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ADAPTIVE EVOLUTION OF PLASTIC FORAGING RESPONSES
IN A CLONAL PLANT
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Abstract. Stoloniferous rosette plants may show horizontal and vertical foraging responses,
such as changes in branching frequency, stolon internode length, leaf length, and height growth
of stolons. To study whether such plastic foraging responses constitute an adaptation to het-
erogeneity in competition, we studied genetic variation in and fitness consequences of plastic
foraging responses in the stoloniferous lake-shore plant Ranunculus reptans. Because plastic
foraging responses are likely to have been more strongly selected for in heterogeneous envi-
ronments, we used 15 genotypes from competitive, heterogeneous microhabitats and 15 from
competition-free, homogeneous microhabitats from Lake Constance (central Europe).

We planted vegetatively propagated rosettes of the 30 genotypes (totaling 236 rosettes)
into a greenhouse environment with spatially heterogeneous competition. Four replicates of
each genotype were planted into the competition-free halves of experimental trays, and four
other replicates into the halves with the naturally co-occurring grass Agrostis stolonifera.

We found significant variation among genotypes in vertical and horizontal foraging
responses. In line with the hypothesis of adaptive plasticity, genotypes from the competitive
heterogeneous microhabitats more strongly increased the vertical angle of the first stolon
internode (126%) and the specific stolon length (166%) in response to competition than
genotypes from the competition-free homogeneous microhabitats. Moreover, we found that
genotypes that were more plastic in the vertical angle of the first stolon internode, stolon
height, and specific internode length produced more rosettes and flowers than less plastic
genotypes (all selection gradients for plasticity . 0.316).

Our findings strongly suggest that plastic foraging responses constitute an adaptation
to environmental heterogeneity, at least in the stoloniferous R. reptans.

Key words: adaptive phenotypic plasticity; clonal growth; foraging responses; genetic variation;
local adaptation; Ranunculus reptans; selection-gradient analysis.

INTRODUCTION

Many plants, especially spreading clonal plants, ex-
perience spatial environmental heterogeneity. In clonal
plants, this heterogeneity may be alleviated by the ex-
change of resources between interconnected clone parts
(Pitelka and Ashmun 1985). Furthermore, spreading
stoloniferous or rhizomatous plants have the potential
to selectively place ramets in benign patches and to
escape from adverse ones by means of plasticity in
internode length and branching frequency (Harper
1981, Bell 1984, Hutchings and Slade 1988, Schmid
1990, Hutchings and de Kroon 1994). Such plastic re-
sponses are analogous to habitat-selection behavior in
animals and have therefore frequently been called ‘‘for-
aging’’ responses (Bell 1984, Bazzaz 1991). Foraging
responses are not restricted to the horizontal plane. In
rosette plants, vertical foraging is possible by means
of plasticity in leaf length (Hutchings and de Kroon
1994, Huber 1996, Huber et al. 1998). Moreover, in
some clonal plants, stolons do not grow strictly hori-
zontally but may also show height growth.
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Foraging responses have been reported for several
clonal plants (e.g., Schmid 1986, Slade and Hutchings
1987a, b, Solangaarachchi and Harper 1987, de Kroon
and Knops 1990, Dong and Pierdominici 1995). Im-
plicitly it was assumed that plastic foraging responses
in clonal plants constitute an adaptation to spatial en-
vironmental heterogeneity (Hutchings and de Kroon
1994), although this is not necessarily true (Bradshaw
1965, Gould and Lewontin 1978). If foraging responses
are in the process of adaptation, they should have a
genetic component and a selective advantage. There-
fore, it needs to be tested whether there is genetic var-
iation in plastic foraging responses, and whether they
increase plant fitness (Lewontin 1984, Via 1987).

Most studies on foraging responses in clonal plants
have been carried out with one or two genotypes or
with material of unknown genetic origin. Such studies
cannot reveal whether there is genetic variation in for-
aging responses, and thus whether foraging responses
can be modified by selection (de Kroon et al. 1994).
Moreover, if there is genetic variation in foraging re-
sponses, studies based on only a few genotypes need
not to be representative for the species and could even
lead to erroneous conclusions. In the few cases where
foraging responses were studied with several geno-
types, fitness consequences were either not studied
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FIG. 1. Schematic illustration of a plant of
Ranunculus reptans. Each rosette may be rooted
(vegetative reproduction) and may produce one
single flower (sexual reproduction). The dia-
gram also illustrates the vertical growth re-
sponse of a stolon branch to competition by
grass (shaded area). M 5 mother rosette, DR 5
rooted daughter rosette, F 5 flower, FF 5 fruits,
and FB 5 flower bud.

(Cheplick 1997, Skálová et al. 1997, Cheplick and Gu-
tierrez 2000) or no benefits were found (Humphrey and
Pyke 1997). Therefore, studies are needed that specif-
ically test whether plastic foraging responses constitute
an adaptation in clonal plants.

