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Summary 

The size of pollen grains is commonly used to indicate the ploidy level of pollen grains. In this paper observa- 
tions of the diameter of pollen grains are evaluated from one diploid accession of perennial ryegrass (Lolium 
perenne L.), which was expected to produce diploid (unreduced) pollen grains in addition to haploid pollen 
grains. The considerable overlap of the diameter distributions of haploid and diploid pollen grains severely 
hampers the accurate estimation of the proportion of diploid pollen grains. To overcome this problem we 
develop in this paper a statistical normal mixture model and we describe a method to test for the production of 
diploid pollen grains from a diploid parent, and to estimate the proportion of diploid pollen grains. 

Introduction 

Crosses between plants of different ploidy may 
yield new and sexually originated polyploid plants 
and can therefore be of great value for the breeding 
of tetraploid perennial ryegrass (Lolium perenne 
L.). Perennial ryegrass plants of exceptional geno- 
types may produce unreduced diploid pollen grains 
in addition to haploid pollen grains. Plants of such 
genotypes are therefore of particular interest for 
breeding polyploids by interploidy crosses. 

The size of pollen grains is related to chromo- 
some number (Stanley & Linskens, 1974). Conven- 
tional methods to indicate the ploidy level are often 
based on measurements of the diameter or volume 
of the pollen grain. Crude estimates of proportions 
of diploid pollen grains are commonly provided by 
applying simple thresholding techniques (cf. Den 

Nijs & Stephenson, 1988; Eijlander, 1988; Van Tuyl 
et al., 1989), or by using sets of control data of ha- 
ploid and diploid pollen grains (cf. Veronesi et al., 
1988). In this paper normal mixture models (McLa- 
chlan & Basford, 1988) are described to assess the 
production of diploid pollen grains more accurate- 
ly. It will be assumed that the observed distribution 
of the size of pollen grains derives from a mixture of 
underlying normal distributions, the components of 
the mixture representing haploid and diploid pollen 
grains. For each sample the normal mixture model 
contains a separate parameter for the proportion of 
diploid pollen grains. This makes it possible to 
study differences in the production of diploid pol- 
len grains between samples. The model also con- 
tains parameters for the mean sizes of haploid and 
diploid pollen grains as well as parameters for shifts 
of mean sizes between samples. This makes it pos- 
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sible to correct the observed pollen sizes for varia- 
tion between samples. A simple algorithm to find 
the maximum likelihood estimates has been de- 
scribed by Jansen (1993a). Calculations can be eas- 
ily carried out in the statistical package GENSTAT 
(GENSTAT 5 Committee, 1987; Jansen, 1993b). 

The method relies on the assumptions that the size 
of haploid pollen grains is normally distributed, and 
that the size of diploid pollen grains is normally dis- 
tributed with the same variance. It is not a priori clear 
whether these assumptions hold for diameter (which 
was measured in our experiment) or for volume 
(which may be derived from the diameter). Our aim 
is to find the measure for the size of pollen grains for 
which these normality assumptions hold best. 

Materials and methods 

Data set 

In preceding experiments large numbers of acces- 

sions were screened for the production of diploid 
pollen grains (Den Nijs & Stephenson, 1988). A 
plant showing an appreciable fraction of extra large 
pollen grains was cloned, vernalized and grown in 
climatized glasshouses. A control accession pro- 
ducing only haploid pollen grains was treated simi- 
larly. Pollen grain samples from several plants per 
clone were collected during the two weeks flower- 
ing period (in total 14 samples for the first accession 
and 16 samples for the control accession). Pollen 
grains were stained with carmine-acetic acid and 
diameters of well-stained pollen grains were mea- 
sured by using a microscope with an ocular microm- 
eter (1 unit = 2.6 ktm). Table 1 shows the data of the 
accession that was expected to produce a mixture of 
haploid and diploid pollen grains. Table 2 shows the 
data of the control accession which was expected to 
produce only haploid pollen grains. Samples 1-5 of 
Table 1 were collected successively in time at 15 ° C, 
samples 6-10 at 20 ° C, and samples 11-14 at 25 ° C. 
Samples 1-4 of Table 2 were collected successively 
in time at 15 ° C, samples 5-11 at 20 ° C, and samples 

