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Summary. Plasticity of plant traits is commonly quantihed
by comparing different phenotypes at the same age. In this
paper, we present a method in which the effect of resource

conditions on plant weight is used as a basis for quantifying
the plasticity of individual plant traits. Abutilon theophrasti

individuals were grown in, and some transferred between,

high and low intensity light conditions, resulting in four
phinotypes. Plant traits were found to exhibit different de-

grees of plasticity, decreasing in this order: height; specific

Gafarea; allocation to branch roots; allocation to leafarea;
number of nodes; allocation to tap roots; allocation to
stem; allocation to leaf weight. Under these conditions, in-
dividuals of the four phenotypes had very similar heights

when compared at the same agel but very different heights

when compared at the same plant weight. The latter com-
parison indicates that light intensity influences height inde-
pendently of its influence on plant weight. Individuals that
were transferred from high to low light had greater alloca-
tion to leaf weight than did individuals of the same age

that had not been transflerred, but individuals of all pheno-

types had nearly the same leaf weight allocation when com-
pared at the same plant weight. The latter comparison indi-
cates that light intensity influences leaf weight allocation
mostly by influencing plant weight. In the phenotype result-
ing from the transfer ofplants from low to high light, repro-
duition was stimulated much less than plant weight and

axillary leaf growth, and reproductive allocation was de-

layed relative to the other three phenotypes. We conclude

that when plasticity is measured by comparing phenotypes

at the same plant weight, the effects of resources on plant
size can be excluded from the quantification.

Key words: Plasticity Light intensity Allocation - Abuti-
lon

Plasticity occurs if exposure of plants to different environ-
mental conditions results in trait differences. These differ-
ences are usually measured on sets of plants that are all
the same age. However, individuals grown in high resource

conditions are larger than individuals gro*n ln 1ou resource

conditron-s il both arc measured at the same age Moreover.
high resource ctrnditrons may cause plant chlirecteristics
to change L)\!-r tinl!- more rapidly than is the case in low
resoLrrce conditiotrs (Peterson and Baz'zaz 1978; Flint and

Palmblad l9l8: Htrnt antlBttzz.az 1980:St. Omer and Hor-
vath 1983: GirrbrLtr .ittd Bazzitz 1984; Benner and Bazzaz

1985; Lacel 19E6). In btrth ol these rva-vs. high resources

have not onll strn-ruiated pltc'titrtrprc adjr-rstments tt) envi-

ronmental conditions but h.tr r- rt1:o :timulatcd growth. rela-

tive to lorv resource condiliolls. Ill this paper. \\'e suggest

that elfects of srze or gro\\ th rillc shtrulcl be ar oidecl in
the quantification of plasticrtl Thi: crrl br' clonc- b1 making
comparisons between htgh-restrurce and 1ou-resource phe-

notypes at the sarne plant \\elghl ratr-r than at the same

age.
Plasticitl' can be quantifir-d for sets of conspecific plants

whether or not thel arc geneticallr' identical. If they are

not, then the enrtronmental component ol the trait differ-
ences represents the a\ erage plasticity ol the genotypes pres-

ent.
In this papcr \\e quantily the plasticity of ten traits

'n Ahttti/ttrt rltt'ophrLt.sti. an annual colonizing plant ol the

castern US.\. in response to diff'erer.rces in incident light
intensitr cluring growth.

\Iethods and materials

Seccls ol .lbtttilon theophra.sti Medic. rvere obtained lrom
central Illintrrs populations and seedlings were grown in
150 ml plastic cups whose sides and bottoms were punc-
tured to allow aeration and drainage. Each cup was filled
rvith compost of cla;- soil. sand. peat. vermiculite. and per-

lite in eclual proportions. Several seedlings were established
in cacl.r cup and u'ere thinnecl to one per cup during the

first trvo n'eeks.
The experiment was conducted in growth chambers

maintained at27122" C (day/night) with a 16-h photoperi-
od. High light (H) individuals were raised at about
900 pE m-2 s I photosynthetically active radiation, an{

* Current odtlre.ss; Department ol Biolog-,-, Thc King's College.

