
Acta Bot. Neerl. 42(1), March 1993, p. 81-91

81

Geographical variation in threshold size for flowering
in Cynoglossum officinale
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SUMMARY

We investigated variation in two traits that determine generation time,

cold- and size-requirement for flowering, within andamong European

populations for the monocarpic perennial Cynoglossum officinale.

When grown in an experimental garden in Leiden, no annual

individualswere found among plants originating from22 locations; all

plants were biennialunder nutrient-rich growing conditions. In a

controlled-environmentexperiment, in which plants received an

artificial cold treatment, flowering probability increased gradually with

plant size for plants from two naturalpopulations, signifying a large

within-population variation in threshold size for flowering. The

relationships between plant size and flowering of these two groups were

significantly different:plants from Holkham(England) had much

higher threshold sizes than plants from Meijendel (The Netherlands).

Three plant groups originating frombotanic gardens showed a sharp

increase in flowering probability with size, indicating less variation in

threshold size. Significant differencesexisted among all five groups.

Results indicatethe possibility thatnatural selection acts upon

threshold size for flowering in Cynoglossum officinale.

Key-words: Cynoglossum officinale, geographical variation, life-history

variation, monocarpy, threshold size for flowering, vernalization.

INTRODUCTION

The life-history strategy of an organism is an important factor in determining its fitness

(Stearns 1976). In the past decades attempts have been made to show natural selection

acting on life-history traits. Many of these have been carried out on animals, for instance

the experimentally induced life-history variation in guppies (Reznick et al. 1990).

Measuring lifetime fitness in plants is a major practical problem (Primack & Kang 1989),

which makes it difficult to study plant life histories.

Monocarpic plants have only one reproductive bout, and are thereforesuitable objects
for studies on life-history tactics and fitness. For these plants the concept of size at first

reproduction is particularly important, because the timing of a single act of reproduction

is crucial in determining reproductive success. For annual plants, the relevant strategy

concerns the timing of flowering within a season.
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In monocarpic perennials (‘biennials’) lifetime is very variable. The relevant question

here is in which year or at what size an individualshouldreproduce, thereby determining

both seed production and generation time. Many studies have shown that this ‘decision’is

based on size rather thanage. Flowering at asmall size implies a short generation time, but

also a relatively smallseed production, dueto the close relationship between plant size and

seed production found in many monocarpic perennial species (e.g. Cynoglossum officinale

L.: Klinkhamer& De Jong 1987). Flowering at a larger size implies a longer generation

time and an increased probability of dying before the flowering stage is reached, but the

advantage of a higher seed production. Furthermore, spreading the reproduction of the

progeny over different years may be profitable in strongly variable environments with a

low juvenile survival (Klinkhamer & De Jong 1983; Van der Meijden etal. 1992).

Most monocarpic perennial plant species need an external trigger for flower induction,

usually winter cold and/or long-day conditions. These requirements are not always

absolute: in a numberof species individualshave been found that flowered without cold.

Plant size determineswhether a plant will react to the flowering stimuli or not. In many

species a minimum size—also called critical size—for flowering can be found (Werner

1975; Baskin & Baskin I979a,b; Van der Meijden & Van der Waals-Kooi 1979; Gross

1981; Hirose & Kachi 1982; Gross & Werner 1983; Lee & Hamrick 1983; Augspurger

1985; De Jong et al. 1986; Klinkhameret al. 1987a,b; Prins et al. 1990; Klinkhamer et al.

1991). In a numberof these papers authors writeabout ‘the’ minimumsize, suggesting that

this size is the same for all plants in a population. However, in almost all of these studies it

is not possible to pinpoint one single size that divides the population into flowering and

non-flowering plants. Most data sets even show a large overlap in plant size of flowering

and non-flowering individuals. This is not only the case when authors measured plants

during the flowering season, when size differences can be the result of different growth

rates in spring (Baskin & Baskin 1979b; Lacey 1986), but also when plant sizes just

before winter are compared (De Jong et al. 1986). Apparently, individual plants within

populations have different minimum sizes. To avoid semantic confusion we will use

‘threshold size’ for the size an individualplant has to reach to be able to flower. Wewill use

‘minimumsize’ for the smallest threshold size found in a population. Plants smaller than

their individual threshold size do not react to flowering stimuli, even if this size is well

beyond the minimumsize in the population.

