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XXI.—On Leaf-Architecture as illuminated by a Study of Pteridophyta. By
F. O. Bower, D.Sc, F.R.S., Regius Professor of Botany in the University of
Glasgow. (With One Plate.)
(MS. received March 6, 1916. Read March 6, 1916. Issued separately November 8, 1916.)

The expression " architecture " as applied to the leaf was introduced by PKANTL
in his monograph on the Hymenophyllacese.* It may be adopted as connoting
the sum of the facts of construction of leaves; together with those principles
or methods deduced from them, upon which we find the leaf to be built up.
The varieties of size, form, and complexity of leaves appear infinite ; but similarities in the scheme of their construction are obvious. It cannot be assumed
that where similarities occur they are necessarily due to immediate community of
descent. They may or may not be. Parallel development under similar conditions
may be, and probably has been often, the source of such similarity. But even so
it may be possible to connect the simpler and the more complex within the several
lines of nearer relationship, and a study of several such lines may be expected to
disclose certain underlying principles or methods which have ruled in the construction of foliar organs at large. The recognition of these, in their evolutionary aspect,
is the proper basis for a scientific knowledge of leaf-architecture.
There are three chief avenues which may lead to such knowledge :—
(1) A comparative study may be made of adult leaves, in the mature state or in
the course of their individual development, in a large number of different types.
(2) A study may be made of the juvenile leaves of the individual, and the
gradual steps be traced up to the adult form. Comparison may then be made of the
results in various forms related or systematically apart, and especially in the case
of those types that are believed to be relatively primitive.
(3) The results of such comparisons may be placed in relation to the fossil
record, and any conclusions thus obtained as to phyletic progression may be checked
accordingly.
All of these avenues should be pursued in order to arrive at a scientific knowledge
of the " architecture " of leaves in Vascular Plants. Naturally the first of these took
priority in the history of the science; and unfortunately it was first practised for
the most part upon the Higher Flowering Plants. This often led to the interpretation
of the lower in terms of the higher, and to the consequent failure to recognise the
full significance of the facts observed. In some measure this has been porrected by
the pursuit of the third avenue of study, viz. by the comparison of the fossils.
The flattened form of the leaf-blade, which has led to its very perfect preservation
* Leipzig, 1875, p. 7.
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in the state of impressions, has supplied important features. The second avenue
has, however, been somewhat neglected, and especially in the case of those plants
which should serve as the basis for such comparisons—the Pteridophyta. I am not
aware of any methodical synthesis having been given of the facts relating to the
juvenile leaves of the Pteridophyta, so as to make a general comparison of them
possible. In many of the more important primitive types the facts are still very
imperfectly known. The attempt has therefore been made here to supply the
material for pursuing this second avenue of study, and to place the results in relation
to those from other sources. It is only when the facts have been ascertained and
the underlying principles have been laid down, in some such way as this, that a
beginning can properly be made for the discussion of such larger questions as the
phyletic origin of that member designated as the " leaf," and its probable relation
to the axis which bears it.
But before the detailed description of the juvenile leaves is entered upon, it
will be well to summarise the views which have been expressed, and the conclusions attained by others, on the subject of leaf-architecture, in so far as they have
been based upon the elaborate leaves of the Filicales. HOFMEISTER * states that
" the formation of the pinnae of the frond in the species of Pteris, as in the rest of
the Polypodiacese, is the result of a true bifurcation of the punctum vegetationis
. . . each of the new shoots is alternately more strongly developed, thus changing
the direction of the bifurcation to the right or to the left. The weaker one is pushed
on one side so as to appear to be lateral." The continual change in the direction of
the less vigorous bifurcations causes the feather-like form of the frond, whose segments (as is well known) are in no species exactly opposite to one another. This
description, based on a special example, includes facts which will be found to be of
wide application. It is doubtless this passage to which SACHS refers in his Textbook,i where he-introduced the terminology which has since been generally adopted
for branching. He noted the apparently true dichotomy in Platycerium alcicorne,
and that "according to an older statement of HOFMEISTER it appears that branching
of Fern-leaves generally commences dichotomously, although mature leaves mostly
resemble a monopodium." Further, he notes that " since the branches or lobes are
apparently always alternate and not opposite, and the terminal lobes of the leaves
are frequently developed as equally strong bifurcations, leaves of this kind may be
considered, according to HOFMEISTER'S hypothesis, as dichotomies developed in a
sympodial manner . . . the midrib representing the sympodium, and the apparent
lateral branchlets the weaker branches. . . . A similar interpretation may perhaps
be permitted for the simply pinnate leaves of the Cycadacese."
The observations of SADEBECK J translated these conclusions into terms of cellular
construction, thus actually demonstrating the dichotomous character of the ultimate
* Higher Cryptogamia, p. 209.
J Friedrichs-Realschule Jahresbericht, Berlin, 1874.

t First English edition, p. 161.
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branchings of the lamina in the juvenile leaf of Asplenium. They were followed
closely, in 1875, by KNY'S monograph on the Parkeriacese. Here the demonstration
was given that where the single initial cell is still active in leaf-forming pinnae,
these do not necessarily coincide with segments from the initial cell.* In the same
year PRANTL'S monograph on the Hymenophyllacese appeared. The general
conclusion from his detailed developmental and comparative study was that
in them the leaves, simple or complicated, were the result of purely dichotomous
branching, and usually developed sympodially. He suggests that this conclusion is
applicable also to other Ferns.t In 1881 he published similar observations on
the Schizseacese. The result was that he was able to refer the branching in all of
them ultimately to dichotomy. He for the first time followed carefully the steps of
departure to the sympodial development, both in the juvenile leaves and in the
pinnae of the adult leaf: and he constructed diagrams illustrating that progression
for Lygodium circinatum.\
The term "dichotomy" has appeared repeatedly in the preceding paragraphs.
It must not be assumed in all cases where it has been used, or where it will be used
in this memoir, that there has been the equal division of an apical cell. The
observations for or against such a conclusion are mostly wanting. Still, a near
approach to such a theoretical perfection of dichotomy, if not an actual demonstration of it, has been given by SADEBECK in the seedling leaf of Asplenium. From
such a condition, which seems actually to exist in some cases, the gentlest
gradations lead to what is clearly monopodial branching. What is often seen is
then " apparent dichotomy," that is, the " continuation of one shoot by two equally
strong ones." § Cases where the resulting shoots are not equal, lead to what in our
descriptions are designated " sympodial developments of dichotomy." It is believed
that the fundamental construction in leaves was the true dichotomy, and that these
are derivatives from it along lines which are clearly suggested in the juvenile leaves
of many Ferns.
It will be superfluous here to abstract the scattered literature giving details of
further isolated examples, whether in adult or in juvenile leaves, where the demonstration of dichotomous branching has been given. It must suffice to say that in
very many cases the dichotomy is obvious enough. Accordingly, we may pass
directly to the general statements of GOEBEL on the subject of leaf-construction in
Ferns, given in his Organographie, as representing the outlook of present morphology
on this matter.il He noted the similarity of juvenile leaves, even in Ferns where the
adult leaves are divergent in character. These may be either dichotomous or
sympodial in their development. The latter is the case where the growth is apical
(Scheitelzellwachsthum), but apical growth merges into marginal (Randzellen* P. 41, Taf. vii.
t p - 14 § LANG, Address to Sec. K, Brit. Assn., 1915, p. 8.
|| 2te Auflage, 1913, p. 337 ; see also Engl. ed., part ii, pp. 313-321.
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wachsthum). Where the growth is apical the origin of the pinnae may be monopodial, as already shown in Ceratopteris by KNY, and exemplified by GOEBEL in
Adiantum Edgeworihi*
Where the marginal growth has supervened the branching becomes dichotomous. This has been summed up by GOEBEL in the following
words : " In all Ferns the lateral primordia of pinnae appear on the primordium of
the leaf, and if the leaf is a greatly elongated one the lateral parts are laid down in
rapid succession ; but where surface-growth predominates, then there is dichotomous
branching, and there is no formation of a strong leaf-spindle or midrib."
Such facts suggest a phyletic meaning. Bearing on this question GOEBEL
recognises three stages of leaf-development in Ferns: (i) marginal growth and
dichotomous branching ; (ii) apical growth, with monopodial branching, but later
marginal growth and dichotomous branching ; (iii) persistent apical growth, forming
long-growths and short-growths, the latter limited, as in Gleichenia and Lygodium.
He remarks that " whether this series forms an ascending or a descending one, or
whether we must recognise it as simply one construction, cannot certainly be
determined. What is certain is that the configuration of the primordium of the
leaf is connected with that of the mature condition in the manner that has been
indicated above." The facts and comparisons to be brought forward in this memoir
will help to resolve this question. It may here be briefly stated that they are
believed to indicate that the marginal growth and dichotomous branching represent
the primitive foliar development; that the stronger apical growth with prevalent
monopodial branching is a derivative state, which is absent from many juvenile
leaves, and, though commonly present in the adult, it lapses into the primitive
dichotomy in the distal region. Already there is much evidence from anatomical
sources which indicates that in Fern leaves the apex and base show more primitive
characters than the middle region. It will be important to keep this conception in
mind when examining the leaf-constructions to be detailed below, f
. GOEBEL describes the juvenile leaves as arrested members (Hemmungsbildungen)4
But if the comparative evidence leads to the conclusion above stated, this would
appear to be an inversion of the true evolutionary conception of the leaf, as
exemplified in the ontogeny. A more probable thesis would be that the juvenile
leaf is not arrested, but is something similar to the primitive and fundamental type ;
while the adult leaf is a promoted condition, and its higher development is consequent
upon a phyletic advance in complexity comparable to that seen in the ontogeny.
But the later and more elaborate leaves may be subject to arrest due to various
causes, which throws them back to such a state as is seen in the juvenile leaves.
This is the theoretical position which will be entertained in this memoir, and it
will be seen later how far it is in accord with the facts to be described.
* Organography, Engl. ed., ii, p. 317,fig.20.
t E. W. SINNOTT, Ann. ofBot, 1911, p. 167 ; and other writers.
J Flora, 1889, p . 28 ; Vergleichende Entwickelungsgeschichte, p. 254 ; Organographie, 2te Auflage, p. 378.
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While the statements of GOEBEL in his Organographie present the purely
morphological position, POTONIE had been approaching questions of leaf-architecture
from the avenue of palaeontological comparison.* He regarded dichotomy as the
primitive type of branching, and monopodial (pinnate) as the derivative. He notes
the greater prevalence of the former in Palaeozoic than in more modern times, and
that it still exists, though less frequently, in the Higher Plants, being represented
atavistically in their cotyledons. He discusses why the pinnate should have replaced
the dichotomous, and sees the explanation in the point that a dichotomous blade
would result in a circular surface of leaf-expanse, while a pinnate blade approaches
the oval, which has mechanical-physiological superiority, and is better fitted to
resist leverages of weight and wind-pressure. He passes from Ferns to Vascular
Plants generally, and asserts (provisionally) that all monopodial branchings originated phylogenetically from dichotomies. This question will come up for discussion
towards the end of this memoir.
Turning more especially to the leaves of Ferns, POTONIE t discusses their architecture in the ancient fossils, as regards both venation and branching. He notes as
some of the chief features in early Ferns : (l) the preponderance of dichotomy in
them ; (2) their frequently unsymmetrical development by interchange of forking
and pinnation, and transitions from one to the other ; (3) the frequent occurrence of
lobes of the ultimate order between those of the penultimate order ; and (4) the
frequently large size of the katadromic pinnule. In addition to these features he
remarks also that most Palaeozoic fronds have katadromic construction, while in
recent types the anadromic greatly preponderates. -Also that in the earliest a
midrib is absent in the ultimate pinnules, while in later forms it is present. Further,
that reticulation becomes more prevalent from lower to higher horizons. He notes
that STUR in his Culm-Flora does not represent a single case of reticulation : this is
initiated in the Middle Coal Measures, and becomes more prevalent upwards, while
the highest type of reticulation, with smaller meshes within larger areolse, occurs
first in the Mesozoic period.
Such statements as these, based upon a wide knowledge of fossils, supply a
foundation upon which to work. They serve as checks to comparative conclusions ;
and it is a very reassuring fact that the results already attained by comparison of
living forms are in substantial accord with them. A real advance has thus been
made along the two avenues of study on the adult leaves and on the fossil types.
But a knowledge of the actual facts as to the structure of the primordial leaves is
still very incomplete. It may be a question how far their characters will bear an
atavistic interpretation. But on this it is impossible to approach any opinion until
the facts are before us. These will now be described so far as they are available.
* " Die Beziehungen zwischen dem echt-gabeligen und dem fiederigen Wedel-Aufbau der Fame," Ber. d. d. Bat.,
Qes. xiii, 1895, p. 244 ; also Lehrbuch der Pflanzen-Palaeontologie, Berlin, 1899, p. 110, etc.
f Lehrbuch, p. 110, etc.
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The method of preparation has been a very simple one. The leaves are made
transparent by eau de Javelle ; stained with safranin ; cleared in bulk in oil of
cloves; and mounted in Canada balsam. The result is a transparency, with the
vascular tissue so stained that the connections, even those at the base of the blade,
can be readily followed.
The relation between branching of the leaf itself and branching of the veins is
obviously a close one. It suggests that where the branch-veins run parallel the
venation represents a latent branching of outline, and that originally distinct lobes
have been " webbed," or laterally merged together. This seems highly probable in
simple cases, but it may be doubted whether the branching of veins is always the
equivalent of a webbed branching of outline. In complex cases where, reticulation
occurs there can be no question but that vascular strands have been formed de novo.
At the moment it is difficult to make any general statement on this point. It is best
to be fully aware of the difficulty, and to recognise provisionally that a close relation
subsists between branching and venation. When a large number of examples have
been considered in detail it may be possible to draw some more definite conclusion.
Comparative study of the leaf-architecture of the Pteridophyta is the natural
foundation for a similar inquiry for the Spermophyta. The actual lines of evolution may be obscure, but there can be no doubt that the one will illuminate the
other. This was the view of HOFMBISTER, SACHS, PRANTL, and other morphologists.
Accordingly we may be prepared to trace at least analogies, if not some nearer degree
of resemblance, between the construction of the leaves of the more primitive
Pteridophyta and that of the' relatively advanced Seed-bearing Plants. No special
observations relating to the latter will be described here, and it may be that further
inquiry will be necessary before full advantage can be taken of the basis for comparison which the Pteridophyta can supply. But at the close of this memoir
some attempt will be made to carry onwards to the Flowering Plants the application of the results acquired, which may help to elucidate the architecture of their
leaves also.
Description of the Architecture of the Leaves of the Pteridophyta,
special reference to their Primordial Leaves.

