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Summary. We present a method lor quantil-u-ing the growth
advantage, if any, that results frorn the plasticity ol plant
traits in response to growth in high rs. lovn'resource levels.
The method, whioh uses tr,,'o phenotypes and two resource
levels, quantifies the a\rerage advantage that a phenotype
has. in its own set ol conditions. over tl.re other phenotype.
The method is applied to the gron th ol tr,,'o phenotypes
of Abutilon theophrasti, induced bl high and lorv light inten-
sity, in response to two levels ol incrdent light intensity.
We calculated the growth advantage first using relative
growth rate, and second using u hole-plant photosynthetic
assimilation rate, as the response rarrable. Therr we used
the photosynthetic responses to changes in light intensity
to calculate changes in growth rates of each phenotype
when exposed to a change in light conditions. Tl.rese three
quantifications of growth advantage broadly agree with one
another. Despite the great plasticitl' ol its traits induced
by growth in high vs. low light intensity. r,,'hole-plant plas-
ticity did not allow Abutilon theophru.sti to erhibit a signifi-
cant growth advar.rtage under these conciitions. Indeed. the
relative growth rate of the lo"v light phenotl'pe -ereatly ex-
ceeded that ol the high light phenotype in high rnciclent
light conditions. This may have resulted ft'orn the l.righer
leaf area ratio of the low light phcnotype. Furthermore,
the high light phenotype had significantly greilter trrrnspira-
tion rate in both light conditior.rs. For thesc re:rsons rve

slrggest that light-induced plasticity ol traits in .lbtrtilon
theophrasti may conler advantage in response to the varia-
tion in vapor pressure deficit that is associated rvith vilria-
tion in light intensity. Light-induced plasticity may also bc
advantageous because under high incident light conditrons
the high-light phenotype has greater reproductivc allocation
than the 1ow-1ight phenotype.
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Rice and Bazzaz (1989) quantified plasticities of traits, con-
sidered independently of one another, n Abutilon theoph-
rasti in response to growth in two levels of light intensity.
Some plant traits exhibited greater plasticity than others,
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since the plrr.ticrtr rri sr-rnre traits ma1 a11o*' the homeostasis
olothers (Brad>hlri 196-<. 19l-i: Caswell 1983), particularly
those ess.-r.rtieL ior r ital lunctron. The overall ellect ol the
plasticity tri >tri:re traits and stability ol others should be
to allori a genr)I\pe to hare a growth advantage under
heterogene.r us crrnditlons.

If the ob>err ed set of plastic responses ailows the stimu-
lation oi qrrr\\ th b1 high resources to be greater, and the
dir.ninr-Ltirrn iri sro*th by 1ow resources to be less, than
would strrl.- Lrth!'r set olphenotypic responses, then plastici-
ty can be said to confer a significant growth advantage
under hetertrqeneous resource conditions. We therelore pre-
dictc-d that thl- phcnotype induced by high light would have
rnore rapicl grrr\\th in constant high light conditions than
woulcl the phenotrpe induced by 1ow 1ight, and that the
phcnotlpe incluced by lor.v light wouid have r.nore rapid
gror.r'th rn constant lori' light conditions than would the
phenotl,pe intlucecl bl high light. The expression of both
phenotl'pcs tplastrcitl ) should be advantageous to growth
in heterogcrrcor,rs conditions only il both ol these compari-
sons are sisnillcant. \\'e therelore averaged two ratios (rep-
resenting thr- qrosth adrantase in etrch light intensity) to
obtain G. ti'ie _sro*th adrantage attributable to plasticity.

Il a groutir adranta,ce rs not observed in both pheno-
types. then ue r,,ould e\pect natural sclcction to confer an
advantagc on thc crpression of one rather than two pheno-
types undcr thcse contlitions.

In this paper we test two hypotheses:
1. Each phenotype possesses a growth. and whole-plant

pl.rotosynthetic assimilation, advantage over the other phe-
notype in its own set olconditions.

2. lr.nmediate response ol growth rate to a change in
resource conditions cnn be predicted if thc growth rate in
constant resoLlrce conditior.rs, and the photosynthetic re-
sponsc to changcs in conditions. are known.

