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THE QUANTITATIVE STUDY OF NATURALLY CQCCURRING
PLANT HYDBRIDS. ‘

1. INTRODUCTION,

In recent years there has been avsteadily increasing
interest in the study of hybrid plants, There have been
many reasons for this increased interest, 7To the student
of evolution hybrids mean new combinations of genetic
material; the taxonomist is confronted with the cause of
confusion in many groups; the agriculturalist must be
careful thatl his crops do not suffer from breeding with
uncultivated plants and so become contaminated,

These are but a few of the reasons for studying
hybridization, Here some methods for studying wild
populations are considered, Such inveétigations should
always ke accompanied by breeding studies for the two
are complementary, Sometimes it is from field studies
that we know if hybridization is occurring between
species because altempts at artificial hybridization may
be unsuccessiul, - At other times hybrids may easily be
produced artificially yet under nataral conditions they
may not occur,

In his book 'Introgressive Hybridization' Anderson
[1949) summarizes the methods generally employed in the
study of hybrid plant populations, Most of the methods
proposed are very useful but suffer from being inherently

subjective, though they may appear to be objective, The




two principal techniques advocated are the use of indices

and of scatter disgrams,
quantitatively

Indices, though they may be treated
have the disadvantage that they are formed by the simple
addition of the measurements of several characters,

Such arbitrary addition of characters is uansatisfactory
in that it does not allow for correlation between
characters; furthermore characters such as hairiness
are often measured in arbitrary units, It is perhaps
for these reasons that these indices or hyorid indices
have not often been employed by British workers,

The method of the scatter diagram which has been
frequently used by Anderson and other American botanists
is highly subjective, In the scatter diagram when
complete, each point represents a condensed picture of
a particular plant, By a careful examination of the

atter diagram it is sometimes possible to predict
something o1 the characters of the species which gave
rise to the hybrid swarm under study., This is done by
consldering the diiterent charascters and the degree of
correlation between them, Characters which are closely
correlated are regarded as being uerived from a common
species and so this method of predicting parentege has
become known &s the method of extrapolated correlates,

As distinct from these methods those which follow

are somewhal more objective and are chiefly concerned

with quantitative characters, The analysis of field



populations will now be considered under two heacings,

1. Recognition of Hytrid plants and Hybrid swarms,

2., Recognition of Introgressive Hybridization,



2. RECOGNITION OF HYBRID PLANTS AND HYBRID SWARMS,

Hybrid plants are generally recognized by being
intermediate in appearance between their parents, If
the ¥l generation between a pair ol species was quite
sterile, the criterion ol intermediate morphology might
be used to recognize it, Quite probably it would be
recognized as a third taxon and would even be granted
speciflic status by taxonomists, Within the genus
Nuphar there seems to be an example of such a 'hybrid

species' in N, intermedia which has become well established

by vegetalive reproduction, and which is very probably

an Fl hybrid between N, lutea and ¥, pumila (Y, Heslop~-

Harrison 19538),
Many interspecific hybridﬁare however partially

if not highly fertile so that they may produce an 72
generation or breed back to onme or both of the parents,
In this way a very complex series of forus is produced
which may Torm a complete transition from one species
to the other, Such a mixture oi forms may be very
difficult to interpret if the two species have been
interbreeding so extensively thatl the frequencies of the
pure species are low, Stands of this type may be
conveniently designated as hybrid swarms,

Wit a knowledge of the distribution of seversl
species oI &a genus it is sometimes possible to recognize
the nature of a hybrid swarm, Especislly is this so ifl

the hybrid swarms occur only in those regions where the
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ranges of the possible parental species overlap,
“urther support for the nature of a hybrid swarm
between two such species may be derived from a statistical
investigation of some character of the probable parental
species and the putative hybrid swarm,

The application of some statistical methods to the
study of hybrid swarms will now be discussed under
three headings,

fa) Increased variability

(b) Discordant variation

(¢) Progeny testing,

(a) Increased variability.

If the hybrid swarms arose erm the pair of
species that had been predicted as parents it would be
expected that for most characters it would be inter-
mediate between those species, Besides being inter-
mediate, any character of the plants in the hybrid
swarm is likely to be more variable from plant to plant
than in either of the assigned parents, This point
is illustrated by some fruit measurements in the genus
Bucalyptus, Table 1, Here the variances of averages
of 10 measurements on three characters from each of

50 trees of E, elaecophora, E. goniocalyx and a hybrid

swarm are quoted, (Clifford and Rinet, 1954, see

Appendix A,)



TABLE 1.

Character B, elaeophora. Hybrid swarm E. goniocalyx
Fruit weight 2091 2081 ; 2097
{ mgm.) :
fruit length 0.9 1.6 1.4
{mm)
Peduncle length 3.7 9,5 7.0
{mm.)

TABLE 1: The variances of the means ol three fruit
characters for a pair of HEucalyptus species
and a presumed hybrid swarm between them,

It ought to be noted that the use of the variability
of a population to confirm its parentage may not always
appear to be reliable, In Table 1 it was shown that
although the fruit and peduncle lengths were more
variable in the presumed hybrid swarm than in the
putative parental species, the reverse held for fruit
weight,

’ To understand why this was so it is necessary to
consider the methods for measuring variability; the
variance was used in Table 1, Though theoretically the
variance is perhaps the best measure of variability it
sufrers in that it is usually dependent upon the mean,
and in general the larger the mean the greater its

variance, To eliminate this influence of the mean the



coefficient of variation may be employed., This is the
standard ceviation {the square root of the variance)
divided by its mean, Occasionally this value 1is
expressed as a percentage,

When the variability of fruit weight is expressed
as the coeffiicient of variation the presumed hybrid
swarm is found to be more variable than either of its
assumed parental species, Table 2, This follows from
the fact that the average fruit weight of the hybrid
swarm is less than that of the parental species, the

variance belng similar in all three of the groups,

TABLE 2
Character R, elaeophéra Hybrid swarm 1, goniocalyx
Fruit weight ' . 246 . 280 . 276
{(mgm)
Pruit length 113 . 143 . 120
{mm)
Peduncle length .191 0237 .166
{mm)

TARLE 2+ The coefficients of variation of the mean of
three fruit characters for a pair of Rucalyptus

species and a presumed hybrid swarm beltween
them,



(b) Discordant variation

An aliernative method of confirming putative
parentage in hybrid swarms is to cowmpare the pattern of
variation within thew with that within the presumed
parental species, This method is due to Anderson (1951)
who has pointed out that within & species there is
always a definite assoclation of characters, and if
they vary they do so according to a definite pattern,
Tor example seedling and adult leaves may differ in
shape but within a given species the transition will
always follow the same course, Such patterns of
development vary from species to specieg,

These patterns of variation are described as
concordant whereas those for the members of a hybrid
swarm may be described as discordant, Segregation and
recombination of the original species patterns in the
hyorid swarm tend to cause a disjointed pattern of
variation, The difference between these two kKinds of
veriatlion is shown in Table 3, where several qualitative
characters are listed for two species of Iris and a
nybrid swarm between them, {from Anderson, 1949, p.3).

#Hith discordant varistion the degree'of association
between certain pairs of measurements is ususlly less
than the degree of association of similar pairs of
measurements showing concordant variation, The

measurement of the degree of association in terms of



*go1oeds 599U} USGMIBY O1BTPOUILIUT -~ T

ivuocsexsy *I JuUrTquessd - § {BATNI °I SUTTQUWSSSI - I :SMOTTOT S8 DOULISD

og¢ ALem sToqWAS BY, curems pragdy B8 gem YOTUsm IO SU0 pue setoads sand syg LATuo
POUTBAUOS UYOTUM JOOM] STdl JO S8TUCTOD s1vasdes soay) wodl siusTd Jo uostarduos ¥ :¢ oTq8BT

& & & & g pey F ¢ BATOT
J & & & 9 pay F c .
& & & & G D8y F 2 STaT
. 8 8 T T 3 19TOTA a8 ALasp T 9
O I T 3 T L 19TOTA~DPOY T G
Y 2 3 b 3 0L 18TOTA=SNTYH oT8d ) 17
T J T J 9 pey T ¢ PTAGAH
b} 3 8 i3] Cb  8nTg=-18TO0TA @T8d 8 Z
B T T F L 19T0TA-DOY NMaB( T I
3 3 g 3 S PUTU~3STOTA g [y BUooBxXoY
2 3 3 g 4 BnTO~55TOTA g z ST
g a 8 5 5 SNTY~-187T0TA BT84 g }
{gmo)
S edgpusddy sdeys °*UasT 8pBTY ANOTOO
188d0 8Tfag SUDWBLG 81 0d Tedsg Tevdeg JO ancTon =To el £i0TO0D




el e

the product-moment correlation coefficient (r), is
considered later when discussing introgressive

hybridization,

(¢) Progeny testing

The status of a presumed hybrid plant must
alweys be conjectural until it has been reproduced by
deliverate cross~breeding, With certain groups breeding

ney be difficult so another technigue must beé aevelopea,

-t
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o

Perhaps the most satislactory technique available is
progeny testing,

Sced taxen Tfrom a single plant presumed to be an
71 hybric must either give rise to an F2 generation, a
series of backcrosses to tne pareantal species, or a
mixture of all three, ®ith other;hybrids gifferent
combinations of ofispring would be derived, ana amdngst
them segregation would be expected, Some of the
scgregates might be expected to resemble or to suggest
the parental species, This metnod of confirming or
predicting parentage has often been usea, especially
since Machougal {1507) demonstrated its value in the
study of hybria osxs,

The method ol progeny testing may be treated

quantitatively as has veen previously shown by the

Y

writer {Clifford, 1954 and Appendix B). Briefly the
method consists of growing the progeny from several

different plants of the assumed hybrids and putative



parental species, BSome atiribute is measured on the
members of each family and its mean and variance are
calculated, These two quantities are plotted against
gachh other to obltain a scatter diagram, If this can
be enclosea within a triaungular outline with the

assumed parental species at its basal angles, the

parentage ol the presumed hybrid swarm is confirmed,
This method is illustrated in Figure 1 where datla from
the genus Rucalyptus are employed,

The triangular relstionship follows if the character
studieo is inherited in an intermediate manner anua its
size is convrolled by several genes, Under these
circumstances the Tl ana F2 generations have similar
means vut different variances ana fam:ilies of the
parental species have different wmeans and relatively
smwall variances, This is illustrated in Table 4 by

data for Kalze {Bast 1950).

IAZLE 4
Parentage Mean Cob Length Yariance
of Progeny {cms) of mean
Pl x PL 6,6 0.66
P2 x P2 16.8 3.49
Pl x Pz {F1) 12,1 - 2,28
Fl x FL {F2) 12,6 7.89

TABLE 4: The mean and variance for cob length in the
parental and two hybrid generations of maize,
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Figure 1

VARIANCE OF MEAN L/B RATIO
o

i 2 E
MEAN L/B RATIO OF LEAF

Figure 1 @ The relationship betwesn tha means and variances
of ‘the 1angth~breadth ratio for the leaves of fam-
ilies raised from single trees of two species of -
Eucalyptus and gome putative hybrids ‘between them,

s E, elaeophora 1: E, goniocalzx | f% hybrids
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wamilies made up of different proportions of the
parental species and hybrid plants have means and
variarces which fall within the triangle as defined by
the means and variances of the parental species and
the w2 generation.

Often it is found that the variance increases with
the mean and to eliminate this effect it is sometimes
necesgsary to compare the variabilities of different
families in terms of the coefficient of variation,
Normally this does not materially aifect the result
but such a measure of variability is theoretically
disadvantageous in that the triangle it produces has
concave and not straight sides,

The triangle technique for analyzing the variability
of a series of families may somelimes be adopted for use
in the study of data from natural populatiqps.

Consider & series of samples from pure colonies of a
pair of species and from colonies where introgression

is suspected, The mean size ol some measured character
of a colony of the pure species is likely to be less
variable than the mean size of the character in a hybrid
or introgressed colony. Ry plotting the mean size
against its variance for each of several colonies the
scatter diagram obtained may be found to fall within

a triangular outline, This is well illustrated by the

size and variability of tail lengths within different
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colonies of Red-Byed Towhees, belonging to two species
of birds which appear to hybridize in Mexico (8ibley 1954).
These data are shown in Pigure 2 which has been prepared
from tables quoted by Dr. Sibley,

I have not been able to find any published data
for wild plant populations which can be used to illustrate

this technigue,
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Figure 2
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25 100 105 110 MM,
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Figure 2 ¢ The relationship between the mean and variance for

*

the tail lengths of the birds in some populations of
Red-Eyed Towhees. :



5. RECOGNITION OF INTROCHRESTIVE HYPRIDIZATION,

With interspecific hybrids that are fertile there is
always the possibility of gene exchange occurring
tetween the parental species, In the absence of
'Hybrid Swarms! introgression may not be spectacular,
but may nevertheless cause the species to tecome
modified in the region of hybridization, The Smg%%wlap

, rla;
of species in a region where their ranges or habitats /
often suggests that introgression has occurred,

Where the possible hybridizing species are known
suitable contrasting characters can be selected for
study, Should the species show signs of discordant
variation in those areas where they grow intermixed
this is good evidence that introgression is taking
place,

Where the species differ principally with respect
to quantitative characters, resort to biometrical
methods is sometimes necessary if it is desired to
know whether or not gene flow is occurring vetween them,

FTor such a study characters not markedly influenced
by the environment must be chosen, or failing this
the influence of the environment must be minimized.

gome techniques for doing this will now be discussed,

(a) Minimizing Environmental Influences,

Ratios rather than absolute measurements are

often employed in an endeavour to minimize the elffect of




the environment when comparing plant populations,
Unless the behaviour of the ratio is known for the
pure species grown in several environments this is not
a safe procedure, Turthermore, as has been said by
Davey and Lang (1939, p., 61) "it seems unsafe to assume
that a ratio will be unafiected by growth without some
knowledge of these interactions," - where by "these
interactions® they mean growth effects,

" An alternative means of minimizing environmental
influences has been proposed by the writer (Qlifforda 1955)
for use with pairs of correlated measurements, When the
measurements for a pair of species are related as in
Tigure 3, effective elimination of the influence of
absolute size may be achieved, Brielly a new set of
axes is drawn such that one of them is parallel to the
long axes of the scatter diasgrams,., <{he other is drawn
at right aengles to this ana is calibrated in an arbitrary
scale. wWhereas neither measurement alone will discriminate
entirely between the two populations, they are coumpletely
separated ii described in terms of the new scals,

The index values obtained in this way might be
convenliently described as t'‘correlation indices' for
their variability depends upon the degree of correlation
between the original measurements, With highly
correlated measurements the wvariability of the
correlation indices will be less than if the measurements

were not highly correlated,
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Flgure 3

" Fruit width (mm.)
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Figure 3 : The relationship between the correlation lines,
( lines of " best fit " ) and the index scale with
reference to the scatter diagrams of two varleties
of Camelina, after Clifford ( 1955 ]} .
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The relative degree of separation, for a pair of
populations, likely to be achieved by the use of
correlation indices and ratios can be illiustralted with
reference to some data for the genus Jucalyptus, A

comparison ol fruit weights and lengths for Z, elaecphora

cand ¥, gonlocalyx indicates that although the species

differ coansiderably with respect to these characters
neither is in itself satisfactory for distinguishing
between the speclies, Tigures 4a and 4b, For many
specimens neither the weight nor length of the fruit
would indicate to which species it beiomged.