ivith

LYCOPODIALES.

In all of these the leaf is relatively small, and its construction is always simple'
both in form and venation. It was, however, of considerable actual size in the
Lepidodendracese and Sigillariacese, as it is also in the living Isoetes. It is traversed
by a single unbranched vascular strand. The only known exception to this among
living or fossil Lycopods is in certain Sigillarias, where in the middle region of the
leaf there are two equal strands.* These fuse towards the apex, and the whole
* SCOTT, Studies in Fossil Botany, p. 230, fig. 95, of Sigillaria sulcata.
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structure suggests not a dichotomy but a local segregation of the vascular tissue
of the single strand in the middle region of the leaf, where the blade is broadest.
The analogy with what is seen in certain Conifers is obvious. Notwithstanding
this constant simplicity which the leaves of the Lycopodiales show, they do not
differ essentially in mode of origin from the leaves of other Vascular Plants.
Indeed, they may be matched very nearly in point of size and complexity by the
leaves of the Hydropteridese, while the primordial leaves of Pilularia and Marsilia
resemble in many of their features the submerged leaves of Isoetes. It may remain
an open question whether the simplicity of the Lycopod leaf is primitive, or the
result of reduction. A circumstance which favours the former alternative is the
great uniformity which they show, not only in the living forms, but also in the
fossils. The juvenile leaves in these plants do not show characters of comparative
interest, beyond the fact that they are often more succulent than the leaves of
the adult.
I find myself unable to follow LIGNIER in the distinction which he draws between
" phylloides," by which term he designates the leaves of the " Prohepatiques " and
Lycopods, and the leaves of the Filicineee. As regards their relation to the axis,
their acropetal succession, and their general characters of form and structure, the
foliar appendages of the Lycopodiales fall into the category of "leaves" just as
much as those of other Vascular Plants. It is not, however, necessary to regard
them as all derived along a single ancestral line.*
EQUISETALES.

The leaves of Equisetum are mere webbed teeth, each provided with a single
vascular strand, and united into a sheath. They are probably reduced representatives of an ancestry with larger leaves, less fully webbed, or even free. Thus in
Annularia and Phyllotheca the leaves are slightly webbed : but in Asterophyllites,
which is traced back to the Devonian Period, the leaves appear quite separate in
widely divergent whorls. These leaves were simple, though of larger dimensions
than the leaf-teeth of Equisetum, and more effective than these as assimilating
organs. But among the earliest forms, such as Asterocalamites (Schimper) from
the Culm, the separate leaves were themselves branched in repeated dichotomies,
as shown in the well-known drawing of STUR.I
These facts indicate that in the earlier Equisetales the leaves were separate
assimilating organs, and were sometimes susceptible of dichotomous branching.
That they were liable to cohesive webbing. That with this in some cases went a
reduction, so that they became mere protective sheaths to the assimilating axis,
as in Equisetum. In others they became enlarged, and the sheaths split into broad
* Compare LIGNIER, " Equisetales et Sphenophyllales: leur origine Filicineenne commune," Bull, de la Soc.
Linn, de Normandie, 50 serie, 7e vol., Caen, 1903.
t See Land Flora,fig.199 ; or ZEILLER, Pal&obotanique,fig.112.
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pseudo-leaves, each with several veins, which however do not appear to have themselves branched. This is seen in Schizoneurd*
For our comparisons the most
important fact is the existence of equal dichotomy of the linear leaves within the
Equisetales (Asterocalamites), though in most of them the leaf is unbranched.
In this connection must be mentioned two organisms of great antiquity but of
rather uncertain affinity. Pseudobornia, which was described by NATHORST from
the Upper Devonian of Bear Tsland, had jointed stems and whorled leaves, according
in this with the Equisetales and Sphenophyllales. But the leaves are palmately
branched with repeated dichotomies, the segments having serrate edges and the
whole presenting a fern-like habit, with a more complex leaf-structure than is
found in the Equisetales or Sphenophyllales. t Another early type with elaborate
leaves borne in whorls on a jointed axis is Cheirostrobus, of which only the fertile
cone is known. Each sporophyll is composed of three equal sterile lobes and three
sporangiophores. In so compact a branching as it shows it is difficult to be sure
of the method of branching. It suggests trichotomy. But there is no doubt that
the distal end of each of the sterile lobes shows a dichotomous branching. It thus
appears that, though in both cases the knowledge is limited and development
unknown, still there is clear evidence of dichotomy in the construction of their
foliar organs. {
SPHENOPHYLLALES AND PSILOTACE^E.

But dichotomy is much more prevalent in the leaves of the Sphenophyllales and
their living correlatives the Psilotacese. The latter bear in the vegetative region
simple leaves with an unbranched vascular strand; but their sporophylls show
normally a single dichotomy associated with the production of a sporangiophore.
In abnormal cases the dichotomy may be repeated. A possible interpretation of
these facts would be that the vegetative leaves are simple by reduction, while the
forked sporophylls represent the more primitive state. This would bring them
into line with the fossil Sphenophylls, in which branching exists both in the
vegetative leaves and in the sporophylls, and is carried further than in the
Psilotacese. This is particularly well seen in SphenophyMum majus, where the
sporophyll may show two successive, equal dichotomies; but these are repeated
still further in S. cuneifolium, and especially in the relatively large-leaved

Trizygia.
There is a great variety in the state of " webbing" in this family. All grades
of it can be illustrated, from narrow linear dichotomising segments with a single
vein, as in S. tenerrinium, to webbed segments with a marginal tooth at the distal
end of each vein of the dichotomy, as seen in S. cuneifolium. The most advanced
state of webbing is seen in those with dichotomous venation, but entire margin, as
* See FEISTMA.NTEL'8 drawing reproduced in ENGLER and PRANTL, i, 4, fig. 345.

t NATHORST, K. Svensk Vetenskaps-Akad. Hand., xxxvi, No. 3.
| SCOTT, Studies in Fossil Botany, i, pp. 114-123.
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in S. verticillatum. POTONIE states * that on the whole the size of the leaves
increases in passing from the older to the later horizons, but that the converse
holds for the cutting of the blade. S. tenerrimum from the lower horizons with
smaller leaves has quite narrow, linear, radiating segments, while S. Thoni from
the " Unterrothliegenden " has large undivided leaves. This is an important point
for comparison with the Ferns; but in this connection it must be remembered that
in S. cuneifolium both linear and webbed leaves are found on the same specimen.
This fact does not invalidate POTONIE'S point, but it detracts somewhat from
its value.
FILICALES.

In dealing with this, the largest group of the Pteridophyta, which shows so great
a diversity in foliar structure, those which are held to be relatively primitive types
will be taken first, and the descriptions will relate chiefly to their juvenile leaves.
These commonly prefigure in some measure the characters of the adult leaf. But
it will be seen from numerous examples that there is a greater similarity in the
juvenile leaves of Ferns at large than is seen in their adult leaves. In the former,
dichotomy, either with equal branching or sympodially developed, is in most cases
a quite obvious feature.
Osmundacese.
It is convenient first to describe the case of Osmunda regalis, as its juvenile
leaves show a condition which is unusually regular. But, however exceptional this
degree of regularity may be in other Ferns, the study of it serves to bring into
prominence that dichotomous structure which underlies the branching in the leaves
of Ferns. The cotyledon has a single vascular strand traversing its stalk, which
forks as it enters the lamina, and each resulting shank forks again twice (fig. 1, a).
The two main branches of the first dichotomy occupy the two slightly unequal and
not very clearly marked lateral lobes; but the left-hand branch in this particular
leaf is slightly the stronger, and it shows signs of a second lobing. Older leaves
taken from different plants, compared in succession of size, show at first a very
striking equality of lobation and of dichotomous venation. Examples are seen in
fig. 1, b-d, where this equality is strictly maintained, especially in the latter. But
as we pass to older leaves, of larger dimensions, the equality is gradually lost, and
in O. regalis the progressive steps may be more readily followed than in most Ferns.
Thus in fig. 1, e, while the lobing and the dichotomy of the venation are not markedly
different, the left lobe is larger than the right, and the acroscopic shank of the
venation of the left lobe has correspondingly increased. Moreover, the basal parts
of the alternate right and left shanks of its successive dichotomies have disposed
themselves in a sympodial fashion. The left-hand lobe has also become clearly
divided into two parts, of which the acroscopic projects the farthest, and with a
* Lehrbuch, p. 176.
TRANS. ROY. SOC. EDIN., VOL. LI, PART I I I (NO. 21).
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straightening up and sympodial development of its venation it almost takes the
position of a terminal lobe with a midrib. In (f) the pseudo-terminal position
appears plainer, though its venation still appears as a very regular dichotomy.
But in (g) the sympodial development of the veins, both in the pseudo-terminal
lobe and in the apparently lateral lobes, has advanced so that each appears to be
b

e

FIG. 1, a-g.—Successive juvenile leaves of Osmunda regalis, showing steps of progression from equal dichotomous
venation to sympodial branching, and the establishment of a terminal lobe, ( x 5.)

provided with a midrib in its basal part. At the distal region of each, however,
the venation reverts to the original type of almost equal dichotomy. In older leaves
the terminal leaflet and lateral pinnae are themselves liable to similar lobing, all
having the venation of the type already established in (g). And this architectural
method may be continued without further essential modification till the fully
formed adult leaf is reached.
The general characters of these, with their high state of pinnation, are too well
known to need redescription. But interest attaches to the origin of the pinnae, their
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relation to the venation, and to the developments seen at the leaf-base ; for all of
these points have their bearing, not only on this individual case, but also upon the
behaviour of leaves at large.
The origin of the lower pinnse of the mature leaf is known to be monopodial.*
They arise in acropetal sequence below the apex, and in the already massive organ
from which they spring they cannot be traced as having any definite relation to its
apical segmentation. But passing up from the base of the whole leaf to the distal
end there is a gradual transition, similar to that already known in other Fern leaves;
this leads to a mode of origin of the last branchings being referable to a sympodial
dichotomy, of the same type as that seen in the juvenile leaves. The base of the
terminal lobe often gives indication of the relation which exists between these later
a

b

FIG, 2. —Portions of adult leaves of Osmunda regalis, showing the relation of
pinnules to the venation and'to the leaf outline, (x 4.)