Ilethods and calculations

Grctv'th t'on.rliliort.s' ontl mett.surenrcnt tech.niquc.i. Growth
conditions ol these Ahutilon theophrasti individuals were
dcscribed in Rice and Bazzirz (1989). Only the youngest
individuals were analyzcd lor this paper. H individuals were
those that were grown at 900 pE m 's 1 photosyntheti-
cally active radiation (PAR) and L individuals were those
that were grown at 200 prE m ' s t PAR. Linear regres-
sions ol the natural lo-earithrn ol plant rveight as a function
of age were obttrined lor the first five harvest dates for



fl lndrvrduals exposed to high light intensity ("H(h)"), for
H individuals transferred to low light intensity ("H(1)"),
for L individuals exposed to 1ow light intensity ("L0)"),
and for L individuals translerred to high light ("L(h)").
A11 four sets ol plants were harvested over similar plant
weight ranges. Slopes of these regressions are the relative
growth rates.

Whole-plant photosynthetic rates of six individuals eac1.r

of the H and L phenotypes were measured by infrared gas

analysis in the open system that was used by Bazzaz and
Carlson (1982). Each of these individuals was measured
in high (900pE m 2s l PAR) and low (200pE m 2 s'
PAR) incident light intensity, at 28'C air temperature and
1.5 m s- 1 windspeed. Ambient relative humidity was main-
tained betweerr 50o/o and l\oh and ambient carbon dioride
concentration between 315 and 335 pl/I. Water was pro-
vided to the plants during the measurements.

Calculation of G and testing of hypothesis -1. We predicted
that the phenotype that has developed in one set of condi-
tions wiil have a greater response, "R", in that set of condi-
tions than the phenot-vpe that developed in the other set
of conditions. Thus the response of H individuals to high
resource conditions. "RH(h)". u'i1l exceed that of L indi-
viduals immediately upon their transfer to those high re-
source conditions ("RL(h)"): and the response of L indi-
viduals to low resource conditions. "RL0)", will exceed
that of H individuals immediatel)' upon their transfer to
those low resource conditions (" RH (l) ").

A growth advantage ol the H phenotype over the L
phenotype in high resource conditions is demonstrated if
RH(h) significantly exceeds RLlh). and the magnitude of
the adranta-se is the ratio oi RHrh) to RL(h). Similarly,
a srouth advantage of the L ph-nLrtvpe over the H pheno-
type rn iii\ resource condltrrrrs is demonstrated if RL(1)
signi{icanr1l erceeds RH(1). and the magnitude of the ad-
vantage is the ratio of RLtlit.r RH(1).

In order ior plasticiti :t be considered benehciai in a
heterogeneous environment. each url the phenotypes should
posses a sro\\th adrantage. Therelore. lor hypothesis I to
be accepted. both the cornparison between RH(h) and
RL(h) and the companson bet*een RL(l) and RH(1)
should be signiticant. Otherwise the phenotype that devel-
oped in one ol the resource states u.ou1d be as successful
as or more successful than the other phenotype in both
of the resource states. A quantihcation ol the growth ad-
vantage (G) in a heterogeneous environment can be ob-
tained as the average of the two ratios RH(h)/RL(h) and
RL[)/RH(1). Relative growth rate and whole-plant net
photosynthesis were used for R in these quantifications.
Reproductive growth rate cannot be used for R in this
quantification because reproduction is mostly a response
to past rather than to current resource availability. It there-
fore does not respond to a step change in environmental
conditions as weli as dry weight growth or photosynthetic
assimilation.

Since the response of one phenotype is cornpared tcr

-i.rrit of the other within one resource state in each ol thcse
:,:iitrS. G does not quantify the advantage conlerred bi plas-
-.:', !)\er a constancy of gene expression. but rather the
::.,il- rd\-antage that expression ol the H phenotrpe iir
- :-:ht lnd the L phenotype in lou, li-qht ct'rnlers relltir e

: :r.nrr)\ion ol the H phenotl'pe in lou hght and the
: .. ri .:: hi-uh light.
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Relative growth rate depends strongly on plant weight
(Hunt 1978). Therefore the treatments must be harvested
over a similar piant weight range. Since plants grow more
s1ow1y in low than in high resource conditions, the 1ow-
resource plants must be harvested on later dates than the
high-resource plants. A range of harvest dates rather than
a single harvest is necessary because the plant weights can-
not be precisely known before harvest. For these reasons,
a large number of plants is required for this method if
relative growth rate is used as the response variable.