Clonal plants are very convenient for studying plas-
ticity, because genotypes can easily be replicated and
grown in different environments to estimate genotypic
values of plasticity. Then fitness consequences of plas-
tic foraging responses can be assessed by using selec-
tion-gradient analyses in which average genotypic val-
ues of fitness measures are regressed on genotypic val-
ues of plasticity in foraging traits (Lande and Arnold
1983, Weis and Gorman 1990, Schmitt et al. 1999). In
such analyses, benefits of plastic foraging responses
are indicated by positive regression coefficients.

To study whether foraging responses are in the pro-
cess of adaptation, we studied genetic variation in and
fitness consequences of foraging responses in the sto-
loniferous herb Ranunculus reptans (Fig. 1). This spe-
cies was chosen because in its natural habitats at pe-
riodically inundated lake shores it frequently grows
along a gradient between two microhabitat types that,
although only 5–10 m apart, differ greatly in the level
of competition (Prati and Peintinger 2000). Foraging
responses of the weak competitor R. reptans may be
especially beneficial in the competitive microhabitat
that is more heterogeneous than the competition-free
microhabitat because of variation in the density of com-
peting graminoids. Therefore, if foraging responses are
adaptive, they should be more likely to have been se-
lected for in the competitive heterogeneous microhab-
itat than in the competition-free homogeneous one.

In a greenhouse experiment, we used 30 different
genotypes of R. reptans representing the two different
microhabitat types to study both horizontal and vertical
foraging in response to competition and their conse-
quences for plant fitness. We planted vegetatively prop-

agated rosettes of the genotypes into a spatially het-
erogeneous competitive environment. Rosettes were ei-
ther planted into patches without competition or into
patches with Agrostis stolonifera, which is the naturally
most abundant co-occurring grass species. As measures
of foraging, we recorded the direction of stolon initi-
ation, branching frequency, length of stolon internodes,
leaf length, the vertical angle of the first internode, and
stolon height. To test whether plastic foraging respons-
es increase fitness, we used selection-gradient analyses.

We asked the following specific questions: (1) Do
plants of R. reptans show plastic foraging responses?
(2) Is there variation among genotypes in foraging re-
sponses, and (3) if so, is this related to the type of
microhabitat from which genotypes originated? (4) Are
the foraging responses beneficial in the spatially het-
erogeneous competitive environment of our study? We
discuss whether vertical and horizontal foraging are
likely to constitute an adaptation in R. reptans.

METHODS

Study species

The stoloniferous, rosette-forming herb Ranunculus
reptans L. (Ranunculaceae) has a circumpolar distri-
bution, mainly in the temperate-to-boreal subarctic
zones of Europe, Asia, and North America (Hess et al.
1980). Ranunculus reptans mainly inhabits periodical-
ly inundated lake shores with low vegetation cover.
Because of the regulation of water levels of most lakes,
R. reptans has become a rare species in Central Europe,
where it is now restricted to a few lakes in the foothill
zone of the Alps (Prati and Peintinger 2000). Today
most populations in Central Europe are found around
Lake Constance. Within these populations, there is a
consistent gradient between microhabitats, which is
likely to have existed already for thousands of years
because these populations most likely represent relicts
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PLATE 1. Two experimental trays with the
grass Agrostis stolonifera as a competitor in
each half of the tray. The conspicuous dots are
flowers of our target species, Ranunculus rep-
tans. Photograph by Mark van Kleunen.

from the last ice age (Prati and Peintinger 2000). Plants
growing close to the winter water level (‘‘lakeside’’)
experience an average summer-inundation period of
150 d and little competition with other species. In con-
trast, plants growing about 30 cm higher and 5–10 m
further away from the water (‘‘landside’’) experience
an average summer-inundation period of 80 d and het-
erogeneous competition with graminoids, frequently
Agrostis stolonifera (Prati 1998).

Rosettes of R. reptans may have up to 20 leaves.
Rosettes may form stolon branches from meristems in
the axils of leaves (Fig. 1). Leaf blades, which are
gradually narrowing into the petioles, are 10–50 mm
long and 1–5 mm wide. Stolons grow sympodially and
consist of rosettes (ramets) connected by thin (0.5–2
mm diameter) stolon internodes with a length of 3–5
cm. Stolon branches can grow 10–20 cm within one
growing season. Each rosette has the potential to root,
to produce one flower, and to produce one or more side
branches (Prati and Peintinger 2000; Fig. 1). The pro-
duction of stolon branches is interrupted by the summer
inundation period, during which stolon internodes de-
cay (Daniel Prati [UFZ Centre for Environmental Re-
search, Halle/Saale, Germany], personal communica-
tion).

Plant material

We collected equal numbers (4–5) of landside and
lakeside plants from each of nine populations (totaling
82 plants) around Lake Constance in 1995 and 1997.
The distance to the nearest neighbor population ranged
from 1.6 to 32.6 km (Fischer et al. 2000), and distances
between sampled plants were $5 m in all cases. Ran-
dom amplified polymorphic DNA (RAPD) analysis re-
vealed that all 82 plants represented different genotypes
(Fischer et al. 2000). After collected plants had been
propagated repeatedly, vegetative offspring of these ge-
notypes were planted into 12-cm-diameter pots filled
with a 4:1 mixture of sand : compost and kept in a

greenhouse. To test whether there is genetic differen-
tiation between genotypes representing the two differ-
ent microhabitat types, we randomly selected 15 land-
side genotypes and 15 lakeside genotypes out of the
82 sampled plants for our experiment independent of
population of origin.

