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Adaptive genetic differentiation in life-history traits
between populations of Mimulus guttatus with annual
and perennial life-cycles
Mark van Klcuncn

Abstract The optimal allocation to sexual and vegetative reproduction as well as
the optimal values of other life-history characteristics such as phenology, growth and
mating system are likely to depend on the life-cycle of the organism. I tested whether
plants of Mimulus guttatus originating from temporarily wet populations where the
species has an enforced annual life-cycle have higher allocation to sexual reproduction, lower allocation to vegetative reproduction, more rapid phenology, faster
growth, and floral traits associated with a self-fertilizing mating system than plants
from permanently wet populations where the species has a perennial life-cycle. I
grew a total of 1377 plants originating from three populations with an annual lifecycle and 11 populations with a perennial life-cycle in a greenhouse under permanently and temporarily wet conditions. Plants of M. guttatus in permanently wet
conditions had significantly more vegetative reproduction and tended to have a
faster growth than plants in the temporarily wet conditions, indicating plasticity in
these life-history traits. Plants from populations with an annual life-cycle invested
significantly more in sexual reproduction and significantly less in vegetative reproduction than the ones from populations with a perennial life-cycle. Moreover, this
study showed that plants originating from populations with an annual life-cycle have
a significantly faster development and floral traits associated with autonomous selffertilization. In conclusion, this study suggests that there has been adaptive evolution
of life history traits of M. guttatus in response to natural watering conditions that
determine the life span of the species.
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Introduction

Most plant species (up to 80%) have the capacity for vegetative reproduction in
addition to sexual reproduction (Salisbury 1942; Klimes et al. 1997). The balance
between both modes of reproduction is one of the most important life-history
characteristics of plants due to its effects on demography (Abrahamson 1980; Eriksson 1986), population genetic structure (McLellan et al. 1997; Chung and Epperson 1999; Ceplitis 2001), dispersal (Stbcklin 1999; Winkler and Fischer 2001) and
meta-population processes (Piquot et al. 1998; Gabriel and Burger 2000; Stbcklin
and Winkler 2004). However, the evolution of the balance between both modes of
reproduction in plants is still poorly understood (Eckert 2002; Fischer and van
Kleunen 2002).
Because of a limited availability of resources or meristems, there may be a
trade-off between sexual and vegetative reproduction (Harper 1977; Watson 1984;
van Kleunen et al. 2002; Thompson and Eckert 2004). When such a trade-off has a
genetic background, environments that select for increased allocation to sexual
reproduction will indirectly select for reduced allocation to vegetative reproduction
and vice versa. While sexual reproduction through seeds may allow escape from
poor environmental conditions and survival of temporarily unfavourable conditions, vegetative reproduction may be beneficial as a means to remain and proliferate in benign environments (Williams 1975; Abrahamson 1980; Sackville
Hamilton et al. 1987; Till-Botraud et al. 1990; Gardner and Mangel 1999). For
several species, it has been shown that the allocation to sexual and vegetative
reproduction may respond plastically to environmental conditions (Ogden 1974;
Williams et al. 1977; Hawthorn and Cavers 1982; Schmid and Harper 1985;
Humphrey and Pyke 1998; van Kleunen et al. 2001). Further, it has been shown
that there may be genetic variation in the allocation to sexual and vegetative
reproduction, and that these traits may respond to experimental selection (van
Kleunen et al. 2002; Fischer et al. 2004). However, studies on natural genetic
differentiation in allocation to both modes of reproduction are still scarce (Piquot
et al. 1998; Prati and Schmid 2000; Pluess and Stbcklin 2005).
The herbaceous plant Mimulus guttatus is a highly polymorphic species which
usually grows in moist habitats such as streams, wet grasslands, and on wet bluffs
along the sea, and has the capacity for vegetative reproduction by layering of stems
(i .e., stolons; Grant 1924; Vickery 1959). Some of these habitats remain permanently
wet and there M. guttatus has a perennial life-cycle where stolon production is an
effective way of reproduction in addition to the production of seeds. However, some
of the other habitats of M. guttatus are drier or dry out at the end of the growing
season resulting in death of all M. guttatus plants (e.g., Dole 1992). In these drier
habitats, M. guttatus is thus enforced to an annual life-cycle, and as a consequence
only sexual reproduction through seeds contributes to population persistence. Mimulus guttatus is also thought to be the progenitor of several annual species within
the M. guttatus complex such as M. nasutus and M. platycalyx which usually grow in
drier habitats (Kiang and Hamrick 1978; Dole 1992).
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Here, I tested in a greenhouse experiment whether plants of M. guttatus from
populations with an annual life-cycle have a life-history with mainly sexual reproduction and whether plants from populations with a perennial life-cycle have a lifehistory with more vegetative reproduction. Because annual plants have to reproduce
within a single growing season, they may further benefit from a rapid phenology, a
high growth rate (Arendt 1997), and a high capacity for reproductive assurance
through autonomous selfing (Kiang and Hamrick 1978; Barrett et al. 1996). Therefore, I also tested for differences in time to anthesis, plant height, number of upright
side branches, corolla width and anther-stigma separation between plants from
populations with different life-cycles. Moreover, to test whether life-history traits of
M. guttatus respond plastically to soil moisture conditions as found in their natural
habitats, I grew the plants at permanently and temporarily wet conditions.