The combining of the two méasurements into a ratio
very much improves the separation of the species, Fig., 4c,
but there is still a wide range of values for which the
ratio would ve oi no use for identiiy;ing a Iurther
specimen, This range of overlap may be further reduced
by describing the species in terms of their correlstion
indices, Fig, 4d,

For this as well as other data it has been found
that the correlation indices are often a better means
of discriminating between populations than are ratios,

Where the size of the character chosen for study
is little influenced by the environment there are several
methods available for comparing closely related }
populsations,

These methods will now be discussed under three

headings according to the number of measurements involved,
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Figure 4 : A comparison of the sffectiveness of fruit weight
and length , their ratio and the correlation index
derived from them , for distinguishing between

calyptus elasophors and E.gonlocalyx, L
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E,elasophora E.g_f_)_l’_}iOcalE




{(b) single measurements
{¢) Pairs of measurements

(d) several measurements

{b) single measurements,

With single measurements it is often useful to
compare populations with respect to their means,
variances and 'skewness,! For various reasons to be

given later J, inflexus appears to suffer slight

introgression from J, eifusus in those areas where the

two species grow in mixed stands, The length of the

longest perianth segment in J. inflexus does not seenm
& &

to be much influenced vy the environument and so may be
used to discuss the application of the statistics
mentioned above,

In colonies ol J, inflexus which are growing apart

from J, elfusus, the perianth length of the plants is
almost normally distributed, figure 5, and is not

particularly variable, Wherc J, inflexus is growing

more variable, their average size is smaller, and there

is & slight negative skewncss to the distribution,
These results might have been anticipated from a

knowledge ol perianth lengths in pure stands of

J, inilexus and J, effusus, Introgression of J, inflexus

s e cn tenn

by J, efiusus ought to lead to an increased variability

of J. inflexus because the two species have different

i e i O s o i S
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: Prequency polygong for the perianth lengths of
Jdeinflexus growing together with and apart from

- J,effugsus ( meadow form ) . Each sample contained

360 specimens , The scale 15 such that 25 units
equal 1 mm,

J.inflexus growing aparﬁ'ffom;J.effusus“
J,inflexus growing togsthsr‘with‘J,Effusus

Normal distribution curve fitted to the data for
J inflexus growing apart from J.effusus



perianth lengths and these appear to be inherited
multifactoriaslly., In these circumstances the introgressed

plants of J, dnilexus might be expected to be segregatling

for factors affecting perianth length; thus variability
might te proauced which was too slight to detect exceptl

biometrically, As J. eifusus has a smaller perianth

v e A 14 e MLl ST

than J, inflexus introgressed colonies of the latter

would be expecteu to possess on the average snorter
perianths than those for the pure species,

Finally if the introgression was only slight,
skewness in the dircction of the introgressing species
might be anticipated., Since the perianth oi J, erfusus

is shorter than that of J, inflexus a negative skewness

woulu be expected; this has occurred,

As each statistic has behaved as predicted these
tests reinforce each other, Unfortunately thelir use is
severely restricted by the condition that the character
under study must not be markedly alffected by the

environment,

{c) Pairs of measurements,

More exacling tests for introgression can be
devised using two measurements for each plant, These
resolve themselves into a study of the covariances as
well as the variances of the measurements, The two
general techniques are

(1) Lines of best fit through the data,

{ii) The product-moment correlation coefficient,



{i) Lines of best fit through the data,

This technique may be illustrated by the
data of Russell (1954) for leafl measurements made upon
a8 population of white violets, A mass collection of
these was made in the field and brought back to the
laboratory for study, Here the collection was separated

into three categories, Viola lanceolata, ¥, pallens

and an assumed hybrid group, <The length and breadth

oi the leaf laminas of these groups was measured and

the data are presented as scatter diagrams in ¥Figure 6,
yfom the Figure it is evident that the direction of

the line of best fit through each of these sub-populations

is different, Furthermore for the presumed hybrid group

the slope of the line is intcrmediate betwecen the slopes

for the putative parents,

Such intermediacy of slope for a hybrid population
would be expected if the pair of characters making up
the scatter diagram were multifactorially inherited,
Where the amount of gene flow between the gspecies is
only slight, the scatter diagram for an introgressed
population will differ only slightly from that for the
pure species; its displacement will be in the direction
of the introgressing speciss,

To determine accurately the direction of the

line of best fit the slope must be calculated, The
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Figure 6 : Scatter diagrams of the lamina length and breadth
for two species of Viola and a putative hybrid
population between them , ( from Russell 1954 )



necessary formulae are

¥Y-7) = (X-3 tand

where tan 2@& =

and x and y arc the pair of correlated characters,

This line is one such that the sum of the squares
of the perpendicular distances of the sample co-ordinstes
from the line is a minimum and it thug difiers
considerably from a normal régresgionklin@.

Unfortunately I have been unable to find suitable
data to test the merit ol this method for detecting or
confirming introgression. The data guoted for Vicla
are not really suitable in that the mass collection was
subjectively divided into three groups, had it been
possible to do this objectively the method would have
been applicable,

{ii) The Product-moment (orrelation Coefficient,

The use of this, the commonest means of

measuring correlation as an indicator of introgression,
may also be illustrated by referehce to Figure 6, I

it is assumed that in a colony of Viola pallens there

are a few plants that have suffered slight introgression
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from vV, lanceolata it is improbable that they would be

conspicuous,

Nevertheless a biometrical study of the colony
containing such introgressed plants would when plotted
as a scatter diagram reveal the existence of a few
individuals situated between V., pallens and the hybrid
plants in ¥ig. 6, The extension of the scstter diagram
in this direction would indicate a reduction in the
degree of correlation between lamina length and breadth
in the introgressed population,

The application of this method may ve conveniently
"illustrated with reference to data collected for the
genus Primula, If it is assumed that colonies of Cowslips
and Primroses growing intermixed represent ihtrogr@ssed
colonies and that the same pair of species when growing
apart represent pure colonies, the data of Table 5 well
illustrate the decrease of correlation between suitable

pairs of measurements in introgressed colonies,

Colony Type n Primrose n Cowslin

Internixed 12 « 327 O L B8R0
A e )J'/‘ H .

sanerate e + 530 8 e L1l

Tehle B

3
o

intermixed

2oy fuarther




fhen growing in mixed communities both Cowslip and
Brimrose show a decrease in the degree of correlation
between the lengih of the calyx teeth and the circuaference
of the calyx, though more samples would be needed to
determine if the difference were statistically
significant, In the Primrose the calyx has 1ong teeth
and a hnarrow diameter whereas in the Cowslip the teeth
are short and the calyx is broad,

It is unfortunate that the use of the correlation
coeificient must be restricted to such pairs of
contrasting measurements, Furthermore it must be used
cautiously for sometimes the degree of correlation
between quantitative characters may be greater in the
hybrid colonies than in the pure colonies of the parcntal
species, This was found to be so in the study of &
hybrid swarm in the genus Eucalyptus {Clifford and Rinet 1l,c,)
Here it was discovered that both fruit weight and
peduncle length and frult weight and fruit length were
more strongly correlated in the hybrid swarm than in

ese dala are shown in Table 6,

2t

the parental species, Ti

TARBLE ©

Population fruit weight Fruit weight
Peduncle leangth Fruit length

&, elaeophora . 139 2587

Hybrid Swarm W 197 494

K. goniocalyx . 084 A27

TABLE 6: The degree of correlation between two pairs of
characters for a hybrid swarm and two parental
species, in the genus Bucalyptus,



The reason for the increase in magnitude of the
correlation coefficient in the hybrid swarm is puzzling
but may be related to its peculiar origin, It is thought
to be growing in a situation where selection is favouring
the ¥l - like hybrids at the expense of the other

segregates and even the parental species,

(d) Several measurements,

T demonstrate small differencag between
populafions it is often necessary to employ several
measurements, +he combining of these into a single
value raises @everal difficull problems, As groups of
measurements made upon most biological materizl are
correlated allowances must be made for the correlation.
It is often found that an organ large with respect to
one measurement is also large with respect to a second,
Because of this the arbitrary addition or subiraction
of measurements may be regarded as of little value,

Perhaps the most satisiactory way of combining
several measurements is to employ the methods of multi-
variate analysis, and in particular discriminant analysis,
Though this techniquelwas devised especially for desaling
with taxonomic problems (PFisher 1936) and was first
illustrated with data for the genus Iris it does not
appear to have found favour with botanists until
recently, Later, when discussing the genus Juncus

a discriminant anaslysis is undertaken and in Appendix A
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the method has been employed in the study oi a hybrid

In a recent paper intended to dumonstrate the
advantages of discriminant analysis Whitehead (1954)
illustrated the method with reference to the genus
Cerastium, A more detailed account or the methods of
multivariate analysis is given by Rao {1952),

An ingenious method of combining any number of
messurements was proposed by Anderson and Whitaker (1934)
when studying the genus Uvularia, The method has been
discussed more recently by Melville {1951) who suggestéd
that the value it yielded might be called a 'Pythagorean
Index,*

As the name suggests the method is based upon the
properties ol a right angled triangle, Tor a pair of
messurements the index is derived by regarding them as
the sides of a triangle enclosing the right angle and
accepting the Pythagorean Index as the hypotenuse of
the triangle, The method as applied to several
measurements is further illustrated by Figure 7 which
comes from Melville's paper, | |

Though the Pythagorean Index ig fully objective it
is of little practical use, No effort is made in the
method to allow for correlations between the measurements,
and furthermore in combining a series of them in this
way differences vetween groups arc somebimes disguised-

rather than accentuated,
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Figure 7

Figure 7 : The method for congtructing the Pythagorean Index,
The succesive indices combine p+q , p¥g+r and
ptg+r+s into a single figure equivalsnt to the square
root of the sum of their squares ,




‘This may be conveniently shown by data due to
Tedin {1925) for the genus Camelina, In Table 7 the
mean measurement of three capsule characters are quoted
and also the Pythagorecan Index derived from them, The
Index is little better than the single measurements &s
a means of discriminalting between the two varieties,

TABLE 7

Character Var, Cl Var €2
Capsule length 9,7 mm, 8,6 mm,
Capsule width 5.7 mm, 6,6 mm,
Capsule breadth 3.1 mmim, 5.4 mm,
Pythagorean Index 11.8 12,0

TABLE 7; A comparison of two varieties of Camelina

e s dneis e e e

capsule measurements and the Pythagorean
Index derived from them,



4. DISCUSSION

The principal biometrical techniques available
~for comparing populations have been discussed and
several of them will be employed below for the study
~oi introgression in the genera Primula and Juncus.

Before leaving this subject it is necessary to
discuss some of the limitations to the statistical
analysis of field data, The chief of these is that
plants are usually highly plastic and may be considerably
modified by the environmenlt, In a biomeiriec sense
any speécies may be regarded as a series ol populations
gach corresponaiﬂg with a different micro-~habitat,
Sempling ol enly certain ol these habitats may give
a biased picture of the species, If the habitats are
not themselves normally distributed in the mathematical
sense, a random sample ol them will not be normal,

Plants collected from such a group of habitats may
show an apparently non-normal distribution for any
measured character that is influenced by the environment,

In any study every attemplt must Le made to eliminate
the iniluence of the environment on the plant, Unless
ihis 1s possible, and the uata arc avadl lable in great
quantity great care must be exercised in the analysis
and interpretation of measurements taken from field

saiples
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finally it would seen appropriate to coumment upon
the stalistical significance of any difierences observed
between populations, For most of the techniques described
it is possible to test the signilicance of the differences
observed and the methods for doing so are described
in most standard texts and in particular that of Rao {(l.c.)
It is freqguently found that the difference observed is
not significant at the probability level desired, When
this is so increase of the sample size may raise the
difference to the level of significance, Where the
labour to do this may be prohibitive it may sometimes
be more convenient to coumpare the populations by several
of the methods described, I for most comparisons
the differences betwecn the populations are in the
senses predicted this strongly suggests their reality,

though no single difference may appear to be significant,
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AN INVESTIGATION OF POSSIBLE INTROGRESSION
BETWREN JUNCUDS EW USUS L, AND JUNCUS INFLEXUS L,

1. Introduction

2. Taxonomy (a) Ecotypes of J, effusus.

Sy e O Nt el SRR

{b) The relationships of J. diffusus

3, 7Pield Studies (a) Zvidence for hybridizstion

{b) Evidence for introgression
4, Analysis of resultls

5. Discussion,



1. INTRODUCTION,

In the vicinity of Durham there are several large
swamps anc areas of moorland where members of the genus
Juncus grow in abundance, Rarely do they grow in
separate stends, more often than not several species
grow intermixed, These mixed populations seemed
particularly suitable for the study of introgression,
especially as hybrids bestween certain of the species
had been recorded, Turthermore material could be
collected in the winter as the fruits and inflorescences
oi the plants remained undamaged until as late as
January, a consideration of importance to & visiting
botanist arriving in early Qctober,

Attention was focussed on the Genuini section of

the gsnus and in particular upon J, inflexus and

J., eitusus, for the hybrid between these has been stated
to be relatively comuon {Salmon, 1931), The only other
member of this section of the genus encountered was

J. conglomeratus, The principal differences between

the species are listed in Table 8,
Wnether hybridization vetween J, efiusus and

J. inflexus was leading to introgression could be

determined only by a series ol field studies and so
Tield populations were sampled anda brought into the

laboratory for analysis,
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The first step of the snalysis was to measure, for each
specimen, the length of the longest perianth segment,
the spathe and the inflorescence, A survey of the field
and herbarium speclmens showed thnat the two species
diiferea guantitatively in these characters, The lenrthﬁ
of the stem and of the longest sheathing leal were

also observed to differ but these characlters were
neglected, partly because thay were not always available
for the herbarium specimens, and partly because suitable
material was difiicult to collect during the winter,
The number of ribs on the stem, although a recognized

criterion for separating J, eilusus from J, inrlexus,

was not recorded, 1t was regardeu as unsatislactory

for this study because the number oi ribs is proportional

to the diameter of the stem and so decreases along its

length, Furthermore it is a discontinusus variable

which would not be well suited to the discriminant

analysis that was envisaged to be ultimetely necessary,
karly in the investigation it became-evident that

altinough J, inflexus was apparently a simple species in

the area studied J, effusus appeared to include two
forms that were apparently ecotypes, Accordingly, a
short account oi tie taxonomy of J, elffusus will be
given next, in oruer to clear the way for a discussion

of hybridization,
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2, TAXOROMY
{a) Mcatypes of J, efiusus.