On 2 December 1998 (20 wk before the start of the
experiment), we started vegetative propagation of ge-
notypes from single rosettes in 12.5 3 18 cm trays
filled with a 4:1 mixture of sand and compost. The
substrate was enriched with 15g/L of a controlled-re-
lease fertilizer (Osmocote Plus [18% N, 6% P2O5, 12%
K2O] Grace Sierra International, Heerlen, The Neth-
erlands). Both pre-cultivation of plants and the exper-
iment were performed in a heated greenhouse that
transmitted ;60% of full daylight, and that had ad-
ditional lighting to extend the light period to 16 h.
Lights were also turned on during cloudy day periods.
The temperature was kept at ;248C during the light
period and at ;168C during the dark period.

Experimental set-up

On 3 February 1999 (11 wk before the start of the
experiment), we filled forty-eight 30 3 44 3 8 cm trays
with a 4:1 mixture of sand and compost and covered
it with a thin layer of gravel (to prevent growth of algae
and to reduce evaporation). In each tray, we created
two patches (15 3 44 cm) by sowing the grass Agrostis
stolonifera as competitor into one half of each tray.
Agrostis stolonifera formed a dense matrix with a
height of 10–15 cm and density of ;1 plant/cm2, com-
parable to densities found in the natural habitat of R.
reptans at Lake Constance. We clipped leaves and sto-
lons of A. stolonifera several times during the exper-
iment to diminish differences between trays and to pre-
serve the border between the patches.

We planted a total of five plants into each tray, and
each plant had been randomly assigned to the com-
petitive or competition-free half of the tray. Horizontal
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foraging responses may only result in effective ramet
placement when plants grow in an environment that is
spatially heterogeneous at a scale relevant to the plant
(Stuefer 1996). Seedlings of Portulaca oleracea can
already detect neighboring plants at a distance of 3 cm
(Novoplansky et al. 1990). Therefore, to enhance the
likelihood that plants of R. reptans detect the presence
of the other patch, planting positions were situated
close (2-cm distance) to the other patch. On 19 April
1999 we randomly assigned eight rosettes of each of
the 30 genotypes (totaling 236 plants; one genotype
was represented by four rosettes only) to one of the
240 planting positions in the 48 trays with the limi-
tations that half of the replicates per genotype were
planted into competition-free patches and that rosettes
planted into the same tray belonged to different ge-
notypes. Within trays, growth of R. reptans individuals
was not limited by the size of the trays, and interference
among the individuals was likely to be weak, because
rooting zones of the originally planted rosettes did not
overlap, and because R. reptans plants impose hardly
any shading at the densities attained in the experiment.

We assigned the trays to new random positions in
the greenhouse weekly. To control for effects of the
direction of incident sunlight in the greenhouse, half
of the trays were always orientated with the competi-
tion-free patch towards the north (north-facing trays)
and the other half towards the south (south-facing
trays). Three times a week, we watered the plants to
full saturation of the soil through holes in the bottom
of the trays.

Measurements

To estimate the initial rosette size, we counted the
number of leaves and measured the length of the lon-
gest leaf on each planted rosette two days after plant-
ing. Because the foraging traits—branching frequency,
stolon height, and the vertical angle of the first stolon
internode—may depend on the developmental stage of
plants (Birch and Hutchings 1992, Huber and Stuefer
1997), we measured these traits when plants had pro-
duced five daughter rosettes along the main axis of their
longest stolon branch (Fig. 1). Half of the 144 plants
that reached this stage during the experiment had been
planted into the competition-free halves of the trays
(73), and the other half into the competitive halves (71).
We assessed stolon height as the distance between the
fifth daughter rosette and the soil surface.

Eleven weeks after the start of the experiment, we
harvested the plants. As fitness measures, we counted
the number of rosettes, of rooted rosettes (as a measure
of vegetative reproduction), and of flowers (as a mea-
sure of sexual reproduction) of each plant, and deter-
mined total plant biomass after drying the plants to
constant mass at 708C. As traits of horizontal and ver-
tical foraging, we determined the direction (planting
patch or neighboring patch) into which the longest sto-
lon branch had been initiated (i.e., the direction of the

first internode) from originally planted rosettes, and
measured the length of each of the first four internodes
on this branch and the length of the longest leaf of the
originally planted rosettes.

Observed plasticity in internode length is likely to
be determined by both internode elongation in response
to shading (i.e., ‘‘active plasticity’’) and internode
shortening as a consequence of resource limitation (i.e.,
‘‘passive plasticity’’). To control for passive plasticity,
we calculated the specific internode length by dividing
the length of the first four internodes by their biomass.

Statistical analyses

We analyzed quantitative variables with mixed-mod-
el analyses of variance (Norusis 1999). We considered
‘‘planting patch’’ (competitive, competition-free),
‘‘orientation of patches’’ (south facing, north facing),
and ‘‘microhabitat of origin’’ (landside, lakeside) as
fixed factors, and ‘‘genotype’’ as a random factor.

