Llinois Academy of Science Transactions, Vol. 38, 1945 27

DEVELOPMENT OF SEEDS AND EMBRYOS IN PINUS
PONDEROSA, WITH SPECIAL REFERENCE
TO SEED SIZE

J. T. BUCHHOLZ axp MARY L. STIEMERT
University of Illinois, Urbana

INTRODUCTION
This investigation was begun in
the summer of 1942 while the senior
author was a visiting investigator
at the Placerville Laboratory of the
Institute of Forest Genetics. The
material discussed in the first part,
concerning seed size and cone size,
was all obtained and tabulated at
Placerville, California. Toward this
part of the investigation the Insti-
tute furnished considerable help at
the time of collection, in the elimb-
ing of trees and opening of the
cones, including the time of a num-
ber of persons during several days.
The dissections and measurements
on the embryos of three of the trees
(15-43, 3-14, 3-57) were also com-
pleted at that time. The data for
iree 3-56 were obtained in part. The
Junior author has completed addi-
tional dissections and measurements
on the seeds of tree 3-56 and all of
the data on embryos of trees 3-40
and 3-52, work which was carried
out at the University of Illinois on
the seeds preserved in 1942. It is
therefore appropriate to express
thanks to the Institute for the facili-
ties of their laboratories and for the
cooperation of Mr. W. C. Cumming
and many others employed at the
Institute, which made this investiga-
tion possible on a scale that included
more than 100 seed cones.

The western yellow pine, Pinus
ponderosa, Lam., is an important
timber tree oceurring throughout
the western part of the United
States, from the Black Hills, Great
Plains, and Roeky Mountains to the
Pacific Coast. The Californian form
of this tree is typical of this species
and is more robust than the variety
scopulorum Engelm. which occurs
in the Rocky Mountains east of the
Sierras. This latter variety is very
similar to the typieal form of the
species, but somewhat smaller in all
of its parts. The variety scopulor-
um may therefore be expected to
have seeds that would average some-
what smaller,

In California, where this investi-
gation applies, the ponderosa pine
has a wide distribution. On the west
slope of the Sierra Nevada, the
species is noted for its wide altitudi-
nal range. The Institute of Forest
Genetics has experimental plots near
Sacramento at altitudes of 185 and
350 feet with many other plots dis-
tributed between these and the sta-
tion at Placerville which is at 2740
feet. Bastward. the trees oceur at
elevations up to 6,900 feet near
Lake Tahoe. There are not many
species of plants that occupy a
larger area of distribution both geo-
graphie and altitudinal.

Within the area of a single site,
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frees may be found that possess
cones more than 5 inches long where-
as in other trees the cones may be
less than three inches in length.
There has been an impression, sup-
ported by a few records in the litera-
ture, that large cones usually possess
large seeds and that small cones
usually have small seeds, but there
seemed to be no records based upon
individual cones. By the methods
usually employed in harvesting the
seed erop, the cones of all sizes from
the same tree are massed together.
There are many records at the In-
stitute showing that large, medium,
or small seeds have been obtained
from individual trees, but it was not
possible to know how much correla-
tion may be found among seeds from
cones of various sizes coming from
a single tree. In connection with an
effort to obtain embryos in develop-
ing stages from large vs. small seeds
it happened that a large number of
cones were harvested and measured
during the early part of August
1942. The seeds of these contained
embryos that were only about half
developed, but the cones and their
seeds had grown to their ultimate
size more than a month earlier. The
seeds possessed stony seed coats and
couid be handled in the same man-
ner as fully ripe seeds, except that at
this stage the cones had to be cut
open by hand, the seeds carefully re-
moved, sorted for size and kept from
drying out.

Pine seeds, like those of most gym-
nosperms, are full grown at the time
of fertilization. Fertilization oc-
curs in nearly all pines 13-14 months
after pollination. They are consid-
cred biennial, since two growing sea-
sons are required to mature a seed
¢rop. The only known exceptions to
this are a few triennial species, for
example Pinus pinea L. from north-
ern Italy and Pinus leiophylla
Schleeht. and Cham. from southern

Mexico, which are not closely related
taxonomically. These require about
925-26 months between pollination
and fertilization.

The cones of biennial pines en-
large only slightly after pollination
during the first season and remain
small throughout the ensuing
winter., With the opening of the
buds in the following spring these
year-old conelets experience their
grand period of growth, enlarging
rapidly to their full size within a
period of less than six weeks. Hence
the cones are full grown, though still
somewhat succulent at the time of
fertilization about the end of June
or early in July; a month later the
cones have become hard and woody,
and they may remain green for
weeks after the seeds are fully ma-
tured.

After fertilization there is no ap-
preciable increase in the size of the
ovules or seeds so that a seed in
which fertilization has failed to take
place remains as a full sized empty
seed, in which the stony seed coat
may be as fully developed as in a
sound seed. Morphologists who have
prepared pine ovules for microscopic
examinations know that the seed
coats begin to become so stony a few
days after fertilization that it is
very difficult, sometimes impossible
to ent sections without first remov-
ing the seed coat in preparation for
killing and fixing material that is to
be sectioned.

The present study is concerned
with seeds about a month or six
weeks after fertilization, when the
embryos, now about half developed,
are beginning to differentiate stem
tips and cotyledons. Since the seed
coats had become fully thickened
and hardened the seeds could be
graded rapidly by passing them
through sereens of known gauge.

More than 25 years ago, the senior
author (3) deseribed the embryo-
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geny of pine. This study was based
upon the Jack pine and the Austrian
pine. Since that time the embry-
ology of more than 24 different spe-
cies of pines, representing nearly all
sections of the genus, has been ex-
amined. All of them agree in the
essentials of embryological develop-
ment. All pines have cleavage poly-
embryony (6). Eight embryos may
result from each egg that is fertil-
ized. The numerous embryos remain
small for about 3-4 weeks. They
compete in their development until
one of them gains supremacy, shown
by its larger size and forward posi-
tion. This selected embryo enlarges
to form the embryo with stem iip
and cotyledons, which remains in the
seed at maturity, while the great ma-
jority of the other similar embryonic
units grow more slowly and finally
cease to grow altogether, seldom
reaching the stage in which these
organs appear.