So within-population variation—genetic or phenotypic —in threshold size for flower-

ing seems to be quite large. De Jong et al. (1989) developed an optimization model based

on field data for Cynoglossum officinale and Cirsium vulgare (Savi) Ten., in which they

demonstrated that the population rate of increase X is fairly equal for lineages with

threshold sizes larger than the optimal threshold size (c. 2 g). Below this size X drops very

rapidly. So selection will be strong only on threshold sizes smaller than optimal, and a

large variation in threshold sizes can be maintained in a population. Indications for

a genetic basis for threshold size are given by a study on Daucus carota L. (Lacey

1986). Annual mothers produced the greatest number of annualoffspring, and offspring

of triennial plants showed the strongest tendency to delay flowering beyond the second

year.

Our knowledge of the variation among populations is much more restricted. In a

common-garden experiment with Verbascum thapsus L. in North America (Reinartz

1984), delay of flowering until the third year was most common among northern geno-

types. Annual plants were found among southerngenotypes only. Lacey (1988) foundthe

same pattern in delay of flowering for Daucus carota in eastern North America. For
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Cirsium vulgare, annual genotypes were found in populations from southern Europe

(Klinkhamer & De Jong 1993).

No attempt has yet been made to relate these differences in generation time to actual

threshold sizes. Insight into the rangeof threshold sizes found in differentpopulations is

needed in order to elucidatethe function of thresholdsize. A prerequisite for selection on

size at first reproduction is the presence of genetic variation for threshold size within a

species (Endler 1986; Kachi 1990). The same can be said about variation in cold require-

ment: only the presence of genotypes lacking the cold requirement makes annual life-

histories possible. The genetic background of thresholdsize for two perennial monocarps

is currently being investigated at our laboratory. Thepurpose of this paper is to show the

presence of variation, both within and among populations, in cold requirement and

thresholdsize for flowering in Cynoglossum officinale L.

MATERIALS AND METHODS

Cynoglossum officinale (Boraginaceae) is an insect-pollinated, monocarpic perennial

that is widely distributed throughout Europe, from 68°N in Sweden down to the

Mediterranean region (De Jong et al. 1990). It is a species of open vegetations on

calcareous soils. We have studied this species for 10 years in Meijendel, a sand-dune area

near The Hague, The Netherlands, where it shows a monocarpic perennial life-history.

Plants from Meijendel show a straightforward reaction to flowering stimuli; if the

threshold size has been exceeded at the onset of winter, plants form flower primordia

during the winter period. Plant age, plant nitrogen concentration, and light intensity
before the cold period have no effect on flowering probability when corrected for size

differences. No effects of conditions after winter on flowering probability have been

detected(De Jong et al. 1986). This excludes the possibility of variationin generation time

in common-garden experiments as a result of different light, temperature, or nutrient

requirements after winter.

Experiment 1: variation in cold requirement

Seeds from22 sites were either collectedin the fieldor obtained frombotanic gardens from

differentregions in Europe (Table 1). Seedlings were planted in an experimental garden in

Leiden on 14 April 1986, after stratification (dark, 5°C) and germination (15°C/5°C,

daylength 12 h) of the seeds in the laboratory. Because of the nutrient-rich soil, plants
could grow quite large in their first growing season, so expected threshold sizes for

flowering couldeasily be exceeded beforewinter. Estimatedroot dry weights at the end of

May were > 10 g. Dateof bolting and dateof opening of the first flowerwere recorded.