branchings of the leaf and its venation. The branch-system resulting from the
dichotomy of each single lateral vein may in the distal part of the lobe be included'
within the margin of that lobe ; but towards its base a convex crenation may sometimes be seen, which includes the whole of such a branch-system (fig. 2, a). Lower
down a more definitely projecting lobe may be found, and lower lobes still may
successively be elongated outwards and their venation be sympodially developed.
The separation of such lobes from the terminal lobe may be completed by involution
of the margin down to the midrib. Such steps, which link together the branchings
of the venation with the origin of the separate pinnae, are seen at the base of the
leaflet shown in fig. 2, b. Such a relation is found to hold very widely in Ferns. It
shows that even a pinnate leaf is constructed on the basis of sympodial dichotomy,
while the pinnae thus produced may be alternate, or apparently opposite, and owe
their origin to monopodial branching.
This seemingly alternate or paired disposal of the pinnae is prefigured by similar
dispositions of the lateral veins. Uniformity in the mutual relations of the veins is
not necessarily found throughout a single pinna. This is illustrated by fig. 3. In
* Phil. Trans., part ii, 1884, p. 575.
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the right-hand pinna there shown the successive veins alternate throughout its
length. In the left-hand pinna they alternate at the base, but in the upper part the
lateral veins appear to be inserted opposite to one another. In reality, however, as
HOFMEISTER noted, they alternate still.
But the distance between the successive
dichotomies is so abbreviated that the appearance is given of paired veins, arising
on opposite sides of a continuous midrib. This appearance, which is very common
in Ferns, as it is also in the leaves of Angiosperms, is thus simply the result of a
slight modification of the sympodial dichotomy. The steps of that modification are
well illustrated in the juvenile leaves of Todea barhara (see below).
The leaf-base of the Osmundacese shows developments which appear only in the
older leaves, and have no relation to the distal branchings. They rank with similar

FIG. 3.—Two pinnules of an adult leaf of Osmunda regalis, showing
how their venation is essentially alternate, but may in places be
apparently opposite, (x 4.)

growths "in a number of primitive types. In Osmunda these consist in wide lateral
flaps which form a broad sheathing base to the leaf-stalk. This development, which
is biologically important for protection, is of the nature of an extension of those
lateral wings which extend the whole length of the leaf in varying prominence, and
merge finally into the marginal growth at the distal end.*
Most Ferns are liable to occasional variations from the normal; these may
illuminate their morphology. The " forma furcata" is such a variant, seen in
Polypodium vulgare, Scolopendrium vulgare, Athyrium, Nephrolepis, etc., e t c t
The forking is frequently a very perfect dichotomy, and may affect only the
distal ends of the pinnae, or the apex of the leaf, or it may extend downwards,
so that in extreme cases it may result in apparently two complete leaves seated
on a common stalk.
In a specimen of 0. regalis from India the distal ends of the pinnse only were
affected, and this gave an opportunity for examining the relation of the forking to
the venation, and so to the regular architecture of the leaf. Three examples are
* See Phil. Trans., 1884, p. 577.

t See the writings of MOORE, LOWE, LUBRSSBN, etc.
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shown in fig. 4, a, b, c. In (a) the forking is slightly unequal, the stronger being
to the left. There is a regular alternation of the veins forming the sympodium,
and the supply to the smaller right-hand lobe may be held to be one of these veins,
which has developed more strongly and branched more frequently to supply the
marginal outgrowth. On this view it would represent a partial reversion from
the inequality of the forking in the sympodium towards the primitive equality, such
as is seen in the juvenile leaves. A similar interpretation would apply to (b), but
there the branching of the lateral lobe is more extensive. Such conditions lead
easily to that in (c), where the two lobes are very equally developed, so that it is
difficult to say whether one or the other is the apex of the sympodium. In other
words, one branching of the sympodium has reverted very perfectly to the primitive
equal dichotomy.

FIG. i, a-c.—Various states of "furcation " of the apex of the pinnule in Osmunda regalis. ( x 4.)

Seedlings of Todea barbara, kindly supplied by Messrs HILL of Edmonton,
have been compared, and they show an earlier departure from the equal dichotomy
than in O. regalis. In fig. 5, a, b, c, a number of cotyledons, or at most second
leaves, are shown, and they illustrate in the succession of their lettering gradual
steps from equal dichotomy to sympodial branching. This applies not only to the
venation, but also to the lobation, which is much more marked than it is in Osmunda.
Fig. 5, a, is an almost diagrammatic dichotomy, and the length of the shanks between
the first and second branchings is approximately equal. In (b) the dichotomy is
slightly unequal, the right lobe being the larger, but still the distance between the
first and second forkings is equal in the two shanks. In (c) that length is unequal,
the longer being that of the stronger limb, which is unusual. The .more frequent
condition is that seen in (d), where between the first branching and the second the
distance on the weaker limb is greater than on the stronger. This leads to the
insertion of the vascular supply of the lower lobes, right and left, being nearly
opposite to one another. It is still more nearly the case in (e). The transition is
seldom so clearly seen as in these cases, and it accords with what has already been
noted above in Osmunda.
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Comparison may be made with the juvenile leaves of Todea superba, in which
species the mature leaves are dissected into fine lacinise, each containing a single
vascular strand. The terminal branchlets of the adult leaf or pinna show obvious
dichotomy, and the relation of the lacinise indicates a sympodial origin. The first

b

e

FIG. 5.—Juvenile leaves of Todea barhara.

( x 4.)

a

FIG. 6, a-c.—Cotyledons of Todea superba, showing different complexity of construction.

( x 3.)

leaves appear in strong antithesis to those of Osmunda, for they have from the first
not only separate laciniae, but also sympodial development. This is shown in fig. 6,
a, b, c, which are readily understood. They are all cotyledons, and it appears that
with the narrow lacinise goes an early adoption of sympodial development. But none
the less dichotomous branching underlies the structure of the cotyledon, as it also
does that of the adult leaf.
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The developments at the base of the leaf in T. superba go a step further than in
Osmunda, for the broad lateral flaps extend across the face of the petiole, so as to
form a continuous envelope, which ensheathes the next younger leaf. In this respect
it is comparable with that seen in the Marattiacese and Ophioglossacese.*
A comparison of these three examples from the Osmundacese thus shows a near
similarity in the venation-system, but a difference in the degree of laciriiation. It
lies near to hand to suggest that the entire cotyledon of Osmunda is a result of
" webbing " of a laciniate type, such as T. superba ; the vascular skeleton remaining
of the same fundamental type, and subject in either case to the same sympodial
modifications. On the other hand, the sympodial development replaces the equal
dichotomy relatively late in Osmunda, while in T. superba it is already advanced
even in the cotyledons. The diversity thus seen in the Osmundacese is widespread
in Ferns. The primary steps of equal dichotomy so well seen in O. regalis are apt
to be abbreviated, or wholly omitted.
The modifications of the dichotomy from the equal to the sympodial thus far
seen have been described in plain words. They all fall under a well-known scheme,
designated the scorpioid sympodial dichotomy, t The differences which they show
depend chiefly upon (i) the degree of sympodial development, (ii) the relative
distance intervening between the successive forkings, and (iii) the number of
these forkings.
Schizaeacem.

Few personal observations have been made on the juvenile leaves of any
Schizseacese, excepting Aneimia adiantifolia.
But that is little matter for regret,
since this family has been very adequately studied by PRANTL. \ The genus Schizsea
regularly maintains the dichotomous branching in the vegetative region of the adult
leaf. But the matter is not so clear in the fertile region, where the branches are
crowded together in a dense group and folded so as to face one another. If
transparent preparations be made from the adult leaf, the branching may be traced
through the vascular connections, as seen in S. dichotoma (fig. 6 bis). In (a) the
leaf-tip has been halved, and the view from the inner surface shows seven pinnse, of
which the uppermost and lowest have themselves forked. The vascular strands all
gather up to the main supply in a way that is made more clear by (b), which shows
the adaxial aspect of another specimen. The pinnse are in apparently opposite pairs,
and the leaf ends in a bifurcation. The arrangement is to be interpreted thus : the
pinnse are not in exact pairs, but are really formed in a close sympodial series. The
* Compare Phil. Trans., part ii, 1884, p. 577, plate xxxvii, fig. 8.
+ There have been misunderstandings in the use of terms applied to branch-systems. The use of the terms
here adopted is that of HOFMBISTBR (Allgemeine Morphologie, p. 435) as applied to sympodial developments of
monopodial branchings. The term "scorpioid" in this sense was introduced by BRAVAIS, while SCHIMPBR designated
this type of sympodium a Gicinnus. The terminology founded for monopodial systems may be adopted for designating the similar developments in dichotomous systems.
\ Schizaeacem, 1881.
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actual relation of each apparent pair is like that of the lateral lobes already
discussed in 0. regalis, and the seemingly paired limbs are in each case forkings of
different order. In fact, they constitute a close scorpioid sympodium.
The point is clearer in the vegetative leaf of Marsilia, a genus now acknowledged
to have near affinity to the Schizseaceee, which will be considered later.
In other genera of the Schizeeaceae the equal dichotomous branching is widely
departed from in the direction of sympodial forms. PRANTL has analysed the steps
towards this condition, both in the adult and in the juvenile leaves of Lygodium
cirdnatum.
He remarks* that notwithstanding the complexity of the adult leaf
of Lygodium, the underlying architecture is simple. There is a "spindle" of
unlimited apical growth, which bears alternating " primary segments " : each of the
latter has a short secondary spindle, and it bears regularly two secondary segments,
a

b

FIG. 6 bis, a, b.—Branching in the fertile region
of Schizcea dichotoma. ( x 4.)

which vary in character according to the species. They show conditions grading
between that of a dichotomy of the venation (shown for L. palmatum in PRANTL,
pi. i, fig. 1, which is comparable with our fig. 1, d, of the young Osmunda leaf) and
the sympodial development with a terminal lobe, having a midrib (in L. venustum,
PRANTL, pi. i, fig. 9, which is comparable with our fig. 1, g, of an older leaf of
Osmunda). In its secondary segments L. cirdnatum corresponds essentially with
the former type.
Having ascertained this transition by comparison of the secondary segments in
different species, PRANTL examined the juvenile leaves of L. cirdnatum, and found
that, in their successive stages from the cotyledon onwards, they as a whole showed
just the same transition from the dichotomous to the sympodial type, and he
represents them by schematic drawings, t which with slight modifications are
reproduced as fig. 7, a, b, c. Of these, fig. a represents the condition of the
cotyledon, which shows a regular dichotomy. Fig. b shows the state of a later
juvenile leaf, in which the shanks are unequally developed and a sympodial state
is initiated. Fig. c represents the condition of the adult leaf, the arrow indicating
the unlimited growth of the sympodial rachis, upon which the pinnae now take
a lateral position, characteristic of the scorpioid sympodium.
* Schizaeaceen, p. 8.

f PI. i, figs. 12-14.
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PRANTL applied a similar analysis to the leaves of Aneimia and Mohria, and
found that they were susceptible of a similar interpretation ; but in them the apical
growth is limited.

a

FIG. 7.—Schematic drawings after PRANTL, showing the sympodial development
in leaves of Lygodium circinatum. (See text.)