The stages of the embryos desired
for the present investigation were
these later ones, near the time when
the root, stem tips, and cotyledons
are forming, or have become fully
differentiated. At this time the sur-
viving embryos are growing rapidly.
These qtages were made the subject
cf a special study deseribed in the
later portion of this paper. The re-
sults of the first part of this study
deal chiefly with the relation of seed
size to the size of the cone and with
records as to the proportion of sound
seeds and empty ones that could be
detected at this time.

From the standpoint of seed size
there is little difference whether the
seeds are collected in August or in
October when the seeds are ripe. It
is likely that dry ripe seeds would
tend to be Esllghﬂ) smaller due to

loss of imbibitional water. Certainly
they would not be larger. The en-

dosperm which surrounds the em-

bryo throughout its period of de-
velopment would be filled with food
reserves so they may be heavier at
ripeness.

The trees used were marked seed
trees, most of them situated near the
site of Sportsman’s Hall, eleven
miles east of Placerville along U. S.
Highway 50 at an elevation of 3700
feet. The seeds from several other
trees were included, one from the
grounds of the Institute of Forest
Genetics at an elevation of 2740 feet,
also a few trees from another site
32 miles east of Placerville at an ele-
vation of 4100 feet. Some of these
seed trees were so tall that cones
could be reached only by climbing
with rope; others were small enough
so that the most of the cones could
be reached with little elimbing or
from the ground. Records of the
Institute had indicated that large,
medium or small sized seeds had
been obtained from these particular
trees that had been selected and
marked with numbers, in investiga-
tions several years earlier involving
certain progeny tests carried out at
the Institute.

In general the seeds were found to
belong to the size groups that had
been recorded previously from the
trees. Pollination of the trees in the
previous season had been fairly suc-
cessful. There were a few cones that
showed some inseet damage. This
was only a fair cone year in ponde-
rosa pine; it was not one of the best
cone years. The cones of 1942 were
much better than in the vear 1944,
when many of them were heavily in-
fested with seed chalud»—lh’qm-
tigmus albifrons Walk. The seeds
ol open wind-pollinated cones of tree
4B-56 were so badly infested with
this insect in 1944 that no healthy
seeds with embryos were found;
only a few in the cones covered b\'
bdrﬂ;
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The sereens used in separating the
seeds mechanically were standard
screens employed as interchangeable
parts in a small separator of the
kind used for cleaning seeds at ex-
periment stations. These sereens
consisted of framed metal sheets
with round openings of various sizes
ranging from No. 7 to 20, in which
the number indicates the diameter
of the openings in steps of 64th of
an inch. Thus the openings of No.
14 screen are 14/64ths of an inch in
diameter, a No. 14 seed is one that
will pass through this opening but
not through the smaller No. 13
screen with 13/64th inch openings.

The sizes of these openings, con-
verted into metrie units are as fol-
lows: No. 10 openings are 3.97 mm.
in diameter; No. 11 = 4.37 mm.;
No. 12 = 4.76 mm.; No. 13 = 5.16
mm. ; No. 14 = 5.56 mm.; No. 15 =
5.95 mm.; No. 16 = 6.35 mm.; No.
17 = 6.75 mm. ; No. 18 =7.14 mm.

I. RELATION BETWEEN CONE
AND SIZE OF SEED

SIZE

The following tables give the re-
sults of this study tabulated aceord-
ing to cone length. Defective seeds
that were discarded (some of them
only partially enlarged, others full
sized, but obviously defective) were
recorded in the columns to the right.
The partially enlarged ovules be-
came aborted before fertilization.
There were still many ovules that
had not begun to enlarge, which are
disregarded. As is well known, the
maximum potential output of 2
seeds per scale is not attained. Other
obviously defective or insect dam-
aged seeds even if they were full
grown, were discarded and appear
only in the column at the right, not
among the seed output of the cones.

Each size of seed from the same
tree was placed in preservative for
future study. This preserving solu-

tion (FFAA) contained about 50 per-
cent alcohol. In this lower specifie
eravity the sound seeds sank where-
as many defective empty seeds usu-
ally floated and could be separated
easily, with a cutting test applied
whenever in doubt, so that there
would be no error in unintentionally
discarding seeds with embryos. How-
ever among the heavier seeds there
were still many that were found to
be defective upon dissection in later
studies. The discarded floating
seeds, not separated individually by
cones are shown as without embryos
below, in the column showing indi-
vidual seeds sizes. Where seeds were
actually dissected later, this correct-
ed entry of seeds without embryos
was made for the total seeds of some
of these trees. The embryos of the
seeds of some of these trees still re-
main to be dissected. The first num-
ber of the tree is the plot number,
the second the individual tree num-
ber. Thus 3-14 is tree No. 14 in plot
3.

In connection with the dissections
of the embryos from the seeds, a
number of these seeds were meas-
ured individually with mierometer
calipers for length. It was found
that each size class included seeds of
the same length as others in the
nearest size class, but the mean
lengths were distinct. Measurements
on 20 No. 10 seeds from tree 15-43
egave a mean length of 5.21 mm.; 14
No. 11 seeds gave a mean length of
5.75 mm.; 37 No. 12 seeds gave a
mean length of 6.18 mm.; 42 No. 13
seeds gave a mean length of 6.64
mm.; 26 No. 14 seeds gave a mean
length of 6.97 mm.; 15 No. 15 seeds
gave a mean length of 7.01 mm.
The last group of No. 15 seeds is
probably mnot representative of this
size class since this group, near the
upper limit, did not include many of
the largest seeds that would pass
through No. 15 openings.
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Another set of seed samples was
measured from tree 3-38. These
seeds were somewhat longer, especi-
ally in the larges sizes. Measure-
ments of 20 No. 12 seeds gave a
mean length of 6.89 mm.; 32 No. 13
seeds gave a mean length of 7.41
mm. ; 34 No. 14 seeds gave a mean
length of 8.31 mm., 40 No. 15 seeds
gave a mean length of 8.74 mm.; 34
No. 16 seeds gave a mean length of
9.16 mm.; 30 No. 17 seeds gave a
mean length of 9.30 mm.; 20 No. 18
seeds gave a mean length of 9.67
mm, The standard deviation of each
size elass might seem of interest, yet
this caleulation throughout the
series does not seem justified. This
value would be relatively large and
nearly the same for all seed sizes.
The standard deviation of length for
No. 15 seeds of tree 3-38 is 0.37 mm.

