beckeret al. 2000a, Westet al. 1999). Similarly,vessel length (frequencyof
cross-walls)is modulatedaccordingto heightwithina treeto balanceconductance
againstcavitationrisk (Comstock & Sperry2000). Pore diametersbetween vessels control air-seedingof embolisms from one vessel to anotherand the linkage
betweenxylem pressureandxylem conductance(Sperry1995, Tyree 1999). If one
of these traitswere consistentlylimitingrelativeto another,then alternativegenotypes or species strategieswould be favoredthatreallocatedtheirefforts, because
this could relieve the limitationwithout equivalentdisadvantageelsewhere. This
is the principle of equalizationof marginalreturnson alternativeexpenditures,
familiarto economists and evolutionaryecologists (e.g., Venable 1996) but yet to
be fully assimilatedinto physiologicalthinking.A species' strategiesareexpected
to evolve to the point at which many factors are limiting simultaneously,or no
single factoris limiting, dependinghow one likes to thinkaboutit.
Whereassome aspects of height strategymay be understoodvia the costs and
benefits of height at a point in time, other aspects need to be considered over
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cycles of disturbanceandgrowth.Disturbancesopen the canopy,daylightbecomes
available near the ground, and a race upwardsfor the light ensues. Races are
restartedwhen a new disturbancedestroysthe accumulatedstem height. Winning
strategiesarenot only those thateventuallyresultin the tallestplants.Any species
thatis nearthe lead at some stage duringthe racemay makesufficientcarbonprofit
to ensure that it runs also in subsequentraces (which is the criterionfor a viable
strategy).Entryin subsequentraces may occur via vegetativeregeneration,via a
stored seed bank, or via dispersalto other locations, but the prerequisitefor any
of these is sufficientcarbonaccumulationat some stage duringthe race for light.
Withina race series havingsome typicalrace duration,one finds successful height
strategiesthat have been designed by naturalselection to be among the leaders
early in a race, and othersuccessful strategiesthatjoin the leadersat variouslater
stages. Among tree species, those with faster growth usually have lower wood
densities, associatedwith less strengthand decay resistance(Loehle 1988, 1996).
Towardthe laterstagesof heightraces,treespecies with verypersistentstemsreach
the lead because faster-growingspecies aredisintegratingabove them, ratherthan
by overtakingthe faster-growingspecies.

SPREADOF SPECIESALONGTHE DIMENSIONS
For each of the dimensions discussed, species traitstend to shift along climatic
gradientsand between sites in a landscape,as briefly outlinedabove. However,a
strikingfeatureis the wide spreadof traits among species growing interspersed
within a single vegetationtype.
The fact that assemblage averages shift in response to physical conditions of
the site indicatesthatthe species siftedinto a site aredrawnselectively fromthe regional flora["filtered"(Diaz et al. 1998)] with regardto the value of the trait.However,if one comparestwo sites with differentassemblagemeans,the site with lower
mean will includesome species with a highertraitvalue thanthe assemblagemean
of the othersite. Further,the spreadof traitvalues seems at least as wide in harshas
in favorablehabitats.This contradictsthe idea thatphysical propertiesof the two
sites determinein a simple way whattraitvalues arepermitted.Somethingspreads
out the frequencydistributionacross species within a site into a broadmixture,at
the same time thatphysical propertiesof the site somehowposition the whole frequencydistribution.In principle,threesourcesmightcontributeto the wide spread
within sites: (a) a broadfrequencydistributionof physical conditions across micrositeswithineach site, (b) continuingimmigrationfromsites with differentphysical conditions,and(c) some game-theoreticor frequency-dependent
process.Data
arenot availableto partitionthe contributionsof these threeforces to spreadingout
the within-site frequencydistributions,but we think it likely that game-theoretic
processes are the most important.The field experimentto test for a frequencydependentprocess is simple in principle.One needs to selectively remove species
from a particularbandof, for instance,seed mass, then show thatrecolonizationis
drawnselectively from thatsame bandof species more thanfrom among the seed
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masses left behind. The difficulty is that the processes to be measuredare only
expected to operateconsistentlyover severalgenerations(which for woody vegetationwould mean tens to hundredsof years), over severalcycles of disturbance
(becauseusing differenttimes since disturbanceis one of the mainforms of gametheoreticalinteraction),and over a largeenough areaof space for realisticpopulation dynamicswithinall of the species involved(which would meanhectaresup to
squarekilometersfor each replicate).This experiment,which wouldbe the natural
nextstepin termsof researchlogic, is unfortunatelynearlyunachievablein practice.
The qualitativeconditionsfor coexistence of a broadmixtureof strategiesfor a
traitarereasonablywell understood.Evolutionarilystablestrategy-mixturetheory
developed by Geritz for seed mass (Fagerstrom& Westoby 1997; Geritz 1995,
1998; Geritzet al. 1999; Rees & Westoby 1997) illustratesthe principles.Species
at one end of the spectrumof the traitneed to be competitivelysuperior,but at the
same time unable to sequesterall the space available.In Geritz's models largeseed strategiesdefeat smaller-seedstrategiesin seedling competitionfor space.