As has been stated, the recoghition and

“description of J, inflexus was quite sirsightforward,

but the same could not be said for J, eififusus. As
suggested by Richards and Clapham {1941) this species
appears to posses several varieties or ecotypes, though
these do not appear to be acequately described in any
of the florss consulted,

From field studies mostly conducted in the north
of Zngland it has become evident that in the areas
They occupy different haoltacs, appear to flower at
different times and differ in respect to several
quantitative characters,

One of them occurs principally in woods or recently
cleared woodlands and the other usually occurs on the
edges of swamps or on mMeadows, moorlands ané other non-
shacdea habitats Their principal morphological differences
sre shown in Figﬁ 8; it can be seen that the woodland
from has a laxer inflorescence and smaller flowers thsn
what might conveniently be called the 'meadow' form,
The extra laxness of the inflorescence of the woodland
form is due to the pedicels of the ultimate flowers of
the inflorescence being longer than those of the mesdow

form (Fig. 8).



A1 A2 B2 B1

Figure 8 : A comparison of the inflorescences of the meadow
~and. woodland forms of J.effusus growing near Durham,
‘natural size. o

Al and A2 Woodland form

Bl and B2 Meadow form




From their very briefl description it would seem
that the woodland form is what Richards and (lapham
{1.c.) describe as an effuse form growing in the woods,
fens and swamps of southern England; they =zpparently
regard the meadow form as typical of the species,

AThey describe a third taxon within J, eflusus, the
var. congestus Lej, et Court, but this has not been
encountered in the present study,

The absence of definite qualitative differences
between the meadow and woodland forms of J, effusus
makes it difiicult fo describe them objectively for
there is a constant danger of choosing only those plantis
which stress their differences, Furﬁhermore the two
forms intergrade in some localities, so that some plants
cannot be placed in either form with certainty.,
Nevertheless an attewmpt has been made to describe them
quantitatively by comparing some woodland populations
near Durham with several meadow populations,

The results are snown in Table 9, from which it
can be seen that the two forms differ considerably
for the characters measured, and especially in the
length of the longest perianth segment,

The woodland populations ssampled were chosen
because they appeared to contain no plants of the meadow
form, With the meadow popuiatiens no eifort was made
to select only the meauwow form aznd a Iew woodlanu forms

1

may have been included in the samples, The absolute




difference between the two forms is therefore greater
than that shown in Teble 9, which may be taken to

indicate the way in which the forms difder, rather

than the megnitude of their difference,

Eabitat, n Perianth Inflorescence Spathe
Meadow 360 73 units 18 mms, 18 cms,
Woodland 40 62 units - 30 mms, 18 cms,

Table 9: The mean iniflorescence, periasnth and spathe
lengths for J, effusus collected from two
different habitats, (25 units = 1 ma,)

{b). The relationships of J, diffusus Hoppe

The putative hybrid between J, effusus and

o ot 2 i ot

and J, inflexus is often regarded as an equivalent to

the plant which Hoppe {1819) described as J, diffusus,

This plant came Irom & meadow where il was growing

intermixed with both J, effusus and J, inflexus, It

i . AT T

was descrived as & very besutiful plant and worthy of
the epitnet floribundus, and ils naime was selectea to
indicate itls afirinities witn J, effusus with which it
sgreed in possessing a continuous pith, This is & point
of considerable interest as will te seen when considering
this

J. difiusus in two of the herbaria stuaied,

characlter as represented on specimens labelled
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The plant generally recognized as J, aifiusus

is described in the latest British Flora (Clapham, Tutin

and Warburg, 1952) as intermediate between J. inflexus

exist it is clearly necessary in such a description to
define which form of J, effusus is meant, and this has
apparently not been done, With a view to investigatling
this problem a comparison of the herbarium material

of J. inflexus, J., difiusus and J, efiusus was uandertaken

Specimens Ifrom the herbaris of the Universities
of Cambridge and Oxford, the British Museum and
HEdinburgh have been exawined, Where possivle the length
of the loagest perianth segment, spathe and inflorescence
were meassured, No attempt was made to identify or
correct any determination, every specimen being accepted
as it was named on the sheet, These resulls are shown
in Table 10, and the pooled data are presented graph-
ically in Figs 9, 10, and 11,

Several of the results call for further comment,

particularly those for J, eilusus and J, diffusus, The

A s s G S A S TR

herbarium collectors have not distinguished the two
forms of J, eiffusus, Indeed the collections show iittle
evidence for the existence of two forms, EXcept for

the Edinburgh collection, which contained s fair
proportion of both iorms, the herbarium materisl

consisted mainly of the woodland form,
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RELATIVE FREQUENCY

-

25 53 83 73 83 93 103 unrs

- CLASS CENTRE

Figure 9 ¢ Frequency polygons for the perianth lengths of
J.effusus , Jeinflexus and J,diffusus ( or J,effusus x
J.inflexus ) as measured upon herbarium matsrial,

The scale units are such that 25 equal 1 mm,

=] o J.inflexus
e Jd.diffusus or J,effusus X d.Ainflexus
[ S — 1

d.effusus
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Figure 10 ¢ Frequency polygons for the inflorescence lengths
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Flgure 11 : Frequency polygons for the spathe lengths of -
' Jeeffusus , J.inflexus and J.diffusus { or J,effusus
x J.inflexus ) as measured upon herbarium material,

O J.inflexus _
A J,diffusug or J.effusus x J,inflexus

& ———®  J,effusus
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‘ Why the three southern herbaria possess mostily
the woodland form is difficult to decide, That the
meadow form is fairly common in ithe south of Englana
is quite definite, A comparison of {&_EEEEEEE from a
meadow habitat in Surrey with that from similar habitats
in TDurham snd Northumberland shows theat there is little
difierence between the plants collected in the two areas,
Table 11,

TABLE 11.

Counties n Perianth Inflorescence Spathe
Northern 300 72 units 17 mms, 18 cms,
Southern 30 89 " 16w 15 n

Table 11l: A compsrison of the meadow form of J, effusus
from two nerthern counties and & southern
county of England,

Whatever the reason there is little doubt that the
herbarium material of J, eifusus consists mainly of the

woodland forms, Considering Table 10 agsin, it can be

seen that J, diffusus is indeed intermediate betwesn

J. inflexus and J. eflusus, which in the herbarium

sense means the woodland form of J, effusus, The
striking similarity oi much of the material labelled

J, diffususg and the wesdow form of J, effusus is evident

from Tables 9 snd 10,



It is doubtful whether the materiasl labelled

J. diffusus represents a simple ¥l hybrid; indced it

is difficult sometimes to decide whatl it represents,
Many of the specimens appear to be aberrant forms of

either J, effusus {meadow form) or J, inflexus, Several

S e e 1 ) ST L o O

of them seem to be what might be expected of backcross
hybrids to these species, As previously mentioned the

type plant ot J, diffusus is described as having a

continucus pith, An examination of the herbarium
material shows that continuity of pith is not a

charecteristic of al1ll the materisl labelled J, diffusus.

Thus the specimens Ifrom Oxford and Cambridge may be
divided into two groups, according to whether the piih
is chambered or continuous, |

A comparison of these two groups suggests that the

plants identified as J, diffusus have not been drawn

from & homogeneous population, {Table 12), The two

groups differ especially with respect to spathe and

TABLE 12

s s marem

Pith Perianth Inflorescence Spathe
pontinuous 71 units 42 mms, 17 cms,
Chambered 81 " 43 " i1 "

Table 12: A comparison of plants labelled J, difiusus
but which possess either a continuous or
chambered pith, '




perianth lengths, though none of the differences are
significant at the 5% level, Those plants possessing
a continuous pith closely resemble the meadow form of
J. effusus exceplt Ior possessing longer inflorescences,
{cf, Table 9), The plants with a chambered pith, a

character typical ol J, inflexus, very much resemble

that species except for possessing spathes and perianths
slightly smaller than usual {c.f. Table 10).

It would seem that though J, diffusus is defined as

intermeaiante between J, inflexus and J, eifusus it is

B g e S R s S

probably & mixture of plants with different histories,

Possibly several of the plants labelled J, diffusus are

introgressed Torms of J, effusus or J, inflexus,

Something like this msy hsve been wnat J,H, Little had in
mind when he wrote in g letter, preserved at the British
Mugeum, thatl he had some plants which tended towards

J. eifusus but which were not that species, He had, it
seews, begun a paper on this subject but then rell ill
and it was appsrenltly never finished,

Whatever tihe nature ol the plants labelled J, diffusus

it is evident that they include some plants intermediate

between J, inflexus snd J. eiiusus even when both forms

of J. efiusus are recognized, However, many of these

. - £ . . . S i
1ntermea1aﬁe%between J. inflexus and the woodland form

of J, effusus are only distinguishable with difficulty

o s TR i s R b

if at 211 from the mesdow form of I, eifusus.



Such a series ol intermediste forms suggests
that some hybridization may be occurring between the
species and field evidence can be utilised to test this

view,



3, PIBLD STUDIES,

(a) Hvidence for Hybridization,

The examinstion of many stanas of the meadow

form of J, effusus and J, inflexus growing both

separately and intermixed failed to reveal any plants
which sppesared to be approximately intermediste bétween
them, Nevertheless there were signs that hybridizstion
between them might be occurring,

Several plants strongly resembling the meadow form
of J, effusus but possessing inilorescences longer than
ususl for thal species were ovserved to be partially
sterile, They failed to set seed znd had anthers
which were distorted and contained only small amounts of
viable pollen, as determined by staining in acelocarmine,
The failure of plants resembling the meadow form of
J. effusus to produce cgpsules was particularly striking
as the meadow form comuonly produced abundant fruits,
Such infertile plants were rare but a few have been
collected frvom Bulterby Marsh nesr Durham and were
observed in cultivation for itwo seasons, Their
behaviour was similar in both seasons though other
plants of the mecacow form of J, effusus growing with
them set asbundant cspsules,

At Waldridge Fell near Chester-le-Street some

sterile plants resembling J, inflexus were observed,

They set no capsules ana produced only small amounts of
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apparently viasble pollen, In this instance failure to

w0

et cmpsules was not remarkable as J,., inflexus does so
only rarely in the open in Durhsam County, though it does
s0 readily if grown in & gréenhouse. The occurrence of
distorted anthers snd an almost continuous pith (rig, 12)
in a Species normally possessing chambered pith suggested
a nybrid origin for these plants, and the presence ol
the meadow form of J, effusus in the sawme swamp led to
its being suspected of being responsible {or the
hyoridization, especially as this species has =z continuous
pith, Plaents from the presumed hybrid were then compared
with plants from colonies of the meadow form of

J. eitusus and J, inflexus growing separately, These

further coniirmed the b@1ief that the sterile plants
resembling J&w;pg%gxgé‘had been derived from hybridization
from these two species, Not only aid the presumed

hybrids look intermediate in general stem morphology,

(Fig., 12) but they were also somewhat intermediate with

Species n Perianth Inflorescence Spathe

J. inflexus 360 95 units 50 mms, 17‘cms.
Presumed

hybrid 30 18 units 39 mms, 25 ¢ms,

J. effusus 300 73 units 138 mms, 18 cms,

Table 13: A comparison of a presumed hybrid population
: of J, inflexus with colonies of J, inflexus
and J, effusus growing sepsrately,
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Figure 12

S B 0

Flgure 12 ¢ 4 comparligson of the pith in 3 specimens of Juncus:
magnification about 20 diameters, ,

A deinflexus

Putative hybrid between J,inflexus and J,effusus

C Jd.effusus
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respect to perianth and inflorescence measurements,
though not with respect tc spathe length, Table 13,
These were the only spparent hybrids observed,
Though they were seed sterile, they did produce varying
amounts ol apparently viable pollen so imtrogression

between the meadow form of J, effusus snd J. inflexus

oo ey sk oo e o

seemed possible,

(b) #vidence for introgression,

Hycrids of any kind were rare and difficult
to recognize so it was found impossible to compare
directly hybrid swarms or colonies containing hybrids,
with pure colonies of either species, It has been
assumed that hyorids or backcrosses are more likely to

occur in stands containing both J, inflexus and J. eifusus

(meadow form), than in stands of either species growing
alone, Though individual introgressed plants may Dbe
overlooked through resembling the recurrent pareant, in
population studies their presence might be expected to
be reflected in the statistics measured,

To investigate this problem & single stem from each
of 3¢ plants was collected from each of 12 colonies of
J. inflexus growing in localities from which J, efiusus

s o ol e ks .

was absent, A similar number of stems was collected

frem colonies in which J, inflexus and J, eifusus grew

intermixed, As belore for each stem, the spathe,

inflorescence and perianth length was measured, and for



each colony the mesn and variance for esch of these

measurementis was czlculated, The resultis are presented

in Tables 14 and 15, and the pooled data

Figures 13, 14, and 15,

Similar data have been gathered for

of J, effusus growing intermixed with or

ot e s i i 1 S

J. inilexus, The results, which will be

below, are presented in Tables 16 and 17

are shown in

meadow populations

apart from

vreferred to

and -the pocled

date are presented together with those for J., inflexus

in Figures 13, 14, and 15,
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Figure 13
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Figure 13 1 'Frequency polygons for the periaﬁth lengths of
J effusus ( meadow form ) and J,inflexus as measured
on plants growing together or separately. Each sample
contained 3€0 specimens,
The scale 18 such that 25 units equal 1 mm,

,»anm;w.g ‘J.inflexua growing apart'froka;effusus‘
O------0  J.inflexus growing together with J,effusus
Y & Je.effusus growing apart from J,inflexus