Materials and methods

Study species
The yellow monkey flower Mimulus guttatus Fisch. ex DC. (Phrymaceae, previously
Scrophulariaceae; Beardsley and Olmstead 2002) is an annual or perennial herb that
is native to western North America and has become naturalized in eastern North
America, New Zealand and Europe. The species usually occurs in temporarily or
permanently moist habitats such as small streams, ditches, wet grasslands, and on
wet bluffs along the sea.
Shoots of M. guttatus consist of 0.1-1 m long upright stems which bear two
opposite 1-5 cm long egg- or heart-shaped leaves at each node. Side branches and
single flowers are produced from meristems in the axils of the leaves. Some side
branches, especially the upper ones, grow upright and produce flowers (referred to
as upright side branches hereafter), whereas most lower side branches layer and root
(referred to as stolons hereafter). Although stolons may produce flowers, they
mainly contribute to vegetative reproduction. As a consequence of vegetative
reproduction, clones may become large and have a long life span.
In the northern hemisphere, plants may start flowering in May and continue
flowering until late September if the soil does not dry out earlier as is the case for
populations with an annual life-cycle. The funnel-shaped, zygomorphic, yellow
flowers are 1-4 cm in length, and have conspicuous red dots at the mouth and inside
the funnel. Each flower has two pairs of stamen that differ in length and which are
usually exceeded by the single pistil. The species has a mixed mating system (i.e., is
partly self-fertilizing; Fenster and Ritland 1994; Leclerc-Potvin and Ritland 1994;
van Kleunen and Ritland 2004), and selfing rates are often negatively correlated with
flower size and anther- stigma separation (Ritland and Ritland 1989; Fenster and
Ritland 1994; van Kleunen and Ritland 2004). Each fruit may produce up to 500
small seeds of ca. 20 ~lg which can germinate directly after they fall off the plant.
Plant material and experimental set-up
The plant material used in this study originated from 14 populations of M. gullalus in
its native range from California in the south to British Columbia in the north
(Table 1), and was part of a larger experiment comparing populations from the native
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Table 1 Numerical code, location and habitat description of the populations of Mimulus glll/atus
with annual and perennial life-cycles used in this study
Numerical code and
name of location

State or province

Latitude (ON)

Longitude (OW)