It has been the belief of many that
seed size is an indieation of vigor in
the plant that results from the seed.
Records, such as those of Eliason
and Heit (8) indicate this, but the
differences are not significant by
statistical standards. There ean be
no question about a large seed giving
the seedling a better start than a
small seed, others things being equal.

A larger seed contains a larger
embryo as well as more endosperm
with stored food. Large seeds usu-
ally germinate more rapidly and the
seedlings grow faster in the first
months. However other things, such
as the inherent vigor of the embryo
contained in the seed, are usually
not equal. Righter (12) has shown,
for example, that the seedlings pos-
sessing greater inherent vigor due
to their hybrid genetic constitution
will. soon outgrow the non-hybrid
seedlings even if they originate from
a smaller seed.

It may be pointed out here that
while the seeds of some angiosperms
may actually become larger when
they contain a more vigorous em-

bryo than other seeds with less vig-
orous embryos, the situation is dif-
ferent in gymmosperms. In pines
for example the seeds are full grown
before fertilization takes place. They
have hardened stony seed coats long
before the embryo is visible to the
naked eye and cannot yield to the
growth pressure or other stimulus
of a more vigorous embryo. As
pointed out in the opening para-
graphs, the abortive seeds in which
fertilization has not taken place may
be fully as large as those which are
healthy seeds.

Most of these collections of cones
were made at random—trees 3-6,
3-8, 3-10, 3-14, 3-38, 3-52, 3-55, and
3-56. The trees themselves were
selected because they had been used
in previous investigations and rec-
ords of the size of the seeds were
available, but the cones selected
from these trees were taken by
chance.

The large cones of trees 3-38 (m=
5.36 inches) and 3-40 (m — 4.62 in.)
yielded large seeds; those of trees
3-7 (m = 3.87 in.) 3-52 (m = 4.08
in.) and 3-55 (m = 4.08 in.) vielded
small seeds. However tree 3-8 with
large cones (m = 5.25 in.) had
medium sized seeds, very compar-
able to tree 4B-53 in which cones
were only 3.37 inches long. To the
extent that this limited survey shows
anything, there are indications that
seed size and cone size are not very
closely correlated and that individ-
ual trees differ. Some of the largest
seeds were taken from tree 3-14 havy-
ing a mean cone length of only 4.34
inches. This was a tree that had
been classified as large seeded in
previous years. Unless the mean
length of cones changes gradually
with the -age of the tree, one may
expect this tree to have cones of
medium length with large seeds in
future years, and that the large
cones of tree 3-38 will continue to be
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Jarge and have large seeds. No doubt
in certain years, the cones of all
trees, probably also the seeds, would
fall below their respective means or
@o higher, since seasonal conditions
may affect all trees adversely or
favorably.

Some of the trees such as 3-3 and
3-55 failed to show any correlation
of seed size with cone size. Tree 3-40
appears to show a trend in the op-
posite direction, with a larger pro-
portion of the larger seeds in the
smallest cones. However tree 3-14
shows a definite trend in having
more large seeds in the largest cones
that were measured. The majority
of the trees showed a similar trend.

From the literature on the subject
there are a number of records that
show the same general condition.
Eliason and Heit (8), Munns (11)
and several other investigators cited
by Baldwin (2) indicate that large
cones tend to have larger seeds than
small cones, in pines and other coni-
fers. In comparing the results of
these records, one would come to be-
lieve that the tendency to find large
seeds in large cones is less marked in
Pinus ponderosa than in other
species.

The records of Aldrich-Blake (1)
cive the weight distribution of the
seeds from the cones of the Corsican
pine—a variety under Pinus migra
Arn. In the examples from Ald-
rich-Blake, especially those tabu-
lated by Righter (12), cones 3.5-4
em. long have seeds ranging in
weight from 6-7 milligrams to 16-17
mg., while the cones (from the same
tree) that were 7-7.5 em. long had
seeds weighing between 11-12 and
28-29 mg. The mode of the seed
weight in the small cones was 10-11
mg.; that of the large cones 22-23
mg. This is probably the most ac-
curate record available for compari-
son.

One may gain an approximate
basis of comparison by caleulating
the relative weights of the seeds on
the basis of their volume. A pine
seed is a flattened ovoidellipsoid. It
is known from solid geometry that
the volume of a series of similar
bodies is proportional to the cube of
any of the homologous dimensions,
such as the length, width or thick-
ness. Henee, the volumes of seeds of
similar shape in a series of sizes may
be compared. If the volume of No.
10 seed is taken as unity, that of No.
12 is 1.7 times the volume of a No.
10 seed, that of No. 16 is 4.14 times
and a No. 18 seed is 5.85 times that
of a No. 10 seed. Aldrich-Blake’s
largest seeds are slightly more than
four times as heavy as his smallest
seeds. The range of sizes included
in the weight classes which he gives
are therefore equivalent to the range
between No. 10 and No. 16 seeds;
they are slightly below the range
between No. 11 and No. 18 seeds
shown by tree 3-38.

These comparisons are all relative.
The actual sizes of the seeds of Pinus
nigra ranged between No. 8 and No.
11 on trees which we have had oe-
casion to measure with screens, and
it is likely that the precise variety
of this species differed. However
the seeds of P. nigra have a slightly
different shape from those of P.
pondersosa; they are somewhat
longer in proportion to the width.

The corresponding differences in
sizes of the cones of all of the series
Pinus ponderosa is less than that
shown for the Corsican pine. This
comparison seems to show that our
seeds inelude a range of seed sizes
from single trees with about the
same spread as the data of Aldrich-
Blake, about two of whose lowest
weight classes would be equivalent
to the steps between No. 10 and 11
seeds while about 8-10 or more of his
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higher weight classes would be in-
cluded in the size range between
Nos. 15, 16, and 17 seeds.

