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PHYSIOLOGICAL MECHANISM OF POPULATION
DIFFERENTIATION IN SHADE-AVOIDANCE RESPONSES
BETWEEN WOODLAND AND CLEARING GENOTYPES OF

| MPATIENS CAPENSI St

Eric J. vON WETTBERG? AND JOHANNA SCHMITT
Ecology and Evolutionary Biology, Brown University, Providence, Rhode Island 02912 USA

Forest understory plants often respond less intensely to reduced ratios of red to far red (R : FR) light, an important signal of foliage
shade, than conspecific or congeneric plants from open-canopy sites. Reduced responsiveness to low R : FR in plants from closed-
canopy sites could be caused by two physiological mechanisms. First, closed-canopy plants could have less sensitive shade-avoidance
responses to low R : FR. Second, the high irradiance response to FR (FR-HIR), which alows seedling de-etiolation under low
R : FR, might be stronger or persist longer after de-etiolation in closed-canopy plants, thus counteracting shade-avoidance responses
to low R : FR. These hypotheses were tested using diodes that emit red and far-red light to distinguish the responses to altered
R : FR of genotypes of Impatiens capensis collected from a pair of open- and closed-canopy populations that have previously been
shown to differ in sensitivity to R : FR. Genotypes from the open-canopy environment exhibited typical shade-avoidance responses,
elongating in response to supplemental FR. However, genotypes from the closed-canopy environment responded to supplemental FR
by elongating less than under ambient control conditions, indicating a persistent FR-HIR. Thus, the observed population differentiation

in response to low R : FR may be linked to population differences in FR-HIR.
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The shade-avoidance syndrome in plants is an ecologically
important example of adaptive plasticity (Smith, 1982, 1995;
Schmitt et al., 1999, 2003). The ratio of red (~680 nm) to far-
red (~735 nm) (R : FR) light is roughly equal in full sunlight,
but falls sharply under foliage shade and in light reflected from
green vegetation due to the absorption of red light by chlo-
rophyll (Smith, 1981). Plants perceive the decreased R : FR
beneath foliage shade via light-stable phytochrome photore-
ceptors (Smith and Whitelam, 1997; Moller et a., 2002), and
respond with a correlated set of photomorphogenic changes
that include elongating, flowering earlier, and growing toward
high-light patches (Smith, 1982). Plants can perceive reduc-
tionsin R : FR in the light reflected from nearby vegetation,
use it as an accurate indicator of neighbor proximity, and re-
spond to it morphologically even before they are directly shad-
ed (Ballaré et a., 1987, 1990). This phytochrome-mediated
shade-avoidance syndrome has been hypothesized to be ad-
vantageous because it allows plants to sense and avoid com-
petition for light in dense stands (Casal and Smith, 1989;
Schmitt and Wulff, 1993; Schmitt et al., 1999, 2003). This
hypothesis has been supported by experiments that have
placed elongated and unelongated plants into stands of both
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low and high density; elongated plants have higher fitness than
unelongated plants at high density, but lower fitness at low
densities (Schmitt et al., 1995; Dudley and Schmitt, 1996).

Responsiveness to R : FR varies among species, among
populations within species, and within populations (e.g., Fitter
and Ashmore, 1974; Morgan and Smith, 1979; Gilbert et al.,
1995; Van Hinsberg, 1997; Weinig, 2000a; Gilbert et al.,
2001), suggesting that shade-avoidance traits may be evolu-
tionarily labile. Species or genotypes from closed-canopy hab-
itats such as forest understories are often less sensitive to
R : FR than species from open habitats (Morgan and Smith,
1979; Corre, 1983; Dudley and Schmitt, 1995; Weinig,
2000b). Morgan and Smith (1979) proposed that such reduced
sensitivity could evolve as a result of the overhead canopy
generating a constantly low R : FR, which makes direct over-
head light an unreliable cue for competition from neighboring
plants. Shade-avoidance responses to this unreliable cue under
a closed canopy might therefore be maladaptive, resulting in
direct selection for decreased sensitivity to R : FR.

It is aso possible that in some ecological conditions selec-
tion on other phytochrome-mediated processes, such as the
shift from growth with seed reserves to autotrophic photosyn-
thetic growth (de-etiolation), may constrain the evolution of
shade avoidance. De-etiolation, whereby stem elongation is
inhibited, cotyledons expand, and chloroplasts develop, can
occur under a range of R : FR conditions because of the an-
tagonistic but complementary activity of light-stable and light-
labile phytochromes (Yanovsky et al., 1995; Smith et al.,
1997). Under the high R : FR conditions characteristic of open
sites, de-etiolation is mediated by light-stable phytochromes,
primarily phytochrome B (Smith et al., 1997; Moller et al.,
2002). This is the same mechanism that inhibits shade avoid-
ance under high R : FR conditions in light-grown plants. In
both cases, activated light-stable phytochromes inhibit stem
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elongation. However, seedlings emerging under foliage shade
must de-etiolate under low R : FR. Leaf litter, which may be
more common in closed-canopy sites, also decreases R : FR
on the soil surface (Bliss and Smith, 1985). De-etiolation un-
der such conditions is mediated by light-labile phytochrome
A, which responds to far-red light with a high irradiance re-
sponse (FR-HIR) that suppresses shoot elongation, and acts
antagonistically to the shade-avoidance response (McCormac
et a., 1992; Casdl et a., 1997; Smith et d., 1997). This FR-
HIR is essential for successful establishment under foliage
shade (Yanovsky et al., 1995) or thick leaf litter, and the ap-
pearance of phytochrome A, which is far-red light sensitive
and light labile, early in angiosperm evolution may have a-
lowed the evolution of forest understory angiosperms (e.g.,
Mathews et al., 2003). Because open-canopy sites often have
both smaller amounts of leaf litter and higher R : FR than
closed-canopy sites, selection pressure on the strength of the
FR-HIR may vary between open- and closed-canopy sites.
Even in temperate regions, where de-etiolation in closed-can-
opy sites may occur before the closure of the overhead canopy,
the need to respond to leaf litter may cause differences in
selection pressure between open- and closed-canopy sites.