Table 1. Observed frequencies of  diameters  and internal volumes of pollen grains in 14 samples of one accession which was expected to 

produce diploid in addition to haploid pollen grains. Diameters  were measured,  internal volumes were derived from the diameters  (see 
text). 

Sample ( a )D iame t e r  Total 
(b) Internalvolume/100 

(a) 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 

(b) 2 3 4 5 7 9 12 14 18 21 26 31 36 42 49 

1 3 24 58 45 21 7 6 2 166 

2 1 7 19 39 41 32 14 9 2 2 166 

3 4 13 34 58 45 26 12 3 1 196 

4 1 5 5 9 18 29 29 14 10 8 4 4 3 139 

5 2 1 1 3 12 27 41 32 16 11 3 2 151 
6 1 3 32 107 73 15 8 7 246 

7 2 6 19 70 63 45 11 11 2 1 230 

8 17 37 32 44 30 26 15 10 7 5 1 224 
9 2 13 29 42 42 37 51 23 7 2 1 249 

10 7 17 42 54 78 48 8 2 256 
11 1 6 6 23 48 52 36 14 12 8 2 208 
12 2 8 26 46 56 38 24 17 2 1 220 

13 3 13 32 58 32 37 18 6 2 201 
14 1 1 4 16 34 24 17 16 140 12 9 4 2 

Total 4 27 120 353 569 509 486 337 193 90 51 28 15 7 3 2792 

(a) Diameter:  I unit = 2.6 ~tm. 
(b) Internal volume/100:1 unit = (2.6 ~tm)3/100. 
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12-16 at 25 ° C. The flowering period was earliest at 
25 ° C and latest at 15 ° C. 

Statistical background 

The data in Table i are from an accession which was 
expected to produce a mixture of haploid and di- 
ploid pollen grains. Let Phi and Pdj denote the ex- 
pected proportions of haploid and diploid pollen 
grains in sample j, respectively (j = 1...14). Similar- 
ly for each sample, we define parameters for the un- 
derlying normal distributions, i.e. for the mean sizes 
of haploid and diploid pollen grains and their varia- 
nce. Let kthj and ktdj denote the mean sizes of haploid 
and diploid pollen grains in sample j, respectively, 
and let oj2 denote the variance in sample j. Observa- 
tions are blocked into samples. It is assumed that 

~% = ~h + IBj, 

in which ~j denotes the effect of sample j. Let y~j de- 
note the i-th outcome in sample j. Since observa- 
tions are grouped, only a lower and an upper bound 
are observed, i.e. Yij is replaced by (Y,j,Yuij) with - ~o 
< YHj < Yuii < ~o. The probability that a haploid pollen 
grain has a size between Y~ij and Yu~j is 

Phj(Ylij,Yuij) = F ( ~ )  - F ( ~ ) ,  

where F(.) is the probability density function of the 
standard normal distribution. Similarly, the proba- 
bility that a diploid pollen grain has a size between 
y,j and Yuij is 

Pdj(Ylij,Yuij) = F ( ~ )  - F ( ~ )  • 

The corresponding mixture probability P(Ylij,Yuij) 
that a pollen grain with unknown ploidy has a size 
between y~ij and Yuij is 

Table 2. Observed frequencies of diameters and internal volumes of pollen grains in 16 samples of one accession which produces only 
haploid pollen grains. Diameters were measured, internal volumes were derived from the diameters (see text). 