Melntyre (9) has deseribed the
sizes of the cones matured in 1927 in
Pinus pungens on trees of various
ages, including some of the first
cones, matured on a tree 7 years old ;
others from trees having ages at in-
tervals of several years up to 18. His
tabulation shows, aside from the
number of seeds per cone scale, their
distribution within the cone and the
number of abortive seeds. The
length of the cones varies from tree
to tree in this particular yvear and the
number of viable seeds appears to
be closely correlated. Although Mec-
Intyre gives nothing concerning the
sizes of the individual seeds from the
different cones with which our data
on seed size may be compared, his
record includes the data on the total
number of viable seeds from an un-
interrupted series of the serotinous
cones of this species produced over
a 9 year period. This record seems
to bear out the thesis that over a
period of years the size of the cone
and seed yield on a given tree re-
mains about the same in spite of
wide fluctuations in certain years
which might be recorded in other
species as good or bad cone years.

The cones of any given tree ap-
pear to show some correlation be-
tween cone size and seed size. The
range in sizes of cones from individ-
ual trees in the first set of random
collections were not great enough to
provide - desirable extremes for
studies of cone and seed sizes in in-
dividual trees, though they show
definite trends as indicated above.
Consequently another collection was
made a few days later, at a higher
altitude, so that the embryos would
also be found in the desired stages
for study. These are shown in trees
15-43 and 15-T8 from trees at 4100
feet. Here an effort was made to

include the widest possible range in
the sizes of the cones. From tree
15-43 there were cones 2.6-5 inches
long; from tree 15-78 they were 5-6
inches long. Here several small
cones less than 4 inches long had a
large increase in seeds of the small-
est sizes, a very large proportion of
which were without embryos. How-
ever the largest cones from tree
15-78 did not contain seeds that were
as much larger than the average as
their large size would suggest.

The small amount of definite data
shown here would seem to justify
the conclusion that on a given tree
the large cones would probably have
larger seeds than the small cones.
Between different trees of Pinus
ponderosa, the largest seeds may be
found in large cones or cones of
about average size, seldom in the
smallest, while the smallest seeds
may be found in cones of aver-
age size or in the smallest eones, but
usually not in the largest.

Complete records similar to those
of Melntyre, Aldrich-Blake and
those we are presenting in our tables
serve to show the extreme complex-
ity of the problems of seed produc-
tion in pines. Pollination must be
fairly good or the conelets will drop
off in the first year, but even if they
are retained and enlarge in the sec-
ond season many of the ovules may
fail to enlarge to form seeds. Pre-
sumably, these were not pollinated,
but this early abortion of half grown
ovules may include some that re-
ceived pollen whieh failed in germ-
ination. If the ovules become full
grown fertilization may still fail in
many of them. These remain as full
sized empty seeds. If fertilization
actually takes place there are many
embryos that compete with each
other for about a month. Finally
those that form cotyledons in the
embryos about a month or 6 weeks
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old may develop fully as embryos of
seeds. Then and then only does the
viable seed arrive, provided that the
season is not too short, as in very
high altitudes, so that the embryos

may reach sufficient maturity with-
in the seeds to germinate. Through-
out the period of development of
the embryos there may be other
losses through death of the embryos.

TABLE 1.—S1zES OF SEEDS OF PINUS PONDEROSA
Tree 3-56, collected Aug. 5, 8 and 12. Elevation 3700 ft.

Seed sizes by screen openings! ' Half
_ | grown
Cone length (in.) and
10 | 11 | 12 | 13 | 14 | 15| 16 | 17 | Total | defective
m=3.28
:; LIS L, NS 316 | 14 |. 33 10
-+ L LI S N 53 (10| 2. 65 5
. .| 11| 18] 2]. 31 17
i i e A T 5(30 22| 3|. 60 4
3.12 wa| 12| 18] B |- 35 26
3.26 .. 45|28 |....]. 73 0
3.25 ...| 8129 9/|. 46 4
3.25 ... 14120 4 38 13
3.25 5|11 (27|14 | 4 61 11
3.25 Lol 412719 50 13
3.37 .. 21 9122 9 42 16
3.37 RN - 1 I N IS P 86 6
3.50 ... 84127 ]....]. 76 10
3.50 ... 6123 (34| 2|. 64 12
3.63 4|15 |48 | 40 |....|. 107 0
3.75 ... 640 | 34| 2 82 20
Not. measured 930 |11 50 0
Totali: .o oomames 14 |271 (457 |240 | 17 999
No embryos (less)......... 9 (112 1198 [ 88 | 7T |....l....l....| 405 409,
Net gcncldy seeds........... 5 |159 (259 (152 | 10 494 60%
Embs. dissected. . ........ 5|94 (144 | 62 | 0 (Not all dis-
sected)
1 Screen sizes in millimeters:
No. 10=38.97 No. 12=4.76 No. 14:=5.56 No. 16 =6.35
11=4.37 13=5.16 16=5.95 17=6.75
19=17.14

Tree 3-52, collected Aug. 5, 1942. Elevation 3700 ft.