\\'e also investigated an alternative procedure, in which
ralues of RH(l) and of RL(h) are predicted rather than
measured. and which therefore requires the harvest of fewer
plants. ll the assumption is made that the proportional
increase rn rr,ho1e plant photosynthesis caused by the
transter olL individuals to high resource conditions, PL(h)/
PL(1). is the same as that of relative growth rate, the pre-
dicted r alue of RL (h) would be RL (1) multiplied by PL (h)/
PLrlt. Ii the assumption is made that the proportional de-
creas!' in *hoie-p1ant photosynthesis caused by transfer of
H indrrrduais to lLr\\ resource conditions, PH(1)/PH(h), is
the sanre trs thai ol relative growth rate, the predicted value
olRHrirlrtruld be RH(h) multiplied bV PH(l)/PH(h).

Te.,ttirt,!,,r ii.rjrtrrlri-vt l. The assumption that relative growth
rates resf\trild iLr rerLrurce changes in the Same proportion
that ph.rt..rs', nlne:js responds to these changes will be tested
as an hyp.r:ncsrs btrth broadly and narrowly. 'Ihe narrow
conl-rrnraiirrn .ri tie hrpothesis will be recognized when the
predrctec ralr.e! ..i RLtht and RH(1) fall within the confi-
dence limits Lr1' :i. ::rl-asLrred values. The broad confirma-
tion of lhe h1,p.:iriiis sr11 be recognized if the predicted
values ol RL r h r .r:'.ti RII t1) bear qualitatively the same rela-
tionshrps ttr RH r .. ) dlrd RL (1). respectively, as do the mea-
sured ralues. li tire hrprrthesis is not accepted narrowly,
then t1.re preCic:ec ie.uls cannot completely substitute for
the measured r altLr-: .ri RH (l) ar-rd RL(h). However, if the
hypothesis prrr\.: Cirrir-t u.r the broad sense only, then the
predicted \alue: .1...\\ i.rl leilst a rough estimate of G. If
the rough esriir.i:r is r-rs.-d along rvith the quantification
of G using phol..>', ::.l:t jc 1i,uht responses, and if both quan-
tifications lead 1.. rir; same results. then the growth advan-
tage attributable tr p.:,.ticitr can be quantified with a sam-
ple size r-r-ruch .n:.,.-.-r th;rn uould otherwise be the case.

If the hlpothes-s .. ::.-t lccepted broadly, then the predicted
values should nrr: ri ,rsed at all.

Results

T"'tlt 't' l'.';t'';r;' 
r:r i

The relaiire !:.\\.h rrte ol treatment L in low light ex-
ceeded the: oi t:ertrrent H n'hen transferred to 1ow light
by a ta"-t..r .i -1.t r rTable 1. Fig. 1 b, c). However, the rela-
tire qrtrrit:: rete rri treatment H in high light was only
6S.9'': ,:> qreJt as that of treatment L when transferred
t.r high ligi:i rTable 1. Fig. 1 a. d). Thus the low-light pheno-
rlpe gr.\\ iast.-r in both light regimes. G was 2.1'1 , but
Hlptrthesis I rias not accepted when relative growth rate
ri lr: used as the response variable.

L.r ltrn rncident light conditions. the photosynthetic rates
oi the tu o phenot-vpes did not difler significantly (ratio -
l.0l) tTable 2). In hi-eh light conditions, the photosynthetic
rate of the H individuals far exceeded that ofthe L individ-
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Table 1. Measured and pledicted relative growth ratcs Table 2. Photosynthetic gas exchange data

14

Measured
RGR"

Confidence limits Predicted
RGRb

Photosynthesis'
95%
confidence limits

Transpiratonb
950h
confidence limitsUpper

RH(h) ":0.257
RHo) :0.074
RL(l) :0.270
RL(h):0.373

H Phenotype

Low incident hght 6.7
High incident light 23.6
Light response" 0.28

L Phenotype

Low incident light 6.9
High incident light 12.4
Light responsed 1.81

5.9 1.5 5.3
22.3 24.9 1.4
0.19 0.56 0.75

5.8 8.0 2.5
1 1 .6 13 .2 3.,1

1.32 2.30 r .38

0.316
0.115
0.319
0.422

0.1 98
0.033
0.221
0.324

0.012

0.489

Mean Lower Upper Mean Lower Upper

u Measured relative growth rates are slopes of regressions of natu-
ra1 logarithms ofplant weight on the first frve harvest dates
b Predicted relative growth rates were calculated as explained in
text
" RH(h) and RH(l) are relative growth rates of the high light phe-
notype in high incident light and immediately upon transfer to
low light, respectively; RL(1) and RL(h) are relative growth rates
of the 1ow light phenotype in 1ow light and immediately upon
transfer to high light, respectively