Biomass, number of rosettes, number of rooted ro-
settes, number of flowers, and specific length of the
first four internodes were log-transformed to achieve
normality and homoscedasticity. Because rosettes were
not standardized for size at the start of the experiment,
we considered the initial number of leaves and the ini-
tial length of the longest leaf as covariates in the anal-
ysis of fitness measures (biomass, number of rosettes,
of rooted rosettes, and of flowers). Similarly, we con-
sidered the initial length of the longest leaf as a cov-
ariate in the analysis of the length of the longest leaf.

We analyzed the binary data on the direction of sto-
lon initiation (towards the planting patch or the neigh-
boring patch) with logistic regression. For this analysis,
we used the same model as for the analyses of variance
and tested significance using ratios of mean deviance
changes (quasi F values), which approximately follow
the F distribution (Payne et al. 1993). For logistic re-
gression, we used the statistical software Genstat
(Lawes Agricultural Trust, Institute of Arable Crops
Research, Rothamsted, UK; Payne et al. 1993).

To test whether plastic foraging responses to com-
petition increase the average fitness of a genotype ( j),
we regressed genotypic values of fitness measures av-
eraged over the two planting patches (W̄j) on genotypic
values of foraging traits averaged over the two planting
patches (i.e., elevation of the reaction norm, Z̄j) and on
genotypic values of plasticity in foraging traits (i.e.,
steepness of the reaction norm, P̄j), adapted from Weis
and Gorman (1990: Eq. 6):

¯ ¯ ¯W 5 Constant 1 aZ 1 ßP .j j j (1)

Because only a positive regression coefficient of fit-
ness on plasticity (i.e., a positive selection gradient)
indicates a benefit of plastic foraging, we used one-
tailed significance tests. To allow comparisons between
regression coefficients for different traits and for dif-
ferent fitness measures, we expressed them in units of
1 SD.
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TABLE 1. The effect of competition in the planting patch on fitness, and on vertical and
horizontal foraging traits of Ranunculus reptans.

Traits

Planting patch

Competition-free Competitive

Fitness measures
Total biomass (mg)
Number of rosettes
Number of rooted rosettes
Number of flowers

57.3 6 2.8/2.7
9.0 6 0.4/0.4
2.3 6 0.1/0.0
2.7 6 0.2/0.2

41.2 6 2.0/1.9
7.8 6 0.3/0.3
2.0 6 0.0/0.0
2.1 6 0.2/0.1

Vertical foraging traits
Vertical angle of first internode (8)
Stolon height (mm)
Length of the longest leaf (mm)

26.5 6 2.7
54.5 6 2.9
37.7 6 1.1

53.5 6 2.3
81.9 6 2.7
41.4 6 1.1

Horizontal foraging traits
Proportion of stolons initiated

in direction of neighboring patch
Combined length of the first four internodes (mm)
Specific length of the first four internodes (mm/mg)

0.306 6 0.044

99.7 6 2.4
8.5 6 0.2/0.2

0.372 6 0.048

107.5 6 2.1
10.0 6 0.3/0.3

Notes: Data are means 6 1 SE for nontransformed data, and 6 upper 1 SE/lower 1 SE for
log-transformed data after back transformation (i.e., for all fitness measures plus specific length
of the first four internodes). Differences between patches were significant for all traits, except
for the proportion of stolons initiated in the direction of the neighboring patch. Experimental
plants represented 30 genotypes sampled from microhabitats of two types

RESULTS

Growth and reproduction

After 11 weeks, plants of Ranunculus reptans on
average had a total biomass of 48.6 mg, 1.4 stolon
branches, and 8.4 rosettes of which 2.2 were rooted
and 2.4 bore a flower. Plants planted into the compet-
itive patches had produced significantly less biomass
(228%) and fewer rosettes (213%), rooted rosettes
(213%), and flowers (222%) than those planted into
the competition-free patches (Tables 1 and 2).

There was significant variation among genotypes in
total biomass, and in the number of rosettes and flowers
(Table 2). Genotypes originating from the landside mi-
crohabitat type produced more rosettes (19%) than ge-
notypes originating from the lakeside microhabitat type
when they were planted into the competition-free
patches, and fewer rosettes (210%) when they were
planted into the competitive patches (significant mi-
crohabitat 3 planting patch interaction in Table 2). This
indicates differentiation in plasticity in fitness traits
between genotypes from both microhabitat types.
Moreover, variation among genotypes in the effect of
competition in the planting patch was significant and
marginally significant for the production of biomass
and rosettes, respectively (genotype 3 planting patch
interactions in Table 2).

Vertical foraging responses

When plants had produced five daughter rosettes
along the main axis of their longest stolon branch, the
average stolon height was 68.0 mm and the average
vertical angle of the first internode was 39.88. Stolon
height and the vertical angle of the first stolon internode
were significantly higher (50% and 102%, respectively)
for plants that had been planted into the competitive

patches than for those planted into the competition-free
patches (Tables 1 and 3).