Habitat

Annual life-cycle
1. Lower Lake
2. Paskenta
3. Anacortes

California
California
Washington

38.87
39.89
48.51

122.43
122.64
122.61

Serpentine grassland
Serpentine grassland
Grassland

Perennial life-cycle
4. Walnut Creek
5. Stone Lagoon
6. Orick
7. Smith River
8. Loss Creek
9. Sandcut Creek
10. Point Roberts
11. Vancouver
12. Port Alberni
13. Courtenay
14. Campbell River

California
California
California
California
British Columbia
British Columbia
Washington
British Columbia
British Columbia
British Columbia
British Columbia

37.87
41.18
41.35
41.93
48.35
48.38
48.99
49.24
49.25
49.69
49.95

121.92
124.13
124.04
124.01
124.27
123.99
123.06
123.22
124.01
124.99
125.27

Stream edge
Ditch
Ditch
Ditch
Ditch
Ditch
Wet bluff
Wet bluff
Ditch
Ditch
Ditch

Latitude and longitude are given in decimal notation

range with populations from the introduced ranges in New Zealand and Europe (M.
van Kleunen, unpublished data). The populations in this experiment spanned a latitudinal range of ca. 1300 km, and the two closest populations were separated by at
least 5 km. Seeds had been collected in 2002 and 2003 by colleagues, local botanists
(see acknowledgements) and the author according to the same sampling procedure.
When possible, for each population one full seed capsule was collected from at least
each of 19 plants (further referred to as seed families) that were at least 1 m apart.
Although populations consisting of annual plants and populations consisting of
perennial plants are both frequent in the native range, 11 of the populations consisted
of perennial plants (populations with a perennial life-cycle), and only three of annual
plants (populations with an annual life-cycle; Table 1).
I filled the 35 cells (diameter = 6.0 cm, depth = 6.5 cm) of each of 72 mUlti-pot
trays with a 3:1 mixture of commercial potting compost and sand. I put each tray
onto a separate drip tray, and arranged them in three equally sized groups (blocks)
under natural light conditions in a greenhouse without climate control in Potsdam,
Germany (latitude 52°24.477' N, longitude 13°01.290' E). Pollinating insects could
easily enter the greenhouse through open windows and were abundant. Within each
of the three blocks, I assigned half of the trays to a temporarily wet treatment and
the other half to a permanently wet treatment that simulated watering conditions in
populations with annual and perennial life-cycles, respectively. For, each of the six
treatment-by-block combinations, I sowed from June 2-4, 2004 ca. ten seeds of each
of the 19 seed families from each population in one randomly chosen cell with the
restriction that each population was not represented more than twice in a tray. This
resulted in three replicates per seed family in each treatment. For two populations
with a perennial life-cycle (populations 13 and 14 in Table 1), I only had seeds of five
seed families, and as a consequence the total experiment included plants of 238
instead of 266 seed families .
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During the first 3 weeks, all trays were watered from the bottom by pouring water
into the drip trays to prevent seeds from floating into neighbouring cells. Thereafter,
when seeds in the majority of cells (65%) had germinated, drip trays were removed
from the plants in the temporarily wet treatment to allow drainage of water. From
then on plants were top watered at least every second day. This way, plants in the
permanently wet treatment experienced continuously wet to water-logged conditions as is the case in most natural populations of perennial plants. Plants in the
temporarily wet treatment experienced both wet and dry conditions as is also the
case in most natural populations of annual plants. Each week during the first month,
J thinned seedlings to one per cell thereby keeping the oldest seedling. J assigned
trays to new random positions within each block every second week until plants were
too large to be moved without being damaged.
Measurements
To determine the time to anthesis, J recorded at least every second day after sowing
the presence of seedlings and open flowers in each cell. I calculated the time to
anthesis as the number of days from germination to flowering.
At the peak of the flowering period, from August 2-6, 2004, I measured on each
plant as measures of growth plant height (i.e., stem length), and counted the number
of upright side branches. As measures of vegetative reproduction, I counted the
number of stolons (i.e., layering branches) and measured the length of the longest
stolon. I differentiated between upright side branches and stolons by whether the
branches grew upward from the main stem or were layering, respectively. As an
estimate of sexual reproduction, I counted the number of flowers (including flower
buds and seed capsules). Further, I collected one randomly chosen seed capsule from
each plant in one of the three experimental blocks (i.e., for one of the three replicates per seed family and treatment combination), and counted the number of seeds.
As estimates of floral size and herkogamy, I measured the width of the corolla and
the distance between the stigma tip and the upper pair of anthers (i.e., anther-stigma
separation) on the most recently fully opened flower on each plant.
Analyses
Because the number of populations in each life-cycle category was unbalanced, I
analysed the data with restricted maximum likelihood analysis of variance (REML)
using the statistical software GenStat (Lawes Agricultural Trust, Rothamsted, UK).
REML provides efiicient estimates of treatment effects in unbalanced designs with
more than one source of error (Payne et al. 2005). I considered 'watering treatment'
(permanently wet and temporarily wet), and 'life-cycle' (annual and perennial) as
fixed factors, and tested their significance and the one of their interaction with the
Wald test statistic (type III), which has an asymptotic chi-sq uared distribution
(Dobson 1990). I considered 'block', 'tray', 'population ' and 'seed fami ly ' as random
factors, and tested their significance and the ones of their interactions using the
change in deviance after removing these terms from the model. The change in
deviance is approximately chi-squared distributed (Littell et al. 1996). 'Tray' was
nested within 'block' and 'watering treatment', 'popul ation' was nested within
'life-cycle', and 'seed fami ly' was nested within 'population'. Although I did not aim
at studying latitudinal clinal variation in this study, J accounted for potentially
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confounding effects of latitude of origin with 'life-cycle' by including 'latitude' as a
covariate in the random model. When the analyses revealed a significant association
between a trait and latitude, the sign of the association was assessed by calculating
the Pearson's correlation coefficient between the mean trait value of a population
and its latitude. For the analysis of the number of seeds per capsule, I did not include
the 'block' factor and the 'watering treatment-by-seed family' interaction because
this trait was only measured in one of the three experimental blocks. To achieve
normality and homoscedasticity, time to anthesis and number of seeds per capsule
were 10glO-transformed, and number of upright side branches, number of stolons,
length of the longest stolon and number of flowers were square-root transformed
prior to analyses.