B~ J.effusus groWing together with J.inflexus




Figure 14

FREQUENCY

23 33 43 &5 63 73 83 MM
CLASS CENTRE

Figure 14 : Frequency polygons for the inflorescence lengths
of J.effusug { meadow form ) and J,inflexus as '
measured on plantse growing together or separately,

- Each sample contained 360 specimens,

O———0 J,inflexus growing apart from J,effusus
R | d.inflexus growing together with J.effusus
& @ Jd.effusus growing apart from J.,inflexus

Bt ,__{_,,__effusua' grOWing ,{;ogeth‘eri with J, izflflexusk
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Figure 15
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Figure 15 : Frequency polygons for the spathe lengths of
J.effusus ( meadow form ) and J.inflexus as -
measured on plants growing together or separately,
Each sample contained 360 specimens,

[] o (3 J.inflexus growing apart from J.effusus
e Je.ilnflexus growing together with J.sffusus
B e G J.effusug growing apart fromiJ.inflexus'~

$——--8 J.effusus growing tOgather with J.inflexus




4, ANALYSIS OF RESULTS,

From the Tables and Figures presented it is evident

o

that neither the mesdow form oi J, effusus nor

J. inflexus differ markedly when collected from colonies

in which they both occur or from colonies in which only

one of them occurs, There are differences within either
species dependent on whether it is collected from

unmixed or mixed stands of the species but these differences
though small, appear to be real, and further asnalysis

is possivle,

o st e e 2418 e A TS

forms, and the relationsnip of these to each other hasg
not been fully investigated, the data for this species
will not be further analyzed, On the other hand

J. inflexus is a very uniform species and some evidence

has been presented to suggest that it may occasionzlly
hybridize with J, effusus, It seemed worthwhile in

consequence to analyze more carefully the differences

observed when J, inflexus was collécted from colonies

in which J, elffusus was either present or sbsent,

The pooied data for J. inflexus from these two types

of colony are presented in Table 18,
The differences in this Tsable =re such as to be

compativle with the suggestion of J, inflexus mixed

with J, effusus (meadow form) may have contained some

i WY o e i W

plants that had undergone hybridization with the meadow
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TABLE 18
4. eifusus n Perianth Inflorescence Spathe
Absent 360 95 units 50  mus ., 17 ‘cms,
Present 360 93 " 49 n 19

Table 18: A comparison of J, inflexus from colonies in
which J, eirusus was either present or absent,
None of the differences in the Table are
significant at the 5% level,

form of J, eriusus, If it is assumed thal the characters
measured are inheritea multifectorially, hybrids would

be expected to be intermediate and backcrosses to be
intermediate between these and the recurrent psrent,

In this weay a plant of J, inflexus that contained some

genes of J, eifTusus would be expected to possess slightly
shorter perianths and inilorescences and slightly longer

spathes than a pure plant of J, inllexus, This would

be expected because it is in these ways that the meadow

None of the differences observed between J, ialflexus

from the two types of colony studied was significant
statistically, but as the diiferences were consistently
discriminant analysis of the data might improve the
significance of the difference between the colonies,

This was undertaken and yielded a discriminant function
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of the form:

Y = 044x - 033z - L0008y
Where x = spathe length in cms,
y = Inflorescence length in ums,
Zz = Perianth length in arbitrary units

{25 units = 1 mm,)

On testing the significance of this function it was
found to be highly significant with a probability of
arising by chance less than once in a thousand times,

The values of Y for J, inflexus from each of the two

types of colony in which it was collected are sumuarized
as {reguency polygons in Figure 16,

From this Figure it is evident that although the
discriminant function may achieve sigﬁificamt discrimin=-
ation, the overlap between the two types of colony is
too great for the function to be of any resl use as a
means of deciding from which colony type a given plant
has come,

The small differences shown to exist between

J. inflexus growing in pure colonies and the same species

growing intermixed with J, eifusus suggests that

introgression of J, inilexus by J, elfusus may be

cccurring, Further support for this view is obtained

from a comparison of intercolony variation of J, inflexus
in pure stands and intermixed with J, effusus. In the

latter situations the J,. inflexus tends to be more

variable inter se than when growing apart from J, effusus,

e e st St s g e Y AP WCHPRAY
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Figure 16
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Figure € : Frequency polygons for the discrimin&tcr derived
from certain maagurements of Juncug inflexus
growing together with or. apart from J.effusus

( meadow form ) &

RO J inflexus growing apart from J effusus s

— J.inflexus growing ’uogether with J.effusus




This is shown in Table 19 where the pooled data from the

two types of colony are compared,

TABLE 19
J. effusus n Perianth Inflorescence  Spathe
Absent 360 63,7 wwis 245,77 s, 38,4 ¢
Present 360 99,0 193.0 44,6 v

Table 19: A comparison of the variances of the mean
values of three characters of J, inflexus
collected from colonies in which J, elfusus
wes elther present or absent, Only the
difference between the variabilities for
mean perianth length is significant at the
54 level,

The variance ratio for the perianth length is the
only one to attain statistical significance; of the other

two characters the spathe length is more variable for

J., inilexus growihg together with J, eifusus than when
growing apart from that species, but the reverse appears
to be so for the variability of the inflorescence length,
That two of the three characters investigated should be

more variasble in colonies of J, inflexus intermixed with

o s 4 s e

species suggests thal some gene flow may be occurring
between them,
When the correlstion coefficients between the

characters were consgidered they were found to be similar



in each of the two colony types for J., inflexus,

Likewise the slopes of the lines of best fit through
the data when plotted together in pairs were also similar

for J, inilexus growing together with or apart from

J. erfiusus, 5o these two tests do not suggest any

Ry o A 8 2 it

difference between the J, inflexus collected from stands

in whichh J, erfusus was either present or absent,

P R



5. DISCUSSION.
Before discussing the data just presented it is
peérhaps desirable to mention that a hybrid between

J. inflexus and J, conglomeratus has also been reported

(Clapham, Tutin and Warburg, l.c.). wWhether introgression
between these speciles has occurred or is possible has

not teen investigated, If introgression has taken place
it is unlikely to have disguised the effects of gene

flow from J, effusus into J, inflexus, because for the

s e it e e i anac:

characters studied J, conglomerstus differs irom the

atter species in much the same way as does J, elfusus,

It is evident that though some evidence for the

introgression of J, inflexus by J. eflfusus has bteen

o ke o e s

1

presentea, the amount oif gene Iflow between these species
is very slight,

It would zppear that the isolating Tacltors are probably
internsl; for over much of their ranges the species oiten
grow intermixed and their flowering times overlap
considerably, Both species are self compatible and may
be largely seli Cfertilized, Plants oi each species
isolated in separate grﬁenhouseé and not artificially
pollinated sel good capsules which contained seea that
has subsequently germinated, The extent of inbreeding
in natural populations as compared with outbreeding
could not be ascertazineqa; but if inobreeding is Ifrequent,
the chances oi interspecific pollination would be

diminished,
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A Turther restriction upon gene {low into J, inflexus

is the Irequent failure ol that species to set capsules,
This was observed particularly in the north of Zngland
where il was somelimes impossible to Tind a mature
capsule on a single plant, though it possessed a fully
developed inilorescence, The observed sterility of

J, inflexus in the rield is not necessarily genotypic,

A plant transplanted into the experimental garden as a
clonal series failed to set capsules except for one of
the clonal plants which had been covered with a glass
gome, It would seem therelfore that it wmay be an
environmental iniluence which preventis seed set,

Two flowers oi J, inilexus were hand pollinated

with pollen of J, eifusus, These flowers developed ripe

fruits but zl1l the seedlings obtained rrom these

resembled J, inilexus, the female parent, This

suggests that genetic incompatibility either at the
pollination or post-Tertilization stage may be largely
responsible for failure to hybridize,.

Finally the fact thet the putative hybrids observed
are highly infertile indicates that this too provides
another barrier to gene flow, It may be noted theat
the two species have 2n = 40 (Coniirmed for British
material),

We may summarize the position as Iollows:-

Within J, eiiusus there sppear to be at least



two ecotypes whose sltatus znd ecology are in need of
further study.

There is some evidence to suggest that hyovrids may
occasionally be produced betwecen J, inflexus and

o owd . A ﬂ%gt C .
J. eifusus, WY it would appear that MWW introgression

between these species has occurred in the areas studied,



AN INVESTICGATION OF POSSIBLE INTROGRESSION BUTUWEEN
PRIMULA VULGARIS Huds. AND PRINULA VERIS L.

1, Introduction
2. artificial hybrids
{a) ¥loral ~imensions
{b) Peduncle
(¢) Discussion of artificial hybrids
3. Field Methods,
4, Analysis oif Field Data.
(a) Couwparison of Means
(i) Plasticity of characters
(ii) Primrose
{iii) Cowslip
(b) Correlation index Analysis,
(c ) Correlation Coefficient Analysis
{d) Analysis of Apparent Fl Hybrids
5, Discussion

6, Zummary.,



1. INTRODUCTION

The primrose (P, vulgaris Huds,) and the cowslip
(P, veris 1,) have overlapping geographical distributions,
Their habitat preferences are differenl but not sufi-
iciently so to prevent thém frequently growing together,
especially in alsturbed locslities, Furthermore their
flowering periods overlap, Thus ecological and
geographical isolation btetween them is not complete,
Experimental investigations have shown that there
are internsl isolating barriers between the species
(valentine 1955), Reciprocal crossing experiments have
indicated that a first generation hybrid is =zpparently
only possible when the cowslip is the seed parent, BHven
then the seew produced is variable in quality and only
about a third of it at most may be expected to germinate,
Nevertheless, appareant F1l hybrids are found in the field,
Jontrolled experiments have indicated that an ¥2
generation can be ralsed from the ¥l hyorids and that
these also backceross successiully to toth the parent
species, Hence, it would scem quite likely that some
introgression between the primrose and the cowslip might
occur, Fielu evidence has been sought to test tnis

yiew,



2. ARTIFICIAL HYBRIDS

It has been possible to examine families of primrose,
cowslip, the Tl hybrid generation and both the backcross
generations as these had been raised for seed compatibility
studies which have alrecady been reported upon {(Valentine
l.c.) With the exception of the Fl hybrids, the families
were grown in essentially the same environment, and so
provided excellent material for studying the inheritance
of certain quantitative characters, The 71 generation
was grown in the experimental garden and the other
Tamilles were growm in boxes placed in cool Trames,

These were closed during periods of snow and &t night
in frosty weather so the plants in them were grown in a
milder environment than those in the experimentsl garden,

The characters chosen for special stuay were those
that were expected to ve useful for studying introgression
in field populations, The species differ markedly in
geveral respects but only a few could be readily messured,
These were the dimensions of floral structures that had
also been found useful by Fey (1929) when studying tre
Tl and F2 generations derived frdm primrose and cowslip,
The Torm of the inflorescence, pedunculate or otherwise,
was also noted as every plant culd be decisively scored
for this character, The leaves, though differing in
shape in the two species, were not regarded as suitakle

for studying introgression as they are somewhat variable



within the species and because they do not as a rule
attain their maximum size until after flowering.

The floral dimensions chose for weasurement were so
selected as to include two pairs of contrasting
characters (p. 22 ) It was anticipated that a correlat-
ion index analysis of the kind already discussed would be
necessary., In most respects primrose flowers are larger
than those of cowslip, but the circumference of the calyx
is an exception, Ths calyces of primrose flowers usually
have a smzll diasmeter than those of cowslips, This
dimension is more conveniently expressed in terms of the
circumference of the calyx at the base of the calyx
teeth,

The dats obtalned from the artificial hybrids will

be considered below,

{#) #lorsl dimensions,

From each plant a fully expanded flower was
taken ana preserved in 70% alcohol, This meant that the
flowers could be measured at any convenient time and also
that dats from them would comparable with those from the
field collections which haa also been preserved in 707
alcohol, Tor each lower the diameter of the corolla,
the length of a calyx tooth, and the circumference of
the calyx at the base of the teeth was measured, To
determine the calyx circumference the calyx tube was

split down one side and the upper portion cut off just
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Figure 17

Diameter of Corolla

Calyx

Circumference of Calyx

Figure 17 : Scheme of Floral dimensions,
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below the base of the teeth; this was then flattened

vl

betwesen g palr of slides and its length measured at the
base of the teeth, At the same tooth length was also

17

measured}¥w,sh

)

These measurements are summarized in Tables 20 and
21, Date from both field ancd cultivated plants indicate
that pin and thrum flowers have glightly different
dimensions anu so throughout the resulis for each flower

type are presented separately,

The cowslip inflorescence is always pedunculate
whereas that of the primrose is usually basal; that is
in primrose the [lowers are borne singly and spring
directly from the rosette, The results presented below
refer to & seéries of hybrid generations derived from a
typical primrose with such a bassl inflorescence, The
frequencies with which plants bearing basal Tlowers
occurred under the cenditions of the experiments are
given in Table 22,

The frequencies with which plants bearing at least
& single peaunculate inflorescence occurred under the
the conditions of the experiments are given in Table 23,

To obtain the frequencies with which plants. bearing
poth pedunculate and basal flowers occurred it ig

necessary to consider jointly Tables 22 and 23,
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TABLE 22

Family Percentage of plants with basal
flowers,

Primrose 100
Backcross Primrose 100
Tl 61
Backcross Cowslip 12
Cowslip , 0

Table 22: . The frequencies with which basal flowers
occurred in several families ol primrose,
cowslip and certain hybrids between them,

TABLE 23

Family Percentage of plants with pedunculate
inflorescences.,
Primrose 0
Backecross Primrose 10
w1 100
Rackcross Cowslips oo
Cowslip ‘ 100

Table 23: The frequencies with which pedunculate
inflorescences occurred in several families
of primrose, cowslip and certain hyorids
between them,
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(c) Discussion Of Artificial Hybrids,

The data represented in Tables 20 and 21
reflect the segregation Tor flower size which occurred
in the backcross generations, This might have been
anticipated from the intermediacy of the ¥l generation,
The aversqe diameter of the flowers of the backcross
families was approximately midway between that of the
7l generation and the recurrent species, suggesting that
this character is controlled by several genes, The
segregatioh for size is expressed by the much greater
varisbility of flower size in the backcross families
than within either the ¥l families or those of the
cowslips and primroses,

The results for the calyx measurements also suggest
that this character 1s controlled by several genes which
segregated in the backcross families, .