Experiment 2: variation in thresholdsize

Two natural populations were chosen to study the relationship between plant size and

flowering probability: Meijendel (The Netherlands) and Holkham (England). Both

sand-dune areas are similar in soil type, vegetation, andclimate. The Cynoglossum plants

grow most often in habitats with a low vegetation cover. The most notable difference

between the plants in Meijendel and Holkham was the occurrence ofrepeated flowering in

Holkham. In an experimental garden 16% ofthe plants behaved as short-livedperennials:

they flowered twice, in two consecutive seasons (Boorman & Fuller 1984). In Meijendel

repeated flowering occurs only very rarely, and presumably only after damage to the root

crown (De Jong etal. 1990).
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Three additionalseed sources, all from botanic gardens, were used to examine differ-

ences between natural and cultivated populations. In Oulu and Turku (Finland) the

populations consisted of a small number of plants (5-10) in the local botanic gardens.

These smallpopulations hadbeen in cultivationfor at least 10 generations. The seeds from

Bordeaux(France) also originated from a botanic garden, but this population was larger,

about 50 plants. The durationofcultivation was unknown.

Starting in December 1986, seeds were kept for 58 days at 5°C in the dark in Petri dishes

on moist filter paper for stratification. In February 1987 the seeds were transferred to

warmer conditions (12 h light at 15°C, 12 h dark at 5°C) for germination. Sixty-three

seedlings per population were planted in containers (height 18 cm, diameter 12cm,

capacity 1-5 litre) filled with a 1:1 mixture of dune sand and compost. The plants were

placed in a growth room in a randomized design, with 16 h light (35 W m~
2

,
provided by

Philips lamps type SON-T 400 W) at 25°C and a night temperature of 15°C. Standard

Hoagland nutrient solutionwas supplied, starting with 75 ml in week 2 after planting and

gradually increasing to 250 ml in week 8. To obtainplants ofdifferentsizes during the cold

period 10 plants per population were transferred to a cold room each week, starting in

week 4. Just before the transfer, numberof leaves (living and dead) and the length of the

two longest leaves were corded as a non-destructive measure of plant size. All 250 plants

stayed in the coldroom (8 h light, 7 W m
-2

,
4°C) for 8 weeks. Previous experiments had

shown that6 weeks at 4°C was sufficient for flower induction (De Jong et al. 1990). Two

Table 1. Locations of the Cynoglossum officinale sites ofseed collection. Indicated are the (approxi-

mate) coordinates of the site, if the origin of the seeds was wild (w) or in a botanic garden(b), the

numberofplants grown, and the average dateofflowering in the second year. No plants floweredin

their first year

Site Coordinates

Seed

origin n

Dateof flowering

+ SD (days)

Oulu,Finland 65°00'N 25°26'E b 6 20 May ± 3

Turku, Finland 60°27'N 22°15'E b 6 25 May ±3

Riga, Latvia 56°53'N 24°08'E b 3 15 May ±4

Halsingborg, Sweden 56°05'N 12°45'E b 5 2 June+ 2

Holkham, England 52°58'N 00
C 48'E w 6 27 May ±3

Warszawa, Poland 52°15'N 21°00'E b 5 24 May+ 3

Stroe, Netherlands 52°11'N 05°41'E w 2 12 May ±0

Meijendel, Netherlands 52°05'N 04°16'E w 5 12 May ±5

Oostvoorne, Netherlands 51°55'N 04°06'E w 6 17 May ±4

Lodz, Poland 51°49'N 19°28'E b 7 16 May+ 4

Cardiff, Wales 51°30'N 03°13'W b 5 21 May±3

Tegelen, Netherlands 51°21'N 06°08'E b 5 17 May+ 6

Diisseldorf, Germany 51°13'N 06°47'E w 6 27 May± I

Bemelen, Netherlands 50°50'N 05°45'E w 5 23 May + 2

Gembloux, Belgium 50°34'N 04°42'E b 6 15 May+ 2

Kiev, Ukraine 50°25'N 30°30'E b 1 22 May

Kosice, Czechoslovakia 48°44'N 21°15'E b 5 12 May+ 0

Budapest, Hungary 47°30'N 19°03'E w 7 7 May ±4

Bern, Switzerland 46°57'N 07°26'E b 6 20 May+ 8

Champex, Switzerland 46°02'N 07°08'E w 5 18 May±3

Ljubljana, Slovenija 46°04'N 14°30'E b 3 18 May±6

Bordeaux, France 44°50'N 00°34'W b 6 16 May + 3
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plants, both from Holkham, died during thisperiod. After the cold treatment,plants were

transferred to a growth room (16 h light, 15°C, 35 W m
-2

; 8 h dark, 10°C) and kept there

for 6 months after the cold treatment. Plants that did not flower within this period were

consideredto be non-flowering.