m=4.62
75 | [ 7 18| 22 bswelanaa)s 40 31
BB one e e age b |21 31 1]...]. 57 12
2. B 2.1 9] 8 ki) 19 22
475, e 14 |1 22| 3|....|. 39 74
- 2 S —— 3|14(72| 6. 95 5
B0 e 2|12(15] 2. 31 34
Potall. . oonasrnma s 44 (100 {120 | 8 |. 281
Noembryos............. 38 |78 | 8| 7. 212 75%
Goodseeds. ............. 6|22 | 40 1. 69 25%
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TasLE 1.—8S1zE8 0F SEEDS oF PINUS PONDEROSA—Continued
Tree 3-10, collected Aug. 5, 1942, Elevation 3700 ft.
Seed sizes by screen openings! Half
ot P i
Cone length (in.) and
10 | 11 [ 12 | 13 | 14 | 15 | 16 | 17 | 18 | Total | defective
m=4.57
BT asseni 30 (21| 5.... 56 16
51| PR e NG PR s 1(23|123| 91.... 56 4
L 3 PG U R 32 | 57|16 |.... 105 12
E o T e e e 813748 | 1 94 6
1 NS ol i el O ot 7143 )32|.... 82 6
L1 13 | 46 | 35 |. 94 0
Total........... cevefeeod] 1 (113 227 1145 | 1 487
No embryos. . ....... S Lo — o T (1T R 62 13%
Presumed good seeds. .|....|[....| 1 |104 |194 [125 | 1 425 R79%
Tree 15-43, collected Aug. 15, 1942. Elevation 4100 ft.
m=3.94
Small, not measured ..|....| 4| 25|36 | 8 (....|. 73 0
262...... SO - - 3 1510 M 1 i ! I 66 11
L L . 11 (21|20 3|....|....]|. 55 12
B, i e A e I e | R ) 71 34 29
. s esdee e i 12223 5. 51 25
&b sl coaa] 21| 23] 6. 49 16
B0 i i siensaane waciin 3 (38|27 11| 79 31
Total; . o asivws 64 | 35 | 56 (130 | 93 | 29 . 407
No embryos......... 52 (23|29 |46 | 46 | 15 |, 211 519,
T R e 12 [ 12 | 27 | 84 | 47 | 14 |. 196 497,
Tree 15-78, collected Aug. 15, 1942. Elevation 4100 ft.
m =5.56
Bl v e 21 0| 9 3|....]. 14 56
T A P — N I 2 O 33 52
862 ooy 2 016 |12 20, 32 10
iy { TR ST SR ] i 211518 3 |....|. 38 10
Q0. ;s vesvia e Jeaas 1 5| 11 T s 22 55
6.0. . 3| 521 | ) P I8 30 67
T (TR RPN BUXES DPLTE Coeey 2|12 )12 i|. 33 ?
Fatal: i i c.o..| 11 | 34 |110 | 37 | 10 |. 202
No embryos. ........ ..o 8116 |52)|19( 6. 101 509,
Presumed good seeds .|....| 3 |18 | 58 | 18 | 4 | 101 %
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TasLE 1.—8S1zEs oF SEEDS OF PINUs PoNDEROSA—Continued

Tree 3-38, collected Aug. 5, 8, and 12, 1942. Elevation 3700 ft.

Sced sizes by sereen openings! Half
___| grown
Cone length (in.) and
10|11 12 13| 14 | 15| 16 | 17 | 18 | Total | defective
m =5.36
7310 U S e . 311948 |27 7| 4....] 108 31
E | U R o W o i £ U ) I ) e 75 41
17 - S ... 1| 4| 6/30|583| 3|.... 97 13
I3 N vouleend] 1| 7515|3428 2 87 ?
T O . - ... 31224 37| 29 4 |....| 109 16
B2 recaresus s v s 1| 519 |26 |49 | 24| 4| 128 14
B2 covmaans e 2 0 9 (24| 55|29 T 126 16
P 2h s s st 2| 2112|133 (35 24| 3| 111 11
BT cotwaa v anssuee ...] 3| 3([13 36| 34|18 |. 107 31
17 e o o] 4 8 |28 |81 (24 | 9 |ewss 99 17
T Y (e SR vauw) 1 111 |35(39| 6| 7| 100 30
i 77| IS A amileseslane] 8 1928 38 | 26 ksss 96 16
BITDL o vovnsrniaoe min i e N 1 219 |23 | 26 | 18 88 17
Total. .......... ... 5| 22| 88 |229 (406 393 [161 | 27 | 1331
Noembryos.......... L. 1] T 703247 | 34| 6(....] 197 15%
Presumed good seeds. .|....| 4 | 14 | 18 197 (359 359 [155 | 27 | 1134 859,
Tree 4B-53, collected July 11, 1942. Elevation 2740 ft. Stages I and II
m=3.37
828 e e b ceesl 31 9 |816 (11 |....| 39 14
F i e 2117 |25|10| 5| 1 60 15
Total. . .cowsavin el 2120342616 1 99
Noembryos. .. ...... segn| R | T24Vad | L g EOOd 1 8 89
Good seeds. /........|.... | 1 /18|31 |25 |15 1 a1 929,
|
Tree 3-7, collected Aug. 5, 1942. Elevation 3700 ft.
Seed sizes by screen openings! Half
Dt | grown
Cone length (in.) and
1011112113 | 14| 15| 16 | 17 | Total | defective
m=3.87
B B i e 4 119 |MI8 Lvsia]mssmtamnsfom s 36 6
BT e R S 41720 |81 |, ..ouls vesdrame)oame 45 33
STh s s vesrimn T v 6| 13 > [P ) L s Y 22 5
B RO i T R v 10 |24 L 31 28
o T e b 1| 1819 bicos|onwsfoaifouns 36 11
R R T e e T 3 5 |81 [0 |vesdinaa]amans 49 21
TRotal. . oot weaiiaess ... 18 79 1111 | 11 219
No embryos. .. ... ....... el 2022118 1 41 199%,
Good seeds. ... ........... ... 16 | 57 | 95| 9 | 178 81%
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TapLE 1,—S1zEs oF SEEDS oF PINUS poNDEROSA—Continued
Tree 3-40, collected Aug. 5, 1942, Elevation 3700 ft.
Secd ‘sizes by sereen openings! Half
. ™ | grown
Cone length (in.) | | and
i 10 | 11 ‘ 1213 | 14 | 15| 16 | 17 ‘ Total | defective
m=4.63 |
: ORI WSl | T —— L] 2 6 4|10 6 1 29 l 10
T S AL O 2 5|15 | 15 9 2]t 4R 19
> 11 i —— vadzalewee] S| 18] 2901 21 |.-..- 53 33
S VL ) cwmelomes] 8| 8| 28 o . 50 6
1S T FN So L] I N iyl B G I [ O e 59 28 -
ERE s R S R A o1 ] T (s T I 4 R ) (ISR [ 59 11
B e s A eea] 111812510 2].... 56 15
5 L LR 1| 0] 7125|2617 |.... 75 30
Potall s ronsii s iess 6|15 |69 (159 136 | 52 | 1| 438
Noembryos.............. 6| 9(24 (8 |59 (22| 1| 201 419,
Good seeds.............. 0| 6|45 |79 | 77|30 0| 237 599%
Tree 3-14, collected Aug. 1 and 5, 1942, Elevation 3700 ft.
Seed sizes by screen openings' Half
: ——| @rown
Cone length (in.) | and
10|11 12|13 |14 [ 15|16 | 17 | 18 | Total | defective
m=4.37
i s T l) I VRO (ORI | | 7110 9(....]....[. .26 14
- vir L, TOSUUE PR A W ced]e...| 2025 10 51.... 60 9
22 TSRO RN | 1t . 412|122 |12 |14 |....].... 64 ?
[ Ll L O R TIEIN DO oo 1112119161 12 ..., 60 15
e P v ey I visfroes| 6184|3317 6 95 49
Not measured........|....0.... 1 1 6| 8| 4| 21.... 22 35
Not measured........[....}.... cailiasd] 8| 24| 17 5. 40 31
Total i :ovaimvsfsumfaem 5121 |78 |131 | 94 | 41 6 376
Noembryos.........[....|.... 3| 7133|6338 13| 1 158 429,
degedl; s nle s 2114 |45 | 68 | 56 | 28 5 218 589,
Tree 3-3, collected Aug. 12, 1942. Elevation 3700 ft.
2(22(33|22| 2/....[.... 81 7
5|23 | 43 [ (R DU SN 77 22
.eae| 481 22 |1 10 g B [y S 81 3
7 |93 98‘38' 3 l 239 13
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TABLE 1.—81ZE8 oF SEEDS OF PINUS PoNDEROSA—Concluded
Tree 3-55, collected Aug. 5, 1942,