Results

Plant phenology
On average, plants from populations with a perennial life-cycle started to flower
significantly later by 9 days than the ones from populations with an annual lifecycle (Fig. 1a; Table 2). There was a significant effect of the latitude of population
origins (Table 2). The Pearson's correlation coefficient between latitude and the
mean population value of time to anthesis, however, was close to zero (Pearson's
r = 0.017, P = 0.953, N = 14) but the correlation was negative when the annual and
perennial populations were analysed separately (annual populations: Pearson's
r = -0.702, P = 0.504, N = 3; perennial populations: Pearson's r = -0.396,
P = 0.228, N = 11). This indicates that after taking account of population life-cycle,
plants from high latitude started flowering earlier than the ones from low latitude.
The remaining variation in time to anthesis among populations was not significant
but the variation among seed families within populations was significant (Table 2).
Time to anthesis was slightly delayed (- 2.3%) by the permanently wet treatment
compared to the temporarily wet treatment (Fig. 1a) but this effect was not significant (Xl = 3.59, P = 0.058; Table 2). Seed families within populations differed
significantly in plasticity of time to anthesis in response to the watering treatment
(Table 2).
Plant growth
On average, plants from populations with a perennial life-cycle grew significantly
less tall (- 19.4%) and produced fewer upright side branches (- 74.3%) than plants
from populations with an annual life-cycle (Fig. 1b, c; Table 2). There was a significant effect of latitude of origin on the number of upright side branches
(Table 2). The negative Pearson's correlation coefficient between latitude and the
mean population value of number of upright branches (Table 2; Pearson's
r = -0.593, P = 0.026, N = 14) indicates that plants from high latitude produced
fewer upright side branches than the ones from low latitude. The remaining variation in number of upright side branches and the variation in plant height among
population were not significant, but there was significant variation among seed
families within populations for both traits (Table 2). On average, plants in the
permanently wet treatment grew taller (+12.7%) than plants in the temporarily wet
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Fig. 1 Means (±l SE for untransform ed data , and +1 upper SE and - 1 lower SE for transformed
da ta after back transformation) of (a) time to anthesis, (b) plant height, (c) number of upright side
branches, (d) number of stolons, (e) length of the longest stolon, (f) number of flowers, (g) number of
seeds per capsule (h) corolla width , and (i) anther- stigma separation of populations of Mimulus
gullallis with annual and perennial life-cycles grown under temporarily wet (open bars) and
permanently wet (shaded bars) soil conditions