The remaining 13 plants per population were measuredand harvested at three different

moments during the experiment to obtaina relationship between the non-destructivesize

measures and the actual dry weight. Total number of leaves (TNL), alive and dead, was

recorded, and the length of the two longest leaves (LLL) measured to the nearest milli-

metre. Plants were divided into shoots and roots. Only the tap roots—the bulk (>90%) of

the root biomass—could be harvested; the smallest roots were too much entangled in the

compost to be separated. All parts were dried at 70°C and weighed to the nearest 0 01 g.

The roots comprised 34% of the total dry weight (shoot-root ratio T9), which lies in the

normal range for this species when grown under nutrient-richconditions (De Jong et al.

1990). From these datawe derived a relationship to estimate plant dry weight {DW, g) for

the experimental plants:

Z) 0-93 +6-27 x 10~
4

x TNLxLLL (df= 64, r
2
= 0-834).

Statistical analysis. To quantify the relationship betweenplant weight and the probability

of flowering we performed a maximum likelihoodanalysis on the data, as described in

more detail by Klinkhamer et al. (1987a, 1991). It is assumed that the probability of

flowering for the ithplant (p) is described by:

1

(1)

where x
t

denotes the estimated weight of the plant just before the cold treatment. This

formula yields a sigmoid curve (see below). The parameter a is theregression coefficient.

In this case, a is always < 0, because the flowering probability is positively correlatedwith

plant size. The more negative a, the steeper the curve. The parameter p determines the

value of p t if there is no influence of size. The smaller p, the smaller the intercept of the

curve with the y-axis. A large p causes the curve to start increasing only at larger plant

sizes, thereby shifting the curve to the right. Parameter p is thus related to the population

minimumsize for flowering, although not directly, because theeffect ofp depends on how

large a is. Both parameters are estimated by maximization of the likelihood function

L(p,a) definedby

%a)= fj^l-ft) 1 -* (2)
/ = i

where p, denotes the estimated flowering probability for the ith plant with size x
p

calculated in formula (1), is the actual stage of plant i: <7(
=0 for vegetative plants, qt

= 1

for flowering plants.

Differences among fitted curves for k groups can be tested by calculating the log (L
max

)

for both the pooled data and the groups separately. The test statistic A is definedby

A = 2 T I [log(L
max ,)] - log(L

max poolcd
) ] (3)

_;= i

A follows approximately a chi-square distribution with 2k —2 degrees of freedom.
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Confidenceintervals for p and a are calculated fromthe covariancematrix ofp and a. The

method does not allow a direct test for differences in p or a separately.

RESULTS

Experiment 1: variation in coldrequirement

None ofthe plants floweredin their first season, despite their large size, indicating that all

plants had a vernalization requirement. All plants flowered in 1988, in their second year.

The mean number of days until the opening of the first flower for each site (Table 1)

showed no significant correlation with latitude (Spearman rank correlation: p= 0-28;

n =22; P>0-20).

Experiment 2: variationin thresholdsize

Clear differences were found between the populations (Table 2). Flowering percentage for

each groupranged from 15 to 88%. The five populations differed significantly in flowering

percentage (x2
= 67-774; df=4; /•< 0-0001). In spite of the common growing conditions,

plants from Holkham and Oulu were on average significantly smallerjust before the cold

treatment than plants from Meijendel, Bordeaux, and Turku (anova on estimated dry

weight: F= 8-632; df=244, 4; P< 0-0001). However, the flowering percentage was not

correlated with the average dry weight (Spearman rank correlation: p=—01; n = 5;

P= 0-90).