Elevation 3700 ft.

Seed sizes by screen openings! Half
s 3 grown
Cone length (in.) and
10 (11 |12 | 13 | 14 | 15 | 16 | 17 | 18 | Total | defective
m=4,08
02 sinaan s 6 1 4 3 |. 14 3
40.. 6 |22 |28 kil 41 23
&0 v s 1 1 3 2T, 7 15
L N D e [raal 9120 (21 (....]. 50 20
) 5 s A 3| 5|28|....]. 36 21
C %, 7 R S 8|11|40| 3|. 62 25
Total........... ....| 33| 60 |109 | 8 |. 210
No embryos. ........ | 26129 | 87| T I 148 70%
Presumed good seeds..|....[ 8|31 |22 | 1| 62 309%
Tree 3-6, collected Aug. 5 and 8, 1942, Elevation 3700 ft.
m=4. I
"X ¢ I AN R 3 5 5 2 ) R DR R 16 44
40... ... 1 2 9 5 b B IR B 19 14
i 4 3 6 | 11 i) ] Y 29 39
3 TS VR e ) o1 o -l [ ¢ R ) e 42 18
s R AR T 114 12 B Lol |s 32 19
BBt i AR wepnlben 210 | 2185 10 o P 8 37 30
- 3 7 9 F il DT Do) e % 22 76
L T o RSy (S 5| 5 . B P I 14 50
A B s e s avgs] B | e liais|s 26 56
BT S ERes 1 310 10 | I st 25 18
4.87. 1 L a1l | 32 Belanis e sls 32 29
50 At SR . 2114 |12 8 21....]. 38 5
5.25. 4 6 (1118 10 2. 51 24
L L 2|15 8 6 2 2. 35 34
BEBT e cosermi o ia 1] 8 T 8] 2.0l 23 59
BB s meore e .l TL1L] 8| 1 ... 27 41
OB bt i BTy e 1 1 9|13 2 1. 27 47
Totakoe ot oorogs Lo..) 12| 44 128 159 (120 | 27 | 5 |. 495 |
No embryos (less)....|....| 8|27 |61 | 77|69 | 17| 3 |. 262 53%
Presumed good seeds..|....| 4|17 | 67|82 |51 10| 2 233 ‘ 479,
Tree 3-8, collected Aug. 5, 1942. Elevation 3700 ft.
m=5.25 ‘
T i tosiioi e e i 1 (... 5[ 79 -1 - a1 2
(72 i RSP SRS R . L | 5| 55|32 5 |. 98 4
BB s e ceasfeiens] 843 | B4 L I 8 ’ 114 7
Total:covewiaws 1 1|18 (177 | 92 | 14 |. 303
No embryos. . ....... oo ler| 18] 3. 98 329,
Presumed good seeds..| 1| 1| 8 [110 | 74 | 11 205 68%
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I o v A\

TREE 3-H
PINUS PONDEROSA 1942

VI VI Vi

Fi6. 1.—Embryos and parts of suspensors in various stages (X 12).

Il. THE RELATION BETWEEN THE SIZE
OF THE EMBRYO AT DIFFERENTIA-
TION AND THE SIZE OF THE SEED.

Previous investigations on the em-
bryos of the pine (3, 6) have bLeen
concerned very largely with the
early stages of the embryogeny, the
period during which embryonie se-
leetion (5) oceurs. The later devel-
opment of the embryo was deseribed
only in its broad outline. Some of
the stages concerned here have been
known for many years. They were
illustrated or briefly described long
ago by Strasburger (15-16) and
others. Stages III and IV as de-
fined in this paper, were illustrated
by rather erude woodeuts in Sechlei-
den’s textbook more than a century
ago. In the second edition of Schlei-
den (13) the illustrations of the em-

bryo of a fir appears on page 373

of Part 2; his fig. 225A is an embryo

in stage ITI, B an embryo in stage

IV. Buchholz (3). in reviewing
Schleiden’s and other early contri-
butions pointed out that at an ear-
lier stage than these stages the ple-
rome of the root tip becomes recog-
nizable internally, shown in sections
of the embryo. The order of ap-
pearance of these organs is: 1, root
tip and root cap; 2, stem tip; 3,
cotyledons.

Figure 1 shows a series of embryos
of the pine in successive stages of
development, drawn closely to the
same scale, with the stages desig-
nated by the Roman numerals 11-
VIII. During stages I and II the
embryo is composed of a eylindrical
mass of dividing eells, rounded at
the apex. At the base of the embryo
successive layers of cells elongate to
form a long suspensor of greatly
elongated cells and the massive root
cap that continues to give rise to ad-
ditions to the suspensor. Only the
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spherieal area above the dotted line
contributes to the embryo seen in a
young seedling.

Stage IIT is reached when the
stem tip primordium becomes visible
as a special bulge at the end of the
larger dome that terminates the up-
per end. This is the first change in
the eylindrical embryo that is recog-
nizable externally. As may be seen
in the tables of measurements of em-
bryos which follow, the aectual di-
mension when this stage is reached
differs eonsiderably, depending upon
the size of the seed. Under a binocu-
lar dissecting microseope this stem
tip primordium has a striking ap-
pearance, due to a greater translus-
cency at this point.