There was significant variation among genotypes in
the vertical angle of the first stolon internode (Table
3). For stolon height, variation among genotypes was
marginally significant (Table 3). Genotypes originating
from the landside microhabitat type were significantly
more plastic (126%) in the vertical angle of the first
internode in response to competition in the planting
patch than genotypes originating from the lakeside mi-
crohabitat type (Fig. 2, microhabitat 3 planting patch
interaction in Table 3). For stolon height, there was
marginally significant variation among genotypes in
their plastic response to competition in the planting
patch (Table 3). The plastic response of genotypes orig-
inating from the different microhabitat types to com-
petition in the planting patch depended on the orien-
tation of the patches for both the vertical angle of the
first internode and stolon height, as indicated by sig-
nificant microhabitat 3 planting patch 3 orientation
interactions (Table 3). In summary, these results in-
dicate variation among genotypes in the vertical for-
aging responses angle of the first stolon internode and
stolon height, and genetic differentiation between the
two microhabitat types.

After 11 wk, rosettes planted into the competitive
patches had produced significantly longer leaves (10%)
than rosettes planted into the competition-free patches
(Tables 1 and 4). Leaf length was significantly affected
by the orientation of patches (north-facing trays: 41.1
6 1.1 mm [mean 6 1 SE], south-facing trays: 37.9 6
1.1 mm, Table 4). While there was significant variation
among genotypes in leaf length, there was no signifi-
cant variation among genotypes in plasticity in leaf
length (nonsignificant genotype 3 planting patch in-
teraction in Table 4).
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TABLE 2. Results of ANOVA for effects of initial plant size, competition in planting patch, orientation of patches, genetic
variation between microhabitats of origin, and variation among genotypes in fitness measures in the experiment with
Ranunculus reptans. Experimental plants represented 30 genotypes sampled from microhabitats of two types.

Source of variation df

Log(biomass)

MS F

Log(number of
rosettes)

MS F

Log(number of rooted
rosettes)

MS F

Log(number of
flowers)

MS F

Initial number of leaves
Initial leaf length
Planting patch, P
Orientation of patches, O
P 3 O

1
1
1
1
1

0.7820
0.7470
0.9630
0.0065
0.0550

36.25***
34.63***
27.53***
0.26
3.23†

0.8100
0.3710
0.1810
0.0141
0.0515

27.11***
12.42***

4.21*
0.33
1.84

0.00148
0.00709
0.15700
0.00149
0.00298

0.23
1.10

43.73***
0.39
0.57

0.7410
0.5280
0.2200
0.0218
0.1140

22.29***
15.88***

4.94*
0.46
4.30*

Microhabitat of origin, M
Genotype(M), G(M)
M 3 P
G(M) 3 P
M 3 O

1
28

1
28

1

0.0313
0.0694
0.0730
0.0350
0.0002

0.45
3.22***
2.09
1.62*
0.01

0.0288
0.0739
0.1870
0.0430
0.0004

0.39
2.47***
4.35*
1.44†
0.01

0.00133
0.00505
0.00334
0.00359
0.00060

0.26
0.78
0.93
0.55
0.16

0.0089
0.1180
0.0664
0.0446
0.0008

0.08
3.55***
1.49
1.34
0.02

G(M) 3 O
M 3 P 3 O
G(M) 3 P 3 O
Error

28
1

27
113

0.0255
0.0284
0.0170
0.0216

1.18
1.67
0.79

0.0424
0.0219
0.0280
0.0299

1.42
0.78
0.94

0.00379
0.00290
0.00521
0.00647

0.59
0.56
0.81

0.0477
0.01426
0.02649
0.0333

1.44†
0.54
0.80

Notes: All variables were log-transformed prior to analyses. Effects of competition are indicated by significant planting-
patch effects.

† P , 0.1; * P , 0.05; *** P , 0.001.

TABLE 3. Results of ANOVA for effects of competition in the planting patch, orientation of
patches, variation between microhabitats of origin, and variation among genotypes in vertical
foraging traits of Ranunculus reptans.

Source of variation df

Vertical angle of first
internode

MS F

Stolon height

MS F

Planting patch, P
Orientation of patches, O
P 3 O
Microhabitat of origin, M
Genotype(M), G(M)
M 3 P

1
1
1
1

28
1

15437.61
270.67

64.25
339.48
799.84

2637.64

30.00***
0.73
0.18
0.42
2.07*
5.13*

24544.85
1930.46

7.01
32.77

745.24
688.88

32.85***
2.71
0.02
0.04
1.62†
0.92

G(M) 3 P
M 3 O
G(M) 3 O
M 3 P 3 O
G(M) 3 P 3 O
Error

25
1

24
1

13
46

514.63
4.25

372.00
3017.06

358.80
386.16

1.33
0.01
0.96
8.41*
0.93

747.11
13.57

712.59
2949.67

309.80
458.84

1.62†
0.02
1.55†
9.52**
0.68

Notes: Experimental plants represented 30 genotypes sampled from microhabitats of two
types. Plasticity in foraging responses is indicated by significant planting patch effects. Genetic
variation in plasticity is indicated by significant planting patch 3 microhabitat of origin and
planting patch 3 genotype interactions. The planting patch 3 microhabitat of origin interaction
indicates differentiation between genotypes sampled from microhabitats of two types.