Sample (a) Diameter Total 
(b) Internal volume/100 

(a) 8 9 10 11 12 13 14 15 16 17 
(b) 1 2 3 4 5 7 9 12 14 18 

1 2 38 79 100 31 7 257 
2 2 16 55 92 31 6 4 206 
3 1 26 83 90 40 2 242 
4 4 38 95 92 18 4 265 
5 22 66 123 92 18 4 325 
6 1 3 25 83 117 38 6 273 
7 1 9 34 75 65 13 6 203 
8 21 49 51 25 9 7 162 
9 2 33 85 60 15 195 

10 1 16 64 87 42 4 1 215 
11 2 24 102 64 5 197 

12 4 13 88 64 23 5 197 
13 1 15 54 85 88 55 16 2 316 
14 1 7 33 82 89 48 16 4 1 281 
15 1 7 26 82 98 64 36 6 1 321 
16 1 6 28 71 57 27 9 1 200 

Total 2 26 170 543 1204 1224 515 154 16 1 3855 

(a) Diameter: 1 unit = 2.6 Ixm. 
(b) Internal volume/100:1 unit = (2.6 ~tm)3/100. 
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Fig. 1. Contour  plot of the log-likelihood profile of  the power (L2) and shift (~3) parameters.  All values of (L2,)~3) on the same contour have 

the same likelihood. The likelihood is at its max i mum at (~,L3) = (I/2, - 4). The seven contours  show the shape of the log-likelihood 

surface close to its maximum,  the other contours came too close to each other for plotting. Differences between contours  correspond to 
differences of one unit in log-likelihood, so that the approximate 95 per cent  confidence region is enclosed by the third contour. It shows 
that the op t imum transformation will be to subtract the sample min imum from internal volume and then take the square root of  the 
shifted internal volume. 

P(YI~j,Yuii) = PhjPhj(Ylii,Yuii) + PajPdj(Ytii,Yu~j)" 

A simple method for the maximum likelihood esti- 
mation of the parameters has been described by 
Jansen (1993a). Calculations can be easily carried 

out in GENSTAT (GENSTAT 5 Committee, 1987; 
Jansen, 1993b). 

To assess the production of diploid pollen grains 
the likelihood of the normal mixture model is com- 
pared to the likelihood of the normal (no-mixture) 
model. Unfortunately, distributional properties of 



the difference in the log-likelihoods are not known 

when testing the number of components in a mix- 
ture. McLachlan & Basford (1988) described a pro- 
cedure to simulate its distribution. According to 
this procedure, the production of diploid pollen is 
significant at the level of 100 (l-m) per cent if the 
observed difference in log-likelihoods exceeds the 
upper 100 (l-m) per cent in the simulations. For in- 
stance, the confidence level of the test is 90 per cent 
when it is based on nine simulations and 95 per cent 
when it is based on 19 simulations. 

Apart  from the above statistical modelling, the 
choice of an appropriate measure for the size of pol- 
len grains should be made. The aim is to find a mea- 
sure for which the normality assumption holds best. 
Three measures will be considered first: diameter, 
internal volume and external volume. Thereafter,  
we discuss data transformations to obtain a possibly 
better fitting model. 

Since fertile pollen grains of perennial ryegrass 
are almost spherical, external volume v~ can be de- 
rived from the diameter d by 

4 d~ v . : ~ ( ~ )  ~. 

Pollen grains of perennial ryegrass have uniformly 
thick cell walls (Hayward & Manthriratna, 1972). 
The thickness of the cell wall is close to unity on the 
scale used, and approximately independent of the 
size of pollen grains. Therefore,  the internal volume 

v m is given by 

4 d % = ~ ( ~  - 1) 3. 

Since external volume and internal volume are 
closely related, we restrict ourselves temporarily to 
diameter and internal volume of the pollen grains. 