Schopft (13) in his detailed his-
tological study of the embryo of
Larix has designated the stages as
pro-stage, meta-stage ete. Stage I
would be included in the meta-stage.
The greater part of stage IT belongs
to his ana-stage, but it is not certain
how eclosely the end point of stage 1
would eorrespond to the end of
meta-stage or how much of the ana-
stage would be included in stage 11.
Stage IT1 begins in the later portion
of the ana-stage while the remaining
stages III-VIII all belong to the
telo-stage. These externally recogniz-
able stages therefore appear to paral-
lel some of Schopt’s stages based up-
on internal anatomy, and the two
systems are entirely consistent. Ouir
stages represent subdivisions of his
stages, mostly of his telo-stage. It
was found necessary in disseeting
large numbers of embryos from
seeds of different sizes, to define a
progressive system of morphological
erowth stages that could be recogniz-
ed quickly by means of critera vis-
ible externally during dissection.

Stage IV is reached when the
circle of cotyledonary primordia
may be observed surrounding the
stem tip on the shoulder of the em-

bryo. The number of these primor-
dia may usually be counted by tilt-
ing and rotating the embryo. As
long as the cotyledons are small so
that the stem tip protrudes beyond
the length of the cotyledons the em-
bryo is elassified as belonging to
stage 1V,

Stage V includes embryos in which
the cotyledons and stem tip are
equal in length. This condition is
easily recognized under the dissect-
ing microscope, and may require
some exercise of judgment only if
the embryo is slightly asymmetrical.

Stage VI has cotyledons that are
definitely longer than the stem tip,
but less than twice as long. Usually
the stem tip is still observable by
tilting the embryo under the dissect-
ing mieroscope even though this
apical point is now overtopped on
all sides by the cotyledons.

Stage VII is a stage older and
larger than Stage VI in which the
cotyledons are long enough to hide
the stem tip completely from view.
The upper dotted lines in these
stages of figure 1 show the position
of the stem tip. Stage VIII differs
from stage VII only in the size of
the embryo and in the relative
length of the cotyledons. These last
two stages are therefore somewhat
arbitrarily separated from each
other as size classes. The mean di-
mensions of stages VII and VIII
might vary considerably in collec-
tions made from the same tree on
different dates with a week between.
In seeds that are fully ripe all em-
bryos would be expected to be in
stage VIII. Hence as ripeness is
approached the mean dimensions for
this stage would inecrease. On the
other hand in seeds from cones that
have a majority of their embryos in
stages IV-VI the most mature em-
bryos in some seeds belonging to
stage VIIT would fall far short of
the dimensions observed later in the
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ripe seeds. For this reason the em-
bryos of stage VIII in some of the
tables have been designated VIlla.

Not all trees were found to have
the embryos in their seeds in the
same stages of development on Au-
gust 5, the first date on which many
cones were collected. The seeds of
several of the trees were already too
mature to include many of the coty-
ledon-forming stages. Some of these
were sampled but the series was not
dissected. The tables show that a
few of the trees from which all em-
bryos were dissected, were found to
include too many embryos in the
older stages. Other trees gave a
very satisfactory distribution of
stages in a single collection of cones
obtained on the same or successive
days. From several trees, in which
sampling indicated that the embryos
were mostly still in the earlier
stages, a second collection was made
5-6 days later.

The advantages offered by the pos-
sibility of recognizing morphological
growth stages without resort to sec-
tions are apparent, not only in the
possibility of comparing steps of
maturity in large seeds vs. small
seeds, but also in comparing the em-
bryos of different species or related
genera of conifers.

The embryos of the seeds of all
sizes coming from six of the trees
concerned in the first part of this
paper were dissected out. These
were classified as to their stage of
development and measured under
low magnification with an oeular
micrometer. Two measurements
were taken : diameter (d) of the em-
bryonic¢ eylinder near the widest
part of its upper end (near the ple-
rome apex in smaller embryos;
across the cotyledons in the later
stages) ; length (1) from the stem
tip or tip of the cotyledons, which-
ever is the longer, to the place where
the suspensor begins. The suspensor

consists of elongated cells while the
adjacent root cap has small cells
more nearly isodiametrie.

There were very many embryos
that belonged to the same size of
seed and to the same stage of devel-
opment, of which the mean diameter
and the mean length only was en-
tered in the tables. The number of
embryos belonging to each of these
classes is indicated in the column
showing frequency (f). Measure-
ments were all converted to mierons
and may be considered accurate only
to about 8 micron units where the
frequeney is only one.

It was believed that the ratio of
diameter to length (d/l1) would be
useful in these comparisons. These
are shown in all of the tables and
are interesting insofar as they reveal
zeneral tendencies in all of the em-
bryos of certain trees to be more
slender or more stout at any and all
stages of development. The d/I ratio
is relatively high for the earlier
stages and diminishes rapidly in
early stages, more gradually as the
embryos approach the condition of
ripe seeds. Aside from the fact that
differences in the d/l1 ratio exist in
the embryos of different trees, no
other particular significance may be
attached to this item at the present
time.

The embryos of stages in which
the cotyledons have begun to form
included counts of the cotyledons
primordia or cotyledons. A few of
the earliest sets of measurements did
not include counts of the cotyledons;
hence the frequency of the ecotyle-
don counts is below the frequency
of the set of measurements of em-
bryos in two of the trees. In all
cases the cotyledon counts were ex-
tensive enough to provide a satis-
factory random sample, and are
complete for the embryos of most of
the trees.
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Before this investigation was un-
dertaken, it had been assumed, spec-
ulatively that an embryo might be
expected to differentiate its stem tip
and cotyledons when the embryonic
cell mass reached a certain size or
volume. This idea would suppose
that conditions within the embryo
determine the point at which differ-
entiation would begin.

The results of these tabulations
have shown that this idea was erron-
eous. They show eclearly that even
in these earliest stages of differen-
tiation the embryo is very definitely
influenced by the size of the seed.

It is remarkable to find that the
increase in size of the embryos fol-
lows the increase in the size of the
seeds so closely.
variations and irregularities as may
be expected in all limited samples
of biological material. The greatest
digressions appear where individual
embryos or small numbers of them
are averaged as indicated by the
frequency (f) for the class.