Ilriarclifi Manor. NY 10510. LISA

Oflprint requ?.\t.\ ttt: F.A. Bt-t.zlrz.

low light (L) individuals were raised at abou
200 pE m 2 s-1 photosynthetically active radiation in
arate chambers illuminated by different numbers of li
banks. Plants were fertilized on day 72, then all plants
fertilized one day prior to each harvest, with 20 ml
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10-20-20 NPK inorganic fertilizer diluted to 20 mg ml 1,

except lor the first five harvests, when the fertilizer concen-
tration was one-third strength because of the greater fre-
quency of the harvests at this time.

Half ol the individuals ol each treatment were trans-
lerred to the other treatment: from high to low (HL) and
from low to high (LH) light, resulting in four phenotypes.
Because this species has been observed in previous investi-
gations to accumulate weight more s1ow1y in 1ow than in
high light, the transfer of plants from 1ow to high light
and the harvest of LH and L individuals was delayed rela-
tive to the transfer lrom high to low light and the harvests
of HL and H individuals. Transfer of HL individuals oc-
curred on day 14, of LH individuals on day 27. H and HL
individuals were llrst harvested on day 15, L and LH indi-
viduals on day 28. Harvests occurred daily on the first five
clirys, then once every five clays until days 39, 54,57, and
,i2 in treatments H. HL, L, and LH respectively. Eight
individuals were harvested on cach of these days from each
ireatment. On the final harvest date in each treatment termi-
:rrr1 diflerentiation ol the apex into reprodrrctive acti\it)
'.r as beginning. During the harvest period. plants rvere
:.aced in plastic tubs and supplied rvith water to insure
,,-.ntinua1ly lavorable soii rnoisture status.

Leaf areas were obtained lvhich an iirea sensor (Lambda
-:-.:truments Corp.). Leaves, stems (including petioles and
^."nches), axillary leaves, and lruits uere driecl separatelr
. ,Lbout 50" C. Beginning of fruitfi11 nils recrr_unized sh.-n
.:- developing capsules exceeded cal.vr length. Roots uere
-,.hed and dried, and branch roots \\ere stripped ririrrr
- ::: the taproot and weighed separatell'.

- or each treatment, regressions were obtained trl s.'r t'rr:l
- .:r. traits as quadratic functions of dry rrcight. brrth .rrr->

-.,:ithrr-transforrred. The seven trzrits \\L'r!- herght.
-rer olnodes, lealarea, leaf weight, stem u.erght. brincr:
, .ir'ight, and tap root weight.
- r.- grar.rd mean plant weight of all indit'iduals Ln r:l-

: . r-.rntS r.vas calculated. The predicted value oleach truit
:.,-.-. ireatment, lrom the above regressions, transfonlec

- -. .-r the original units and with confidence lir.r.rits. r;is
. -.. -.i.d at this grand mean plant weight. The ratio ol

-. . .:r L)ne phenotype relative to the same trait in another
: :, .i: an index of plasticity for each trait (as inBazzaz-- i-,,:lson 1982; Langenheim etal. 1984). The larger
. ,-: .,..r-i a1u'ays used in the numerator. Comparisors \\'eru-

.--.:-: rii\\een treatments H and L. between treatments H
, - :lL. and behreen treatments L and LH.

-:, .:rr1:r Io qLriintil-\ plasticitl,'olan eighth trait, specific
.:.: ' .:ri,, SL.\: leal area dir ided by leaf weight), leaf area
;S ,, JLr.:rlr-:.iJ iuitctlLrlt olleiilu,eight (both axes logarithm-
lri-liisianraor rras obtained lbr each treatment. The be-
t\\een-treatment ratios riere calculated at the grand mean
leaf weight.