We used the procedure of Box & Cox (1964) to 
find a transformation of internal volume, such that 
the normality assumption holds best on the trans- 
formed scale. The Box-Cox transformation (with 
shift parameter  ~,~ and power parameter  K2) of in- 
ternal volume equals (vl, - ~,~)~2 for ~,2 > 0, and log 
(Vm -- ~1) for L2 = 0. Both internal volume and dia- 
meter  are embedded in this transformation frame- 
work, since for ~,~ = 0 and L 2 = i the transformation 
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equals identity, while for ~1 = 0 and L 2 = I/3 the trans- 
formation gives (a constant multiple of) the dia- 
meter. In any sample the shift ~1 should not exceed 
the sample minimum Vmi., j of the internal volume. 
Therefore  we introduce ~3 ( -  ~ < ~,3 < 0) and use 

~l,j = Vmin,j( 1 -- 10~3) 

as the shift in sample j (Atkinson, 1985), so that for 
each sample a separate shift ~,l,j is used, which can 
take values between 0 (~,3 -~ - oo) and the sample 

minimum Vmin4 (~'3 = 0). For reasons of computer  ac- 
curacy only the values of ~,3 w i t h -  4 _< ~3 <- 0 are con- 
sidered. 

For fixed (~,2,~,3) we can find the log-likelihood 
Lmax(~2,~3) maximized over the parameters of the 
normal distribution. To compare the log-likelihood 
for various values of (L2,~,3), the maximum likeli- 
hood Lm,x(L2,~3) can be plotted over a range of plau- 
sible values. An approximate 95 per cent confi- 
dence region for (~t,~,2) is found from those values 
for which 

1 2 
LmaxO~,2,~) - Lmax(IL2,~3) -< + -~- Z2,o.95 = 3,  

in which 0~,~2) are the values of ()~1,L2) where the 
likelihood is at its maximum (Box & Cox, 1964). 

To show the effect of the change from external 
volume to internal volume by the correction for cell 
wall thickness, a plot of the likelihood as a function 
of the correction constant can be drawn using the 
optimum transformation. 

Results 

Stat&tical analys& 

Firstly, the results of the analysis of the control ac- 
cession (Table 2) are presented. The main goals of 
this analysis were the choice of an appropriate mea- 
sure for the size of pollen grains and the choice of 
the data transformation, such that the normality as- 
sumption holds best on the transformed scale. Fig- 
ure 1 shows a contour plot of the likelihood 
Lmax(~L2,~3). Only seven contours were plotted, the 
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Fig. 2. Log-likelihood profile of the cell wall thickness. The likelihood is at its max imum at about unity. It shows that the normality 

assumption fits slightly better  to t ransformed internal volumes than to t ransformed external volumes (internal volume is the volume of 
the pollen grain minus  the cell wall; the cell wall thickness is known be constant  and about  equal to unity). 

other contours were too close together for plotting. 
The likelihood is at its maximum at (~ ,~)= (1/2, 
- 4). Thus, the optimum transformation will be to 
subtract the sample minimum from the internal vol- 
ume and then take the square root of the shifted in- 
ternal volume. The approximate 95 per cent confi- 
dence region is enclosed by the third contour. The 

confidence region firmly excludes (L2,£3)= (1,0). 
This implies that the fit of the normal model to the 
internal volume can be significantly improved by 
prior data transformation. The confidence region 
just excludes (~2,~.3) = (1/3,0). Thus, the fit of the nor- 
mal model to the diameter can also be significantly 
improved by prior data transformation. Figure 2 



shows the log-likelihood as a function of the correc- 
tion for thickness of the cell wall by using the opti- 
mum transformation. As mentioned above, the 
thickness of the cell wall is close to unity. The likeli- 
hood is also maximal at about unity. This demon- 
strates that the normality assumption fits slightly 
better to the transformed internal volume than to 
the transformed external volume. 