29 30 31

Age (days)

' prnol carbon dioride m ' s t

b mmol waLer \,apor m-t s '

" ratc in lor.r incrdent h-sht as a proportion ol the rate mcasured
in high light
d ratio ol ratc in high relative to that in low incident light

Fig.la-d. Scatter diagram and regression of
plant weight (mg, logarithm-transformed)
against age (days) for the hrst five harvests of
treatment H (a), H individuals transferred to
low light (b), for L individuals (c), and L indi-
viduals transferred to high light (d). Regression
coefficients are the relative growth rates pre-
sented in Table 1

The predicted value of RL(h), however, is outside the
95% conhdenoe limits of the measured value. thus the nar-
row interpretation ol hypothesis 2 could not be accepted.
The ratio ol the relative growth rates in high light condi-
tions, 0.525. was less than the ratio calculated from mea-
sured values (0.689).

However, both the predicted and measured values ol'
RH(l) were less than RL(1), and both the predicted r:1.
measured values of RL(h) exceeded RH(h), broadh i : '
firming hypothesis 2. G calculated from predicte.l '. . . :'
(2.14) was similar to G predicted from fl1e&Surr--,
(2.11).

ll ater us e c har ac ter is t ic,v

Regardless of incident light intensrtr. ...: - . -
significantly Errcatel tritn\[rir:rl '' .'
(Table 2).

4.9 5.1
7.0 1.8
0.59 1 .04

t.9 3.1

2.9 3.9
1 .05 1 .71

5.5

E

I

r

29 30 31

Age (days)

uals (ratio:1.90) (Table 2). G was 1.47 bfi Hypothesis I
was not accepted when photosynthetic rate was used as

the response variable.

Tests of hypothesis 2

Transfer of H individuals to low light reduced their photo-
synthetic rate to 28oh of its previous level, and transfer
of L individuals to high light stimulated their photosyn-
thetic rates by 8l% (Table 2). The predicted value of RH(1)
was within the 95o/o confidence limits of the measured
RH(l), in narrow agreement with hypothesis 2. The growth
advantage resulting from plasticity in response to low light
conditions, calculated from the predicted value of RH(l),
is 3.75, very similar to the growth advantage calculated
from measured relative growth rates (3.65), even though
the predicted and measured values of RH 0) were calculated
from independent data sets.
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Discussion

The H phenotype had a much higher photosynthetic rate
in high light than did the L phenotype, but the L phenotype
had a much higher relative growth rate in high light than
did the H phenotype. Thus the more rapid growth of the
L phenotype in high incident light conditions could not
be attributed to a greater photosynthetic capacity. Neither
could it be attributed to a higher tissue nutrient concentra-
tion in the L phenotype, although elevated nutrient levels
can stimulate photosynthetic rate in this species (Mooney
et al. 1981). The highJight phenotype in a previous experi-
ment (Rice unpublished work), in which all conditions were
the same as the experiment reported here except for higher
nutrient levels, did not have a significantly higher relative
growth rate than did the high-light phenotype in this experi-
ment.

The higher relative growth rate of the L phenotype in
high light can probably be attributed to its much greater
leaf area ratio (Rice andBazzaz 1989). Under high resource
conditions, greater allocation to photosynthetic surface re-
sults in higher growth rate (Elmore 1980; Gifford and
Evans 1981; Potter and Jones 1977). The higher relative
growth rate of Abutilon theophrasti than of other annuals
(Patterson and Flint 1983) and of low light phenotypes
than of high light phenotypes under high light conditions
in Helianthus annuus (Blackman and Wilson 1954) ar,d Im-
patiens paroiJlora (Hughes and Evans 7962), have been at-
tributed to higher leafarea ratio. The greater leaf arearatio
of the L phenotype also allowed it to grow as rapidly in
low light as the H phenotype grew in high light (Table 1),
a result also observed by Evans and Hughes (1961), Myers-
cough and Whitehead (1966), and Loach (1970).