Figure 1 gives the fitted curves, based on the maximum likelihoodanalysis ofthe dataof

each population. Fitted curves follow the observed data closely. Meijendel and Holkham

differ from Oulu, Turku, and Bordeaux, being less steep. The results of the maximum

likelihood analysis are given in Table 3. The Oulu datadiffer fromthe other curve fits, due

to a sudden switch from vegetative to flowering, which cannot properly be described by

formula (1). This is the cause of the wide confidenceintervals for both p and a. All curves

differsignificantly from each other, when log likelihoods are compared (Table 4).

Table2. Means and ranges ofestimatedplant dry weights (dw) forall populations, just before the

cold treatment, and percentage flowering after the cold period. The transition range gives the

estimated dry weights (g) of the smallest flowering plant (min fl) and the largest non-floweringplant

(max veg) ineach group. It indicates approximately the range of threshold sizes withina group. The

values for Oulu are in parentheses because this population has no true transition range (see text).

The last column gives the percentage of the total weight range covered by the transition range, a

measureofvariation in threshold size within a group

Mean dw

(g)

±SD

dw

range

(g)

Transition range

Population n

%

flowering

min max

fl veg

%of

dw range

Meijendel 50 3-74+114 1-63-6-21 70 2-18-5-85 80

Holkham 48 3-03 + 1-36 0-99-6-43 15 2-85-5-84 55

Bordeaux 50 3-69 + 0 81 2-00-5-50 88 2-61-3-85 35

Oulu 50 2-85 + 0-91 1-11-4-70 78 (2-14-1-96 0)

Turku 50 3-73 + 0-89 2-25-5-70 54 3-47-4-07 17
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Within-population variation in thresholdsize. The transitionrange (Table 2) is a minimum

estimate of the range in threshold sizes present in a group. The transition ranges for the

two natural populations are wide, indicating the presence of a large variation in threshold

sizes. For the three botanic gardens, however, this range is quite narrow, with theextreme

case of Oulu (0%). Oulu is the only groupwith a sharp boundary between vegetative and

flowering plants, without any overlap in size between each stage. The differences between

the natural populations and the cultivatedones in within-population variationshow even

Fig. 1. Relationshipbetween estimated plantdry weight before the cold treatment and the fraction flowering for

each of the five populations(a-e) of Cynoglossum officinale. The squares indicate for groups of 10 plants (8 for

the largest Holkham group), sorted by increasing plant size, the mean dry weight ( + SD) and the fraction

flowering in each group. The curves are the fitted maximum likelihood estimates for formula (I). In (f), all curves

are shown together for comparison. Bold lines indicate the two natural populations, Meijendeland Holkham.
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more clearly in the fitted curves (Fig. 1). These show a gradually increasing flowering

probability with plant size for both Meijendel and Holkham, and steep transitions for the

botanic populations. This difference is caused by smaller (less negative) a’s for Meijendel

and Holkham (Table 3).

Differences among populations in ‘average’ threshold size. The ‘average’ threshold size is

approximated by calculating from formula (1) the size at which the flowering probability

is 0-5, the so-called midpoint weight (Table 3). Different populations have quite different

midpoints. Holkham has a very high ‘average’ threshold size; the curve is so strongly

shifted to the right that we did not find 100% flowering in the dry-weight range we worked

with. Oulu has the lowest midpoint weight. Midpoint values were not correlated with the

width of the transition range(Spearman rank correlation: p =0-5, «= 5, /’= 0-50).

DISCUSSION

None of the tested populations showed annual behaviour, so there seems to be no

variation in presence or absence of vernalization requirement. Annual behaviour has

been found in the congeneric Cynoglossum creticum Miller and Cynoglossum hungaricum

Table 3. Results of the maximum likelihoodanalysis. Values of log(L
max

), means and 95% confi-

dence intervals for the parameters pand a, and the midpoint weight, the weight at which formula(1)

predicts 50% flowering, are given (see Methods for a description ofthe analysis). For the pooled
data, log(L

m
J= —131 0528

Table 4. The results of testing for differences in fitted curves between populations. Above the

diagonal the values of A for all possible combinations of populations, below the diagonal the