treatment, although this effect was not significant (XI = 3.37, P = 0.067; Table 2)
and most pronounced for plants from populations with a perennial life-cycle
(Fig. Ib; significant watering treatment-by-life-cycle interaction in Table 2). The
number of upright side branches was reduced by the permanently wet treatment in
plants from populations with an annual life-cycle while it increased in the ones
from populations with perennial life-cycles (Fig. Ic; significant watering treatmentby-life-cycle interaction in Table 2).

Table 2 Summary of restricted maximum likelihood analyses of variance of effects of watering treatment and population life-cycle on phenology, growth ,
reproduction and flo ral traits of Mimulus guttatus
Time to
anthesis

Fixed model
Watering treatment
Life-cycle
WxL
Random model
Block
Tray(B, W)
Latitude
Popula tion(L)
Seed family(L, P)
W x P(L)
W x S(L, P)

Plant
height

No. of side
branches

No. of
stolons

Length of
longest stolon

3.59
179.41 ***
0.58

3.37
6.13*
6.14*

1.87
22.92***
12.59***

4.91*
203.20***
0.35

6.67*
40.70***
1.78

2.49
1.63
56.50***
1.46
48.04***
0.00
4.40*

4.32*
15.42***
l.73
0.00
46.78***
0.13
0.00

0.54
112.06***
51.53***
3.51
22.07***
0.12
0.22

0.00
39.98***
0.10
3.77
3.50
0.00
2.35

15.53***
5.38*
13.18***
6.97**
6.07*
0.00
0.00

No. of
flowers

No. of seeds
per capsule

Corolla
width

Anther- stigma
separation

0.32
12.86***
4.85*

0.47
0.53
0.54

0.95
241.54***
0.00

0.63
24.65***
2.36

3.44
2.19
1.45
4.64*
129.66***
0.00
0.00

0.00
0.00
1.22
0.39
0.00

3.16
0.03
0.00
0.01
17.09***
0.00
0.00

0.00
1.91
10.77***
6.98**
29.28***
0.00
0.00

Fixed effects were tested with Wald tests, and random effects with the change in deviance after removing the effect from the full model. Both the Wald test and
the change in deviance are chi-squared distributed with 1 df. Prior to analyses, time to anthesis and number of seeds per capsule were 10gI0-transformed, and
number of upright side branches, number of stolons, length of longest stolon, and number of flowers were square-root transformed