As material was available from my Jamaican collections, it was thought worth
while to examine and depict the successive stages of the juvenile leaves oi Aneimia
adiantifolia (fig. 7 bis, 1-11). The simplest leaf is seen in ( l ) : it shows a single
1

2

10
FIG. 7 bis, 1-11.—Successive stages of development of the juvenile leaves of Aneimia adiantifolia.

(x 4.)

forked vein, and two equal distal teeth. Transitional stages (2, 3) lead to a double
dichotomy, with four equal distal teeth. The two limbs of the dichotomy begin, in
more elaborate forms (4-7), to develop unequally, while a deeper indentation marks
off the two lobes. Each of these is supplied by the branches of one limb of the
fundamental dichotomy, and each has distal teeth corresponding to the veins. The
TRANS. ROY. SOC. EDIN., VOL. LI, PART III (NO. 21).
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inequality in more advanced leaves (8, 9) becomes more pronounced, while the
anadromic half of that wThich is the more strongly developed overtops the rest. In
(10) it has assumed the character of a terminal lobe. In this lobe in the more
advanced leaves a similar progression is repeated ( l l ) , and an apparently simple
pinnate leaf is the result. Already in relatively small leaves the lateral pinnse may
repeat the same method of advance. It is perceptible in the older pinnae of ( l l ) .
And thus a scheme of 'elaboration is initiated which has no theoretical limit.
It corresponds to that of the other Schizseacese, as analysed by PRANTL, and it is
essentially the same as seen in Osmunda. All are scorpioid sympodia. In such
cases the chief differences lie in the earlier or later, and the greater or less assertion
of the sympodial development. There is, however, one additional complication.
That is the formation of reticulate fusions of the veins, which appear in Lygodium,
§ Hydrodictyon, and in Aneimia, § Aneimidictyon.
This may be held to have
been a relatively recent acquisition.
Marsiliacese.
The adult vegetative leaf of Pilularia is simple. That of Marsilia is normally
four-lobed, but its juvenile leaf is simple.* The progression in M. Ernesti from the

FIG. 8.—Successive stages of the juvenile leaves of Marsilia.
After BRAUN.

simple to the adult was followed by A. BRAUN, and is discussed by GoEBEL.t
BRATJN'S drawings are reproduced as fig. 8, where 1-4 show successive expansions
of the distal end, with dichotomous venation, the veins being linked at the margin
* These facts compare with what is seen in Schizxa rupestris, in which, as noted by GOEBEL (Organography,
Engl. ed., ii, p. 478), its sterile leaf is unbranched. The branching, such as is seen in the sterile leaves of
S. digitata and elegans, appears here only in the fertile region.
t Vergl. Entwickelungsges., p. 254.
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by arched commissures, as in the mature leaf. (5) shows an obvious dichotomy of
the blade. GOEBEL* remarks the absence of an apex (Endtheil) between them ;
but this is in itself evidence of the dichotomy. He notes the occasional existence
of trifid leaves. These would be explained on the same footing as the ternate leaf
of Helminthostachys or Osmunda. Finally, (6) shows four lobes, the two distal
being clearly the result of dichotomy, since again the apex is absent. The facts,
viewed in the light of the juvenile leaves of other Ferns, seem to uphold the interpretation of BRAUN rather than that given by GOEBEL. They indicate that the

FIG. 9. — a, base of insertion of the four pinnae in Atarsilia polycarpa, showing the vascular connections.
b, scheme of their arrangement as result of three dichotomies.

( x 35.)

qua trefoil leaf is the result of three successive dichotomies developed in a scorpioid
sympodium.
The development of the adult leaf has been traced by HANSTEIN.I The two
lower pinnae arise monopodially, one being inserted lower than the other. \ The
leaf is then three-lobed. " Next the apical cell as such ceases its activity, while
laterally from it the marginal activity increases, and so the middle lobe gradually
divides once more." The interpretation of this, in accordance with experience of
other related Ferns, is that the four-lobed leaf results phyletically from three
successive dichotomies, though actually the two lower pinnae are produced monopodially, as is the case with the lower pinnae of so many other Ferns. But the
original dichotomy is retained in the origin of the two later pinnae.
The vascular connections of the mature adult leaf lead to clearer views of these
relations. They appear as in fig. 9, a. The insertion of the lower apparent pair is
* L.c, p. 254.

f Pringsh. Jahrbuch, iv, p. 249.

X L.c, pi. xiv, fig. 2.
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not exactly opposite : in the drawing the right-hand pinna is lower than the left.
The two distal pinnae are an obvious result of bifurcation. Thus, following the
adult vascular connections, the whole is to be interpreted as a scorpioid sympodium
with only three forkings, and it may be represented diagrammafcically as in fig. 9, b.
Transverse sections of the mature region of insertion support this conclusion.* The
fertile region in Schizsea has been seen to be constructed on the same plan, but
carried further by repeated forkings.
The fertile leaf of M. polycarpa bears a large number of sporocarps, and accordingly offers opportunity for study of their morphological relations. GOEBEL has
shown that in origin these are of the nature of pinnae,t and Miss ALLISON \ has
demonstrated that the insertion of their vascular supply upon that of the leaf-stalk
is marginal, as are all the pinna-traces in the Schizseacese.§ The actual origin of
the sporocarps as described by GOEBEL is monopodial. Phyletically the probable
explanation of their peculiar arrangement is that in repeated forkings the shanks
successively right and left of the forkings are constantly the weaker; in fact, it is
a helicoid sympodium, examples of which will be described below for Matonia and
Pteris semipinnata, etc.||
The simple acicular juvenile leaves of Marsilia correspond on the one hand to
the simple leaves of Pilularia, and on the other to the vegetative leaves of Schizsea
rupestris and other species. In all of these it may be held that dichotomy was
probably present in the ancestry, as it is in the rest of the Schizseaceas. They may
be held to have reverted to a condition where the simple juvenile leaf is maintained
throughout life. The same may also be the true interpretation of the simple leafstructure seen throughout life in Salvinia and Azolla.
Marattiacese.
In Dansea, Marattia, and Angiopteris the ultimate venation of the adult leaf
shows prevalent dichotomy. But in Kaulfussia the venation is reticulate. All
of them have prominent midribs, from which, in the former cases, the dichotomising
veins spring, while each strand extends in Angiopteris and Marattia into a short
marginal tooth. The juvenile leaves have been figured in all the genera, but the
transitions to the mature state have not been fully followed. Thus CAMPBELL has
depicted the juvenile leaves of Dansea,^ of Marattia** of Angiopteris , t t and of Kaul* ALLISON, New Phyt., vol. x, pi. iii.
+ Organography, Engl. ed., ii, p. 479.
J i.e., p. 204.
§ DAVIE, Trans. Roy. Soc. Edin., vol. ], pt. ii, No. 11, p. 354.
|| The use of this term is that adopted by HOFMEISTER, after BRAVAIS (Allg. Morph., p. 435), aa applied to
monopodial branchings, and transferred to dichotomies also. An inversion of the use of the terms " helicoid" and
" scorpioid" appeared both in the Textbook of SACHS, Engl. ed., 1875, p. 157, and in that of VAN TIEGHEM, p. 38.
But they are used in their original sense in the Textbook of STRASBURGER.
1 Eusp. Ferns, fig. 125, p. 148.
** L.c, fig. 122, p. 147.
t t L.c, fig. 122, p. 147 ; also FARMER, Ann. of Bot., vi, pi. xv.
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fussia*
From all of these drawings it would appear that dichotomy, as expressed
in outline or in venation, is not an obvious character of the juvenile leaf. But

FIG. 10.—Juvenile leaves of Danma nodosa. ( x 4.)

FIG. 11.—Young leaf of Angiopleris eveda, showing at its base, on the right, a pinna,
and on the left another is indicated. ( x 4.)

comparison of such leaves themselves, and their interpretation in the light of
experience from other Ferns, shows that dichotomy developed sympodially is the
fundamental construction of them all.
Observations were made on young plants of Dansea nodosa, collected in Jamaica.
The smallest cotyledon seen is shown in fig. 10, a, and, though the outline is entire,
* i.e., fig. 123, p. 147 ; also Buit. Ann., 2nd series, vol. vii, pi. viii.
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the vein dichotomises. In (b) there are three veins ; evidently the right shank has
forked again. From this condition (c, d) illustrate how, by repeated right and left
dichotomies, a sympodial venation may be built up, with a prominent midrib. This
corresponds to what has been shown in CAMPBELL'S drawings for Angiopteris,
Marattia, and Danasa. It is an easy transition from fig. 10, d, to fig. 11, which shows
a young leaf of Angiopteris with incipient pinnation at the base. The venation of
its upper region is a simple elaboration of that in fig. 10, d. It shows on the right
hand a first basal pinna, and a second on the left is imperfectly indicated. The
basal lateral vein, essentially dichotomous, has developed sympodially, with a
marked midrib. The next vein on the left, though it supplies an evident lobe, or
imperfectly formed pinna, has a venation that is clearly dichotomous, the sympodial
development being hardly established. Upon these simple materials the scheme
of construction of the leaf in the genera Danasa, Marattia, and Angiopteris is
wholly based. In all it is essentially dichotomous, but with a scorpioid sympodial
character asserted early.
In Kaulfussia the fundamental nature of the venation appears to be the same.
But it is obscured even in the juvenile leaves by reticulate anastomosis, which
may be held on ground of general comparison to be a character relatively recently
acquired. This is borne out by the first juvenile leaves,* in which anastomosis is
superposed upon a venation similar in its main branchings to that seen in Danaea
and Angiopteris. But the distal ends of the veins in Kaulfussia are connected
by curved loops.
Certain features of the adult leaf of Angiopteris were described many years ago.f
It was found that the pinnse appear monopodially, in acropetal succession, and with
regular alternation on the two sides of the leaf. Their number is small, and the
" phyllopodium " terminates abruptly in a blunt cone,| which may sometimes still
be recognised in the mature leaf. An appearance is thus produced as though the
leaf were sympodial. Sometimes the last pinna takes an apparently terminal
position, but examination of the development shows that this is not its real position.
These features are important for comparison on the one hand with other Ferns, and
on the other with the Higher Plants. It would appear that in Angiopteris, after the
few monopodial pinnae have originated, the apical growth usual in Ferns ceases, as
it does in Cycads and Angiosperms. Nevertheless their arrangement accords with
the scorpioid sympodium usual in the earlier-formed pinnse of other Ferns.
It was further concluded that the so-called " stipules " are basal growths originating below the pinnae, and not of pinna-nature. They are formed from those
marginal wings which may be more or less clearly traced throughout the length
of the leaves of Ferns. They appear to be of the same nature as the basal growths
in the Osmundacese, but more massive. In Angiopteris there is a commissure
* CAMPBELL, Buit. Ann., t. xiii, pi. viii,fig.36.
| L.c, figs. 16, 17.

t BOWER, Phil. Trans., part ii, 1884, p. 479.
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across the frontal face of the leaf, as in Todea. Thus there is nothing in the leaf
of Angiopteris, as an example of the Marattiacese, incompatible with what is seen
elsewhere in Ferns; but certain features point a comparison with Seed-Plants.
Ophioglossacese.
The cotyledon of Helminthostachys has been depicted by LANG.* The ternate
form of the leaves is shown, but no special attention was paid to their venation.
Dr LANG has kindly supplied to me three juvenile leaves (either cotyledons or second
leaves) from his Eastern collections, from one of which fig. 12 was drawn. The
deeply ternate lamina has a venation which is evidently a scorpioid sympodial
dichotomy. The junction of the pinna-supply at the base of the left-hand pinna is
the lower, and the right-hand the upper ; and it will be noted that the insertion of

FIG. 12. —A juvenile leaf of Helmiwthostachys, probably an actual cotyledon.
From the collection of Dr LANG. ( x 4.)

the main shanks in the distal lobe alternate, the lowest being on the left, thus
alternating with the right-hand pinna. In fact, the whole structure is disposed on
the same plan as in fig. 1, g, of Osmunda. The chief differences are that the sinus
between each pinna and the terminal lobe in Helminthostachys is deeper, and that
the basal pinna in fig. 1, g, of Osmunda is to the right; this character is, however,
inconsistent in Osmunda. We have seen that in Osmunda the stage offig.I, g, is
only arrived at relatively late, being preceded by smaller leaves with regular
dichotomy. Thus Helminthostachys steps direct into a position that is only
secondary and derivative in Osmunda. The latter may then serve to interpret the
real nature of the venation in the former, and the comparison justifies its recognition
as a scorpioid sympodium, although the preliminary stage of equal dichotomy is not
actually shown in its first leaves.
The mature leaf of Helminthostachys has a venation with a strongly marked
midrib in each segment, from which veins arise in pinnate fashion, forking once, or
* Ann. of Bot., vol. xvi, pi. ii, fig. 61 ; and by CAMPBELL, Eusp Ferns, fig?. 10, 45, 78.
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sometimes twice, on their course outwards to the margin. No anastomoses are seen.
Thus the venation of the segments of the adult leaf is merely an extension of the
type shown in the juvenile leaf. But the adult blade as a whole has a rather unusual
branching, which is not, however, constant in its details; but a central type is well
shown in FITCH'S drawing in HOOKER'S Second Century of Ferns, pi. xciv. It is, as
a matter of fact, a relatively simple development from the type of the ternate cotyledon. The place of the middle lobe is taken by a scorpioid sympodial series of
lobes, equally developed on each side, so that they are arranged in apparent pairs,
after the manner of the first pair. But each of the two lateral lobes of the cotyledon
is here replaced by a sympodium of the helicoid type. It branches repeatedly, the
lower (katadromic) shank developing as a lobe, while the upper (anadromic) shank
forks again, and so on. This development is already foreshadowed in the cotyledon.
It is a type of branching known as an anadromic helicoid scheme.