Only nonzero values were used in the analysis of repro-
ductive allocation. Because there was no overlap ol the
plant weights of the reproductive plants of treatment LH
with those of the other treatments, there was no plant
,.r eight common to all the treatments, and plant weight
- iLlcl not be used as the independent variable. Instead plant

, -'-.',res analyzed as a quadratic function of lruit u,eight.
-- lrsarithm-transformed. From these u'ere ob-

- ,-'h treatment, the predicted valiles ol plant

' ' " :'.l1,','11iil,J Jil:ll.I":l H::,:i:,]:
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A predicted value of plant weight was also obtained at
the fruit weight of "first fruitfill", which was the average
weight of immature fruits. A large plant weight at first
fruitfill indicates that the onset olreproduction was delayed
relative to plant weight increase.

Only nonzero values were used in the analysis of axillary
leaf development. Quadratic regressions were obtained of
whole-plant leaf weight as a function of axillary leaf weight
and ol plant weight as a function ol axillary leaf weight.
We chose to use plant weight and whole-plant leal weight
as dependent variables in order to allow comparisons to
be made between this set of analyses and those ol reproduc-
tive allocation, in which whole-plant weight was also used
as a dependent variable. In the two treatments in which
individuals exhibited axillary leaf development, there was
1itt1e overlap ol plant weights, total leaf weights, or of axil-
lary leaf weights. Comparisons could not in this case be
made at a common value ol the independent variable.
Therefore predicted values ol the dependent variable were
calctrlated lor each treatnrent lrt its ou n meiln.

In orcler to determine whether significant change in a
trait had occurred rvithin one day after transfer from one
set ol light conditions to another. ratios ol the trait to
plant ueight nere obtained lor each observation on the
llrst harvest date alter lransler fbr treatments HL and LH,
ar.Ld ior the harrest dates of treatlrents H and L on which
therr plant u.eights corresponded rnost closely to those of
IIL and LH respectirely'. Normalized scores were substi-
trrted lor these ratios (using tables from Harter 1961) in
the ctrnrparison ol H rvith HL and the comparison of L
riith LH. u.hich rvas perlormed by t-test.

-\11 anal1'ses. ercept the t-test, were performed with rou-
iine: \IU ancl NP fiom the STAT package (University of
\ebraska Cornputing Systems 1976).

Results

Tir: grund mean plant u'eight was 679 mg. Individuals in
.:C;i:rirl> HL and LH had been experiencing their new
.r,iir.;o:rcitrtrns lor at least live days by the time they at-
tirlnlc i.-is $ei,sht. This grand mean weight was similar
ti r'.t,ii rr; iire :eparate mean weights of the treatments.
Tir; gr.i;r.r i.i.i:rr;r ie.rl rieigl-rt rvas 351 mg, which was similar
i. .iL.l ..i l,:e :::eiLn leal u eights of the separate treatments.
P:.-cr...-; ',.r',.e: ol trnits i'rt these plant and ieaf weights
riere .-..rc,,:..lte.i :rorn cubic regressions (Rice 1987a). The
nLLll iri p..rhe.r. rlr:ck ol plasticity) was rejected if the pre-
dicl.-c ',:,.ue: ;i,tered >ignificantly from one another.

Tire rr.r:. ,.,,ith greatest plasticity were height, SLA,
brancir r!-rr: i.\ !-,rir-.. end leaf area, while leaf weight showed
the ie:sr r.,;,.rrcrtr iTable 1). The ranking of the traits in
the trree ..rLL::r:r! oi Table 1 are in significant agreement
{Kendr,-. : ;--ei-l;ir-ni ol concordance:0.912, y.l:tO.t0;1
indicirtl:s :;--,: .rnr: trrrits shor.r'ed greater plasticity than
othL-r: o\ er :i:l: 1..nS :rnd short periods of growth.