*p < 0.05; **p < 0.01; ***P < 0.001
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Allocation to sexual and vegetative reproduction
On average, plants from populations with a perennial life-cycle produced significantly more (+322 %) and longer (+260%) stolons than plants from populations with
an annual life-cycle (Fig. 1d, e; Table 2). On the other hand, the number of flowers
was significantly higher (+277%) for plants from populations with an annual lifecycle than for plants from populations with a perennial life-cycle (Fig. H; Table 2).
The number of seeds per capsule, however, did not differ significantly between the
two life-cycle categories (Fig. 19; Table 2). There was a significantly positive effect
of the latitude of origin on the length of the longest stolon (Table 2; Pearson's
r = 0.462, P = 0.097, N = 14). Moreover, the remaining variation in length of the
longest stolon and the variation in number of stolons among populations within Iifecycle categories was significant (Fig. 2; Table 2). There was also significant variation
among seed families within populations for both the number and length of stolons
(Table 2). The number of stolons and the length of the longest stolon were significantly higher (+14.0% and +51.0%, respectively) in the permanently wet treatment
than in the temporarily wet treatment (Fig. 1d, e; Table 2) but there was no significant effect of watering treatment on the number of flowers and the number of
seeds per capsule (Fig. If, g; Table 2).

Fig. 2 Means (+1 upper SE
and - 1 lower SE after back
transformation of the
transformed data) of (a) length
of the longest stolon, and (b)
number of flowers of
populations of Mimulus
gulla/us with annual (open
symbols) and perennial (closed
symbols) life-cycles.
Population codes are given in
Table 1
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Floral traits
On average, plants from populations with a perennial life-cycle ,had a significantly
larger corolla width (+30.0%) and larger anther-stigma separation (+36.3%) than
plants from populations with an annual life-cycle (Fig. 1h, i; Table 2). For antherstigma separation, there was a significant effect of the latitude of origin (Table 2).
The Pearson's correlation coefficient between latitude and the mean population
value of anther- stigma separation, however, did not reveal the sign of this association (Pearson's r = 0.082, P = 0.781, N = 14). The remaining variation in antherstigma separation among populations within life-cycle categories was also significant
(Table 2). For both floral traits, there was significant variation among seed families
within populations (Table 2). None of the floral traits was significantly affected by
the watering treatment (Fig. 1h, i; Table 2).