Fie. 13.—Cotyledon of Botrychium virginianum. (x 4.)

A circumstance which may in some degree explain the advanced structure of the
cotyledon is that the young plant springs from a bulky saprophytic prothallus.
Botrychium also has a large prothallus, and the cotyledon in B. virginianum is a
relatively large one. It has already been drawn by JEFFREY * and by CAMPBELL^
The drawing of a cotyledon shown in fig. 13 is from a specimen collected in Jamaica.
It is ternate like that of Helminthostachys, but more deeply cut into secondary lobes,
so that a single vein may supply each one of these. The plan of the venation is the
same as in Helminthostachys, though simpler. It also is a dichotomy developed as
a scorpioid sympodium. From the cotyledon of B. virginianum to the adult leaf
the development involves only continued progress along the lines thus initiated, the
adult leaf being itself ternate. Fig. 14 shows its apex, but other species, such as
B. ternatum, have a more robust habit, with thicker leaves, less finely cut. Fig. 15
shows a normal lobe of such a leaf, together with two imperfectly separated segments
at its base. A comparison of this with fig. 11 of Angiopteris, and fig. 2 of Osmunda,
shows a very striking similarity both as regards venation and the relation of the
lobes. Notwithstanding the differences noted, the venation is the same as in
* " Gametophyte of Botrychium virginianum" Trans. Canadian Inst., 1896-1897, vol. v, pt. 2, pi. i, figs. 9, 10.
t Eusp. Ferns,fig.7.
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B. virginianum, though more profusely branched, while the higher lobation of the
latter is indicated in the segments of the former only by sinuosities of the margin.
But B. ternatum is not an extreme case. Fig. 16 shows the apical region of a
leaf of B. Jenmani, Und, where the branchings in each lobe are more numerous,
while the webbing is so complete that only a slight sinuosity of the margin is seen.
Its condition approaches that well known in B. Lunaria, in which, though laciniate
forms have been described,* the outline of the lobes in normal forms is virtually
smooth. This is shown in fig. 17, in the case of one of the youngest plants observed.

IfIG. 14. —Apex of adult leaf of Botrychium
virginianum.
( x 2.)

FIG. 15.—Apical lobe of an adult leaf of
Botrychium ternatum. (x 4.)

The venation is like that of B. Jenmani, and it may be compared with that in
Osmunda regalis, while the laciniate state of B. virginianum resembles Todea
superba. It has been suggested that the Osmunda type is the result of " webbing"
of a laciniate type such as T. superba, and the same would apply to the forms of
Botrychium. The co-existence of webbed and laciniate forms of the same genus or
species, or even on the same plant, is a common feature in Ferns. It is seen very
prominently in the species of Schizsea; S. dichotoma having narrow segments and
S. elegans being webbed in varying degree, but with similar branching of the veins.
Comparison may also be made of Asplenium dirnorphum, quoted by GoEBEL.f
The cotyledons of B. ternatum and Jenmani have not been seen. But Mr
HAROLD LTON sent me some years ago a photograph of young plants of B. (Scep* Rob. krypt. Flora, iii, p. 558, fig. 176.
f Organography, Engl. ed., ii, p. 478, fig. 316.
TRANS. BOY. SOC. EDIN., VOL. LI, PART I I I (NO. 21).
100
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tridium) obliquum, in which the cotyledon is ternate, closely resembling that of
Helminthostachys.
The leaves of Ophioglossum show reticulated venation.* This feature may be

FIG. 16.—Distal end of a leaf of Botrychium Jenmani.

(x 4.)

held as a strong indication of the advance of the genus along relatively modern
lines. The juvenile leaves have not been examined in detail; but from CAMPBELL'S
drawings of them in O. moluccanum and allied species t it would appear that the
venation at the base of the blade is of the type seen in Helminthostachys, but

FIG. 17.—Relatively juvenile leaf of

Botrychium Lunaria. (x 4.)

reticulately developed in the distal region. Thus the fusions of veins appear early
in the ontogeny, as has been seen to be the case also in Kaulfussia, and others
where the venation of the adult is reticulate.
* See PRANTL, Beitrage zur Systematik der Ophioglossaceen, 1884, Taf. 7, 8.
f Eusp. Ferns, p. 12, fig. 2.
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Gleicheniaceee.
In this relatively primitive family the leaves are profusely branched, and have
the well-known apical growth, interrupted as a rule by periods of inactivity. The
morphology of the leaf has been misunderstood in some quarters, though correctly
interpreted by GOEBEL and others.* But a necessary step to its complete elucidation
would seem to be the examination of its juvenile leaves. This has been done by

a

d

FIG. 18, a-e.—Juvenile leaves of Gleichenia {Dicranopteris) fulva.

(a, c, d, x 5 ; b, x 4 ; e, x 10 ; e', x 30.)

but without fully taking up the points required, t Observations were
therefore made on young plants of G. (Dicranopteris) fulva, collected in Jamaica.
In some of the young plants the juvenile leaves develop as simple pinnate leaves
(fig. 18, a). In the lowest pinnse the vein may show a simple dichotomy, but in those
that are higher and larger the forking may be repeated with sympodial development.
Passing up to the apex, as the pinna diminishes the vein may be unbranched, and
the terminal lobe ends in a simple sympodial venation. The whole juvenile leaf is
constructed on a dichotomous system, as an advanced scorpioid sympodium. The
CAMPBELL,

* Organography, Engl. ed., ii, p. 318.
t Ann. Jard. hot. Bu.it., 2 serie, vol. viii, p. 93, pis. ix, x.
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same is the case for the older leaves, and it is illustrated in the successively larger
pinnae which they bear. Thus in fig. 18, b, the apical region of two older leaves is
shown, with their distal scorpioid sympodium. The branches entering the uppermost pinnae show a single forking ; but passing downwards clear steps are seen
leading to a scorpioid sympodium in each, with a marked midrib in the lowest, and
even a secondary lobation. Thus is initiated a leaf-construction which may be
pursued ad infinitum. Though relatively simple, it is to be interpreted on the same
lines as in the previous cases.
It may be noted that in the earliest pinnae there is some inconstancy in the
venation, which is sometimes anadromic (pinnae marked (X ) in fig. 18, b, c), but much
more frequently it is katadromic, and the latter seems to be the constant condition
to which it settles down in the mature plant: it is clearly indicated in the lower
pinnae of fig. 18, b. These simple examples of instability, in a character which has
often been used as distinctive, throw light on what is the real nature of it. Where
the vein of a pinna has forked, either of the two shanks may take the further lead.
Such simply forked pinnae are seen in all the plants here represented. If the acroscopic shank takes the lead and forks again, the other appears as an appendage, and
the venation would be termed " katadromic." If the basiscopic shank takes the lead
and forks again, the acroscopic shank appears as an appendage, and the venation is
" anadromic." Such instability as Gleichenia shows may be considered intelligible
in a Fern which in its early stages has not advanced far from the primitive equal
dichotomy.
The young plants of G. fulva afford an insight into the origin of the well-known
" false dichotomy " of the leaves in the genus. • Three young plants have been drawn
(fig. 18, c, d, e), and in each of them the foot is still recognisable. The leaf
opposite to it is the cotyledon (cot.), and in fig. 18, e, the insertion of its vascular
strand proves that it is so. In (c) the cotyledon is small and its apex fully
developed, as is also that of the second leaf; but in the third, though it has
developed four pinnae, it has its apex still curled up, and, as no pinnae of reasonable
size are seen upon it, it may be held to be in a state of arrest. In fig. 18, d, a plant
is shown in which the second leaf is in a corresponding state. In fig. 18, e, it is the
cotyledon itself that is arrested, while the next leaf has its apex fully formed. This
cotyledon is shown on a larger scale in fig. 18, e, and it appears already to illustrate
the fundamental features of the Gleicheniaceous leaf. Right and left are pinnae
fully formed, though on a quite rudimentary plan, while between them is the
arrested tip, representing the whole upper region of the sympodium. Dichotomy
is in actual fact present, and it is shown with equal shanks in each of the
lobes. Comparison with other Ferns shows that dichotomy underlies the whole
sympodium of this leaf. But the apparent or " false dichotomy " of the Gleichenia
leaf is not a simple dichotomy at all; it is a result of arrested development in a leaf
constructed throughout as a scorpioid sympodium. These observations accord with
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those of CAMPBELL on the cotyledons of 6% dichotoma* But there the arrested
apex is shown expanded, not still circinate as in the case of G. fulva.
The young plants thus provide all the morphological essentials for the formation
of the most elaborate leaves of the genus, viz. a scorpioid sympodial branching, and
a possible arrest of the apex, which may be periodical above any of the apparently
opposite, paired pinnae. Unlimited development along these lines, but with varying
proportions, will account for the various types of leaf seen in the genus.
Matonineae.
The very striking leaf-architecture of Matonia has been repeatedly discussed, for
instance by DiELSf and by TANSLEY.J The latter collected young plants on the Malay
d

FIG. 19, a—d.— Juvenile leaves of Matonia pectinata. a, though detached and broken, was the cotyledon
of the plant, b. The drawings were made from specimens collected by Dr LANG on the Malay
Peninsula, and kindly lent for the purpose. ( x 4.)

Peninsula, and depicted them. Though his observations help materially to a
solution, they do not provide an exhaustive account. Dr LANG, who travelled with
Mr TANSLEY, has kindly lent me his preparations of young plants of Matonia, and a
more consecutive series illustrating the structure of the juvenile leaves can now be
given. But it appears that the young plants and prothalli are only rarely met with
in their native habitat.
The prothallus was still attached to the youngest specimens. The simplest form
of juvenile leaf is that shown in fig. 19, a. It was originally attached to the plant
(b), but broke away in the preparation, clearing, and staining, and it had already
been broken across the middle. There is, however, no doubt that it was the cotyledon, and that it was unbranched. The venation is a scorpioid sympodium, with
* L.c, pi. x, figs. 55-57.

+ Natilrl. Pflanzenfam., i, 4, p. 343.