There can be no doubt that the
size of the female gametophyte en-
ters into the size relationship of the
embryo at the time of differentia-
tion. The female gametophyte is
formed long before the embryo and
surrounds the latter at all times,
serving as endosperm in the matured
seed. However efforts to measure
and -evaluate the endosperm have
failed thus far. No satisfactory
method has been divised by which
the differences and irregularities
found may be shown. The difficulty
is primarily one of measurement and
a lack of knowledge of the precise
history of this member in its growth
and maturity within the seed,
throughout the period of develop-
ment. We must content ourselves
with the knowledge that the game-
tophyte or endosperm must also be
limited by the size of the seed; rea-
lizing that seed size must serve as

There are some.

the nearest indirect measure of the
endosperm.

When the embryos of stages I111-
VI are ecompared in the largest vs.
smallest seeds, the volumes of the
embryos are probably the important
measure of differences. A few com-
parisons have been made by calculat-
ing the relative volumes of the em-
bryos, which are from 2-4 times as
large in the largest seeds as in the
smallest. KEstimates could be made
of the relative volumes of the corre-
sponding seeds, but their volumes
appear to be from 3-5 times as large
in the large seeds as in the small
ones. There is enough agreement
between these values to indicate that
a very high correlation may be ex-
pected, but not a perfect one, be-
tween the volumes of the embryos
dissected from large vs. small seeds
and the volumes of the seeds them-
selves. The entire series of data on
the sizes of embryos in relation to
seed size point to the conclusion that
the size of the partially developed
embryo during which its organs be-
come differentiated is conditioned by
ihe size of the seed. The larger the
seed, the larger the embryo becomes
before its stem tip and cotyledons
appear.

The question of the cause of varia-
tion in the number of cotyledons in
pine embryos has always been one
of interest to morphologists. A
recent survey by Butts and Buch-
holz (7) shows how these are known
te vary throughout conifers. At one
time the senior author (4) was con-
cerned with this problem in the Jack
Pine, the Black Spruce in Larix,
Cedrus and a few other conifers.
The conclusions reached, following
the more formal morphology, indi-
cated that in the ontogeny of some
embryos, the cotyledon number is re-
duced through fusion of small coty-
ledonary primordia and sometimes
through the abortion of some of
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these primordia. This was eonsid-
ered a sort of recapitulation in the
embryogeny which was interpreted
as indicating that phylogenetically
the number of cotyledons was re-
duced from the large number shown
in some pines to the smaller number
shown in others.

Many of these embryos showed
similar evidence of fusion of coty-
ledons in stages V and VI. How-
ever, when it became apparent that
another factor, seed size, has a much
more profound influence on the size
of the embryo at the time when the
cotyledonary primordia first appear,
this phase of the investigation was
not pursued further. At best the ob-
served evidence of fusions could not
account for a reduction in the num-
ber of cotyledons by as much as one
seed leaf per embryo, while the dif-
ferences due to seed size bring about
differences in the number of cotyle-
dons of about five per embryo. In
any repetition of this type of investi-
gation, one would need to take into
account the size of the embryo and
seed.

The largest number of cotyledons
observed in any embryos was 14, the
smallest 6. The mean of the largest
embryos in the largest seeds was
12.2, and in the smallest embryos
found in the smallest seeds it was 7.3
—a difference of 5 cotyledons.

The number of cotyledons is defi-
nitely related to the sizes of the
seeds, as shown in the tabulations of
the embryos dissected from the 6
trees studied. This condition is
shown throughout the series. The
mean number of cotyledons per em-
bryo found in seeds of the same size
in different trees is not precisely the
same, but on any one tree the results
are consistent when they are based
on the means of more than a few
embryos.

The results actually show that the
embryos which are the smallest at

the time of differentiation have the
smallest number of cotyledons, and
these are found in the smallest
seeds. The largest embryos have the
largest number of cotyledons, and
are found in the largest seeds. There
is a variability throughout that is a
well known characteristie of cotyle-
don numbers.

A small embryo at the time of dif-
ferentiation of these organs would
have a smaller circumference on the
shoulder of the embryo surrounding
the stem tip, so that a smaller num-
ber of primordia could be formed.
It is oniy in the largest seeds that
the. cirele of this cotyledonary
shoulder is large enough to aecom-
modate the 5 or more additional pri-
mordia found in these.

It follows from this that the stem
tip primordium must be largest in
the embryos which happen to de-
velop within large seeds. This larger
stem primordium would have more
volume and be composed of a larger
number of cells, when surrounded
by a larger number of cotyledons.
No doubt the more rapid initial
growth in the seedlings coming from
large seeds is due to a larger, more
robust embryo as well as to a larger
reserve food supply in the endo-
sperm. That this difference is only
of temporary advantage was shown
by the work of Righter (12) in his
comparison of the seedlings of hy-
brid origin with the seedlings origi-
nating from the wind pollination
with both classes coming from seeds
of equal weight.

A practical question which would
oceur to foresters is whether or not
any of the seeds collected for this
series of observations would actually
germinate. No experiments were
carried out that would answer this
question, which would probably de-
pend upon the condition of the endo-
sperm as well as the stage of the
embryo. However our tabulations
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of embryo maturity on certain dates
may be compared with those of Maki
(10), who made a series of records
of seed germination in cones that
were harvested prematurely in
Idaho. None of the cones harvested
in July contained seeds that would
germinate. The cones from which
he extracted seeds that would germ-
inate were collected on August 6.
These gave about 5 percent germina-
tion. His seeds of August 16, gave
about 50 percent germination while
his later collections were somewhat
better. There is good reason to sup-
pose that seeds with embryos in
stage VIIT might grow, possibly
some of those in stage VII. Our
table showing the embryos of tree

3-40, collected August 5, which had
158 embryos in stage VIII might be
expected to give 36 percent germina-
tion, but tree 3-52 collected on the
same day, with only 3 embryos in
this stage might be expected to show
only about 1 percent germination,
about 11 percent if stage VII is in-
cluded in the count of viable seeds.

Our work shows therefore that
among different trees growing on a
civen site there are differences in
the degree of maturity of the em-
bryos, when cones are harvested pre-
maturely. Of course the altitude of
the site would affect this, and in a
comparison of seeds in Idaho and
California would involve an allow-
ance for latitude.
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