Piirnt: r-,:..'; ir. .rr transferred to. low light were taller
(Fig. 1a c'. :r,,c :::.-re leures and greater leaf area, greater
allocaii.rl :a ::J::-,:. rLrr iess allocation to branch roots and
taprLrLrts iir;:r:.;:.s rlrsed rr-t or translerred to high light,
u her c.-:::i'.,:-. .1: :r !-.rlmon plant weight (Table 1). Plants
rarseJ::-.,r..:,,r'.:ir'rrCd to lon, light had a greater SLA
thi-r:: p.rrni: r.r.s.i i: rrr translerred to high light, when com-
pilr!'d i,i ., .-!-1'::ro:r leaf $eigl.rt (Table 1). Even alter one
t1:'r. pL..nt. ::,1::.ierred to lou'light had significantly greater
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Tablel. Trait values at grand mean plant weight, and plasticity ratios(mean, lowerandupper95oh confidencelimitsofprediction)

Trait (ratio
relative
to plant
weight)

Phenotype

HL

Plasticitv ratios

Hvs.L H vs. HL L vs. LH Average
rank

Height 87.6
(-- s-') (82.6-92.8)

SLA* 348
("*'g-') (339-356)

Branch root 19.0o
weight (17.4%-201%)

Leaf area 209
(cm'g-t) (196-222)

Node number 11.1
(c') (10.8-11.4)

Tap root 3.0%
weight {2.8% 3.3%)

Stem 2l.1oA
weight (20.0%-21.9%)

Leaf 58.90
weight (55.4%-62.7%)

237
(22s-2s0)

815
(783-846)

9.204
(7.4%-e.1%)

504
(468-543)

15.8
(1 s.3-16.5)

2.30
(2.0%-2.s%)

27.40h
(26.2%-28.7%)

59.1o/o
(s6.7% 61.7%)

327
(3 1 5-340)

821
(803-838)

4.204
(3.7%4.6%)

493
(477-stl)

18.6
(18.1-1e.0)

2.00
(1.8% 2.2%)

31.8.4
(31.1%-32.7%)

63.2y.
(61.9%-64.7%)

168
(1 50-1 86)

402
(385-41 e)

7.0%
(6.4% 7.8%)

299
(271-328)

14.3
(13.5-1s.0)

1.60
(1.4%-1.7%)

28.4%
(27.4% 29.6%)

69.10
(63.s% 7s.t%)

2.11 1.95 1.7

2.34 2.04 2.5

2.29 1.69 2.1

2.41 1.65 3.2

1.42 1.30 5.0

1.35 1 15 6.0

1.30 1.1r 1.0

1.00 ns 1 i)9 n: E.0

1.t1

2.36

4.51

2.36

1.67

1.56

1.51

1.0'7

Height
Leaf area
SLA
Branch roots
Nodes
Stem weight
Tap root weight
Leaf weight

* At grand mean leaf weight

(A1l ratios significant at d:0.05 unless ns indicated)

Table 2. Allocation changes after one day. Percentage changes lor
eight traits for the first harvest dates of HL (day 15) and LH
(day 28), and the harvest dates of H (day 15) and of L (day 31)

on which their plant weights corresponded most closely to those
of HL and LH respectively. The traits, except SLA, are divided
by plant weight. *:signifrcant at o(:0.05

Trait HLvsH LHvsL

weight and fruit weight is almost .h: seme in these three
phenotypes (Fig. 3). Plants translerr:d irom 1ow to high
iight, however, had a much greatr-r plant xeight at onset
of fruitfill and much lo*'er reprodLc'ri\e allocation at the
grand mean fruit u'eight (Table -1 r. The relationship be-
tween plant weight and tiuit *eioiti in the LH phenotype
was entirely distinct lion.r that oi the other thru-e pher.rotypes
(Fie. 3).