+ Ann. o/Bot., 1905, p. 447.
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the lateral branches sometimes forked, but usually simple; in construction it corresponds to that of Gleichenia (fig. 18, a), and the resemblance of the venation would
be very close if the lobation of the Gleichenia leaves were undeveloped and the leaf
entire. The next older leaf of the same plant showed equal dichotomy (6), each lobe
having scorpioid sympodial venation. In fig. 19, c, the leaf appears to be the cotyledon, but its branching is more advanced, the left-hand lobe having dichotomised
again. The process has gone further in fig. 18, d, but the inequality in the two
primary lobes is greater, though the number of lobes is the same in each. Moreover, the branching is clearly that of an anadromic helicoid sympodium. Comparison may, however, be made with the young leaf drawn by TANSLEY.* It
showed five lobes, one a " middle lobe," while each of the laterals branched again.
Assuming these branchings to be dichotomies, this frond " may be regarded as a sort
of prototype of the adult frond." Considering the facts that TANSLEY shows, and
the comparison that may be made with other Ferns, that assumption appears justified.
But if so, this is a case of a katadromic helicoid sympodium. We conclude that in
the young leaves of Matonia pectinata the branching is dichotomous ; but that it
may be sympodially developed, and fluctuates between the anadromic and katadromic types. This is a particularly interesting conclusion in view of the architecture of the adult leaves in Matonia and Dipteris. The latter will be shown below
to be constructed on the anadromic scheme (Plate-fig. B); but the adult leaf of
M. pectinata is a katadromic sympodium (Plate-fig. A). The transition from the
state seen in TANSLEY'S fig. 2 to the adult leaf of Matonia only presumes a continuation of the katadromic sympodium thus initiated. The consequence of this method of
construction would be that the pinnae—that is, the weaker developed shanks of the
successive dichotomies—would appear constantly on the acroscopic side (katadromic
scorpioid sympodium) (Plate-fig. A). Comparing this with Helminthostachys, the
difference is that there the weaker shanks are thrown off on the basiscopic side
(anadromic scorpioid sympodium), while the branchings are fewer and less regular
than in Matonia.
The apparently divergent leaf of Matonia sarmentosa is built up of segments
with a venation and form like those of the juvenile leaves of M. pectinata. Its
branching was analysed by DiELS.f He concluded that it is essentially on the same
system as M. pectinata, but that the advance or suppression of the shanks of the
dichotomies occur alternately on the inner (acroscopic) and the outer (basiscopic)
limbs : " that is, they lead to a bostrychoid instead of a cicinnoid structure." The
matter has been reconsidered by COMPTON.J He finds the frond far less stereotyped
than in M. pectinata. " The rachis forks repeatedly, and one of two things may
happen : (l) both branches may develop more or less equally, forming elongated
axes, which fork again and again ; or (2) one of the branches may develop fully,
while the other, after bearing a very few (usually two) pinnae, ends in an aborted
• i.e., fig. 2.

f Natiirl. Pflanrnifarp.., i, 4, p. 343, fig. 180, B.

\ New Phyt.,yiu, p. 299.
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bud. The latter is the more usual process. . . . It seems probable that the
appearance of pinnation in the frequent pairing of the pinnae at the base of the
rachis-segment is a secondary modification." This analysis was based upon preserved material, and supported by anatomical observations. It is probably correct.
Moreover, it receives support from the facts now demonstrated for the juvenile leaves
of M. pectinata. It is in fact just the sort of instability of the sympodial development
seen in them which, if continued in the larger adult leaf, would lead to something
not unlike the leaf-construction of M. sarmentosa.
In neither species of Matonia does the leaf-architecture coincide with that of
Gleichenia, but both originate from a like sympodial source. But the modifications are different in them all. M. sarmentosa appears to be more like
Gleichenia than M. pectinata. For in both of them arrest of branches is a feature.
In M. sarmentosa short shanks of dichotomy bearing usually two limited pinnae
and an aborted bud are produced, though not with regularity, on an approximately
equal dichotomising system. In Gleichenia similar shanks, which may or may not
lose their apical growth, and a bud, are borne on a sympodially developed scorpioid
system. The juvenile leaves of Gleichenia provide the simplest type of this leafconstruction. It is thus possible to interpret all of them as variants of that
sympodial dichotomy to which the juvenile leaves of the primitive Filicales so
clearly point.
Dipteridinse.
The adult leaves of most species of Dipteris are notable for their regular
dichotomy, of which the shanks remain separate laterally in D. Lobbiana and
quinquefurcata, but are webbed into two equal coherent lobes in D. conjugata
(Plate-fig. B). Notwithstanding this simplicity of branching, there is an advanced
reticulation of the veins of the type " venatio anaxeti." But no one can doubt that
the venation of the adult leaf is based on primitive dichotomy, notwithstanding the
small-meshed reticulation characteristic of relatively recent forms. In Matonia the
ultimate venation is forked, and usually free, with few and irregular fusions, and it
thus stands on a more primitive footing than Dipteris. The reticulation appears
even in the juvenile leaves of Dipteris, but it does not effectively obscure the
dichotomy. An early leaf, perhaps the cotyledon, of D. Lobbiana is shown in
fig. 20, a, which is simple in form and shows no completed reticulations. The single
median vein and four lateral branches which it shows would be readily referable to
a scorpioid sympodium. But there is no evidence, beyond comparison with Matonia
and Gleichenia, that this is actually its character. Fig. 20, b, c, shows juvenile leaves
which are bifurcate both in form and venation. Accessory veins already forecast the
mature reticulation. Later leaves fork again (fig. 20, d), and so the plant advances
towards the mature state.* Similarly with D. conjugata, notwithstanding the
extensive webbing and profuse reticulation of the adult leaf, the juvenile leaf shows
* Compare SEWAKD, Phil. Trans., B, vol. 194, pi. xlviii.
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dichotomy of the main veins and fine reticulation from the first (fig. 21, a, b, c, d).
The webbing is also pronounced, but variable in the older stages leading to
the adult leaf.*
d

Fin. 20, a-d.—Juvenile

leaves of Dipteris Lobbicma. a, b, from specimens belonging to Ur LANG ; c, d, after
drawings by Miss DE BRUYN. (a, b, c, x 2 ; d, x 2.)

a

FIG. 21, a-1.—Juvenile

leaves of Dipteris conjugata.

( x 6.)

In the adult leaf of D. conjugata the dichotomy shows a distinctly sympodial
tendency. The inner anadromic branches are favoured, as compared with the outer.
This is apparent from Plate-fig. B. The same method, without the webbing, underlies the construction of the leaf of the probably related fossil, Dictyophyllum exile
* SKWABD, I.e., pi. xlviii.
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(Plate-fig. C). The same again, with the added point 'of a spiral curvature of the
shanks, is seen in Camptopteris spiralis (Plate-fig. D). All of these are examples
of sympodial dichotomies, but showing in increasing degree the consequences of the
anadromic helicoid development.
Biologically these forms are interesting as showing how from a flattened organ
the advantages of a radial symmetry may be acquired. The modern forms are
rhizomatous, with long-stalked upright leaves. Probably the fossils were the same.
The problem then would be how best to expose the assimilating surface. In Matonia
the helicoid sympodium is expanded almost into the form of a widely open funnel,
the effect of which is lost in pressed specimens.* This is still more the effect of the
a

FIG. 22.—a, juvenile leaf of Cheiropleuria ; b, a similar leaf of Platycerium Veitchii.

( x 3.)

webbed expanse of Dipteris conjugataA But in Camptopteris, by the adoption of
the spiral curvature of the sympodia, the pinnae radiate outwards like bristles
of a spiral wire bottle-brush. A good substitute for a radial vegetative shoot
is the result.
On the other hand, it is only a step in simplification from the condition of the
leaf of D. conjugata to that in the allied Cheiropleuria.\ There the adult blade
may be entire, or variously lobed. But its base shows the dichotomy very plainly,
while it appears in the juvenile leaf in almost exactly the same way as in Dipteris
(fig. 22, a). It may further be noted that Platycerium, in which the adult fertile
leaves show often very equal dichotomy, has in its juvenile leaves a venation closely
similar to that of Cheiropleuria (fig. 22, b).
* Compare SEWARD, Fossil Plants, vol. ii, p. 293, fig. 228.
f See CHRIST, Geographie der Fame, fig. 5.
% Ann. ofBot., 1915, p. 495.
TRANS. ROY. SOC. EDIN., VOL. LI, PART I I I (NO. 21).
101
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Such examples as those quoted serve to illustrate steps of transition between open
venation and reticulation. The fossil record indicates that the former is relatively
primitive. The structure of the juvenile leaves accords with this, the dichotomous
venation being clearly the foundation, with the reticulation superposed upon it.
Hymenophyttacete.
This family of Ferns is now generally accepted as a relatively ancient one, but
highly specialised in relation to a moist habit; the filmy structure of its leaves is no
longer regarded as an indication of affinity to the Bryophyta, as was formerly
believed. Less importance may accordingly be attached now to the details of its
leaf-architecture than at the time when PRANTL wrote his Monograph. Nevertheless,
their importance should not be unduly discounted, as indicating primitive characters
of general application, and anatomical comparison with the Zygopterideee strengthens
this position.
The branching and venation of their leaves has been studied very closely, and
PRANTL in particular has analysed them in relation to dichotomous branching.*
He referred all the diverse forms of leaf seen in the family to the development of a
dichotomous system. In certain cases the leaf is simple in form, with entire margin,
and no apparent branching of the blade. This is traversed by veins, and the general
construction is like the "webbed" types in other Ferns. Where the leaf-blade is
circular, the whole branching system of veins may show very perfect and equal
dichotomy, as in Trichomanes reniforme, and both shanks of each forking develop
with an almost diagrammatic regularity (fig. 23). But in certain other entire leaves
that equality is not maintained, as in Trichomanes punctatum (fig. 24, a); and
steps may be found leading by easy stages to a high inequality of the shanks, with
the continual assertion of a sympodial false axis (fig. 24, b, c). But if such steps
may be followed in the webbed or unbranched types, much more plainly is this to
be seen in those which are profusely branched. The analysis of many forms from
this point of view was carried out by PRANTL. t In view of his observations it will
be unnecessary to enter into further detail here as to the relation of the branching
to the cellular construction. He concluded J that all complicated leaf-forms, such
as he described for the Hymenophyllaceee, were referable to a simple type of
dichotomous branching, and he suggested that a similar method might be applicable
also to other families of Ferns. He applied it himself to the Schizseacese, and we
now see that its application extends to the juvenile leaves of other primitive
types of Ferns.
was disposed to regard the fully webbed types, such as T. reniforme, as
relatively primitive. This is a position open to doubt, and especially so in view of
the facts relating to many other Ferns. It would seem more probable, and it certainly
accords equally with the facts, that the entire leaves are a result of " webbing" in an
PRANTL

* Hymenophyllaceen, Leipzig, 1875.

t i.e., p. 7, pi. ii.

J P. 14.

LEAP-ARCHITECTTJRE AS ILLUMINATED BY A STUDY OF PTERIDOPHYTA.

691

originally laciniate branch-system. Moreover, fig. 24, b, shows in the marginal sinus
which separates certain of the dichotomising vein-systems what may be held as a

FIG. 23.—Adult leaf of Trichomanes reniforme, showing details of venation, and especially
the vascular connections before entering the petiole. + marks the limit between the
right and left halves of the dichotomy. Drawn by Mr J. M. THOMPSON. (Natural size.)

a

FIG. 24, a-c.—Adult leaves of Trichomanespunclatum.

( x 10.)

last relic of the merged leaf-segments. The evidence from the juvenile leaves
would be valuable in this relation. Unfortunately, observations on-juvenile leaves in
this family are not extensive. But they show what would be theoretically expected,
if the above conclusion were true. Thus the cotyledon of T. rigidum., Sw., as shown
by GOEBEL'S drawing quoted in Naturl. Pjianzenfam., i, 4, p. 16, fig. 11, is single-
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nerved, and of simple form. Given dichotomy of the apex, the whole complexity of
Hymenophyllaceous leaves can be derived from such a source, with " webbing"
thrown in secondarily, as an occasional but not a general factor. But the facts are
not yet in hand upon which a demonstration of the point can be given for the
Hymenophyllaceae.
NOTES ON SOME OTHER LEPTOSPORANGIATE

FERNS.