We now turn to the analysis of the data of the ac- 
cession that was expected to produce diploid in ad- 
dition to haploid pollen grains (Table 1). To obtain 
as normally distributed data as possible, we used the 
shifted square root transformation of the internal 
volume which proved best in the analysis of the data 
of the control accession. In order to assess the pro- 
duction of diploid pollen grains, the distribution of 
the difference between the log-likelihood for the 
model with production of diploid pollen grains and 
that for the model without production of diploid 
pollen grains was simulated under the null hypothe- 
sis of no production of diploid pollen grains. The 
observed difference (117.6) highly exceeded the 
largest simulated difference (13.3). The test was 
based on 19 simulations and leads us to reject the 
null hypothesis of no production of diploid pollen 
grains at a confidence level of 95 per cent. A second 
test was carried out to assess the production of still 
another pollen grain type. The observed difference 

Table 3. Proportions of diploid and (possibly) tetraploid pollen 

grains as est imated with the mixture model assuming three types 

of pollen grains. The proportion of haploid pollen grains is equal 

to 1 minus the proportions of diploid and tetraploid pollen grains. 

Sample Diploid Tetraploid 

1 0.11 -+0.04 0 

2 0.10 -+ 0.05 0 
3 0.02 -+ 0.04 0 
4 0.70 -+ 0.11 0.16 -+ 0.05 

5 0.90 + 0.05 0.04 -+ 0.03 

6 0.07 -+ 0.02 0 

7 0.08 -+ 0.03 0 
8 0.47 -+ 0.19 0.13 -+ 0.05 

9 0.53 -+ 0.05 0.01 _+ 0.01 

10 0.87 -+ 0.04 0 

11 0.14-+0.05 0 
12 0.01 + 0.03 0 

13 0 0 
14 0.70 -+ 0.11 0.28 -+ 0.05 
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(6.5) slightly exceeded the largest simulated differ- 
ence (5.8). This test was based on only 9 simula- 
tions, since it involved much computation. The test 
leads to rejection of the null hypothesis of no pro- 
duction of a third pollen grain type at the confi- 
dence level of 90 per cent. Estimated proportions 
and mean internal volumes of haploid, diploid and 
(possibly) tetraploid pollen grains are shown in Ta- 
bles 3 and 4. Transformation very much improved 
the fit of the normal mixture model to the internal 
volume. The normal mixture model fits slightly bet- 
ter to the transformed internal volume than to the 
diameter. Especially the estimates of the propor- 
tion of diploid pollen grains based on internal vol- 
ume without transformation highly differed from 
the estimates presented in Table 3. This makes clear 
that one should carefully choose an appropriate 
measure for the size of pollen grains. 

Biological implications 

The data in Table 1 are from an accession which was 
expected to produce diploid pollen grains in addi- 
tion to haploid pollen grains. This expectation is al- 
so supported by a comparison of Table 1 and Table 
2: the data in Table 1 clearly cover a wider range of 
values than those in Table 2. Note that the internal 

Table 4. Mean internal volumes of haploid, diploid and (possi- 

bly) tetraploid pollen grains as est imated with the mixture model 

assuming three types of pollen grains (-+ s tandard error of mean).  

Sample Haploid Diploid Tetraploid 

1 785-+ 3 1506+ 9 - 

2 865-+ 5 1689+11 - 

3 1002-+ 4 1843-+10 - 
4 878 -+ 6 1653 -+ 12 3235 -+ 16 
5 782-+ 11 1561 -+ 18 3148-+26 