That some segregation for the presence of =
peduncle or solitary flowers occurred is shown in
Tables 22 and 23 but this character was of little use
for field gtudies, It would have been very useful:for
detecting backcross primroses but no plants which could
be definitely classified as such were cbserved,.

Segregation of flower colour occurred in both
backcross generations but no effort was made to score
this as no suitable scale was devised, TFurthermore, the

colour varied with the age of the flower and so was of
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little use for iield studies, Slides showing the
segregation for colour are preserved in the Botany
Department of the Durham Colleges,

As segregation in the backcross femilies led to the
production of a complete series of Iorms intermediate
between the Fl generation and the recurrent parents, it
would have been impossible to recognize the status of
some individuals, withoult a prior knowledge of their
ancestry, This, coupled with & certain amount orf
apgarently'inhérent variability in the cowslip and
primrose made it impossible to recognize with certainty
backcrosses in the field, With very few exceptions all
the plants collected in the field resembled Tl hybrids,
cowslips or primroses,

fvidence for possible introgression between cowslip
and primrose had to be sought in population studies,
Recause the metrical characters studied were apparently
multifactorialiy inherited it was expected that the
presence of backxcross or introgressed individuals in a
colony might be deteclted by suitsble statistical
techniques, Tor example, the mean size and variability
of a suiltable character is likely to be different in

introgresseu and non-introgressed colonies,
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3, PFIZLD METHODS.

Collections were made of apparent cowslips and
primroses both where they were growing together ana
where they were growing apart, The qualifying term
tapparent' has been used, {and is therefore to be
inferred where appropriate), because it is known for
artificial hybrids thatl some backeross individuals may
closely resemble, and so be confused with their recurrent
parent, When sampling populations that contained
apparent Tl hybrids these flowers were kept separate,
amygggxative hyorid individuals collected were grouped
with one or other probable parent, This method of sempling
populations is similar to that used in the study of
Juncus (p. &§¢ ). Here as in that stuay it was assumed
that backcross hybrids would be more likely to occur
in colonies where the species grew intermixed than in
colonies where they were separate,

Bvidence for introgression was sought by examining
numerous colonies of cowslip and primrose in the north
of England and in Ireland, The areass investigated in
England were included within the rectangle whose corners
are Scarcvorough, Grange-over-Sands, Newcastle-upon-Tyne
and Carlisle, 1In Ireland a narrow zonée Irom Dublin to
Limerick was explored, If possible, at each locality
visited about 10¢ fully expanded Llowers oi cowslip,

primrose or both were collected, No conscious selection
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of the plants was exercised except to avoid those that
elneatiy

may have been eleseddy relateq,

0f the samples collected 41 have been studied in
fetail, This involVed the measurementi of the corolla
diameter, calyx tooth length and calyx circumference
for each of 25 pin and thrum flowers for most colonies,
Tor a few colonies there were not 25 of each flower
type available, and this has been indicated in the
appropriate places in the tables, '

The results of these messurements are presented
in the forms of Tables 24, 25, 26, 27, 28, 23, 30,

and 31,
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4, ANATYSIS O PIBLD DATA,

The Iield data have been anslyzed by several methods
cach of which will be considered separately below, The
methods employed were as follows:

{a) Comparison of means

{1}  Control Experiments = =
{ii) Primrose
(iii) Cowslip

(b) Correlation Index Analysis

(c) Correlation Coefficient inalysis

(

d) Analysis of Apoarent Fl Hybrias,

(a) Comparison of leans,

(i\,CQﬂpral Experimentse

i

The dimensions of characters not markedly influenced
by the environment are useful for comparing groups
recognized by criteria other than those dimensions,
Cowslips and primroses are readily identified by qualities
othar'than the sizes of the floral structures measurea,
Though it has notl been possible to study the plasticity
of the structures in detail some resulis are available
that allow comparisons of smell samples of backcross
cowslips ana of primroses grown in separate environments,

In the summer of 1954 two samples of sibling back-

cross cowslips were grown, one in an experimental plot
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and the other in boxes sheltered in cool frames
agzinst a north facing wall, The results for the three
floral dimensions measured are summarized in Tables 32
and 33, TFrom the tables it can be seen that from the
small samples available the environment does not appear
to affect materially flower size, With the exception
of that for calyx circumference of pin flowerg none of
the differences observed are significant at the 5% level,
Pin flowers from the experimental plot had more inflated
calyces than those grown in the cool frames,

Two experiments have provided data on the plasticity
oi primroses, Frowm some sibling primrose plants whose
flowers were measured in the early spring of 1954 some
flowers were taken and measured in the spring of 1955,

Thege resultls are sumunsrized in Tables 34 and 3%, None

ol the differences in size observed betwsen the floral
characlers zs measured in successive years was significant
at the 5% level,

The flowers ifrom two samples of sibling primroses
flowering for the first time in the spring ol 1955 have
been compared and the results are sumsarized in Tables
36 and 37, One saumple was grown in cool frames against
a north facing wall and the other was grown nearby in a
less sheltered position, EBxcept for the calyx circumference
01 the pin flowers none ol the difierences between the
mean values ol comparable floral dimensions were gignif-

icant at the 5% level, The calyces oi flowers from



Habitat

Cool
Frames

Garden

Havitat

Cool
Frames

Garden

Table 337

TABLE 32

n D;of C, IL.of C.7. gLef G,
(wms ) ( mmns ) ' ( mins )
feit v m v el v

15 19.0  10.29 4.3 95 15.1 4,83
1z 20,9 9,72 3.1 .39 17.3 3.52

The means and variances for certain dimensions
of the Ilowers of sibling pin cowslip back-
crosses sampleés of which were grown in two
separate environments, The only difference

to be significant at the 5% level was that

for the calyx circumference,

TABLE 33

n D.ol 0, L,of C,7T, G.of O,
{mms) {mms) {ms)
m v m v m v
9 17,2 7.20 363 .18 15.1 6,71
19,7 11.82 3.1 .89 15.1 3,69

The means and varisnces for certain dimensions
of the flowers of sibling thrum cowslip back-
crosses samples of which were grown in two
geparate enviroaments, None of the
differences was significant at the 57 level,
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Season

1954

1955

A

Tatle 35:

TABLE 34
n D of ¢ I of C.T. ¢ of ¢
(mins ) {mms ) (mms)
m v m v m v
10 28,2 8,28 6.4 13 14,2 .57
5 27.8 1.97 6,0 « 31 15,2 W93
The means and wvariances for ceritain dimensions

of the flowers of sibling pin primroses, samples
of which were collected in successive years,
None of the differences was significant at

the 5% level,

TABLE 35

e ot ¥ e s s B

n D of C L of C,T. o of C
{mns) (mms) {mms)
m v m v m v
13 27.7 4,85 0.4 .57 14,8 1,68
12 27.5 3.93 6.1 J12 14,9 o 15

The means and variances for certain dimensions
of the flowers of sibling thrum primroses,
saiples of whnich were collected in successive
years. None of the difierences was
significant at the 54 level,



Cool
Trames

Garaen

Table

A
o

Habitatl

Cool
Rrames

Garden

Table 37

D of C L of C,T, ¢ of ¢
{(mms) (ms) (mms)
m v m v m v
23,9 2,17 0.0 1.81 1.2 A2
28,4 4,59 0,4 12 11,6 .65

The means and variances Ifor certain dimensions
0i the flowers oI sibling pin priaroses
samples of which were grown in two separate
environments, The only difference significant
at the 57 level was thal for the calyx
circumferences,

TABLE 37

L i AR R T AN

D of C L. of C,T. C of ©
(imns) (mms) { mins)
mn v m v n v
20,8 19.4 5.7 .16 12.8 1.08
27,9 2,64 644 . 15 12,6 .30

The means and variances for certain dimensions
of the flowers of sibling primroses samples

of which were grown in two separate environ-
ments, None of tne differences was
significant at the 59 level,
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plants grown in the less sheltered environment had
greater circumferences than those of the plants grown
in the cool Irames,

Though the samples were small it would seem that
of the floral dimensions measured corolla diasmeter is
the least influenced by the environment, For none of
the comparisons made was the dilfference between mean
corolla diameters significant even at the 107 level,
On the other hand two of the dilferences between wmean
calyx circumferences were significant at the 57 level
and one of the differences for mean calyx tooth length
almost atvained significance with @ probability 5 - 109
on the null hypophesis (t, test).

0f the dimensions measured diameter of corolls
pear to be the best single criterion

g

would thereiore ap

for comparing colonies, The data from the various

colonies could be pooled as this dimension is relatively
free of environmental influence, The results obtained
for field samples of cowslip and primrose when the data
are pooled will be considered below,

Some of thne size differences observed between the
Irish anc the fnglish samples were highly significant
statistically, so the date for the two countries has

been kepl separate,
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{ii) Primrose

Tne results for pooling all the comparable
data for the “nglisn samples are presented in Tables 33
ana 39, Frow the Tables it can be seen that primroses
growing together with cowslips have smaller corollas
diameters than those growing apart from them, The
differences are highly significant statistically being
many times larger than their standard errors, 3uch g
reduction in mean size of corolls diameter would be
expecteu if primrose were introgressed by cowsiip.

Introgression by cowslip might also be expected
to increase tne varisbllity of the corolla diameter
of the inirogressed primroses, but the evidence for
this occurring is not conclusive, ‘The pin flowered
primroses growing spart from cowsllip are less variable
than those growing intermixed with cowslip, but the
thrum flowered primroses are about equally variable in
the two types of colony,

Tu Irelana the primroses growing together with
cowslip appear to have larger flowers than those growing
apart form them, To confirm this observetion more data
are reguired for only 200 Irish flowers were measursed

compared with 1000 from Bngland,
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Colony Type n Diameter of Corollis
Mean VYariance Coeff, of Var.,
(mms) :
Cowslips absent 250 28,31 11,73 L118
Jowslips present 250 27,41 14,79 . 140

Diff, = 1.40  §,E, of Diff = ,23

Table 38: A comparison of the means and variabilities
of the corolla diameters of the Iflowers of
pin primrose plants growing with or apart
from cowslips,

TABLE 39

i it s S D

Colony Type n Diameter of Corolls
Mean Variance Coefr, of Var,
{mms)
Cowslips absent 250 28,16 13.04 .128
Cowslips present 250 27,18 11,04 . 122

Diff., = .98 5.8, of Difr, = ,22

Table 39: A comparison of the means and variabilities
of the corolla dismeters of the flowers
from thrum primrose plants growing with
or spart from cowslips,
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(i:11) Cowslip,
The results of pooling all the comparable

data for the Znglish samples of cowslip are presented
in Tables 40 and 41, Prom the Tables it can be seen
that cowslips growing together with primroses are
larger than those growing apart from them, The increase
in size is statistically significant for flowers of
both pin and thrum plants, Such an increase in size
of the cowslips growing together with primroses could
result from introgression ol cowslip by primrose, That
this may be the correct explanation is suggested by the
greater variability of corolla size for cowslips growing
together with primroses compared with the variability
of those growing apart from primroses,

in Ireland the cowslips growing apart ifrom
primroses appear to have larger corolla diameters than
those growing togetiier with them, This is the opnosite
relationship to that observed with the Hnglish cowslips,
but the result must be regarded ss tentative until more

Irish data are svalilsble,




Colony

Primrose

Primrose

Table

Colony

Primrose

Primrosc

Table

=104=

TARLE 40

e o

Type n Diameter of Corolla
Mean Variance Coefi, of Var,
(mms)
abgent 150 12,34 3.23 .128
present 150 12,60 2,51 o143
Diff, = .20 §,B, of piff, = 19
40+ A comparison of the means and variabilities
of the corolla diameters of the flowers from
pin cowslip plants growing with or apart
from primroses,
TABLE 41
Type n Diameter of Corolla
Mean Veriance Coeff, of Var,
( mng )
absent 150 11,82 2.31 s 129
present 167 12,33 3.11 143
Difrt, = .51 8.5, of pift, = ,18

41+ A comparison of the means and variabilities
of the corolla cismeters of the Ilowers from
thrum cowslip plants growing with and apart
from primroses,
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(b) Correlation Index Analysis,

Evidence has alrecady been presented which suggests
that the calyx dimensions of primroses and backeross
cowslips are dependent upon ithe environment, The Tield
data indicate that the calyx dimensions ol cowslips are
also influenced by the environment, Because of this it
is impossible to pool the dats for either calyx tooth
length or circumference to meke comparisons as was done
with the data for corolla diameter, Nevertheless, it is
possible to combine the calyx measuremenis into & simple
is minimized,

The calyx dimensions in primrose and cowslip form a
pair of contrasting characters and so may be combined
into a correlation index {(p., 27 ). Primrose calyces
have long teeth and a relatively small circumference,
whereas cowslips have calyces with relatively short testh
and relatively large circumferences, The average slopes
of the lines of best fit through the scalier diagram
resulting from plotiing the calyx tooth length against
the calyx circumference has been calculated from the
formule previously quoted {p. 27y ); The results are
presented in Tsble 42,

Prom the Table it can be seen that it is possible
to compare the calyces of primroses growing together with

and apart from cowslips as the average slopes of the
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lines of best fit through the scatter disgrams for the
primroses for the two types of community are similar,
Likewise the cslyces of cowslips growing togetner with
and apart from primroses are comparable, It is
impossible though to compare the czlyces of cowslips and
primroses directly as tne lines of best fit through their

scatter aliagrams are not even approximately parallel,

T o e s ot s

Colony Average slope of the line of best fit

(tan £ )

Primrose alone 2560

Primrose - cowslips

or Fl hybrids . 2027
fowslips - primroses

or Tl hyorids .1206
fowslips alone : L0959

Table 42: The aversge slopes of the lines of best it
through the scatter diagrams for tooth length
and calyx circumference for esch oi the

English colonies measured,
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However, this is not a serious difficulty as it is
by comparing cowslips growing together with and apart
from primroses and vice versa thal evidence of intro-
gression belween the gpecies will be detectea, The
appropriate coumparisons were made by oblaining the index
values for the calyces of all the Inglish pin flowers
that had been measured,  The index values were determined
from a cisgram similar to Figure 18 in which the
directions and scales of the index axes are snown
relative to the mean slopes of the lines of best fit
through the scatter disgrams, Not all the points of the
scatter diagrams could have becn shown because tuney were
too numerous; instead the mean values have been plotted
of the calyx messurements for the colonies whose index
values were determined, TFor comparison the results ior
the Irish populations have been adaed to the Figure,

The incex values which were derived are summarized
in Pigures 19 and 20,

From Flg. 19 it can be secn that there is little
difference between the calyces of primroses that were
collectea from colonies growing together with or apart
Irom cowslips, This analysis therefore provides little
evidence for the introgression of primrose by cowslip,
Had introgression occurred it might heave been expected
that primroses growing amongst cowslipé would have had

an average 1index vslue gresaler than those growing apart
o T N L <o




FPigure 18

PRIMROSE

MEAN LENCTH OF CALYX TooTH

3 4 15 16 17 18 19 20 m™Mms.
MEAN CIRCUMFERENCE OF CALYX

Figure 38 The mean calyx circumference and calyx tooth
length for the pin flowers of the various colonies
of primrose and cowslip measured -

™ Hollow squares represent colonies of cowslips
- or prlmroses each growing to the exclusion of

we  S0lld squares rspreSeﬁt colonies Which
84  contained both cowslips and primroses or either
species plus abparent fos = ybrids.