Representatives of all those families of living Ferns which are held to be
relatively primitive have now been examined as to their juvenile leaves, and the
relation which their structure shows to the adult state. It would be superfluous to
pursue this inquiry exhaustively onwards through the enormous number of Leptosporangiate Ferns which are held to be later and derivative. Moreover, the juvenile
leaves of these, as well as the adult, have been the subject of many observations.
Thus SUMINSKY shows for the cotyledons of Pteris serrulata a branching readily
referable to dichotomy with a sympodial tendency.* This is also seen in the familiar
figure of Adiantum capillus-veneris,t where the dichotomy seems quite perfect.
Two other examples, selected from Ferns where the mature leaf has still an open
venation, will, be shown here in detail, the one (Cyathea) from the superficial, the
other (Pteridium) from the marginal series.
The first leaf in Cyathea insignis shows, as a rule, an obvious dichotomy
(fig. 25, a), though the two shanks may not be exactly equal (6). It will be noticed
on comparing these that while in (a) the distance along each shank from the first to
the second dichotomy is approximately equal, in (&) it is longer in the weaker shank
than in the stronger. This difference is still more marked in (c), where also the
inequality of the branch-systems which spring from the two is greater. This leads
to the condition seen in (d), where the distance between the first and second
dichotomies is so short that the limb of the first appears almost exactly opposite
to the left-hand limb of the second, giving the effect as of two almost equal pinnae;
while the right limb of the second dichotomy appears as a terminal lobe. This
corresponds exactly to what is seen in Helminthostachys and others. The same
development is repeated in older leaves in the distal lobe itself (e), thus leading to
the elaborate state of the pinnate adult leaf of Cyathea, which is thus referable to
a dichotomous source.
Comparison with the juvenile leaves of Pteridium aquilinum leads to similar
results, though the two are widely apart in the system. The cotyledons are sometimes very equally dichotomous in their branching (fig. 26, a, b); in others slight
inequalities appear (c, d, e), with shortening of the distance between the first and
second dichotomies on the stronger shank. This is more pronounced in cases where
the inequality of the lobes is greater (/, g), giving the usual appearance of a ternate
leaf. If development of the apparently distal lobe—really one half of the second
* Entw. d. Farnkrauter, Berlin, 1848.

f SACHS' Textbook,fig.258.
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a

FIG. 25, a-e. —Juvenile leaves of Cyathea insignis, illustrating their progressive
development. ( x 4.)

a

FIG. 26, a-i.—A series of juvenile leaves, many of them actually cotyledons, of Pteridium aquilinum. They illustrate
steps of progression from equal dichotomy to the scorpioid sympodium. The differences in size are largely due to
greater or less advance of the individual development. ( x 5.)
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dichotomy—be repeated on the same plan (compare/, g), the result is reached as in
(h) or (i). From these to the adult leaf of Pteridium the course is plain enough.
It is interesting to note the close similarity of the juvenile leaves of Dennstwdtia
punctilobula, as shown by CONARD.*
In this description of juvenile leaves of Ferns the types with reticulate venation
have been purposely omitted, as they are with reason believed to be derivative
forms in respect of that venation. But they must not be wholly neglected. Already
the juvenile leaves of Dipteris have been described, and there the venation was
found to be fundamentally and equally dichotomous (D. conjugata), or a sympodial
dichotomy (D. Lobbiana), with reticulate loops superposed upon that branching.
b

e

d

f
FIG. 26 its.—Juvenile leaves of Ceratopteris thalictroides.

( x 4.)

Another example has been examined in Ceratopteris, in which the seedling leaves
had already been figured by K N Y . | The youngest leaves have a simple, unbranched,
median strand (fig. 26 bis, a); slightly more advanced leaves may show dichotomy,
with free branches (b), but later leaves may have the distal ends connected by a
loop (c), while free-ending branchlets radiate outwards from it (c, d). From this
state further advances may be made connecting these branchlets into further loops,
and also by commissures between the main veins (e, / ) . But still the fundamental
dichotomy may be recognised at the base of the blade, even in relatively advanced
leaves, showing that the reticulation is a superstructure upon it.
It seems unnecessary to repeat in additional examples progressions from the
juvenile to the adult leaf which follow substantially similar lines. The above will
suffice to illustrate, first for the Leptosporangiate Ferns with open venation, and also
for those showing reticulation, how an apparently pinnate leaf may originate from a
dichotomous source. A few notes are, however, appended here upon certain out* Carnegie Inst., No. 94, pis. xxiv, xxv.

+ Parkeriaceen, pi. xxii,figs.4-8.
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standing types of leaf-formation. Some ferns retain a very exactly equal dichotomy
of the primary venation even in the adult leaf. This usually goes along with a more
or less orbicular blade, entire or more or less laciniate, borne distally on a relatively
long petiole. Many genera with as a rule highly divided leaves include species
with such a character. This raises the question of their phyletic relation to the
more normal laciniate and pinnate representatives. Such characters are seen in
Actiniopteris radiata (fig. 27), a Fern of rather uncertain affinity. It is also
seen in the sterile leaf of Elaphoglossum (Rhipidopteris) peltatum, which is also
an isolated type (fig. 28). In both cases the venation is that characteristic of

FIG. 27.—Basal part of the lamina of an adult
leaf of Actiniopteris radiata. ( x 4.)

juvenile rather than of adult leaves. They are deeply laciniate, with a single vein
in each segment. They may be held to have retained and elaborated a relatively
primitive construction.
A somewhat similar condition is seen in those species with entire reniform leaves,
which appear in several distinct genera, such as Adiantum, Gymnogramme, and
Scolopendrium, their outline and venation being essentially the same as in Trichomanes reniforme. A succession of the juvenile leaves of Adiantum reniforme, var.
asarifolium, is seen in fig. 29. The first of these shows only a slight advance upon
a simple dichotomy of the veins, with an entire blade (a). The further series (b-e)
explains itself, while the similarity of the last to the drawing (fig. 24, a) of Trichomanes punctatum is remarkable. But these Ferns are all widely apart in the system.
They are probably results of independent development, possibly in response to
similar requirements. They are perhaps best explained as extreme results of a
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webbed condensation of a profusely dichotomous system, while the dichotomy may
be held to be that of the juvenile leaf retained in the adult. They resemble the
previous examples, but with the difference that all the veins are included in an
entire webbed blade.

FIG. 28.—Basal part of the lamina of an adult sterile leaf of
Mlaphoglossum (Rhipidopteris) pettatum. (x 4.)

FIG. 29, a-e.—A progressive series of juvenile leaves of Adiaidum
var. asarifolium. ( x 4.)

reniforme,

A particularly good instance as bearing upon the probable secondary origin of
the " webbed " condition in these reniform leaves is seen in Scolopendrium Delavayi,
Franch., a species collected by HENRY in Yunnan (fig. 30). The petiole is long and
the lamina reniform, with an entire margin. The venation is a sympodial dichotomy,
leading to a ternate structure, as indicated by brackets in the drawing; but there is
no marginal involution. The distal group is a scorpioid sympodium; the lateral
ones are katadromic helicoid, after the manner of Matonia. The double sori are
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situated on pairs of the parallel veins, as typical of Scolopendrium. The interest
of this species is first in comparison with S. vulgare; the blade may here be held
to be a shortened and condensed form of that there seen. But the structure in
S. vulgare has recently been elucidated by comparison of Blechnum punctulatum*
This very variable leaf has been shown to be a derivative from the typical Bleclinum
sporophyll; the latter is a probable derivative from a Cyatheoid source, such as
Matteuccia, and ultimately with probability from a Gleicheniaceous affinity. But
Matteuccia has an ordinary pinnate leaf. Unless, then, all the comparisons given in
detail in my memoir on Blechnum are at fault, the conclusion will be that the
reniform blade of S. Delavayi is the result of a condensation of the leaf, with

FIG. 30.—Basal part of the lamina of an adult leaf of Scolopendrium Delavayi, Fr. ( x 4.)

simplifications of its outline, starting from a pinnate—that is, a scorpioid—type. This
case is important in its bearing upon " webbing," and indicates that here an entire
reniform leaf is probably derivative from a more elaborate and laciniate type of leaf.
Another peculiarity which is striking, but by no means restricted to any given
systematic group, is the unilateral branching of pinnae, by helicoid development, as
in Matonia and others. It is seen in Pteris semipinnata in a very prominent form
(Plate-fig. E). While Pteris quadriaurita and others show an equal lobation on
either side of the pinna, or pinnule, in P. semipinnata the branching appears on the
katadromic side only (fig. 31). This may be interpreted as the unequal development
of successive dichotomies, so that the anadromic shank is constantly the stronger.
A similar condition has been described for Stenochlsena by CHRIST.! On his plate iii
he represents it for a species from Borneo, and on plate iv for one from " DeutschNeu-Guinea." Thus it is not a local peculiarity. This anadromic helicoid branching
is also represented in the fossil Odontopteris minor, Brongn., as shown by ZEILLER
* Ann. of Bot., vol. xxviii, pp. 405-411.
f Verhandl. d. Schw. Naturf. Ges., 89, p. 178.
TRANS. ROY. SOC. EDIN., VOL. LI, PART I I I (NO. 21).
102

698

PROFESSOR F. O. BOWER ON

(Plate-fig. F), while it may there be combined with an equal dichotomy of the
whole blade.
Lastly, this peculiarity of sporadic equal dichotomy must be considered. We see
it in fossils. It is frequent in living Ferns. It appears sometimes at the distal ends
of the pinnules ; sometimes it involves whole pinnae, or the whole distal region of
the blade, or even the lower part of the leaf, so that in extreme cases the appearance
is as of frwo whole leaves borne on a single stalk. In one degree or another it is a
common abnormality, and provides the " forma furcata" of Fern collectors. It has
already been described above in Osmunda (fig. 4), and it is found in Polypodium,
Scolopendrium, Nephrodium, and Athyrium, while it appears also frequently in
Nephrolepis. An unexpected but very striking example is seen in Platyzoma, in
a furcate form sent bv Baron F. VON MULLER to the Kew Herbarium. It has also
been examined by Mr J. M. THOMPSON,* in specimens supplied from the Sydney

FIG. 31.—Part of a pinna of Pteris semipinnata, showing the relation
of two of the pinnules to a pinna, and to its venation. ( x 3.)

Herbarium. It may be there seen to affect the distal end of the leaf only, or to
extend lower down to the petiole. It is shown also in the fossils, as in the
Pteridosperm Odontopteris (Plate-fig. F). Definite furcate races have been established, where this character became permanent, as in Nephrolepis.
Such a race
of Nephrodium, molle was cultivated some years ago in the Glasgow Botanic Garden.
The petiole in such forked leaves showed a very perfect division of the vascular
supply into equal parts. Such forkings may be interpreted as the result of a
reversion, in the case of individual branchings of a sympodium, to the primitive
equal dichotomy. Their existence in so many genera and species may be held as an
indication that, even where the sympodial development is strongly marked, the
branching is still essentially dichotomous, and capable of quite equal development
of its shanks.
The interest in the various leaf-forms analysed in the above pages lies not so
much in their mere existence, as in the fact that they are all capable of elucidation
in terms of the underlying dichotomy. So that a general statement may be
formulated with regard to the construction of the leaf in Ferns, including these
peculiarities :—That the architecture of the Fern-leaf is fundamentally dichotomous;
* Trans. Boy. Soc. Edin., 1916.
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and that, as far as observation extends, the architecture of all leaves of Ferns may
be interpreted in terms of dichotomy, with or without sympodial, and ultimately
monopodial, developments.
It has been seen above that in other phyla of Pteridophytes the leaf is either
. unbranched, or that it bifurcates. The only case of difficult interpretation is the
three-lobed sporophyll of Cheirostrobus, and even there the distal end of each lobe
forks equally. It is possible that it shows either trichotomy or a very condensed
pair of dichotomies. Thus it may be stated generally for the Pteridop'hyta that in
them the leaf is either unbranched or dichotomous; or it shows branching and webbed
venation that may be recognised as a sympodial derivative of dichotomy.
COMPARATIVE CONCLUSIONS.