6 581-+ 2 1288-+ 8 - 

7 850-+ 5 1666 -+ 10 - 
8 792-+ 1 1432-+ 7 2831+ 7 

9 678-+ 2 1397-+ 8 2903+ 9 

10 553-+ 8 1107-+ 8 - 
11 830 -+ 19 1680 -+ 30 - 

12 729-+ 1 1522-+ 8 - 

13 842 -+ 5 - - 
14 666-+ 3 1308-+ 8 2711-+10 

1 unit = (2.6 lam) 3. 
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volume of the largest pollen grains in Table i is al- 
most 25 times higher than the internal volume of the 
smallest pollen grains, i.e. the internal volume of 
pollen grains varies enormously. The large varia- 
tion between samples is also a striking feature of the 
data in Table 1. Some samples cover a much wider 
range than others. For instance, the 166 observa- 
tions in sample 1 of Table i take values from 11 to 18 
on the original measuring-scale, whereas the 139 
observations in sample 4 take values from 11 to 23. 
Furthermore, the modes of the frequency distribu- 
tions of the individual samples are clearly shifted. 
For example, the mode of sample 5 in Table I equals 
16 on the original measuring-scale, whereas the 
mode of sample 6 equals only 12. The correspond- 
ing internal volume of the pollen grain in sample 5 is 
more than twice the corresponding internal volume 
in sample 6. This large variation could hardly be ex- 
plained by regular variation in the mean size of ha- 
ploid and diploid pollen grains. In contrast with this, 
the sample modes in Table 2 are either 12 or 13. 

The statistical evaluation of the data in Table 1 
clearly demonstrates the production of at least two 
types of pollen grain. The production of a third type 
of pollen grain is also indicated (at least in three of 
the 14 samples), the corresponding test statistic be- 
ing significant (at least) at the 90 per cent confi- 
dence level. We present and discuss below the re- 
suits of the model assuming a mixture of three types 
of pollen grain. The estimates of the three corre- 
sponding proportions and the mean internal vol- 
umes are presented in Tables 3 and 4. Figure 3 
shows histograms for some samples with the fitted 
component distributions and the mixture distribu- 
tions superimposed (the fitted distributions were 
backtransformed to the original scale). The esti- 
mated proportions of diploid pollen grains vary be- 
tween 0 (sample 13) and 0.90 (sample 5, Table 3). 
This indicates that the production of diploid pollen 
grains is strongly influenced by environmental fac- 
tors which may vary from one sample to another. 
However, no clear effect of temperature on the pro- 
duction of unreduced pollen grains is found. At 
each temperature samples were collected succes- 
sively in time (samples 1-5 were collected at 15 ° C, 
samples 6-10 at 20 ° C and samples 11-14 at 25 ° C). 
The samples obtained at the end of the flowering 

period show the larger proportions of unreduced 
pollen grains (Table 3). This suggests a relation be- 
tween plant age and production of unreduced pol- 
len grains. 

Discussion 

In this paper we present a statistical analysis for the 
assessment of ploidy via the size of pollen grains. 
Although the statistical methods were developed 
for the analysis of pollen grain data from perennial 
ryegrass, the methods and their results probably 
have a wider applicability. 

Our statistical analysis concerns the data ob- 
tained from two accessions of perennial ryegrass 
and leads to the following remarks. First, there is a 
large variation in the proportion of diploid pollen 
grains between samples. An effect of plant age on 
the production of unreduced pollen grains is sug- 
gested. Screening for accessions with a good pro- 
duction of diploid pollen grains is often based on a 
single sample, but our results show that conclusions 
based on a single sample may be quite misleading. 

Second, our analysis indicates the production of 
haploid, diploid and possibly tetraploid pollen 
grains. However, further cytological evidence is re- 
quired to definitely assess the production of tetra- 
ploid pollen grains. In any case, our statistical meth- 
od makes it possible to test for the presence of two 
or more types in the pollen grain mixture and to es- 
timate their proportions. 