If selection on the FR-HIR is stronger in closed-canopy
sites, it may have correlated effects on the evolution of shade
avoidance. For shade-avoidance responses to low R : FR to
be expressed in light-grown plants, phytochrome A must de-
grade rapidly upon exposure of the seedling to light, as is
typicaly observed (Sharrock and Clack, 2002). If phyto-
chrome A persists at high levels in light-grown plants, as a
result of transgenic overexpression (Halliday et al., 1997) or
mutation (Maloof et al., 2001), its antagonistic action sup-
presses shade-avoidance responses. Thus, if selection on de-
etiolation in closed-canopy sites or sites with thick layers of
leaf litter favors phytochrome A persistence and a stronger,
more persistent FR-HIR, a correlated suppression of shade-
avoidance responses could result.

The relative roles of shade avoidance and phytochrome A-
mediated FR-HIR in different populations can be distinguished
experimentally by examining plant responses to supplemental
FR. If differentiation between open- and closed-canopy forms
results from reduced shade avoidance in response to low
R : FR, plants from both habitats will elongate more when
exposed to supplemental FR (i.e., to low R : FR) than under
control conditions, but the extent of elongation will be lessin
closed-canopy forms. However, if differentiation between
open- and closed-canopy forms results from a difference in the
balance of FR-HIR and low R : FR shade avoidance, the two
forms will respond in opposite ways to supplemental FR.
Open-canopy forms will be more elongated under FR supple-
mentation than under control conditions, whereas closed-can-
opy forms will elongate less under FR supplementation than
controls.

In distinguishing these hypotheses, it is aso important to
ask whether responses to overhead and lateral low R : FR light
are the same in open- and closed-canopy forms. If understory
plants can distinguish between overhead shading from the can-
opy and light reflected from neighboring plants in the under-
story, they can avoid responding to overhead shading but still
respond preemptively to incipient shading in the understory.
These two R : FR signals can be distinguished by the tissue
that perceives them. Light transmitted through the overhead
canopy, with reduced photosynthetically active radiation
(PAR) and areduced R : FR, will primarily strike horizontally
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oriented tissue such as leaves, while some light striking neigh-
boring plants in the understory will be reflected and refracted
onto vertically oriented tissue such as stems (Balaré et dl.,
1987, 1990; Novoplansky et al., 1990). Yet, both stem and
leaf tissues have the ability to induce shade-avoidance respons-
es because subsets of the phytochrome photoreceptors respon-
sible for mediating the responses are expressed in both tissues
(Sharrock and Clack, 2002). Sensitivity in leaves and stems
has been documented in experiments that shine FR-emitting
diodes, which reduce the R : FR ratio, onto stem and leaf
tissue (e.g., Robin et al., 1994a, b; Heraut-Bron et al., 1998,
1999, 2001; Hay et al., 2001), as well as inferred from exper-
imental treatments that use filters to reduce red light in over-
head radiation (e.g., Ballaré et a., 1990; Dudley and Schmitt,
1995; Weinig, 2000a). Molecular dissection of the expression
of phytochromes has shown that they are expressed in both
stem and leaf tissue, but that the total expression level and the
balance of the different forms varies (Sharrock et a., 1995,
2003; Adam et a., 1997; Goosey et al., 1997; Sharrock and
Clack, 2002). This suggests the possibility for independent
evolution of response to lateral R : FR cues (Schmitt et al.,
1999).

Here we investigate shade avoidance and FR-HIR responses
to tissue-specific light in the annual plant Impatiens capensis,
which grows in a wide range of canopy habitats. Field obser-
vations and reciprocal transplant experiments have document-
ed differentiation between shade and sun formsin |. capensis
and the related I. pallida (Schemske, 1984; Schmitt, 1993;
Donohue and Schmitt, 1999; Donohue et al., 2000a, b, 2001),
including reduced plasticity to shade (Dudley and Schmitt,
1995). Selection favors greater plasticity of internode elonga-
tion in open sites than woodland sites (Donohue et al., 2000a).
De-etiolation under low R : FR may aso be under selection
in field conditions, especially in woodland sites, where it is
important for penetration of variable layers of leaf litter and
for early growth before the forest canopy closes.

To separate shade avoidance and FR-HIR responses, we di-
rected red and far-red light-emitting diodes (Robin et a.,
1994a, b; Heraut-Bron et a., 1998, 1999, 2001; Hay et a.,
2001) at both stem and leaf tissue of de-etiolated seedlings of
genotypes from a pair of previously studied open- and closed-
canopy populations of Impatiens capensis (e.g., Schmitt, 1993;
Dudley and Schmitt, 1995). The results suggest that differenc-
es in FR-HIR between closed- and open-canopy genotypes
contribute to differences in shade avoidance between the ge-
notypes.