† P , 0.1; * P , 0.05; ** P , 0.01; *** P , 0.001.

Horizontal foraging responses

By the time stolon branches had produced five
daughter rosettes on the main axis, they had produced
an average of 0.15 secondary branches. Plants branched
77% less frequently when they had been planted into
a competitive patch than when planted into a compe-
tition-free patch (N 5 144 plants, , P ,2x 5 10.061

0.01).
After 11 wk, plants had initiated fewer of their lon-

gest stolons into the direction of the other patch than
expected from random growth (34.1%, 5 5.06, P ,2x1

0.05). This suggests that plants stayed in their patch of
origin rather than growing into the other one. However,

plants planted into the competitive patches tended to
initiate more stolons (22%, logistic regression: quasi-
F1,28 5 0.75, P . 0.05) into the direction of the other
patch than plants planted into the competition-free
patches (Table 1).

After 11 wk, rosettes planted into the competitive
patches had significantly longer stolon internodes (8%),
and they had produced significantly more internode
length per unit of biomass (18%) than rosettes planted
into the competition-free patches (Tables 1 and 5). The
combined length of the first four internodes was sig-
nificantly affected by the orientation of patches (north-
facing trays: 109.0 6 2.4 mm [mean 6 1 SE], south-
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FIG. 2. The effect of competition in the planting patch on
a vertical foraging trait of Ranunculus reptans, the vertical
angle of the first stolon internode (Fig. 1). Experimental
plants represented 30 genotypes sampled from competitive
heterogeneous landside microhabitats (solid circles and solid
lines) or from competition-free homogeneous lakeside mi-
crohabitats (open circles and dotted lines). As hypothesized,
genotypes from the landside microhabitats were significantly
more plastic (Table 3). Data are means 6 1 SE.

TABLE 4. Results of ANOVA for effects of initial length of
the longest leaf, competition in planting patch, orientation
of patches on and variation between microhabitats of origin,
and variation among genotypes in length of the longest leaf
in the experiment with Ranunculus reptans.

Source of variation df MS F

Initial leaf length
Planting patch, P
Orientation of patches, O
P 3 O
Microhabitat of origin, M
Genotype(M), G(M)

1
1
1
1
1

28

520.01
431.60
376.59

14.86
62.07

265.02

6.49*
4.98*
5.38*
0.19
0.23
3.31***

M 3 P
G(M) 3 P
M 3 O
G(M) 3 O
M 3 P 3 O
G(M) 3 P 3 O
Error

1
27

1
27

1
25

107

32.37
86.70
41.15
69.94

3.24
78.48
80.13

0.37
1.08
0.59
0.87
0.04
0.98

Notes: Experimental plants represented 30 genotypes sam-
pled from two microhabitat types. Plasticity in foraging re-
sponses is indicated by significant planting patch effects. Ge-
netic variation in plasticity is indicated by significant planting
patch 3 microhabitat of origin and planting patch 3 genotype
interactions. The planting patch 3 microhabitat of origin in-
teraction indicates differentiation between genotypes sampled
from microhabitats of two types.

* P , 0.05; *** P , 0.001.

TABLE 5. Results of ANOVA for the effects of competition in planting patch, orientation of
patches on and variation between microhabitats of origin, and variation among genotypes
for the combined length of the first four internodes and the specific length of the first four
internodes in the experiment with Ranunculus reptans.

Source of variation df

Combined length of first
four internodes

MS F

Log(specific length of first
four internodes)

MS F

Planting patch, P
Orientation of patches, O
P 3 O
Microhabitat, M
Genotype(M), G(M)
M 3 P

1
1
1
1

28
1

2844.75
3533.14

248.15
72.73

582.09
36.63

9.50**
7.21*
0.74
0.12
1.38
0.12

0.19700
0.00531
0.00288
0.00001
0.02162
0.05975

15.62***
0.73
0.44
0.00
1.82
4.74*

G(M) 3 P
M 3 O
G(M) 3 O
M 3 P 3 O
G(M) 3 P 3 O
Error

27
1

27
1

22
76

299.48
270.41
490.16

85.76
334.97
421.40

0.71
0.55
1.16
0.26
0.79

0.01261
0.02541
0.00725
0.02716
0.00651
0.01189

1.06
3.51†
0.61
4.18†
0.55

Notes: The specific length of the first four internodes was log-transformed prior to analysis.
Experimental plants represented 30 genotypes sampled from microhabitats of two types. Plas-
ticity in foraging responses is indicated by significant planting patch effects. Genetic variation
in plasticity is indicated by significant planting patch 3 microhabitat of origin and planting
patch 3 genotype interactions. The planting patch 3 microhabitat of origin interaction indicates
differentiation between genotypes sampled from microhabitats of two types.