Axillary ieaf derelopment \\as compietely suppressed
in low light conditions. Moreover, the high-light pheno-
types (H and LH) dilfered ir.r axillary development. Pheno-
type LH had rnuch -qreater axillary leaf weight allocation
at its mean total leaf weight than did phenotype H at its
mean total leaf weight (Table 3). In treatment H, 36 mg
of axi1lar,v $'eight was accumulated considerably later than
was 36 rng ol fruit weight. But in treatment LH, 36 mg
of axi11ar,v weight was accumulated belore 36 mg of axillary
leaf weight was accumulated.

Almost all branching in treatment LH was at nodes
that had young fully-expanded leaves at the time of transfer
(usually nodes 7 10). Nodes at which leaves developed after
transler exhibited little branching.

Discussion

The observed patterns ofplasticity ofheight, ieaf area, and
root weight allocation in Abutilon theophrasti were in gener-
al agreement with previous research with this species (Pat-
terson et al. 1918) and with other herbaceous species
(Blackman and Wilson 1954; Hughes and Evans 1962;
Cooper 1967; Hurd and Thornley 1974; Mclaren and
Smith 1978; Mahall et al. 1981). Furthermore, lack of plas-
ticity of leaf weight allocation has been observed in herba-
ceous species by other workers (Blackman and Black 1959:

Evans and Hughes 1961; Hughes and Cockshull 1971)

Agreement ol our results with those of other workers oc-

+22Yo*
+230 *

+33'A*
+11'A
+250h*

AO/
-+ /o

+450h

-604

-270 *
29o/o*

-2goA*
+8',1o
170Ax

+ 1',o
0%

+ 104

height, and number and arca of leaves, after correction
was made for plant weight, and significantly greater SLA,
than plants that remained in high light. And after one day,
plants transferred to high light had significantly lesser
height, and number and area of leaves, after correction
was made for plant weight, and significantly lower SLA,
than plants that remained in low light (Table 2). However,
growth in or transfer to low light did not alter allocation
to leaf weight in comparison to growth in or transfer to
high light, when comparison is made at a common plant
weight (Fig.2a-c; Table 1).

Plants raised in high light differed very little from plants
raised in low light in either plant weight at onset of fruitftll
or in reproductive allocation at the grand mean fruit weight
(Table 3). Plants transferred from high to low light had
a signifrcantly smaller plant weight at onset of fruitfill than
the other phenotypes, but did not differ from phenotypes
H and L in reproductive allocation at the grand mean fruit
weight (Table 3). As a result, the relationship between plant

LH
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Fig. 1a-d. Scatter diagram of plant height (mm,
logarithm-transformed) against plant weight
(mg, logarithm-transformed) for treatments H
(closed circles), L (open circles), HL (crosses),

and LH (x) (a--c). (d) Plant height (mm,
logarithm-transformed) against plant age in
days
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I Cespite the fact that their studies made colnparisons
rhenotypes at the same age.
. '-'.id Bazzaz (.1987) found greater reproductive

: :gh light than in 1ow light phenotypes. This
, ,.u1d have obtained if we had made com-

Fig. 2a-d. Scatter diagram of leaf weight
against plant weight (both mg, logarithm-
transforned) for treatments H (closed circles),
L (open circles), HL (crosses) and LH (x) (a-c).
(d) Leaf weight ratio (LWR; mg leaf weight
divided by mg plant weight) against plant age
in days

parisons among phenotypes at the same age. Our results
instead indicated that reproductive allocation was not re-
duced in plants grown in or transferred to low light, and
that transfer to high light, but not continuous growth in
high light, resulted in reduced reproductive allocation.
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Table 3. Reprocluctivc and axillary allocation. (Mcans and 95% conlldence intervals)

Plant weight at fruit weight:36 mg 2289 mgi221 mg
Reproductive allocation at grand mean fruit weight 16.3%+1.44%
Plant weight at axillary leaf weight : 36 mg 4230 mg * 834 mg
Axillary allocation' 3.0%+0.18%