MATERIALS AND METHODS

Study species—Impatiens capensis Meerb. (Balsaminaceae) is an annual,
self-compatible herb of North American deciduous forests and wetlands
(Gleason and Cronquist, 1963; Leck, 1979, 1996). With its mixed mating
system, |. capensis commonly produces self-fertilizing cleistogamous flowers
as well as outcrossing chasmogamous flowers (Waller, 1979), alowing the
production and maintenance of inbred lines.

Genotype collection—In summer 1995, seedlings were collected from a 40
X 40 m permanent grid (Schmitt and Gamble, 1990; Argyres and Schmitt,
1991) in the center of a population in the understory of an oak—hickory forest
and in an open seasonal stream bed population 1 km away at Brown Univer-
sity’s Haffenreffer reserve (Bristol, Rhode Island, USA). These seedlings were
grown in a greenhouse to start a collection of inbred lines. These lines were
maintained by single-seed descent for six generations, and thereafter by bulk
collection for another 10 generations. Seeds were collected from cleistoga-
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Proc Mixed results for shade-avoidance traits in Impatiens capensis differentially affected by the three diode types across populations.

Diode type, source population (Pop), and diode position were fixed effects, with genotype nested within source population as a random effect.
Only traits with significant diode type by source population effects are shown. Interaction terms greater than 0.20 were removed from the
models. All three-way interactions were not significant and were removed. All tests of fixed effects are type I11. Height, first internode length,
second internode length, and leaf areas were analyzed as residuals of the final trait value regressed on its initial value at the beginning of the

experiment.
Trait Type Tissue Pop Type X Pop Type X Tissue Tissue X Pop Line
First internode ~ F, = 0.59 Fiir = 0.01 Fiow = 1.67 Foir = 5.19 Fpir = 0.65 Fiir = 0.45 LRR = 10.8
P = 0.556 P = 0.092 P = 0.243 P = 0.007 P = 0.522 P = 0.505 P < 0.001
Second inter-
node Fair = 1.06 Fiir = 0.02 Fioz = 5.97 Fair = 5.67 Fair = 0.85 Fiir = 0.00 LRR = 7.9
P = 0.349 P = 0.880 P = 0.049 P = 0.005 P = 0.429 P = 0.955 P = 0.003
Total height Fau0s = 0.04 Fiis = 0.01 Fisor = 0.56 Faie = 3.73 Fai0s = 0.73 Fiis = 0.23 LRR = 27.6
P = 0.961 P = 0.916 P = 0482 P = 0.027 P = 0.482 P = 0.634 P < 0.001
Total leaf area Fair = 0.95 Frir = 112 Fiois = 0.36 Fair = 3.21 Fair = 0.45 Fiir = 1.01 LRR = 14.3
P = 0.390 P = 0.292 P = 0571 P = 0.044 P = 0.640 P = 0.318 P < 0.001

mous flowers, placed in 96-well trays, and stratified at 4°C in water for 4
months. Seeds were planted after radicles began to emerge but before hypo-
cotyl elongation began.

Eight genotypes, four from the open-canopy population and four from the
forest understory population, were used in this study. These genotypes have
previously been shown to differ in elongation responsesto low R : FR (Dudley
and Schmitt, 1995; Donohue and Schmitt, 1999).

Greenhouse conditions—Twenty seeds of each of eight genotypes were
planted on 7 August 2002 in the research greenhouse of Brown University.
Each seed was placed in a 10.16-cm pot with Metromix 350 (Scotts-Sierra
Horticultural Products Co., Marysville, Ohio, USA) potting soil. Pots were
placed approximately 10—15 cm apart on the bench, at a sufficient distance
to minimize shading of young plants. Plants were initially top-watered until
seedlings became established, and then bottom-watered daily.

Diodes—Red (680 nm) and far-red (735 nm) diodes were purchased from
Quantum Devices Inc. (Barneveld, Wisconsin, USA), as used by Hay et a.
(2001). These diodes provided light with less than 1% of energy outside 10
nm of the listed wavelength. Diodes produced 3.3 mW of energy at 50 mA
and 2.5 V. Each diode was powered by two AAA batteries. Diodes were
attached to flexible aluminum rods so that they could be adjusted to shine on
a single leaf or stem internode. Diodes were aimed directly and perpendicu-
larly at tissues, because reflected light at large angles may alter the effect of
far-red light on elongation (Seavers and Smith, 1997). Control devices were
constructed of the same aluminum material and adjusted to shade plantsin a
fashion similar to the experimental devices, but had no diode. Although these
diodes direct al of their light within 20° of the direction in which they are
aimed, auminum foil was wrapped around the diodes like a lampshade to
reduce scattering of light. Aluminum foil reflects over 95% of light at infrared
and red wavelengths. Diodes were turned on at 0900 hours and turned off at
1600 hours daily. Throughout the course of the experiment, diodes were ad-
justed to remain focused on stem or leaf tissue. Three of the diodes burned
out and were replaced within 24 h.