P-values from the chi-square distribution

Population Log(LmJ

Max. likelihood

estimate 95% confidenceintervals

Midpoint

weight (g)0 a a

Meijendel -23-7372 3-488 -1-253 2-68-4-30 -2-05—0-45 2-78

Holkham -16-3543 4-923 -0-891 3-81-6-03 -1-64—0 15 5-53

Bordeaux -11 -6672 8-406 -3-280 6-09-10-73 -5-94—0-62 2-56

Oulu -0-0014 180-942 -88-093 -294-11-656-00 -683-67-507-49 2-05

Turku -11-1975 21-574 -6-173 20-05-23-10 -10-35—I 99 3-49

Population

A

Meijendel Holkham Bordeaux Oulu Turku

Meijendel 26-928 7-226 36-475 17-685

Holkham 00001 — 55-547 90-315 29-611

p Bordeaux 00270 0-0001 — 21-025 27-930

Oulu 00001 0-0001 0-0001 — 71-407

Turku 00001 0-0001 0-0001 0-0001 —
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Simk. (De Jong & Klinkhamer 1989). In C. creticum, plants originating from lower

latitudes also flowered earlier in the season.

Thereexist clear differences amongand within populations in threshold size for flower-

ing in Cynoglossum officinale. The plants originating fromnaturalpopulations, Meijendel

and Holkham, showed the largest within-population variation. The plants from botanic

gardens showed much less variation. This could well be caused by genetic drift, because of

the small population sizes in the botanic gardens. This can lead to such extreme cases as for

Oulu, in which no variation in threshold size could be detected: all plants larger than

c. 2 0 g flowered, and none below this weight did so.

It has been suggested that one finds a large overlap in size between vegetative and

flowering plants because the actual factor regulating flower induction would not be plant

size, but some other internal factor, only weakly correlated with plant size (De Jong et al.

1986). This hypothesis does not hold in the face of our results, because in that case we

wouldexpect equal within-population variation forall populations. For the same reason,

Lacey’s idea (1986) that good growing conditions for an individualplant can lead to a

higher threshold size seems not applicable to Cynoglossum officinale. All in all, results

strongly indicatethe possibility that the differences found indeed have a genetic basis.

The data for Bordeaux, Oulu, and Turku suggest a history of selection in the botanic

gardens for small thresholdsizes. Cultivating monocarpic perennials in a botanic garden

often involves collecting seed from a bed that flowers in its second year, and then turning

and replanting the bed. This would constitute truncation selection for true biennials,

causing both reduced variance and a shift to smaller threshold sizes. This selection force

contrasts with predicted selection forces under field conditions from an optimization
model of De Jong et al. (1989). This model predicts strong selection against thresholdsizes

smaller than the predicted optimum of 2 g, and weak selection on sizes larger than the

optimum. The model was based on data from Meijendel. Fom this we would expect a

sudden increase in flowering probability above 2 g, and a much more gradual approach to

100% flowering for Meijendel plants. Figure la shows that this description might fit the

Meijendel data better than the symmetrical curve that is produced by formula (1).

Plants from Holkman flowered at a much higher weight than plants from Meijendel.
Field measurements in both populations (unpublished data) confirmed these results. As

yet, we have no data on size-dependent growth and survival from Holkham that might

clarify the differences in threshold size between the two populations. The optimization

model (De Jong et al. 1989) predicts larger threshold sizes when the variation in seedling

recruitment or in reproductive effort is higher. The chances for further growth—and a

higher seed production in the next year—for adult rosettes also influence optimal
threshold size. As long as plants can still grow, delay of flowering is profitable. Better

conditions for further rosette growth in Holkham could have caused the difference. These

conditionsmight be, for instance, the absence of herbivores with a preference for larger

plants (Prins et al. 1992).

For natural selection to occur, three conditions have to be met: phenotypic variation,

fitness differences, and a genetic basis to the character studied (Endler 1986). This paper

shows the presence ofvariation withinpopulations. Optimization models like the ones of

Kachi & Hirose (1985) and De Jong et al. (1989) give strong indicationsof fitness differ-

ences for different thresholdsizes. Artificial-selectionexperiments are being carried out at

the moment to quantify the heritability of threshold size for flowering. Results up to now

indicate the possibility that natural selection acts upon threshold size for flowering in

Cynoglossum officinale.
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