If the growth of the L phenotype exceeds that of the
H phenotype in both high and low light conditions, what
advantage could genotypes within Abutilon theophrasti ob-
tain by the expression of the H phenotype? We suggest
that the H phenotype may be superior to the L phenotype
(1) in response to low atmospheric moisture conditions and
(2) in reproductive allocation under high light conditions.

In natural situations high light is often associated with
high vapor pressure deficit, which even under conditions
of adequate soil moisture can reduce stomatal conductance
(Turner et al. 1984). High light conditions cause greater
heat load on leaves than low light conditions. The increased
root weight allocation of the high light phenotype, which
was the most plastic of the trait responses (Rice and Bazzaz
1989) may supply water needed by the leaves to dissipate
this heat load by transpiration. The reduction of leaf area
ratio in high light conditions (Rice and Bazzaz 1989) may
allow more water to be available to each unit of leaf surface
area and thus confer an advantage under these conditions
despite the growth rate reduction that it causes. In this
experiment, very favorable moisture and air advection con-
ditions were maintained, allowing no opportunity for the
leaves of the L individuals to experience water stress or
excessive heat load. Yun and Taylor (1986) have also re-
ported that leaf characteristics promoting a favorable water
balance are induced by high light intensity ir Abutilon
theophrasti.

Furthermore, when individuals of the L phenotype ex-
perience high intensity light, a significant reduction of re-
productive allocation initially occurred (Rice and Bazzaz
1989). High reproductive allocation appears to be advanta-
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geous in species (such as Abutilon theolthrasti) that live in
areas ofhigh disturbance or unpredictability (Bazzaz 1983').
Therelore the expression of an H phenotype in high light
may give genotypes of Abutikn theophrasti a higher fitness,
despite a slower growth, than would the expression of an
L phenotype in those conditions. The L phenotype did not
have a lower reproductive allocation, however, under low
light conditions (Rice and Bazzaz 7989).

Therefore phenotypic plasticity may be advantageous
in this species because efficient light interception, even at
the expense of water uptake and conductance, is favored
in low light conditions while more efficient reproductive
allocation and more efficient water uptarke and conduc-
tance, even at the expense of growth rate, is lavored in
high light conditions. The general possibility is raised that
the environrnental factor that induces a plastic resnonse
is liequently not the lactor in response to which a growtll
advantage accrLres.

Tl.re conclusions and quantifications obtained by this
method are specific to the kind of resource being investi-
gated. ir.r order to apply the method, the resource must
be alterecl abrupt11,. to a known degree, and without signifr-
cant after-eff-ect. so that RH(1) ancl RL(h) can be either
measured or estimated. It ri,ould be difficult to quantifly'
t1.Le grou th adr antage ol plasticity in response to dif-ferer.rt

nutrient lerels in this manner because the plant, dLle to
rts ur-rtrier.it storage and translocation ability, canirol be

lorccd to erperience an irbrupt nutrient decrease. Ligl.rt.
tenlperilture. and carbon dioxide are, however, suitable re-
sLlurce\ Ior the use ol tl-ris method.

This method is limited to the consideration ol tr'r'o re-
sourcc 1u-r c-ls at rr tirne. Further. it cannot show the supertor-
it1' of plasticitr orer the lack of plasticity. Its contribution
to the methodolog) of research in this subject is that it
a11ous tl're rntegrated eflf'ects of all traits on the gro\\th of
the obserled phenotlpes to be quantified. In addition. tire
use of the estin.rated -srowth rates adequately serves as a

rough estimate of the average growth advantage resulting
lrom thc pla.tiuitr ,rf trlrt:.

A t kn ott l e tlg e rttsl t.r. Thc aLLthors gratef ully acknowledgc itssislunce
frorr-r L. Rrce in pripar-ing the experiment, fion-r K. Garbutt rn
statistical anaLlsi.. ll-Lrm R.\\'. Carlson in photosynthetic lncasurc-
ments. and trom C.K. .,\u-uspurgcr, C.O. Batzli, R.W. Carlson.
J.M. Chccscmiur. iind D.C. Tremmel in manuscript preplr'11iql11.
This papcr uas edirptcd from the Ph.D. thesis by S.A.R.
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