Harvesting and processing—On 23 August 2002, all plants were harvested.
Plants were separated into stem and leaf tissues. A few plants had begun to
produce cleistogamous flowers, but the majority of plants had not begun either
to flower or to form branches at nodal secondary meristems. Reproduction
was scored, but reproductive tissues were not separated from nearby leaf
tissue because of their very small size. All leaves were collected individualy,
stored flat in plastic bags, and photocopied within 3 d. Photocopies of leaves
were scanned into a digitized format, and leaf areas were caculated using
NIH Image (http://rsh.info.nih.gov/nih-image/). Leaf and stem tissue were
dried for 2 d at 60°C and weighed. Our response variables were total height,
first internode length, second internode length, and total leaf area. Total height
and the lengths of all internodes were analyzed as residuals of their final size

regressed on their initial size, because preliminary analyses showed the traits
were significantly affected by initial size (Graham, 2003).

Statistical analysis—The experimental treatments were performed in a 2
X 3 design, with focal tissue (stem or leaf) fully crossed with diode type (red,
far-red, and control). Because of poor germination, only three plants per ge-
notype were in each diode treatment, and two in each control treatment. Be-
cause of subsequent mortality of seedlings, we had only one control plant for
the three genotypes in one of the tissue treatments. In total, there were 128
plants in the experiment.

To discover whether any traits were differentially affected by diode type in
the two populations or the tissue locations, we tested for significant interac-
tions between diode type and population and between diode type and tissue
treated with Proc Mixed (Littell et a., 1996) in SAS v. 8.0 (SAS Ingtitute,
Cary, North Carolina, USA). Diode treatment, population, and tissue were
fixed effects, and genotype nested within population was a random effect. We
included genotype as a class variable in these analyses to account for effects
of genetic variation within these populations (e.g., Schmitt, 1993; Dudley and
Schmitt, 1995; Donohue and Schmitt, 1999; Donohue et al., 20003, b, 2001).
All interactions, including three-way interactions, were initially included in
the models. Because all three-way interactions were not statistically significant
(P > 0.2 for al), they were removed. We retained second-order interactions
in the model regardless of statistical significance, because these interactions
were in many cases the tests of our hypotheses. Denominator degrees of
freedom for F tests were determined by Satterthwaite approximation (the
“DDFM = SATTERTH" option in Proc Mixed). When we detected statis-
ticaly significant diode treatment X population or diode treatment X tissue
treatment interaction terms, we used means contrasts to determine which of
the three diode treatments differed from each other between populations or
tissue treatments. Means contrasts for interaction terms were performed using
the *“dlice” option of the ““Ismeans” statement of Proc Mixed (Schabenberger
et a., 2000; Herrera et al., 2002).

To conclude that there is not a difference between treatments or populations
in our analysis, we depend on the null hypothesis not being rejected. To
determine if our design gives us the power to detect population differences,
such as those detected by Dudley and Schmitt (1995), we performed a power
test using G*Power software (Buchner et al., 1997). Instead of performing a
post-hoc power test, we used the means and standard deviations reported by
Dudley and Schmitt (1995) to determine our effect size.

RESULTS

Elongation—The effects of diode treatment on the first and
second internode and total height were consistent between the
two tissues treated but not between the two source populations
(Table 1, Fig. 1A—C). Stems and leaves did not differ in their
response to diode treatment, as indicated by the absence of a
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a Firstinternode = 1.7667) as large as those reported by Dudley and Schmitt
. (1995) is 0.9840 at dpha = 0.05 (F = 5.987, lambda =
€ 35 24.970), and our power to detect an effect half the size is
E 3 E - T eeng  0:9602 (F = 4.494, lambda 15.679). However, there was a
g %3] = For red difference in the response of plants to far-red or red light, in
g 15/ - Red comparison to the control treatment, depending on their source
B 19 population. When compared to control treatments, plants from
3 0'2 ] i i | | the two source populations responded to supplemental far-red
Open canopy | Closed canopy | Open canopy | Closed canopy |Ight in OppOSi te di rections, as indicated by decomposi tion of
Leaf Leat Stem Stem tbfre S )gnifi cant diode treatment X source population effect (Ta-
Source population and tissue treatment el).

P We used the ““dlice” option to decompose the interaction.
b Second internode Plants in the control treatment had significantly shorter inter-
nodes in the open-canopy population than the closed-canopy
g 2 population, and tended to be shorter (Fig. 1A—C; 1st internode
€15 _ _ Fi67; = 7.69, P = 0.0132; 2nd internode F,,,, = 14.11, P
: | e - :‘;:r::d' = 0.0013; total height F, ,,,, = 3.41, P = 0.0928; 1t internode
g - Red difference —0.5407, P = 0.0132; 2nd internode difference
505 —0.4796, P = 0.0013; total height difference —1.3071, P =
s 0. 0.0928). In the open-canopy population, the far-red-treated
Open canopy |Closed canopy| Open canopy |Closed canopy first internodes were longer than the control-treated internodes,
Leaf Leaf Stem Stem while the second internodes tended to be s_horter (1st internode
Source population and tissue treatment difference —0.2775, P = 0.0401; 2nd internode difference
—0.1698, P = 0.0686), indicating shade avoidance in response
c Total height to supplemental FR. In the closed-canopy population, both the
far-red- and red-treated internodes were significantly or mar-
e 12 ginaly significantly shorter than those in the control treatment
g 10+ _ = (1st internode control-FR difference 0.2943, P = 0.0211, con-
e 8 u Control trol-R difference 0.3155, P = 0.0136; 2nd internode control-
3 6 mFarred  FR difference 0.2474, P = 0.0053, control-R difference

5 : B Red 0.2518, P = 0.0046).