Discussion

Plants of M. guttatus in permanently wet conditions produced more and longer
stolons, tended to be taller and tended to start flowering later than plants in temporarily wet conditions. This shows that soil moisture conditions affect important
life-history traits of M. guttatus. In line with the direction of these plastic responses,
plants from permanently wet populations with a perennial life-cycle started to flower
later, and produced more and longer stolons than plants from temporarily wet
populations with an annual life-cycle. For plant height, however, the positive effect
of permanency of the wet soil conditions was only present for populations with a
perennial life-cycle, and this effect was opposite to the genetic differentiation for
plant height between populations with annual and perennial life-cycles. Although
further studies using either selection gradient analysis (e.g., Dudley 1996; van Kleunen and Fischer 2001, 2005) or phenotypic manipulation (e.g., Dudley and Schmitt
1996) are required to test for adaptive plasticity in phenology and vegetative
reproduction, the similarity in direction of genetic and environmental influences on
these traits suggests that their plastic responses may be adaptive.
In addition to the differences in time to anthesis and vegetative reproduction,
plants from populations with a perennial life-cycle also produced fewer upright side
branches and flowers, and larger flowers with a larger anther-stigma separation than
the ones from populations with an annual life-cycle. Moreover, plants from populations with an annual life-cycle and the ones from populations with a perennial lifecycle differed in their plasticity of plant height and the number of upright side
branches in response to the watering treatment. This indicates that there is considerable quantitative genetic differentiation among plants of M. guttatus from
populations with annual and perennial life-cycles in important life-history traits and
their plasticities. An alternative explanation could be that differences among the
life-cycle categories are a consequence of maternal environmental cany-over effects
through seeds (Schmid and Dolt 1994; Weiner et al. 1997). Galloway (1995) suggested that maternal environmental carry-over effects may affect phenology and
sexual and vegetative reproduction of M. guttatus through effects on seedling size.
Although I do not have data on seedling size, unpublished data on a subsample of
the seed families used in this experiment, showed that the average volume of
single seeds did not differ between populations with annual (mean ± SE
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= 4.42 ± 0.77 mm 3) and perennial (4.16 ± 0.15 mm 3 ; XI = 1.33, P = 0.249) life-cycles. This indicates that there were no differences in maternal seed provisioning
between annual and perennial populations. Moreover, maternal carry-over effects
are often transient and are therefore most likely to affect early life-history traits such
as the time to germination and the size of seedlings rather than later life-history
traits such as the balance between sexual and vegetative reproduction. Therefore,
the observed differences between populations with annual and perennial life-cycles
are most likely to represent quantitative genetic differentiation rather than maternal
environmental carry-over effects.
Genetic variation in the allocation to sexual and vegetative reproduction is a prerequisite for evolution of these traits but has been tested for only a few clonal plant
species (Schmid and Weiner 1993; Prati and Schmid 2000; van Kleunen et at. 2002).
So far, it has been shown for only one other species, Ranunculus reptans, that
intraspecific genetic differentiation in the allocation to both modes of reproduction
is related to the habitat of origin (Prati and Schmid 2000). In another recent study,
Pluess and Sti:icklin (2005) did not find significant genetic differentiation in sexual
and vegetative reproduction for plants of Geum replans from low and high altitudes,
and from early and late successional habitats. Further, Piquot et at. (1998) found that
plants of the aquatic clonal macrophyte Sparganium erectum from newly established
populations invested more in sexual reproduction than plants from older populations, indicating that meta-population dynamics may also play an important role in
the evolution of reproductive allocation of clonal plants.
I found genetic variation for both sexual and vegetative reproduction within and
among populations of M. guttatus. Overall, however, plants of M. guttatus from
populations with a perennial life-cycle had more vegetative reproduction while
plants from populations with an annual life-cycle had more sexual reproduction. The
observed differences in reproductive allocation at the moment of measurement
could be a consequence of delayed development of plants from populations with a
perennial li fe-cycle. However, by the end of the growing season, when all plants had
stopped producing new flowers, the difference in the number of flowers was still
present (annual: mean ± upper SEllower SE = 16.37 ± 1.66/1.58, perennial:
5.70 ± 1.62/1.42; XI = 8.45, P = 0.004). The observed genetic differentiation in
reproductive allocation is in line with the hypothesis that a high allocation to sexual
reproduction is an adaptation in temporarily wet populations with an annual lifecycle and that a high allocation to vegetative reproduction is an adaptation in permanently wet populations with a perennial life-cycle. Dole (1992) also found in a
comparison of 10 populations belonging to M. guttatus and the closely related species
M. nasutus and M. platycalyx that the ones from populations with a perennial lifecycle had a higher vegetative reproduction than the ones from populations with
annual life-cycles. However, when he only compared the five populations belonging
to M. guttatus, this effect was still present but not significant anymore. Till -Botraud
et at. (1990) found that plants of Poa annua from a permanently irrigated golf field
where the species had a perennial life-cycle invested less in sexual reproduction but
more in vegetative growth than plants from an adjacent non-irrigated site where the