T4 SQUQPGS with radiate arms attached represent
”§§" Irish colonies.; ; ‘
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Figure 19

¢ & s

FREQUENCY
N
o

o

8 o 12 14 16 18 20 UNITS
CLAss CENTRE

Figure 19 ¢ Frequency polygons for the correlation indices
of primroses growing together with or apart from
cowslips or apparent Fl1 hybrids, &

#om— s Primroges growing apart from COWSllpS or anperent
F1 hybrids. ,

- - s Primroses %rOWing togetker with cowslips or
apparent F1 hybrids.




Figure 20

Figure 20

404

.30 N

.20 o

RELATIVE FREQUENCY

3 4 5 6 7 8 9 |<3 I
CLASs CENTRE

¢ Frequency polygons for the correlation indices

of cowslips growing together with or apart from
primrosesg or apparent F1 hybrids.

Gowslips growing apart from primrosss or apparent
F1 nybride,

Cowslips growing together with primroses or
apparent Fi hybrnds.
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from them, as can be seen from Figure 18,

Frowm Figure 20 it can be seen that cowslips from
colonies growing intermixed with primroses have an
average index value which is less than that for cowslips
growing apart, This would follow if introgression of -
cowslip by primrose hasd occurred, as czn be seen from
Figure &,

The measurcments Tor the Eanglish thrum {lowers
have not been analyzed by the correlation index method
because a survey of the dals revealed that the results
would probably be similar to those oblainec for the pin
flowers,

The measurements or the calyces of the Irish pin
flowers were not included in the analysis along with
the ﬁﬂgli%gwﬁ}éﬂts- For similar calyx circumferences
the Irish flowers appear to possess longer calyx teeth
than the BEnglish flowers, Wigure 18, HWore data are

neeced to confirm this observation,
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(c) Correlation Joeificient analysis.

The c
growing separately are positively correlated and in
geﬁoral ah increase in calyx tooln length is accompanied
by a proportional increase in calyx cilrcumference,

Since the calyx dimensions of the species are dilierent,
introgressed individusls of either are likely to differ
from average in such a way as to be somewhat intermediate
between thne introgressed anu the introgressing species,
iith pairs of contrasting characters (p. 24 ) sueh
as those of calyx tooltn length and circumference of calyx
the presence of intragressed individuals in a colony will
result, if plotied, in a scatter diagram which extenas
Jnore towards the introgressing Species than ususal,
Figure 18, The uegree of correlation between characters
in such a ulagram will be less than usual,

The results of calculating the correlation coeff-
icient between the calyx dimensions for all the colonies
measured are presented in Tebles 43, 44, 45, 46, 47, 48,
49 ana 50, The correlation coefficient betweecn the
dismeter of the corolla and the circumference of the
calyx has also been cslculated as tinese form another pailr
of contrasting characters, ' Both sets of dats are summ-

arized in Tables 51 and 52, These Tables include the

e
results Irom botn the Bnglish and Irish samples as they

appear to airfer little in tnis respect,



Lecality

Parndaale
Stanhope

Nr, Stokesley
Whale
Melmerby
Tllswater
Ravenbeck
Shinclifie
Cassop

Brancepeth

Brittas I

Gorrofin I

Table 43:

113w

TABLE 43

torrelation Coeificient

D,of &,

g, 0f €

. 1500
. 5662
2305

. 7903

. D867

. 2825

®

L,of C,T.
g, 0f L,
. 3502

4547

.2381

. 2083

4407

The correlation coefiicients for two pairs
of dimensions measured upon the flowers of
pin primroses Irom colonies which included
neither cowslips nor apparent ¥1 hybrids,

I indicates an Irish locality,
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Loeality Correlation Coeflicient
D,of &, L.,0of &,7T.
Ca o_‘f C. C,.;f c.
Blackhall i . 6509 4423
Blackhall 2 .4565 | 0822
Hievaulx .5038 | L5468
Grange-over Ssnds 4085 L0109
Kettlewell L4818 . 0615
Penrith . 3054 L2089
Burnsall L4112 ' . 2989
Wolsingham 0 3250 . 2801
Rookdale .5218 4975
Nr, Hawnbey LO4L3 . 5846
Dalgany I . 6086 .0843
Corrofin I . 5898 . 2015

Eas]

ia

able 44

Trne correlation coefficients for two pairs
ol dimensions measured upon the Tlowers of
pin primroses from colonies which contained
gither cowslips or apparent ¥1 hybrids,

I indicates an Irish locality,
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ot et o S A S i

Locality Correlation Coefficient

D of C L of C,T,
¢ 5% C C ;f c
Farndale 6790 « 2158
Stanhope 2973 0170
Nr. Stokesley L0491 w3179
Whale L6305 . 5061
Melmerby . o J4694 L1671
Ullswater . 5519 | | .6358
RrRavenbeck L4665 .1616
ghimcliff@ T L4495 SA9T2
fassop LAQ4T - 4645
Rrancepeth 3132 . 3845
Brittas I . 3825 | S A46T
Jorroiin I . 1468 L4176

Table 45; The correlation coefficients for two pairs
of dimensions measured upon the flowers of
thrum primroses from colonies which included
neither cowslips nor apparent ¥l hybrids,

I indicates andIrish locality,
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TLocality Correlation Coefiicient

D of C I of C,T.
c 5% o C ;f c
Blackhall i 0697 . 8172
Blackhall 2 0 3857 L0939
Rievaulx ., 1189 L0761
Grange-over-Sands L0323 ATT6
Kettlewell S1757 » 2043
Penrith . 4928 4257
Burnsall w2315 . 5631
Wolsingham » L0191 . 5414
Rookdale . 3659 . 3011
Nr. Hawnbey o424 0441
Dalgany I . 2044 . 1282
Corrofin I « 0927 . L1130

Table 46: The correlation coefficients for two pairs
of dimensions measured upon the flowers of
thrum primroses from colonies which containeu
either cowslips or apparent PL hyovrids,
1 indicates an Irish locality,
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TABLE 47

oty et i et s it

Locality Correlation Coefiicient

D of C I of C.T.

g of © g of G
Cassop ' LB133 o 4753
@uarrington‘ | . 71965 . 3670
Blemore . 0410 . 5268
fWitton 00053 « 2067
Cayton Bay . 4690 | . J041
Blackhall . 0249 : JATSE
Brittas I L4185 . 0840
Tullamore I . 5527 3754

Table 47: The correlation coeificients between the
dimensions of two pairs of characters '
measured upon the flowers of pin cowslips
collected from colonies that contained
neither primroses nor apparent Fl hybrids,
I indicates an Irish locality,
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TABLE 48

i et o i ot s S et

Tocality : Correlation Coefiicient
Dol C L of C,T,
c é} C v c ;f C
Nr. Hawksley . 2531 . 2390
Nr, Helmsley JATLS . 3418
Rievaulx Abbey . 3569 L4811
Nr, Rievsulx i ‘ <0410 4594
Nr, Rievaulx 2 : «5431 L4113
Nr, Penrith 4393 . 39063
Nr, Cowsley L4724 L6445
Britias I L4504 L0959
Dalgany 1 L7266 .2390

Table 48; The correlation coeificients between the
dimensions of two pairs of characters
measurea upon the flowers of pin cowslips
collected from colonies that included
either primroses or apparent Pl hybrids,
I indicates an Irish locality.



Tocality

Casgsop
Quarrington
lenore
#itton
Cayton Bay

Rlackhall

Rrittas I

Dhalgany 1

Teble 49:
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IABLE 49

Correlation Coelficient

Dof C ] L of C,T.
c ;% c c ;f C
o 22ld 2082
L5231 ~ .2169
L4746 6859
L7169 « 3294
.B8256 L3801
.6246 L4626
JPRALD 0728
. 2097 s 3063

The correlation coefiicients between the
dimensions of two pairs of charsacters
measured upon the flowers of thrum cowslips
collected from colonies that contained
neither primroses nor appareant ¥l hybrids,
I indicates an Irish locality,



Locality

Nr, Hawksley
Nr., Helmsley
Rievaulx 2bbey
Nr, Rievaulx i
Nr, Rievaulx 2
Nr, Penrith

Nr, Cowsley

Brittas I

Dalgany I

TAPLE 5

% st <rms s sl TS

Correlation Coefficient

of C
;% C
.060706
. 1395
« 0909
,6238
4069
. 2580

« 2139

.5668

L4056

L of C,

C of
. 2675
. 2017
4007
L4237
2564
. 9572
4367

2704

~J

841

Oy

Table 50+ The correlation coefficients ketween the
dimensions of two pairs of characters :
measured upon the flowers of thrum cowslips
from colonies that contained either

primroses or apparent Fl hybrids,
I indicates an Irish locality,

m
W
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plants collected

greater than
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a8

Tl hybrids,
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apparent Pl hybrids tends to be

would have becn expected Irom a xnowledge
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experimental
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Garden
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Tavle 53

TABLE 53

ok e e e e

Coefficient of
Primrose w1
Pin Thruin Pin Thrum
.12 W13 o kD

e
Ol

.08

varigovility ofr

wers collected

c()? n‘OS

the corolls
in the field

in the experimental garden,

The cowslips, primroses and FlL hybrids

experimental garden each

so it would be expected that the corolls diameters of

B

belongea to one or

Yariation

Cowslip
Fin Thrum

oL 13
.13 .14

dismecter of
and Zrown

from the
two fTamilies
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these would be less wvariable than those of [ield

populations,

variabilities of the corolls dismeters
ie

of cowslip
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hyorids from the field are
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This extrs varisbility ol the apparent ¥l hybrids
sugrests that they may have included some backcross
indiviauals, Zuch an interpretaltion must be treated
cautiously for nothing is known of the relative

~plasticity of the hybrid comparcd withh its parents,



The various anaslyses of the dats indicale that
some reciprocal though Slight‘introgression of cowslip
and primrose has occurred, The introgression has becn
slight at least in terms ol the characters studied but
g _priori these appear to be satisfactory, It would have
been surprising bad no introgression been detected
because the field evidence for the cccurrence of hybrids
other than the ¥l appears to be quite definite,

When discussing the cowslips ano primroses of

Horthumberland and Durham Harrison {(1931) stated that

he had occaslonally scen hybrids other than the ¥l but
went on to say "il must be confesssd thzat ninely per cent
of the hybrid plants ovuserved result from first crosses,®
Near Lexe Como in Italy, the apparent Fl hybrid is reported
to Le very coemon anda in some places may be as abundant
as its parents (Pugsley 1927). There the hybrids are very