S 0 l : : :

Open canopy | Closed canopy | Open canopy | Closed canopy Leaf traits—The effects of diode treatment on leaf area
Leaf Leaf Stem Stem were consistent between the two tissues treated, but not be-
Source population and tissue treatment tween the two source populations (Table 1, Fig. 1D). No dif-
ference was found in the effects of treating the stem or the
d Total leaf area leaves, as indicated by the absence of a significant main effect
< 7000 - of treatment position and of significant interactions of treated
g 6000 tissue with source population or diode type (Table 1). Plants
@ jggg T u Control from the open-canopy population responded to added far-red
§ 3000 - B Far red light by increasing leaf area compared to control treatments,
- fggg: m I O Red while plants from the closed-canopy population did not re-
$ o spond significantly to added far-red light. This difference in
Opencanopy |  Closed Open canopy |  Closed response is manifested by a significant interaction between di-
canopy canopy ode treatment and source population (Table 1). Individua
Leaf Leaf Stem Stem leaves showed the same patterns as total leaf area (data not

Source population and tissue treatment

Fig. 1. Shade-avoidance traitsin Impatiens capensis differentially affected
by treatment with far red, red, or control diodes. Analyses were performed
on residuals of traits to account for differences in initial size. Analyzing the
residuals brought the traits into agreement with the assumptions of analysis
of covariance. Post-hoc least square means were used to identify significant
differences between specific diode treatments within source populations and
the two tissue treatments. (a) First internode, (b) Second internode, (c) Total
height, (d) Total leaf area.

significant main effect of treatment position or significant in-
teractions of treated tissue with source population or diode
type (Table 1). Our power analysis suggests that this is not
due to alack of power: our power to detect effects (effect size

shown).

Both red and far-red light treatments increased leaf areain
the open-canopy population (Fig. 1D), but not in the closed-
canopy population. The differences in the responses to diode
treatment between the populations resulted in a significant in-
teraction between diode type and source population (Table 1).
The *'dlice” option indicated that all these interactions were
driven by differences between responses to diode type in the
open-canopy population (total leaf area F,,,, = 3.53, P =
0.0327). Examination of the least square means showed that,
in the open-canopy population, the plants treated with red and
far-red diodes had greater total leaf area (total leaf area, con-
trol-FR difference —1477.95, P = 0.0190, control-R differ-
ence —1473.25, P = 0.0182).
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DISCUSSION

Our results suggest that evolution of FR-HIR de-etiolation
responses may be an important component of population dif-
ferentiation of shade avoidance. Application of far-red light
from light-emitting diodes caused stem elongation relative to
control and red light treatment in the open-canopy population,
but inhibited elongation in the closed-canopy population. The
responses in the open-canopy population are indicative of a
shade-avoidance response mediated by light-stable phyto-
chromes, while the responses in the closed-canopy population
are indicative of an FR-HIR mediated by light-labile phyto-
chrome A. This result suggests that the mechanism of popu-
lation differentiation in shade-avoidance sensitivity between
these two populations of Impatiens is not a reduced sensitivity
mediated by alight-stable phytochrometo R : FR in the closed-
canopy population. Rather, it suggests that in closed-canopy
populations, low R : FR induces a high irradiance response,
while it induces shade-avoidance responses in open-canopy
populations. This persistent FR-HIR in woodland populations
may have evolved as a response to direct selection for shade
avoidance. However, it could also have been shaped as a cor-
related response to selection on seedling de-etiolation.

De-etiolation conditions may be a significant constraint on
FR-HIR evolution. Forest understory sites often have a con-
siderable layer of leaf litter through which Impatiens seedlings
must emerge. Penetrating the litter can consume considerable
resources from a seed and lowers the R : FR perceived by
seedlings (Bliss and Smith, 1985). In greenhouse experiments,
seedlings emerging through leaf litter have longer hypocotyls
and first internodes (J. Stinchcombe and J. Schmitt, unpub-
lished manuscript; E. von Wettberg and J. Schmitt, unpub-
lished manuscript). Selection analysis from one of these ex-
periments shows that longer hypocotyls are selected for in the
presence of leaf litter (J. Stinchcombe and J. Schmitt, unpub-
lished manuscript). In competition experiments in a natural
population, the early growth of Impatiens was found to be
important for success in competition against perennial herbs
(Winsor, 1983). This early growth is limited to a few weeks
early in the spring after Impatiens emerges but before the for-
est canopy closes and perennial herbs emerge (excepting
spring geophytes, which emerge concurrently with Impatiens
but inhabit mostly drier microsites in New England; E. von
Wettberg, unpublished data). Therefore, seedlings that de-eti-
olate early can maximize their light acquisition while light is
plentiful.