Third, the analysis of diameters and that of vol- 
umes lead to different results. A different good- 
ness-of-fit of the normal (mixture) models to the 
data is found; in addition rather different estimates 
of the proportions of diploid pollen grains in the 
samples are found. Therefore, one should carefully 
choose an appropriate measure for the size of pol- 
len grains. It was demonstrated that the normal 
(mixture) models fitted best to the transformed in- 
ternal volume. This measure is obtained by sub- 
tracting the sample minimum from the internal vol- 
ume and then taking the square root of the shifted 
internal volume. In the case of non-spherical pollen 
grains the diameter is unlikely to be a good measure 
for the size of pollen grains. Pollen grains of for in- 
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Fig. 3. Some histograms of the sample data and graphs of the fitted diameter distributions for haploid (N), diploid (2N) and possibly 
tetraploid (4N) pollen grains and a graph of their fitted mixture distributions (see also Tables 1, 3 and 4). Sample 2 contains a large 
proportion of haploid pollen grains. Sample 5 contains a large proportion of diploid pollen grains. Sample 8 is clearly a mixture of haploid, 
diploid and (possibly) tetraploid pollen grains. Sample 9 is a mixture of predominantly haploid and diploid pollen grains. Sample 14 is a 
mixture of predominantly diploid and (possibly) tetraploid pollen grains. 

stance lily, alfalfa and radish are non-spherical, so 
that in these species volume measurements are 
most natural. But also in these cases the normality 
assumption will probably hold best for the shifted 
square root of the volume. 

To our knowledge there is no proof of any mathe- 
matical relation between the ploidy and the size of 
pollen grains, though it is sometimes supposed that 
the volume of diploid pollen grains is twice the vol- 
ume of haploid ones (cf. Jacobsen, 1978; Sala et al., 
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1989). In our data the mean internal pollen volumes 
of the three types of pollen grain are remarkably 
close to the ratio 1:2:4 (Table 4). We suggest that the 
third type of pollen grain, of which the internal vol- 
ume is four times the internal volume of haploid 
pollen grains, represents tetraploid pollen grains. 
The production of tetraploid pollen grains in peren- 
nial ryegrass has never been reported before, but is 
not unlikely, since Van Wagenvoort et al. (1992) ob- 
served diploid, tetraploid and even octoploid cells 
in meiosis I in a cytological study of a different ac- 
cession of perennial ryegrass. Omara (1976) observ- 
ed the production of pollen mother cells with 2 up to 
58 chromosomes in perennial ryegrass. Therefore, 
mixtures of even more than three types of pollen 
grain may possibly occur. However, reliable detec- 
tion of other types of pollen grain by our method 
would probably require much larger data sets. 

We also had the data of a control accession which 
was known to produce only haploid pollen grains 
(Table 2). The analysis of these data provided im- 
portant information on the size distribution of ha- 
ploid pollen grains and on data transformation. 
Such information could hardly be obtained from 
the mixture data (Table 1), since the component dis- 
tributions are poorly separated. For the analysis of 
Table 1 we used the results of the analysis of Table 2. 
However, no precise information is available on the 
size distribution of diploid pollen grains (nor on 
that of the possibly tetraploid pollen grains). We as- 
sumed, for example, that the three types of pollen 
grain have equal variance (within the same sample 
and after data transformation). We also assumed 
that the size differences between the three types of 
pollen grain are constant over the 14 samples 
(again, on the transformed scale). These assump- 
tions cannot be checked properly but do seem to be 
reasonable. At least, they make a robust parameter 
estimation possible by linking the component dis- 
tributions; the number of observations per sample 
as well as the number of diameter classes per sam- 
ple are too small to fit more extended models. Be- 
sides, without these assumptions the number of par- 
ameters per sample would readily exceed the multi- 
nomial degrees of freedom per sample (i.e. the 
number of diameter classes minus 1). 

Flow cytometry has been proposed as an alterna- 

tive method for estimating the proportion of di- 
ploid pollen grains in pollen grain samples (van Tuyl 
et al., 1989). This method produces DNA histo- 
grams of individually released nuclei from the pol- 
len grain mixture. However, the distributions of 
both types of nuclei may also overlap and similar 
problems arise as dealt with in the present paper 
(Jansen 1993a). Furthermore, analysis of the DNA 
histograms is often complicated by noise due to cell 
debris. 
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