varizble suggesting thal some backcrossing may have

~~~~~

occurred, out it woes not pear to have been frequent
enough to influence the appearance of the adjacent
cowslips sna Primroges,

Prom Ireland Weblb (1951) reported the existence of
apparent buckerosscs and stated that the cowslip was more
frequently the recurrent parent, The writer has visitea

the aress studled by Webb and here too the comionest




hybrids apparently boelonged to the ¥l generation,

These accounts suggest that though the baexcross
hyoerids are infrequent they do occur in soime loczlities,
The only undoubtled bsckeross seen by tne writer in this
present study was & backcross cowslip growing near Rush
atout 12 miles northn of Dublin, AsS s0me DaCKCIross
hybrius closely rescmole thelr recurrent parent they may

"

be more common than has been suspected, Nevertheless,
it

they cannot be abundant because in those aress where
both species ana the spparent Pl nybrids are growing,
backcross individuals sre seldom recognizable,

The Telilure of the specles to introgress extensively
does not appear to be determined by their ecological
reguirements for they often grow intermixed and have
overlaoping Ilowering perious, It is possible that
bacgcross and other syorics are unable to compete
successiully with thelr parents, but there is little
gvidenece of tils in thelir behaviour under éultivation,

It is possible that introgression has been
relatively limited beczuse of the inf'requency ana
infertility of the hyorias, Though the aprarent ¥l
hyotrids are well known in nature they are seldom abundant
in any locality, especially in the south of England
(Christy 1923), At most, & few only are found in the
company of & larze number of the parental species, The
apparent Fl hyorids are usually found where both the

cowslip and primrose are growing intermixed or adjacentd,




but in several localities they have been found growing
amongst cowslips only, 1In somce of these places it has
not always been possible to find primroses growing
anywhere in the viecinity,

The artificial ¥l hybrids are relatively infertile
even when grown under sxperimentsal conuitiOns. Notning
ig yet known of the seced Tertility of the apparent Fl
hybrids observed in the field, but it has been aetermined
that thelr pollen viability is similar to that of the
artificial P»1 hybrias, The percentage of viable pollen
{tested by staining in acetocarmin%), produced by apparent
#i hybrids in the field is about a third that of the
cowelip and tine primrose, Whether this hybrid pollen
can compete successiully with that of the parent species
is not known, but by virtue of its lesser viability it
may be less effective,

Trom the asnalyses it would appesr that intro-
gression has been reciprocal, The results ol the
snalyses are summarized in Table 54 Ifrowm which it can
be seen that alinougn not all the analyses yielaed
gvidence of introgression mosi did, Webb (l.c.) has
suggested that in Ireland the introgression occurs in
one ulrection only, from primrose into cowslip, This
may be so, but from a study of several Irish populations
the writer is of the opinion that the situation there
is similar to that in ingland. However, more quantitative

data are required to test this view,



Analysis Bvidence of Introgression
Primrose into Cowslip into
Cowslip Primrose
Pin Thrum Pin Thrum

Comparison ot . ,%_ e -

Means

Correlation .
Index %‘ ke ~
Correlation 50Tl —+ . “F _+

Goefficient

L, ol C,T,

sor o+ — + +
Table 4 summary of the results of the wvarious
analyses to test for the occurrence of
introgression, Test positive‘=“@“; tgst
negative = - 4

(4
\e3
A1
.o

3
; test not undertaken = X,

been greater than thal observed, A colony of either species
was judged to be non-introgressed if the other species or
the epparent ¥l hybrid was absent, Whether this is true

it is impossible to know, Jjust &s it cannot be said that
mixed stanas of the species were necessarily introgressed,
It is possivcle that the method employed oI sampling the
species was unsatisfactory, but there appeared to be no

alternative,
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It may be noted that the primrose and cowslip
from Ireland possess Ilowers whose dimensions appear
to be different from those growing in the north of

Bngland,
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(b) Comparison with primrose-oxlip hybrids,

It is interesting to compare the results
quoted here for primrose-cowslip hybrids with those
presented by Valentine (1948) when discussing hyoridiz-
ation between the oxlip and the primrose, These two
specles hybridize more readily in controlled experiments
than do the primrose and cowslip and the Tl hycrid
produced 1s almost as fertile as the parent species,
Under these circumstances it might be expected that
hyvridizetion beltwecen the oxlip and primrose would be
extensive where their habitals coincided, Yet this was
not =o, for in such areas the apparent Fl hyovrids were
frequently common and plants resembling bacsxcross and
other hybrids were only occasionally found, Although a
bilometrical study of the populations was not made, it
did not appear that introgression was extensive,

In those aress where hybrids betwecn the oxlip and
primrose were found it is surprizing that hybridization
between them has notl proceeded farther, The internal
barriers separating the specles are apparently overcome
with the production of the Fl hyorid, The seeds that
give rise to the Fl plants are smaller than those of the
oxlip-or primrose bul the ®l plants show a marked degree
of hybrid vigour, and from the number of apparent Tl
hycrids founa in the field 1t would appear that this
nyerid vigour may be resgponsible for their success, A

further factor contributing to their frequency may be



their relative longevity for under garden conditions
the ®i hybridas live longer than either the primrose or
the oxlip, :

The failure of the Fl hybrid to give rise to
extensive hybrid swarms in the field may be due to the
loss of hybrid vigour in the backcross and ¥2 generations,
Experiments to test this view are proceeding but few data
are yet available, B5till it is already evident that the
72 generation is much less vigorous than either of the
parent species or the ¥l generation, This may be
conveniently expressed in terms of the percentage of

plants which flowered in their first season, Table 55.

TABLE 55

R ot D 0 s i

Family Percentage of plants flowering

Series A Series B
Primrose 100 86
Backcross Primrose 94 89
rl 92 10¢
Backcross Oxlip - 1loD : 83
Oxlip 100 83
n2 72 : 56

Table 55: The percentage of plants Ilowering in their
first season for primrose, oxlip and a series
of hybrids between them, Series 4 was grown
in cool frames, ZSeries B was grown in the open,
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Tt may be tentatively suggested that the failure
of the oxlip and primrose to hybridize extensively may
be due to the differences in their ecological requirements
and the inability of the backcross and 72 hybrids to
coupete successfully with thelr parents, The apparent
¥l hybrids may be ressonably abundant because they are
more vigorous anua longer lived than the oxlip and
primrose,

It i1s possible that e similar situation obtlains
with the primrose—cowslip hybrids, The artificial ¥1
hyorid between thewm appears to possess some hybrid vigour
ana field evidence suggests that the apparent ¥l hyorids
may be long-livea, Clusters of apparent ¥l hybrids are
not infrequently found, the members of which are all pin
or thrum plants. Though they are guite separate it is
usually evident that they have arisen by cloning,

Thus Fl hybrids though only rarely formed because
of low seed compaltibility may slowly accumulate in
certain populations, though never reaching a very great
abunaance, As already suggested the 1owydeﬁsitg of the
gpparent 1 hyorids ana their relative infertility will

very much lesgen the chances of introgréssion,



Evidence for the occurrence of introgression belween
primrose ana cowslip has been sought by the biometrical
study of the species collected from many localilies in
the north of Englana and in Ireland,

The dimensions of certain floral characters of the
species growing separately and togelher were messured,
These were then subjected to various analyses to
determine whether they provided evidence of introgression,
The inheritance of these dimensions had been previously
investigated by studying families of primrose, cowslip
and certain artificial hybrids betwsen them,

The analyées of the data indicated thal there was
apparently a slight amount of reciprocal introgression
between the species bult not enough to alier appreciably
the floral worpiology of eitner,

It has been suggestea that the Iailure ol the species
to introgress appreciably probably results both from the
relative ra Tlt{ and 1miert111tj of the first generation

i
hybrid, aﬂ¢£1¥g£ the 4abllxty of hybrias other than the
first genera.ion to compete successiully with the primrose
and cowsllp,

Tﬂore was some indication that the cowslips and
primroses in Ireland have somewhat different floral

dimensions irom those in the north ol England,
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SUMSARY AND CONCLUSION,

In this thesis the writer's primary interest has
been in the study of hybrid populations and introgression.
The main difficulty in such problems is that of devising
suitable methods for dealing objectiVely with the data
from field populations, Hence much time was devolted to
the exploration of existing methods and to attempts to
devisge new ones, It was fbund that new methods are in
fact necvded where the hyorids are nol very conspicuous
or extensive,

These methods have been described in the first part
of the thesis: They can be briefly summarized as
follows,

When the lora is well known and the species have
been defined and their ranges delimited hybrid plants |
may often be recognized from their morphology, With
such plants further support for their hybrid origink
may be obtained from a comparison of their ranges and
habitats with those of the named parent species, Hybrid
swarms in such circumstances may bé further analyzed by
comparing the varisbilities of the species where they
are believed to be hybridizing with the same species in
areas where they grow separately, Whether the variation
between plants in a putativ@ hybrid swarm is concordant
or discordant may also provide corroborative evidence of

its parentage, Another indication of the hybrid status



of a plant is to study the variability of its ofispring.
This may be particularly useful if the variabilities of
the progeny of some members of th putative parent species
are also available for comparison, |

jghen the hybrids are rare or inconspicuous resort
must be had to other methods, These are somewhat
refined techniques based in general upon the assumption
that the dimensions of the properties investigated are
normally distributed or that normality can be achieved
by a suitable transformstion, Unfortunately such
techniques may only be applied satisfactorily to
characters whose dimensions are not markedly influenced
by the environment, Unless care is taken to establish
this, differences observed between populstions may merely
reflect the ianfluence of the difrerences between the
environments from which the populstions were taken,

A method of minimizing the influence of the envir-
onment when dealing with pairs of correlated characters
has been proposed,

Populations regarded as introgressed may be compared
with those which are taken as non-introgressed in terms
of the differences between the means, variances and
degrees oi skewness for particular charactérs, With
pairs of characters the slopes of the lines of 'best fitt
through their scatler diagrams may be compared, The

strength of correlation between pairs of contrasting
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characters may also be compared, Where several characters
have been messured apparently introgressed and non-
introgressed populations may be compared in terms of a
discriminator, which combines the measurements in a
linear function in such a way as to reduce the differences
within populations to a minimum compared with that within
populations,
The rcmainder of the thesis is concerned with the

investigation of two situations in which the above
methods were employed, Not all the technigues were
suitable to each problem, but all have been illustrated
in one or other situation éxcept that of comparing
populations in terms of their skewness,

For Juncug the Iollowing techniques were employed:

5.) Comparison of means,
Comparison of variances.

(a
(b)
(¢) Comparison of the slopes of the lines of ‘best fit?
(a) Compariﬂon of Correlation coefficients.,

(e)

Discriminant analysis

For Primuls the followipg techniques were employed.

(a) Comparison of means.

{b) Comparison of variabilities (Coefiicient of Variation)
(c) Comparison of the slopes of the lines of 'best fit?
(d) Correlation index analysis,

(e) Correlation coefiicient analysis,
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Jithin each of these genersa it gppeared that,
although slight introgression had occurred beitween the
species investigated the efiects were very subtle, Not
all the analyses yielded results that were statistically
significant, though most of them gsve answers thatl were
consistent with the view that introgression had occurrea,
These answers might have been raised to the level of
significance with larger samples but it was not possible
in the time available to test this view, ILarger samples
would slso assist in evaluating the importance of tlhe
results from the analyses which did not yield evidence of
introgression,

The situation in Juncus was complicated by the
discovery of two possibly ecotypes, a meawow and a
woouland form, within {L*efrusus. Ividence for the

s s e o RS

introgression of the woouland Form of J, effusus into

J. inflexus was sought by comparing the dimensions of

certain inflorescence snd floral dimensions for

J. inflexus growing together with and apart froum

J. efifusus, Though it was found that the aversge

e

Gimensions of J, inflexus differed somewhat in the two

types of colony studied, the differences were very slight
and were oaly satisfactorily demonstratea by a discrim-
inant analysis of the data, Very few putative hybrids

were found and the introgression of J, inflexus by the

meadow form of J, effusus did not apoear to have

ot ALY 0 s i
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proceeded very far, This is probably due to the sterility
of the hybrids and the difficulty of méxing the inter-
specifiic cross,

Further work on this pair ol species might be
profitably directed towards a more detaileu study of the
possible ecotypes witnin J, effusus and further atteupts
sliould be made to artiiicilially cross these species,

The situation in Primula was much clearer than that

pos it i s v i

in Juncus begause apparent ¥l hybrids were found in wmany
localities, The grealtl scarcity of putative backcross
plants made it necessary lto coumpare populations for
evidence of introgression, Comparisons were masde of the
floral dimensions of both cowslips and primroses growing
together and in separate colonies. The evidence for
reciprocal introgression was fairly definite but as with
Juncus the amount was slight, The reasons here secmed
to be connecteu again with the difficulty ol making the
lnterupeC¢iic cross and also its infertility., In adadition,
it was suspected thalt hybrids otner than the ¥l are

unable to compete successfully with their parents and

that this accounted for the avsence in the field of
hybrias other than the apparent Il generation,

It would be interesting to test this view experiment-
ally, This might be done by experiments similar to those
already referred to, in whicn the relative vigour of the
primrose, oxlip and certain hybrids between them is

being studied,
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wew studies have been based on species whose breeding
behaviour and artificial hybrids are as well kKnown as

those of Primula vulgaris and P, veris, Much, especially

e tutn.

of the American literature on introgression refers to
examples in winich the introgression has been inferred,
and usually there has been no attempt to confirm the |
hybrid origin of the putative hybrids, There are
exceptions however, two of which will be consideread,
Heiser {1951) reported introgression between two
species of Heliantnus whose Fl hybrid was highly sterile
producing only small amounts of viable pollen and a few
seeds when backcrossed to one of the parent species,
From breeding studies in the genus Aster Avers {1953)
knew that several species were capsble of hybridizing
and backcrossing to produce fertile oflspring, yet she
found only occasional hybrids in the wild, She further-
more observed that even where the species ranges overlapped
"No extreme modification of the species pattern as a
result of hybridizstion was eviaent,”
reported above it is evidaent that even though the
artificisl ¥l hybrid between species may be partially or
fully fertile this is not sufficient data Irom which to
predict whether introgression between them will have
occurred, This may be determined only from field studies

of the speciles,
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A QUANTITATIVE STUDY OF A PRESUMED HYBRID SWARM
BETWEEN EUCALYPTUS ELAEOPHORA AND E..GONIOCALY X

By H. T. CLIFFoRD* and F. E. BINET}
(Manuseript received March 5, 1954)

Sunvmary

From measurements of fruit lengths, fruit weights, and lengths of fruiting
umbels of trees from the species Fucalyptus elaeophora and E. goniocalyxr and
their presumed hybrid swarm, a formula is calculated for taxXonomic classifica-
tion wusing statistical diseriminant theory. ' The -rates  of  misclassification
expected with the use of this formula are estimated.. A gimple geometrical
model of the relationship of the species and thé hybrid'is investigated.

I. INTRODUCTION
(a) Preliminary Remarks

In many localities in south-central Victoria there are stands of trees
whose taxonomic position appears intermediate between -Eucalyptus