Under the open-canopy but heavy leaf litter conditions that
exist in woodland Impatiens habitats in early spring in south-
ern New England, a high irradiance response to low R : FR
(or supplemental FR) will induce rapid de-etiolation after the
leaf litter is penetrated and will suppress elongation in re-
sponse to low R : FR from the emerging leaf canopy. In
streambank and other open-canopy habitats, where the litter
layer is usudly thinner (E. von Wettberg, unpublished data)
and early-season densities of seedlings of both Impatiens and
other herbaceous species are typically higher (Schmitt et al.,
2003), extra sensitivity to R : FR may alow seedlings to elon-
gate preemptively to avoid neighbor shading. Because taller
plants can benefit disproportionately from asymmetric com-
petition for light with shorter neighbors (Schmitt et al., 1987a,
b; Weiner, 1990), plants from open-canopy populations may
benefit from extra sengitivity to shade if it places them at the
top of the size hierarchy.
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Application of both far-red and red light increased leaf area
relative to the control treatment in the open-canopy genotypes
but not in the closed-canopy genotypes. Because both light
types had this effect in the open-canopy population, this may
be a response to light intensity rather than light quality. An
interactive effect between light quality and intensity is a pos-
sibility, but our design does not allow us to test this. Although
intense light normally reduces relative leaf area rather than
increasing it, the limited area covered by the diode treatment
may not have this effect. We did not measure leaf thickness
or individual leaf weight in this experiment.

We found no evidence for the hypothesis that shade plants
retain sensitivity to neighborsin stem tissue but |ose sensitivity
to overhead shade. Thus, population differentiation has not
involved differential responsiveness to lateral and overhead
shade, as suggested by Schmitt et al. (1999). Instead, the bal-
ance between high irradiance suppression of stem elongation
under low R : FR and shade-avoidance stem elongation under
lowered R : FR is an important aspect of population differ-
entiation. Thus the balance between shade-avoidance respons-
es mediated by light-stable phytochromes and FR-HIR re-
sponses mediated by phytochrome A may be an important tar-
get of selection in species and popul ations adapting to different
canopy environments.

LITERATURE CITED

ApAM, E., L. KozMA-BOGNAR, E. SCHAFER, AND F NAGY. 1997. Tobacco
phytochromes: genes, structure and expression. Plant, Cell and Environ-
ment 20: 678-684.

ARGYRES, A. Z., AND J. ScHMITT. 1991. Microgeographic genetic structure
of morphological and life history traits in a natural population of Im-
patiens capensis. Evolution 45: 178-189.

BALLARE, C. L., R. A. SANCHEZ, A. L. ScopeL, J. J. CasaL, AND C. M.
GHERsA. 1987. Early detection of neighbour plants by phytochrome per-
ception of spectral changes in reflected sunlight. Plant, Cell and Envi-
ronment 10: 551-557.

BALLARE, C. L., A. L. ScopPeL, AND R. A. SANCHEZ. 1990. Far-red radiation
reflected from adjacent leaves: an early signal of competition in plant
canopies. Science 247: 329-332.

BLiss, D., AND H. SmiTH. 1985. Penetration of light into soil and itsrole in
the control of seed germination. Plant, Cell and Environment 8: 475—
483.

BUCHNER, A., E FAuL, AND E. ERDFELDER. 1997. G*Power: a priori, post-
hoc, and compromise power analyses for the Macintosh (version 2.1.2).
University of Trier, Trier, Germany.

CasaL, J. J, AND H. SmITH. 1989. The function, action and adaptive signif-
icance of phytochrome in light-grown plants. Plant, Cell and Environ-
ment 12: 855-862.

CasaL, J. J, R. A. SaANCHEZ, AND M. J. YANOvsKY. 1997. The function of
phytochrome A. Plant, Cell and Environment 20: 813-819.

Corrg, W. J. 1983. Growth and morphogenesis of sun and shade plants. I1.
The influence of light quality. Acta Botanica Neerlandica 32: 185-202.

DoNoHUE, K., AND J. ScHMITT. 1999. The genetic architecture of plasticity
to density in Impatiens capensis. Evolution 53: 1377-1386.

DoNoHUE, K., E. HAMMOND PyLE, D. MESSIQUA, M. S. HESCHEL, AND J.
ScHMITT. 2000a. Evidence of adaptive divergence in plasticity: density-
and site-dependent selection on shade avoidance responses in Impatiens
capensis. Evolution 54: 1956-1968.

DoNoHUE, K., E. HAMMOND PYLE, D. MESSIQUA, M. S. HESCHEL, AND J.
ScHMITT. 2000b. Density dependence and population differentiation of
genetic architecture in Impatiens capensis in natura environments. Evo-
lution 54: 1969-1981.

DoNoHUE, K., E. H. PyLE, D. MESSIQUA, M. S. HESCHEL, AND J. SCHMITT.
2001. Adaptive divergence in plasticity in natural populations of Impa-
tiens capensis and its consequences for performance in novel habitats.
Evolution 55: 692—702.

DubLEY, S. A., AND J. ScHMITT. 1995. Genetic differentiation between open



May 2005]

and woodland Impatiens capensis populations in morphological respons-
es to simulated foliage shade. Functional Ecology 9: 655-666.

DubLEY, S. A,, AND J. ScHMITT. 1996. Testing the adaptive plasticity hy-
pothesis: density-dependent selection on manipulated stem length in Im-
patiens capensis. American Naturalist 147: 445-465.

FITTER, A. H., AND C. J. AsHMORE. 1974. Response of two Veronica species
to a simulated woodland light climate. New Phytologist 73: 997—1001.

GILBERT, |. R.,, P G. JaRvis, AND H. SmMiTH. 2001. Proximity signal and
shade avoidance differences between early and late successiona trees.
Nature 411: 792—795.