species had an annual li fe-cycle. Together with these studies, this study shows that
watering conditions that determine the life span of a species may result in adaptive
evolution of reproductive allocation.
For plants with a relatively short growing period, rapid phenology and a high
growth rate may allow sufficient seed production before unfavourable conditions
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start (Arendt 1997). In line with this hypothesis, I found that plants from higher
latitude populations, which naturally have shorter growing seasons, had a shorter
time to anthesis than plants from lower latitude populations. Such a latitudinal cline
in time to anthesis is also often found for other species (e.g., Weber and Schmid
1998; Olsson and A.gren 2002). Moreover, plants from populations with an annual
life-cycle that usually have a short growing season took on average about 9 days less
to start flowering than plants from populations with a perennial life-cycle (Fig. 1a).
Moreover, plants from populations with an annual life-cycle grew higher and produced more branches than the ones from populations with a perennial life-cycle.
This suggests that the observed genetic differentiation in phenology and growth
between populations with annual and perennial life-cycles might be adaptive.
Plants of M. guttatus from populations with an annual life-cycle had smaller
flowers and anther-stigma separation than plants from populations with a perennial
life-cycle. Previous studies have shown that small flowers of M. guttatus receive less
pollinator visits than large flowers (Martin 2004; Ivey and Carr 2005). This indicates
that plants of M. guttatus with small flowers may depend more on reproductive
assurance through autonomous self-pollination than the ones with large flowers.
Although a recent study suggests that self-fertilization in M. guttatus is mainly affected by the morphology of the lower corolla lip (Arathi and Kelly 2004), other
studies have shown that small flowers and small anther- stigma separation are often,
although not always (e.g., Ivey and Carr 2005), associated with high selfing rates in
M. guttatus (Ritland and Ritland 1989; Carr and Fenster 1994; Fenster and Ritland
1994; Robertson et a1. 1994; van Kleunen and Ritland 2004). Therefore, my results
suggest that plants from populations with an annual life-cycle may have a higher
potential for autonomous seed set than populations with a perennial life-cycle.
Indeed, Dole (1992) found in a comparison of 10 populations belonging to M.
guttatus and the closely related species M. nasutus and M. platycalyx that the ones
from populations with an annual life-cycle had a higher autonomous seed set than
the ones from populations with a perennial life-cycle. However, when he only
compared the five populations belonging to M. guttatus, this effect was still present
but not significant anymore. Although it is likely that floral traits affect selfing rates,
also the reverse, i.e., that floral traits depend on the level of inbreeding might be true
(Kelly and Arathi 2003; Ivey and Carr 2005). Nevertheless, because reproductive
assurance through autonomous selfing is likely to be more important for plants with
a single flowering season than for plants that have multiple flowering seasons
(Barrett et a1. 1996), the observed genetic differentiation in floral traits between
populations with annual and perennial life-cycles is most likely adaptive.
While most of the measured life-history traits of M. guttatus showed genetic
differentiation between populations with annual and perennial life-cycles, some
traits still showed significant variation among populations within life-cycle categories. This indicates that other evolutionary processes such as genetic drift may affect
the evolution of life-history traits in populations of M. guttatus or that factors other
than permanency of wet soil conditions impose selection on life-history traits. Evidence for the latter is provided by significant latitudinal clines for some of the traits
(Table 2). Moreover, most traits showed significant variation among seed families
within populations which indicates that there is still potential for further evolution of
these life-history traits in most populations of M. guttatus. On the other hand, seed
families only showed significant variation in plastic responses to the watering
treatments for time to anthesis. Although the low amount of genetic variation in
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plasticity might be an artifact of the unbalanced experimental design, it most likely
indicates that for most traits plastic responses to soil water conditions are fixed
within the studied populations of M. guttatus. Similarly, Pigliucci et al. (1995) found
no significant genetic variation in plasticity of phenology, growth and reproduction
in response to watering treatments for Arabidopsis thaliana. Further, in a review,
including 41 studies on genetic variation in plasticity, Scheiner (1993) reports that
genetic variation in plasticity was lower than genetic variation in trait mean values in
25 of the studies, while the reverse was found in nine studies. In the seven remaining
studies of this review, the difference in genetic variation between plasticity and trait
mean values depended on the trait, population or sex. Together with my study, these
results indicate that there is often a low potential for evolution of plastic responses
compared to trait mean values.

Conclusions

This study shows that important life-history traits of M. guttatus can respond plastically to soil moisture conditions, and that these plastic responses are most likely
adaptive. Moreover, important life-history characteristics including phenology,
growth, reproductive allocation and floral traits associated with the mating system
differed between plants from permanently wet populations with a perennial lifecycle and plants from temporarily wet populations with an annual life-cycle. This
indicates that natural environmental conditions that determine the life span of the
species may impose strong selection on life-history traits.
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