1 533 mg ] 428 n.rg 2282 mg ] 526 mg 6395 mg * 2020 mg
19.8%+3.00% 15.5%+5.91% 6.1" +1.61',h

204{l ug* 731 mg
8.8% + 0.05%

u At treatment mean axillary leal weight (35 mg for H, 164 mg for LH)

2 4 6 I 10

Fruit weight (mg)[nl

Fig.3. Scatter diagram ol plant weight against fruit weight (both
mg, logarithm-transformed) for treatments H (closed circles), L
(open circles), HL (crosses), and LH (x)

Individuals in treatments Fl, L, and HL had nearly
identical heights (Fig. 1d) and node numbers when com-
pared at the same age. In Abutilon theophrasti, unlike Fra-
garia oirginiana (Jrtrlk and Chabot 1982), these two traits
could be considered stable rather than plastic. However,
we choose to consider them plastic because there was less

inhibition of internode elongation and leaf development
than of plant weight growth by the low light conditions.
Relative to their weight, plants in low light had greater
height (Fig. 1 a-c) and leaf number, which compensated for
the slower weight increase in low light to produce the appar-
ent stability.

After thirty days of age, the leaf weight allocation of
individuals remaining in high light diverged greatly from
that of individuals in the other treatments (Fig. 2d). This
trait could be considered plastic. However, we choose to
consider leaf weight allocation a stable trait because leaf
weight was reduced to the same extent that plant weight
was reduced by this transfer (Fig. 2a-c). Larger plants have
lower leaf weight allocation. Individuals of the H phenotype
had a lower leaf weight allocation because they were larger
than those of the HL phenotype during the latter part of
the harvest period.

The reduced reproductive allocation in the low light in-
dividuals upon transfer to high light may be an example
of a phenotypic response that does not confer benefit. In
Abutilon theophrasti, solitary flowers develop in the axils,
and under high resource conditions branches develop in
addition (pers. obs.). Transfer of low light individuals to
high light caused an immediate stimulation of growth and
photosynthetic rates (Rice and Bazzaz 1989), and may have
caused an above-normal abundance of carbohydrates in
the vicinity of the axillary buds of the youngest leaves that
were fully-expanded at the time of transfer. If branch devel-
opment is normally limited by the selective partitioning of
photosynthates, water, minerals, and growth substances to-
ward the apex (Phillip s 197 5 ; Mclntyre 1917 ; Chapin 1980),

this above-normal supply of carbohydrates to the axillary
buds may have stimulated development of leaves at the
expense of flower and fruit production. Thus the initial
delay in onset of, and reduced allocation to, reproduction
in treatment LH may not itself be an adaptive response
to the change in light conditions. As L individuals trans-
ferred to high light undergo phenotypic changes, the repro-
ductive disadvantage may be overcome.

Light intensity, light quality, soil moisture, atmospheric
humidity, temperature, and nutrient conditions interact.
Therefore several of the phenotypic responses reported in
this paper, elicited by light intensity, may confer adaptive
benefit primarily in response to other environmental fac-
tors, particularly moisture. Differences in light intensity (as

well as quality) can induce plasticity of stem elongation
and root weight allocation (Mclaren and Smith 1978),leaf
area (Morgan and Smith 1981), and leaf thickness (Bjork-
man 1981). An increase in root weight, however, can in-
crease water uptake, and a reduction in leafarea can reduce
water loss under conditions of high light intensity. Greater
height can be associated with reduced cross-sectional atea
of stem xylem (Rice 1981b), thus with reduced transpiration
(Rice and Bazzaz 1989), in this species. Light-induced dif-
ferences in SLA may reflect not only differences in meso-
phyll thickness (Yun and Taylor 1986) but also differences
in leaf vascularization (Charles-Edwards et al. 1974),which
will affect leaf water status.

We conclude that for some pufposes it is valuable to
quantify plasticity of plant traits by comparing phenotypes

at the same plant weight rather than at the same age.
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