Hence, strategy mixtures can always be invaded by a larger seed mass, up to
the size at which seed output is so low that the populationcan no longer have
a positive rate of increase, even though the strategy is never outcompeted.At
the same time, plants using strategieswith smaller seeds and higher seed output
from each occupied patch are able to persist, because their seeds reach some
establishmentopportunitiesthatarenot reachedby anylargerseed. In otherwords,
the broad spread of strategies is made possible by a colonization-competition
tradeoff (Chesson 2000, Pacala 1997). The specific assumptionsof this model
are probablynot met in most vegetationtypes (Leishman2001), but the point is
thatgame-theoreticprocesses with this generalstructurearethe most likely forces
generatingbroadstrategymixtureswithin assemblages.
For the LMA-LL and leaf size-twig size dimensions, ESS models have yet
to be developed, but appropriatespectrahave been suggested. For LMA-LL, a
model by Aerts & van der Peijl (1993) is underpinnedby a spectrumof timesince-disturbance.Low LMA species grow faster during early succession, but
high LMA species have longer nutrientretentiontimes, and over time they take
overan increasingproportionof the nutrientpool. Forleaf size-twig size, the model
by Ritchie & Olff (1999) discussed above is underpinnedby an assumptionthat
high-value resources occur in small patches, and species exploiting these small
patchesare thereforeunableto occupy the whole environment.
Therehave been ESS treatmentsof height (Givnish 1982, King 1991, Makela
1985, Sakai 1995), of the shadingrelationshipbetween strategiesas affected by
SLA or leaf angle (Hikosaka& Hirose 1997, Schieving & Poorter1999), and of
the pace of height growthas affectedby allocationbetween roots and shoots and
between stem and foliage (Givnish 1995, Sakai 1991, Vincent & Vincent 1996).
All of these treatmentspredicta single winning strategy.This illustratesthat the
observedwide spreadwithin sites on these dimensionsis not inevitable.
The ESS treatmentof Iwasa et al. (1985) accounts for a mixture of height
strategies.This shows that provided the costs of maintainingleaves at a given
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height rise with height in an acceleratingmanner,leaves shouldbe spreadthrough
a continuousrange of heights. It can easily be imaginedthatthis strategymixture
could be made up of many species of differentheights, though Iwasa et al. left
open the possibility of a single species with a deep canopy.

CONCLUSIONAND SOMEFUTUREDIRECTIONS
In comparingecology to chemistrybefore the periodic table, Southwood (1977)
pointedbothto the disorganizedconditionof ecological knowledgeandto the hope
for integrationvia an agreed-uponecological strategyscheme. Actually, ecological strategyschemes are unlikely to look like a periodic table (Steffen 1996). A
closer analogymightbe personalityschemesas used in psychology (Atkinsonet al.
1990). Personalityschemes have spectrasuch as introvertto extrovert,analytical
to emotional.Key issues in personalityscheme researchhave been aboutthe number of spectrathatconvey different,useful information(consensus is approximately 5) and aboutthe meaningof particularspectraand theirpredictivepower for
what people will do in differentsituations.
Similarly in ecology, the need is to identify leading dimensions of variation that seem useful. The list can be open-ended:There is no need to decide
in advance on a scheme with a fixed number of dimensions. The present situation is that a degree of consensus is emerging about LMA-LL, seed massseed output, and height. These three dimensions of variationcaptureimportant
generalities about how plant species make a living. They can be measuredrelatively easily, which is importantif they are to serve for coordinatinginformation
worldwide.
What are the likeliest directions for future progress?First, these dimensions
have not been tried out much as potentialexplanatoryvariablesduringliterature
synthesis.Plainly they do have some explanatorypower in relationto some kinds
of phenomena,for example LMA-LL in relation to ecophysiological traits such
as leaf nitrogen and potential photosyntheticrates. At this stage we cannot be
sure the dimensionswill be much help in pulling togetherthe large literatureon a
few species at a time in ecophysiology, succession, or experimentalecology, but
it is worth trying. Otherwisewe defaultto the discouragingconclusion that each
species is idiosyncraticand a separateproblem.
A second directionfor furtherprogressis throughaddingdimensions to a list
of those thataremost informative.An obvious deficiencyis the lack of something
indicatingtemperaturepreferences,whetheras optima for growthor as lower or
upper tolerances.This is crucial for the position of a species on global climate
maps and for its futureunderclimate change. Unfortunately,there is no obvious
candidatefor a simple measurementthatwould capturetemperaturepreference.
A third direction for researchprogress would be to clarify and separatethe
differentelements of height:the pace of height growth,the asymptoticheight, and
the capacityto persistat a height. A fourthdirectionwould be to clarify costs and
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benefitsalong the leaf-size-twig-size dimension,which is conspicuousbut poorly
understood.A fifth directionwould be to develop convincingmodels thatpredict
both the spreadof species traitsobservedand shifts in the upperandlower bounds
of the spreadfrom one environmentto another.It is understoodwhat is needed in
principleto supporta broadmixtureof coexisting strategies,but this has yet to be
modeled in detail and with convincing experimentalevidence for any particular
strategydimension.
There is much to be done. There is also a real hope that we may be getting
somewhere.
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