† P , 0.1; * P , 0.05; ** P , 0.01; *** P , 0.001.

facing trays: 97.9 6 2.1 mm, Table 5). Genotypes orig-
inating from the landside microhabitat type were sig-
nificantly more plastic (166%) in specific internode
length than genotypes from the lakeside microhabitat
type (Fig. 3, microhabitat 3 planting patch interaction
in Table 5). This indicates genetic differentiation in
horizontal foraging respones between the two micro-
habitat types.

Benefits of plastic foraging responses

The effect of plasticity (regression coefficient b in
Eq. 1) in the vertical angle of the first internode on the
fitness measures number of rosettes and of flowers was
significantly positive (Fig. 4; Table 6). Plasticity in
stolon height had a significantly positive effect on the
number of rooted rosettes (Table 6). Plasticity in spe-
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FIG. 3. The effect of competition in the planting patch on
a horizontal foraging trait of Ranunculus reptans, the specific
length of the first four internodes. Experimental plants rep-
resented 30 genotypes sampled from the landside microhab-
itat (solid circles and solid lines) or from the lakeside mi-
crohabitat (open circles and dotted lines). As hypothesized,
genotypes from the landside microhabitat type were signifi-
cantly more plastic (Table 5). Error bars indicate 6 1 SE.

FIG. 4. Illustration of the significantly positive regression
coefficient (b 5 0.363, see Eq. 1; Table 6) of plasticity in
the vertical angle of the first internode in response to com-
petition in the planting patch on the number of rosettes of
Ranunculus reptans. The residual number of rosettes was ob-
tained from the regression of the number of rosettes averaged
over both planting patches on the vertical angle of the first
internode averaged over both planting patches. Experimental
plants represented 30 genotypes.

TABLE 6. Tests for fitness benefits of plasticity in vertical and horizontal foraging traits.

Trait Biomass
No.

rosettes

No.
rooted

rosettes
No.

flowers

Vertical foraging
Vertical angle of first internode
Stolon height
Length of longest leaf

0.101
20.008
20.028

0.363*
0.223

20.066

0.109
0.345*
0.114

0.401*
0.248

20.414

Horizontal foraging
Proportion of stolons initiated into

direction of neighboring patch
Combined length of first four internodes
Specific length of first four internodes

0.140
0.236

20.023

0.039
20.092

0.351*

20.101
20.056

0.039

20.100
20.414

0.316*

Notes: The table lists standardized regression coefficients of fitness measures on plasticity
in foraging traits (b in Eq. 1). All values are based on genotypic means. Fitness was measured
as biomass and the numbers of rosettes, rooted rosettes, and flowers. Benefits of plasticity in
foraging traits are indicated by positive regression coefficients.

* P , 0.05.

cific internode length had a significantly positive effect
on the number of rosettes and flowers (Table 6). These
results indicate benefits of plasticity in both vertical
and horizontal foraging traits. Plasticity in leaf and
internode length, however, had negative effects on the
number of flowers (Table 6) but not on other fitness
measures (Table 6). These negative effects were sig-
nificant when we used two-tailed tests (both P , 0.05),
and may suggest costs of plasticity in these traits.

DISCUSSION

We first compare the plastic foraging responses
found in Ranunculus reptans with the few other studies
on plastic foraging responses to competition in clonal
plants. We then discuss genetic variation and fitness
consequences of these responses and draw conclusions
on adaptation.

Plastic foraging responses

Our results indicate that R. reptans may forage ver-
tically for light and horizontally for competition-free
patches (Table 1). Plants planted into the competitive
patches produced longer stolon internodes and
branched less frequently than plants planted into the
competition-free patches. Moreover, plants of R. rep-
tans planted into the competitive patches produced lon-
ger leaves and their stolons grew higher than the ones
of plants planted into the competition-free patches.
These results are in line with plastic foraging responses
to competition reported for three other stoloniferous
plants. In Glechoma hederacea, stolons and petioles
were significantly longer when they were grown in
competition with the grass Lolium perenne than when
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grown without competition (Price and Hutchings
1996). In the stoloniferous Prunella vulgaris, the dis-
tance between ramets was larger when plants were
grown in competition with L. perenne than without
competition (Schmid 1986). In a field study, internodes
of Ranunculus repens (not to be confused with R. rep-
tans) were found to be significantly shorter on mole
hills than in the surrounding vegetation (Waite 1994).

Rhizomatous plants, on the other hand, seem to re-
spond differently to competition than stoloniferous
ones. The rhizomatous grass Amphibromus scabrivalvis
grew more compact in competition with L. perenne
than without competition (Cheplick 1997, Cheplick and
Gutierrez 2000), and in the rhizomatous pseudo-annual
Glaux maritima the length of internodes decreased with
increasing competition (L. Jerling, unpublished data,
as cited in Sutherland and Stillman [1988]). This may
reflect the fact that rhizomes grow belowground. While
rhizomes cannot directly detect shading by competi-
tors, which would be necessary for internode elonga-
tion responses (i.e., active plasticity), internode lengths
in rhizomatous plants may be reduced under compe-
tition because of resource limitation (i.e., passive plas-
ticity).