elaeophora F. Muell. and E. goniocalyx F. Muell." .One of the authors
(Clifford 1953, 1954) suggested previously .that these intermediate trees
are hybrids between E. elaeophora and E. goniocalyx. ~Although not yet
confirmed by experiment, this relationship is assumed hereafter fo:save
qualifying: the terms “hybrid” and “parent’’ each time they occur.

The usual taxonomic classification of trees involves an unavoidable
subjective element; although experience reduces the errors committed in
this procedure, there is no easy method of assessing the extent of erroneous
classification.

(b) On Discriminant Functions :

In the statistical technique of discriminant analysis (Fisher 1936)
we find a taxonomic tool almost entirely free from subjective impressions,
By the use of the discriminant function, a tree is assignable to one of the
two species or the swarm under consideration on the basis of numerical
measurements alone. There is no doubt that misclassifications may occur
in this process, but reliable estimates of the expected percentage rates of
misclassification are easy to calculate. ' )

Furthermore, a generalization of discriminant analysis “(Fisher 1938)
yields a geometrical’ picture of the interrelations of the species studied.
A’ genetic model to account for these interrelations is under consideration. -

Discriminant functions are linear combinations. (that is, weighted
sums and/or differences) of the numerical values of the measurements,
In some cases; it -might be convenient to use for these funections a scale

* Botany Department, University of Melbourne; present address: Botany Depart-
ment, University of Durham.
1 Department. of Statisties, University of Melbourne.
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E. elaeophora-E. goniocalyx. No difficulty was encountered in deciding

whether a free belonged to this group or not, because all the other
Eucalyptus species present were very different from those being studied.
(They were E. radiata, E. obliqua, E. viminalis, and E. macrorrhyncha.)

TABLE 1
SAMPLE MEANS AND VARIANCES

- K. elaeophora Hybrid -Swarm. . E. goniocalyx

Fruit weight {-Mean 186.02 159.78 ~ 166,20
(mg) -] Variance 2090.9 2080.91 2097.31
Fruit length =~ ° { Mean ) 8.226 8.928 9.920
(mm) | Variance 0.8665 : 1.616 ©1.413
Peduncle length { Mean 10.058 13.012 15,864
(mm) | Variance 3.68b 9.529 ‘ 6.963

From each of the 150 trees sampled 10 frults were taken at random
and their weights and lengths measured. = A similar procedure was adopted
for peduncle lengths of fruiting umbels. These organs were chosen because -
they were mature and growth in them had ceased. - The weight of each
fruit as well as its length was measured because, foi a given length, weight
was very dependent on shape, and this had been shown to be character—
istically different in the two species.

II. STATISTICAL ANALYSIS
(a)- Processing the Measurements

The measurements are presented as frequency polygons in - Figure 1,
from which it can be seen that for each set of measurements the values

°

PEDUNCLE LENGTH :(MM)

70 120 170 220 270 320 70 120 170 220 270 .. ..320 0 5 10 15 20 75,
FRUIT WEIGKT (MG) FRUIT WEIGHT (MG) PEDUNGLE .LENGTH- (MM)

* £ GONMCALYX
° E ELAEOPHORA

Fig. 2.—Scatter diagrams for the three pairs formed from three measulements in the
parental samples. !

for the parents and the hybrids overlap considerably.  If, however, the
characters are considered in pairs and their measurements plotted in
two-dimensional scatter diagrams, it can be seen from Figure 2 that any
of the three pairs divides the parents reasonably sharply. The hybrids
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section above were successful. The appropriate parental sample variances
were pooled and compared with the corresponding sample variances in
the hybrid swarm (see Table 4). All the characters appear more variable
in the hybrids than in the samples from the parental species, but only for
P is this difference significant.

TABLE 4
COMPARISON. OF SAMPLE VARIANCES
W L P
Parents pooled 110.70 25.84 102.09
Hybrid swarm 138.11 37.26 167.49
Ratio H.S./P.P. 1.248 1.470 1.641*

* Significant at the 5 per cent: level.

(ii) Comparison of Correlations.—Using Fisher’s method (see e.g.
Snedecor 1946, p. 151) the corresponding correlation coefficients in the
samples from the parental species and in the sample from the-hybrid
swarm were compared. All three correlation coeflicients in' the hybrid
sample were ‘larger than the correspondlng parental ones, but none
significantly (Table 5). :

TABLE 5
SAMPLE CORRELATIONS

W-and L. W.and P Land P

E. elaeophora 0.739 0.287 0,536
Hybrid swarm 0.797 0.494 0.629
E. goniocalyx ‘ 0.684 0.427 - 0,537
Pooled, within parent species 0.710 0,363 0.536
Pooled, within all three groups 0.745 0.417 0.576

(iii) Comparison of Dispersions.—The tests described in the above
two sections do not supply evidence for discrepancy between the correlation
structures of the three populations. Nevertheless a trend seems to appear
pointing towards larger variances and covariances in the hybrid swarm
than in the parental species. As the tests indicating this trend are not
independent, their results cannot be pooled. . However, a blanket-test exists
to reveal overall -differences between correlation structures; this test
consists of the comparisons of the determinants of the dispersion matrices
(Box 1949). This test appears particularly appropriate to our data as all
the apparent discrepancies are of a comparable order and in the same
direction.

Two tests were carried out: (1) comparison of the three determin-
ants; (2) comparison of the determinant of the pooled parental sample
dispersion matrix with that of the sample from the hybrid swarm. ~Neither
test turned out to be significant. ‘
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(following Pearson 1901) by calculating the latent roots and latent vectors
of the pooled correlation matrix, i.e. of the matrix formed by the:last
row of Table 5, with units in the diagonal. The latent roots and latent
vectors of this matrix are given in Table 6.

The latent vectors represent the directions of the prmmpal axes in
the w, I, p coordinate system, obtained on dividing the original variates
W, L, P by their estimated standard deviations. The elements of these
vectors are the cosines of the angles between the principal axis and the
appropriate coordinate axis. The square roots of the latent roots estimate
the half-lengths of the principal axes of the iso-probability surface whose
distance from the centroid is umty when measured along any of the three
original axes.

Tests of significance devised by Bartlett (1950, -1951) showed that
the above values of the latent roots can be accepted as evidence that in the
population (1) the ellipsoids are eccentric, i.€. they are not spheres; and
(2) the length of the second largest principal axis is not zero, i.e. the
ellipsoids - do not degenerate into lines.

TABLE 6
LATENT ROOTS AND VECTORS OF THE SAMPLE DISPERSION
MATRIX
Roots w l e
2.169 0.583 0:627 0.517
0.604 -—0.545 —0.170 0.821
0.227 0.602 —0.761 0.243

No significance tests exist to show that the length of the third principal
axis is not zero, i.e. that the ellipsoids do not in fact degenerate into
ellipses.  We accept the non-zero estimate merely to render the visual
image more suggestive.

(d) Arrangement of Population Centroids

(i) Collinearity.—~The sample centroids were found to be non-
collinear. If the population centroids are collinear, then the population
value of the second latent root of the matrix WB is zero (Fisher 1938).
If the sample value of the first latent root of this matrix is highly
significantly large and the population value of the second root'is zero, then
the quantity

nlog. (1 + a),
(where n.is one less than the total number of individuals and ¢ is the

sample value of the second latent root) is distributed approximately as
x? with three degrees of freedom (Marriott 1952), ‘
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When applying the discriminant function to classify an individual
tree, that tree is assigned to the population whose mean is nearest to the
value calculated by substituting into the discriminant function. (4) the

TABLE 7
MEANS OF DISCRIMINANT FUNCTION

Population Sample Mean of Discriminant Funetion
E. elaeophora 8.616
Hybrid swarm 10.567

E. goniocalyx \ 11.870

average of the measurements taken on that tree. Accepting the sample
means as the best estimates of the population means, a rule of classification
is obtained. This rule is shown in Table 8;

TABLE 8
CLASSIFICATION RULE BASED ON SAMPLE MEANS ONLY

Observed Value of

Discriminant Function Classxﬁcatlonk of Individual

< 9.591 : E. elaeophorau
9.592 —11.217 Hybrid
> 11.218 I gonioecalyx

If we assume, on genetical grounds, that the centroid of the hybrid
population is midway between the centroids of the parental populations,
then we get an alternative rule of classification (Table 9).. The two-rules
lead to different decisions only over two short intervals; in both 1ntervals
the classification is rather unreliable.

TABLE 9
CLASSIFICATION RULE BASED ON SAMPLE MEANS UNDER -ASSUMPTION -OF
SYMMETRY

Observed. Value of

R . Classification of Individual
Discriminant Funection .

< 9.428 , . E. elacophora
9.429 — 11,056 Hybrid
> 11.057 o E. gowiocalyx

Whichever of these two rules is used, misclassifications will almost
always occur because the populations overlap. The expected percentage
rate of misclassification is a measure of the reliability of the method. This
rate is estimated by a method due to Wilks (1948, p. 144). Thése estimates
are given in Table 10.

It can be seen that even when a combination of three measurements
is used, the hybrids overlap considerably with the parents, especially
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identical dispersion matrices, and with collinear and equally. spaced
centroids. KEach centroid is the centre of a probability mass and the loci
" of equal probabilities are similar and similarly situated ellipsoids.

OBLIGUE - PARALLEL PROJECTION
ELLIPSOIDS

1 .
- : |
= '
[ ln
o\ ‘
mi
fe i ! 0:94 1N,
U >
iy 00 0
7,
e OF _fi44 z .
CENTREZ & ] 2
A N o z
i HES 8
BE = e
[N
by | [
R | e
] iy
BRI IE-7
Lipt
LUV DISTANCES BEYWEEN CENTRES 1:63 IN,
fw
ft
o tIN.
as® UING) P!
1IN
® PRINCIPAL AXES RADI - VECTORS - 1+98 IN.

Fig. 4.—Isoprobability surfaces.’

To obtain a simple illustration of the geometrical relationship between
the three populations, the estimated dimensions of these ellipsoids for one
selected probability, namely 1.992 X 107, were calculated. A diagram of
these ellipsoids is shown in Figure 4*. The axial lengths are 95 per cent.
(two-sided) tolerance limits. Each ellipsoid contains 72 per:cent. of the
total probability mass in each instance.

The angles between the three principal axes and: the line connecting
the centres are 81°, 51°, and 139°. The direction of this line corresponds
to the vector on which the taxonomic discriminant function is based.

Figure 4 does not add anything to the statistical analysis, all the
relevant information being contained in Tables 2-10. ‘The diagram is merely

_ *The symbols. fw, fl, and pl denote the variates w, I, and p; as defined in the text.
One in., .according to the scale adopted, represents one unit of a variate.
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APPENDIX B

Reprinted from HEREDITY, Volume 8 Part2 pp.259-269 ~August 1954

ANALYSIS OF SUSPECTED HYBRID SWARMS
IN THE GENUS EUCALYPTUS

H. T. CLIFFORD
. Botany School, University of Melbourne

Received 4.vi.53
I. INTRODUCTION

For arborescent species with long periods between successive genera-
tions and flowers borne on slender branches at great height, it is
desirable to develop indirect methods for the study of cross breeding.
Such a problem arises frequently in the Australian genus Eucalyptus,
for which hybrid swarms have often been reported (Brett, 1938 ;
Pryor, 1950). The following method of analysing such swarms differs
from most of those previously described (Anderson, 1949) in that it
requires a knowledge of the variability of the progeny of individual
members of the hybrid swarm rather than a knowledge of the vari-
ability of the swarm itself.

2. EXPERIMENTAL MATERIAL

The two tree species, E. elacophora F. Muecll, and E. goniocalyx
F. Muell. have been regarded as closely related by some (Bentham,
1866) and by others as belonging to ‘different sections of the genus
(Baker and Smith, 1920 ; Blakeley, 1934). They are not difficult
to distinguish' but at several localities in Victoria they are linked
by a series of intermediate forms. 'The relationship between the
two species- has been 1nvest1gated by raising seedlings from selected
parent trees and measuring their juvenile characteristics, also by
study of the field distribution of the species and their suspected
hybrids.

The species names are here acceépted and used in the sense in
which they are defined in the Flora of Victoria (Ewart, 1930), although
a study of the type material of each would suggest that the name
E. elacophora should be suppressed in favour of E. goniocalyx and that
the plant generally known as E. goniocalyx ought to be redescribed
under another name. However, in Australia there exists no confusion
as to which species is meant when the current names are used and
the author (like Maiden, 1914) does not propose that they should be
changed.

(a) Description of species
Eucalyptus goniocalyx is a large tree which may attain a height of
up to 200 feet with a diameter of 6-8 feet at breast height. The bark
259
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HYBRID SWARMS 'IN EUCALYPTUS 261

Range. They are also reported to occur in the Grampian Ranges
(L. D. Pryor in litt.). : ‘ ‘
In zones of intergradation the intermediate trees were variable

Eucalyptus Goniocalyx ’ Eucalyptus Elaeophora

F1c. 2.—Some characteristic features of Eucalyptus elacophora ‘and Eucalyptus goniocalyx.
S.seedling; B. bud’; F. fruit. . i

inter se, some had a habit and bark suggesting an affinity with E.

elaeophora, others had an appearance suggesting relationship with

E. goniocalyx. 'The leaves on seedlings and on coppice shoots arising
A2
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HYBRID SWARMS IN EUCALYPTUS 263
(¢) Progeny studies

The seedling leaves of E. elaeop/zom and E. goniocalyx are very
different in shape, and a comparison of these and the seedling leaves
of the * intermediate * trees was undertaken. ~Seeds were collected
from several trees typical of either one or the other species and also
from trees that were intermediate between them. The seeds were
sown in 8 in. pots filled with a friable red-loam and placed in a heated
glasshouse. Approximately g0 seeds were sown in each pot and within
a fortnight most of these had germinated. When the seedlings had
grown about 2 pairs of leaves the number of plants per pot was reduced
to twelve. The thinning was designed to leave these twelve plants

SEED TREE ?fe;:.am{’s.hapo Mosximum vnrlobm)L between  the pmgeny from o smg): Se:d tree,

as illustrated the leof shape - at
E. ELAEOPHORA
{typrcal)
Clonbinane

PRESUMED HYBRID
Deedy Creek U

PRESUMED HYBRID
Hume Vale O
€. GONIOCALYX

(fyfi:c' )
Silver Creek

Fi6. 4.—The variability bétween: seedlings' from the same parent, as’illustrated by the
leaf shape at the sixth nede. ]

5 cme
[SRSE KL SRS

@@@@

evenly spaced. No other conscious selection was practised except to
remove any very stunted or diseased plants. The seedlings' were
finally harvested when they showed 6-8 pairs of fully expanded leaves.
Altogether the progeny of fourteen trees were raised.

An examination of the seedlings grown indicated that there was
less variability between those raised from parents typical of either
E. ¢laecophora or E. goniocalyx, than between those from parents with
an appearance intermediate between those species. = This is illustrated
in fig. 4, where leaves from the 6th node of four different seedlings
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HYBRID SWARMS IN EUCALYPTUS
TABLE 2

The mean theasurement and its variance of a character controlled by
Sour genes whose effects- are additive

Mean
Parents Number of numerical Variance
genotypes value of of mean
character .
PyxP, 1 x 0
Py x P, 1 > ¢
PiXP; (Fy) 1 x—lj 0
FixFy (Fy) 81 x—si—_y v
y
FixPy 16 $Hzx+) 2
F,xP, 16 1(35+%) o

265

does not alter the triangular shape nor do other parental combinations
such as an F; crossed with an F, segregate, or an F, go pér cent.
selfed and 10 per cent. outbred, all have mean-values and variances
the triangle. Such a situation might arise in a
population undergoing active introgression. '

which fall within
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between E. elaeophom and E, gomocalyx show segregation of characters
towards these species, if* leaf shape is considered (fig. 4). From the
variety of leaf shapes obtained at comparable nodes of seedlings from
each “ intermediate > parent, it would appear that many  genes
control this character.

That the two species concerned can interbreed has been established
with reasonable certainty from the progeny studies. No simple ratios
for different leaf shape have been obtained and nothing is known
concerning the extent of inbreeding under natural conditions.. It
is suggested, however, that the application of the ““triangle”” method
illustrated above supplies confirmation for the hybrid origin of the
‘ intermediate - trees and might be used to analyse other: hybrid
populations.

4. SUMMARY

1. Several stands of trees with characters intermediate between
E. elaeophora and E. goniocalyx have been studied.

2. Segregation of characters amongst the seedlings from individual
 intermediate ” trees suggested that they were of hybrid origin.

3. Further support for this interpretation was afforded by field
studies, which showed that ‘intermediate > trees occurred only in
localities where E. elaeophora and E. goniocalyx grew nearby.

4. The means and variances of the length-breadth ratios of the
seedling leaves for the progeny of selected trees have been used to
illustrate a possible method of determining the parentage of hybrid
swarms.
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