GILBERT, |. R, G. P SEAVERS, P. G. JARVIS, AND H. SmiTH. 1995. Photo-
morphogenesis and canopy dynamics—phytochrome-mediated proximity
perception accounts for the growth dynamics of canopies of Populus-
trichocarpa X deltoides Beaupre. Plant Cell and Environment 18: 475~
497.

GLEASON, H. A., AND A. CRoNQuiIsT. 1963. Manual of vascular plants of
the northeastern United States and adjacent Canada. New York Botanical
Garden, Bronx, New York.

GOOsEY, L., L. PALACANDA, AND R. A. SHARROCK. 1997. Differentia pat-
terns of expression of the Arabidopsis PHYB, PHYD, and PHYE phy-
tochrome genes. Plant Physiology 115: 959-969.

GRrRAHAM, M. H. 2003. Confronting multicollinearity in ecological multiple
regression. Ecology 84: 2809-2815.

HALLIDAY, K. J,, B. THOMAS, AND G. C. WHITELAM. 1997. Expression of
heterologous phytochromes A, B, or C in transgenic tobacco plants alters
vegetative development and flowering time. Plant Journal 12: 1079—
1090.

Hay, M. J. M., P C. D. NewTtoN, C. RoBIN, AND A. CRESSWELL. 2001.
Branching responses of a plagiotropic clona herb to localised incidence
of light simulating that reflected from vegetation. Oecologia 127: 185—
190.

HERAUT-BRON, V., C. RoBIN, AND A. GUCKERT. 1998. Effects of R : FR
ratio on developing leaves in white clover: net CO, assimilation, pho-
tochemical activity and leaf morphology. Comptes Rendus De L Aca-
demie Des Sciences Serie lii-Sciences De La Vie-Life Sciences 321: 679—
687.

HErRAUT-BRON, V., C. RoBIN, C. VARLET-GRANCHER, D. AFIF, AND A. GucK-
ERT. 1999. Light quality (red:far-red ratio): does it affect photosynthetic
activity, net CO, assimilation, and morphology of young white clover
leaves? Canadian Journal of Botany 77: 1425-1431.

HErRAUT-BRON, V., C. RoBIN, C. VARLET-GRANCHER, AND A. GUCKERT.
2001. Phytochrome mediated effects on leaves of white clover: conse-
quences for light interception by the plant under competition for light.
Annals of Botany 88: 737-743.

HERRERA, C. M., M. MEDRANO, P. J. REY, A. M. SANCHEZ-LAFUENTE, M.
B. GARcIA, J. GUITIAN, AND A. J. MANZANEDA. 2002. Interaction of
pollinators and herbivores on plant fitness suggests a pathway for cor-
related evolution of mutualism- and antagonism-related traits. Proceed-
ings of the National Academy of Sciences, USA 99: 16823-16828.

Leck, M. A. 1979. Germination behavior of Impatiens capensis Meerb. (Bal-
saminaceae). Bartonia 46: 1-11.

Leck, M. A. 1996. Germination of macrophytes from a Delaware River tidal
freshwater wetland. Bulletin of the Torrey Botanical Club 123: 48-67.

LITTELL, R. C., G. A. MILLIKEN, W. W. STROUP, AND R. D. WOLFINGER.
1996. SAS system for mixed models. SAS Institute Inc., Cary, North
Carolina, USA.

MaLorr, J. N., J. O. BoreviTz, T. DABI, J. LUTES, R. B. NEHRING, J. L.
ReEDFERN, G. T. TRAINER, J. M. WiLsoN, T. Asami, C. C. BERRY, D.
WEIGEL, AND J. CHORY. 2001. Natural variation in light sensitivity of
Arabidopsis. Nature Genetics 29: 441-446.

MATHEWS, S., J. G. BURLEIGH, AND M. J. DONOGHUE. 2003. Adaptive evo-
lution in the photosensory domain of phytochrome A in early angio-
sperms. Molecular Biology and Evolution 20: 1087-1097.

McCorMAC, A. C., G. C. WHITELAM, M. T. BoYLAN, AND P H. QUAIL. 1992.
Contrasting responses of etiolated and light-adapted seedlings to red:far
red ratio: a comparison of wild type, mutant and transgenic plants has
revealed differential functions of members of the phytochrome family.
Journal of Plant Physiology 140: 707-714.

MOLLER, S. G., P J. INGLES, AND G. C. WHITELAM. 2002. The cell biology
of phytochrome signalling. New Phytologist 154: 553-590.

MoRGAN, D. C., AND H. SmITH. 1979. A systematic relationship between
phytochrome-controlled development and species habitat, for plants
grown in simulated natural radiation. Planta 145: 253-258.

VON WETTBERG AND SCHMITT—SHADE-AVOIDANCE RESPONSES IN |MPATIENS 873

NovorLANSKY, A., D. CoHEN, AND T. SacHs. 1990. How portulaca seedlings
avoid their neighbors. Oecologia 82: 490-493.

RoBIN, C., M. J. M. HAY, AND P C. D. NEwTon. 1994a. Effect of light
quality (red:far red ratio) and defoliation treatments applied at a single
phytomer on axillary bud outgrowth in Trifolium repens L. Oecologia
100: 236-242.

RogIN, C., M. J. M. HAY, P. C. D. NEwTON, AND D. H. GREER. 1994b. Effect
of light quality (red:far-red ratio) at the apical bud of the main stolon on
morphogenesis of Trifolium repens L. Annals of Botany 74: 119-123.