Genetic variation in foraging responses and genetic
differentiation between microhabitats of origin

For the vertical angle of the first stolon internode,
stolon height, and specific internode length, we found
significant, marginally significant, and significant var-
iation, respectively, among genotypes in their plastic
response to competition (Tables 3 and 5). As far as this
variation reflects additive genetic variation, it suggests
that both vertical and horizontal foraging responses are
heritable, which is one prerequisite for foraging to be
in the process of adaptation.

Studies on genetic variation in plastic foraging re-
sponses of clonal plants are scarce. In Festuca rubra,
significant variation in plasticity in the architecture of
rhizomes (i.e., in horizontal foraging) has been found
among 12 genotypes in response to the red-to-far-red
ratio of light, but not in shoot length (i.e., not in vertical
foraging, Skálová et al. 1997). In one study with 12
and another study with 14 genotypes of Amphibromus
scabrivalvis, there was no significant variation among
the genotypes in plasticity in interramet distances (i.e.,
horizontal foraging) in response to competition (Che-
plick 1997, Cheplick and Gutierrez 2000). Variation
among 14 genotypes of Elymus lanceolatus in plasticity
in ramet placement (i.e., horizontal foraging) in re-
sponse to nutrient availability was also not significant
(Humphrey and Pyke 1997). In these studies, genetic
variation in foraging responses was not studied with
material from different microhabitat types.

We found significant differentiation between geno-
types from the different microhabitat types in the ver-
tical angle of the first internode and in specific inter-
node length (Tables 3 and 5). As hypothesized, geno-

types from the heterogeneous competitive landside
were more plastic than genotypes from the homoge-
neous competition-free lakeside for both traits (Figs. 3
and 4). In a previous study on clonal integration in R.
reptans, we found a similar result. Leaf and internode-
elongation responses of shaded ramets were more
strongly stimulated by clonal integration in genotypes
from the landside microhabitat than in genotypes from
the lakeside microhabitat (van Kleunen et al. 2000a).
Genetic differentiation within plant populations has
been frequently reported, and can often be attributed
to different intensities of selection pressures in differ-
ent microhabitats, even over short distances (Linhart
and Grant 1996). Because foraging responses of R. rep-
tans are likely to be more beneficial in the competitive
heterogeneous landside than in the competition-free
homogeneous lakeside, the observed genetic differ-
entiation in foraging responses seems to be adaptive.
However, to further support this hypothesis, we tested
whether plastic foraging increased plant fitness.

Fitness consequences of plastic-foraging responses

To our knowledge, this is the second empirical study
testing for benefits of plastic-foraging responses in a
clonal plant and the first one to find such benefits. Hum-
phrey and Pyke (1997) did not find a benefit of plas-
ticity in ramet placement in terms of biomass produc-
tion of 14 genotypes of Elymus lanceolatus growing
in a patchy-nutrient environment. Modeling studies
suggest that the magnitude of empirically found for-
aging responses are often too small to result in effective
ramet placement (i.e., aggregation of ramets in benign
patches; Cain 1994, Oborny 1994, Cain et al. 1996).
In these models, however, the null model, correspond-
ing to a lack of foraging, is that growth form is identical
in benign and unfavorable patches. In unfavorable
patches, however, resource limitation may result in
shorter internodes (passive plasticity). Therefore a
more appropriate null model for active plasticity in
internode length would be shorter internodes under un-
favorable condititions than under benign conditions.
This would imply that foraging responses observed in
empirical studies may be more effective than expected
from these modeling studies.

We studied fitness consequences of plastic foraging
responses of R. reptans with selection-gradient anal-
ysis. For plasticity in the vertical angle of the first
internode, in stolon height, and in specific internode
length, we detected benefits in terms of several fitness
measures. For leaf and internode length, we detected
negative effects of plasticity on flower production. This
may suggest that there were costs of plasticity for these
traits (van Kleunen et al. 2000b). The other fitness mea-
sures, however, were not negatively affected by plas-
ticity in leaf and internode length. Overall, our results
indicate that there are fitness benefits of both vertical
and horizontal foraging responses in R. reptans.

Compared with the natural situation, fitness benefits
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of plastic height growth of stolons may have been un-
derestimated in our experiment. Height growth of sto-
lons not only exposes more photosynthetic tissue in the
higher strata of the vegetation, but also exposes flow-
ers. In the natural habitat this may attract more polli-
nators, and as a consequence increase seed set (Don-
nelly et al. 1998).

Conclusion

So far, plastic foraging responses in clonal plants
have often implicitly been assumed to constitute an
adaptation, although empirical evidence was lacking.
We found significant genetic variation in and fitness
benefits of both vertical and horizontal foraging re-
sponses. These are the two prerequisites before plastic
foraging responses can be considered to be in the pro-
cess of adaptation. Moreover, the genetic variation in
plasticity of both horizontal and vertical foraging traits
could in part be attributed to the different microhabitat
types from which the genotypes originated. In line with
the hypothesis of adaptive plasticity, plastic foraging
responses were larger in genotypes from the compet-
itive, heterogeneous microhabitats than in genotypes
from the competition-free, homogeneous ones. Based
on these findings, we conclude that plastic foraging
constitutes an adaptation, at least in the stoloniferous
R. reptans.
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