SCHABENBERGER, O., T. G. GREGOIRE, AND F. Z. KoNnG. 2000. Collections
of simple effects and their relationship to main effects and interactions
in factorials. American Statistician 54: 210-214.

ScHEMSKE, D. W. 1984. Population structure and local selection in Impatiens
pallida (Balsaminaceae), a selfing annual. Evolution 38: 817-832.
ScHmITT, J. 1993. Reaction norms of morphological and life-history traits to
light availability in Impatiens capensis. Evolution 47: 1654—1668.
ScHmITT, J., J. EccLESTON, AND D. W. EHRHARDT. 1987a. Dominance and
suppression, size-dependent growth and self-thinning in a natural Impa-

tiens capensis population. Journal of Ecology 75: 651-665.

ScHMITT, J., J. ECCLESTON, AND D. W. EHRHARDT. 1987b. Density-depen-
dent flowering phenology, outcrossing, and reproduction in Impatiens
capensis. Oecologia 72: 341-347.

ScHMITT, J,, AND S. E. GAMBLE. 1990. The effect of distance from the pa-
rental site on offspring performance and inbreeding depression in Im-
patiens capensis. a test of the local adaptation hypothesis. Evolution 44:
2022-2030.

ScHMITT, J,, AND R. D. WuLFF. 1993. Light spectral quality, phytochrome,
and plant competition. Trends in Ecology and Evolution 8: 47-50.
ScHmITT, J,, A. C. McCoRMAC, AND H. SmITH. 1995. A test of the adaptive
plasticity hypothesis using transgenic and mutant plants disabled in phy-
tochrome-mediated elongation responses to neighbors. American Natu-

ralist 146: 937-953.

ScHmITT, J., S. A. DUDpLEY, AND M. PigLiuccl. 1999. Manipulative ap-
proaches to testing adaptive plasticity: phytochrome-mediated shade-
avoidance responses in plants. American Naturalist 154 (Supplement):
SA43-S54.

ScHMITT, J., J. R. STINCHCOMBE, M. S. HESCHEL, AND H. HUBER. 2003. The
adaptive evolution of plasticity: phytochrome-mediated shade avoidance
responses. Integrative and Comparative Biology 43: 459—-469.

SEAVERS, G. P, AND H. SviTH. 1997. The reflectance properties of plant
internodes modify elongation responses to lateral far-red radiation. Plant
Cell and Environment 20: 1372—1380.

SHARROCK, R. A., AND T. CLACK. 2002. Patterns of expression and normal-
ized levels of the five Arabidopsis phytochromes. Plant Physiology 130:
442-456.

SHARROCK, B., L. PALECANDA, AND S. MATHEWS. 1995. Expression patterns
of the Arabidopsis phyB, phyD, and phyE phytochromes. Journal of
Cellular Biochemistry 21A (Supplement): 496—496.

SHARROCK, R. A., T. CLACK, AND L. Goosey. 2003. Differential activities
of the Arabidopsis phyB/D/E phytochromes in complementing phyB mu-
tant phenotypes. Plant Molecular Biology 52: 135-142.

SmITH, H. 1981. Light quality as an ecological factor. In J. Grace, E. D. Ford,
and P G. Jarvis [eds], Plants and their atmospheric environment, 93—
110. Blackwell Scientific Publications, Oxford, UK.

SwiTH, H. 1982. Light quality, photoreception, and plant strategy. Annual
Review of Plant Physiology 33: 481-518.

SwmiTH, H. 1995. Physiological and ecologica function within the phyto-
chrome family. Annual Review of Plant Physiology 46: 289-315.

SMITH, H., AND G. C. WHITELAM. 1997. The shade avoidance syndrome:
multiple responses mediated by multiple phytochromes. Plant, Cell and
Environment 20: 840-844.

SmITH, H., Y. Xu, AND P H. QuAiL. 1997. Antagonistic but complementary
actions of phytochromes A and B allow optimum seedling de-etiolation.
Plant Physiology 114: 637-641.

VAN HINSBERG, A. 1997. Morphological variation in Plantago lanceolata L .:
effects of light quality and growth regulators on sun and shade popula-
tions. Journal of Evolutionary Biology 10: 87—96.

WALLER, D. M. 1979. The relative cost of self- and cross-fertilized seeds in
Impatiens capensis (Balsaminaceae). American Journal Botany 66: 213-320.

WEINER, J. 1990. Asymmetric competition in plant populations. Trends in
Ecology and Evolution 5: 360-364.

WEINIG, C. 2000a. Differing selection in alternative competitive environ-
ments: shade-avoidance responses and germination timing. Evolution 54:
124-136.



874 AMERICAN JOURNAL OF BOTANY [Vol. 92

WEINIG, C. 2000b. Plasticity versus canalization: population differences in
the timing of shade-avoidance responses. Evolution 54: 441-451.

WINSOR, J. 1983. Persistence by habitat domination in the annual Impatiens
capensis (Balsaminaceae). Journal of Ecology 71: 451-466.

YAaNovsky, M. J,, J. J. CasaL, AND G. C. WHITELAM. 1995. Phytochrome
A, phytochrome B and HY 4 are involved in hypocotyl growth responses
to natural radiation in Arabidopsis. weak de-etiolation of the phyA mu-
tant under dense canopies. Plant, Cell and Environment 18: 788-794.