In order to help in obtaining a scientific foundation for views of " leafarchitecture," the leading facts have been summarised in the above pages as to the
branching and venation of the leaf in those Vascular Plants which are held to be
primitive. More especially attention has been given to their juvenile leaves, as
elucidating the construction of the adult. But in many characters of form, of
venation, of webbing, of basal growths, and even of apical arrest, the leaves of
Pteridophyta prefigure the leaf-construction of Flowering Plants. We may now
consider how far the conclusions stated above can be extended so as to include all
leaves of Vascular Plants. And it will be found possible to base upon the data
before us, together with other facts already well known, certain general conclusions
relating to leaf-architecture at large, which will now be briefly discussed and
formulated.
I. The conception of the shoot, and of its constituent parts, axis and leaf, as
laid down by SACHS,* is adopted for the purpose of this discussion, but it is the
leaf of the sporophyte only that is treated here. The leaf is normally a bifacial
member, with the adaxial and abaxial relations indicated structurally and developmentally. Its form is as a rule flattened, with convex margins. But even where
the form is cylindrical, as in Pilularia, the segmentation clearly indicates the
bifacial character. Or, in the case of the leaf-stalks of certain Ferns that appear
cylindrical, the margins are still indicated by lines. Putting aside exceptional
cases of high specialisation, it may be stated that the leaf is a bifacial member tvith
margins defined structurally, though these may be obscured.
II. In the simplest cases the leaf has not a marked apical growth : it is unbranched, and may contain only a simple unbranched vein. This is the constant
state in the Lycopodiales, fossil and modern. It is also generally seen in the
Equisetales, though in Asterocalamites and Pseudobornia dichotomy existed.
Dichotomy is, however, the rule in the Sphenophyllales and Psilotacese, though
in the Psilotacese the vegetative leaves are simple. This is also seen occasionally in
* Textbook, 2nd Engl. ed., p. 153 ; and Lectures on the Physiology of Plants, Lecture I.
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the juvenile leaves of Filicales (Trichomanes, Marsilia); it is common in Gymnosperms, and occurs in some Angiosperms. In all such cases the question arises
whether the simple structure is really primitive, or the result of reduction. The
fact that a consecutive series of ascending steps from these simple types to the
most complex, and that such steps are commonly illustrated in more or less complete
series in the individual life, as we pass from the juvenile leaf to the adult, seems to
indicate quite clearly that there is no difference in kind, but only in degree, between
the simple and the branched leaf of the sporophyte ; it also accords with the view
that primitive leaves were simple. But it is well to have in view a clear case of
simplicity by reduction. It is seen in Platyzoma*
In this Fern THOMPSON has
shown that the leaves are dimorphic, the fertile being simply pinnate, the sterile
being apparently simple. But careful examination has shown various stages of
abortion of the pinnae in the sterile leaf, leading to cases where the pinnae are
wholly absent. Thus by abortion a simple leaf may be derived from a pinnate leaf.
The simple leaf of a Lycopod or an Equisetum may actually be primitively simple,
or the result of a simplification of a similar nature to that of Platyzoma. But
whether the one or the other, the simple leaf may be held to be just as much a
"phyllome" as are the more complex leaves of Ferns. We may conclude generally
that a leaf may be simple or branched. Branching, whether seen in form or only
in venation, is not of the essence of foliar nature, but is to be regarded as a means
of elaboration of .the member, which may be subject again to simplification by
suppression of the branches.^
III. In the great majority of cases the leaf is branched, and the relatively
primitive types show that the branching is primarily distal. This may affect the
outline of the leaf, and lead to its being more or less distinctly lobed ; or it may be
seen only in the venation, and the limb be entire. The relation of these states will
be considered later (V). It has already been seen that the opinion expressed in
the writings of HOFMEISTER, SACHS, PRANTL, GOEBEL, and POTONIE is that the
fundamental type of branching in Fern-leaves is dichotomous.* The first result of
the observations here described is to establish the fact that from all the primitive
types of Filicales the branching in the juvenile leaves is dichotomous. In this
respect they accord with what is seen in the adult leaves of the Sphenophyllales and
of certain archaic Equisetales. Thus it follows that in all the primitive phyla of
Vascular Plants where branching occurs, distal dichotomy is the fundamental mode
of that branching.
IV. Dichotomy may be apparent only in the venation, or it may characterise
also the configuration of the leaf. Within near circles of affinity both states may be
represented. A good example is seen on comparison of Todea superba (fig. 6) and
* THOMPSON, Trans. Roy. Soc. Edin., 1916.
t Compare LIGNIER, "Equisetales et Sphenophyllales," Bull. Soc. Linn, de Normandie, 5 serie, vol. vii, p. 93, 1903.
\ See paragraph on p. 659 as to the use of this term.
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the closely related Osmunda regalis (fig. l), while Todea barbara (fig. 5) takes a
middle position. Other examples may be found among the species of Hymenophyllum, of Botrychium, and of Dipteris. In fact, there is hardly any large genus
of Ferns in which the gradations of " webbing " of the branched leaf between the
laciniate and the webbed are not found. Sphenophyllum illustrates the same phenomenon ; for the archaic S. trichomatosum has deeply cut leaves, while C. cuneifolium
has its leaves entire, with a slightly wavy distal margin, and Trizygia has even the
margin entire, and the leaf expanded as a large assimilating organ. Such facts
suggest that a progressive " webbing" of leaves originally laciniate has taken place
within the family. The facts for the genus Dipteris * are hardly susceptible of
any other interpretation, and there is reason to believe that it occurred extensively
among early Vascular Plants.
Already POTONIE t has indicated that in Sphenophyllum the species from the
lower horizons are laciniate, while those of the more recent are entire, indicating a
progressive webbing. To this view for the Sphenophyllacese Dr KIDSTON assents.
But, however cogent the evidence of this may be for certain cases, there is no doubt
that in the course of descent the reverse has also happened. It is illustrated in the
submerged species of Ranunculus and Potamogeton. The general conclusion will
then be this : that it is probable that in leaves ivith branched venation a progressive
tvebbing has occurred in the course of evolution. But where there is an actual
state of laciniation seen in any given case, it may either be really the primitive
state preserved, or an adaptive reversion to it.\
V. The dichotomy in juvenile leaves, whether as seen in their laciniate outline
or only in their venation, may be equal or unequal. In the latter case the system is
commonly developed sympodially, and all possible gradations may be observed from
the one to the other. These are well illustrated in the juvenile leaves of Pteridium
(fig. 26) and of Osmunda (fig. l). It is important to note that the order of the
ontogenetic progression is normally from equal dichotomy to sympodial development.
POTONIE also points to a similar progression in the juvenile leaves of Flowering
Plants,§ in which the outline may be dichotomous, though not so in the adult leaves.
He quotes KNY and WINCKLER to the same effect. But to take the mere outline
into consideration without the venation may be misleading. Apparent dichotomy
may be merely a result of deep emargination, and there are indications in the
* Land Flora, p. 618, etc.
t Lehrbuch, p. 176.
I It may be a question whether all cases of complex venation in any leaf-expansion represent the result of
webbing of laciniae originally distinct. It is possible that a branching of veins may be initiated de novo in a leafexpansion. We know that some such new developments have produced the reticulate state. It would therefore be
rash to deny that something similar may in some cases account for the origin of additional veins in an entire blade.
We may conclude that in primitive types with open venation which are "webbed" the venation may be a near
index of *& primitive laciniation. But in derivative types, and especially where the venation is reticulate, as in
Angiosperms, this may have so obliterated the original scheme of construction that what is actually seen can no
longer be trusted as indicating it further than in quite general features.
§ Ber. d. d. Bot. Oes., xiii, p. 245.

702

PROFESSOR F. O. BOWER ON

Cruciferse that it is so. The venation in such questions will have to be examined
more carefully than hitherto. What emerges from examination of the illustrations
in LUBBOCK'S book On Seedlings is, that the prevailing venation in the cotyledons of
dicotyledonous plants is of a type similar to that of an entire juvenile leaf of the
Ophioglossacese or Marattiacese; but this subject will have to be gone over more
critically before comparisons can be applied in detail.
The earliest juvenile leaves do not always show an equal dichotomy. The series
may be more or less abbreviated, and the construction typical of the primitive forms
may be omitted. This is particularly obvious in Botrychium (fig. 12) and Helminthostachys (fig. 12). The Marattiacese are interesting in this connection ; for while
Dansea (fig. 10) may show an initially equal dichotomy, in Angiopteris* the
cotyledon itself has distinctly sympodial development, the primitive equal dichotomy
being omitted. This seems to be the prevailing type in the dicotyledons. Thus
there is in the juvenile leaves of Vascular Plants an orderly progression of structure
more or less fully indicated, but apt to be abbreviated in certain types. That progression may be held to be probably phyletic in relatively primitive types. It
proceeds from equal dichotomy to sympodial construction.
VI. Where sympodial development of dichotomy is seen it may take various
forms. Where the favoured shank is alternately right and left, which is the
commonest state, the sympodium is scorpioid, as in figs. 11, 14, 15. Where it is
repeatedly on the same side the sympodium is helicoid, as in Plate-figs. A-F. But
in leaves there are two possible types of this last,.in relation to the leaf as a whole.
The favoured shanks may be on the side towards tb,e leaf-base, and the result may be
designated a katadromic helicoid sympodium, as in Matonia, Plate-fig. A. Or it
may be on the side towards the apex, when it is called an anadromic scorpioid
sympodium, as in Pteris semipinnata, Plate-fig. E. The various types of sympodial
development are variously distributed in the construction of leaves, and produce
very characteristic effects upon their outline and venation.
VII. Where the size of the leaf and the complexity of its branching are considerable, as in most adult leaves of Leptosporangiate Ferns, the primordium shows
continued apical growth. The lower pinnae are then as a rule initiated monopodially,
budding out laterally below the apex. This adult condition is gradually led up to
in the successive leaves of the individual plant. But there is also as a rule a progression in the individual leaf from this adult mode of origin of the lower pinnse
to a sympodial origin, and finally to equal dichotomy.! This is in fact a
reversion in the later stages of the ontogeny of the leaf to that branching which is
characteristic of the juvenile leaves. If the phyletic history be truly reflected in the
steps of increasing complexity of construction in the successive leaves from the
juvenile to the adult, then the steps in succession of origination would read thus:—
(i) Equal Dichotomy, modified to produce (ii) the Sympodial Dichotomy; and
* CAMPBELL, Eusp. Ferns, fig. 122.

t See Land Flora, p. 627, and refs.
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(Hi) where the development of the leaf is strong there may be transition to the
Monopodial Branching.
VIII. But in the individual Fern-leaf the order of events is developmentalry the
reverse of this. The first-formed branches (pinnse) are monopodial, the later of
sympodial origin, and the final branching dichotomous. Thus the distal end of the
Fern-leaf may be held to retain its primitive characters. Anatomically it is found
that ancestral features are also located in the leaf-trace at the base. It is thus
possible to regard the middle region of the leaf as an evolutionary innovation, a
view which accords equally with anatomical fact and with the comparative study
of leaf-development. It may then be stated as a working hypothesis that, the most
archaic regions of the leaf (especially in Ferns) are the apex and base, and the
middle region is derivative.
IX. In some cases of highly organised leaves, especially in Ferns, the branching
of the adult leaf may be throughout that of equal dichotomy. This is usually
accompanied by a long petiole, so that the orbicular or laciniate lamina is expanded
far from the leaf-base. Historically this may be either a retention of the primitive
dichotomy or a reversion to i t : an opinion can only be formed on the facts for each
individual case (figs. 27, 28). Thus, in some highly organised leaves the sympodial
or monopodial states may not be represented at all.
X. In other cases the converse may happen, as in the adult leaves of Angiopteris*
where, though in the young leaf the branching is a scorpioid sympodium, the
relatively few pinnse of the adult arise monopodially, and the phyllopodium is then
arrested in its growth. It does not progress to the primitive dichotomous stage,
which is thus omitted from the adult leaf. A similar state is seen in the Cycadacese.f
In them even the acropetal succession is not strictly maintained. This probably
gives a correct clue to the architecture of the leaves in most Angiosperms, in which
arrest of apical growth at an early stage is a marked feature of the leaf-development.
Certain extreme examples of such arrest of apical growth involve the atrophy of the
whole distal region. They are seen in simple form in the protective scales of the
Osmundacese, where the whole branch system of the lamina is arrested in its early
stages, while the sheathing base remains of normal size. The same is seen in the
Cycadacese. In Angiosperms this is the case with bud-scales, in which in various
degree the "lamina" is represented in atrophied state, while the intercalary petiole
is not initiated.]; Such cases may be held as further advances in that arrest which
is already seen in Angiopteris. Not only is the phyletically earlier, dichotomous
region of the distal branching omitted, but the whole of i t ; and the effective part of
the scale originates from' the " hypopodium" (Blattgrund of EICHLER). Thus it may
be stated that in some Ferns, in Cycads, and in almost all Angiosperms the apical
growth of the leaf-primordiurn is arrested early, and the distal primitive stage of
* Phil. Trans., pt. ii, 1884, tigs. 15-17.
I GOBBEL, Organography, Engl. ed., ii, p. 386.

t Ibid., pt. ii, 1884, figs. 24-44.
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equal dichotomy is omitted. In this case the pinnse are all of monopodial origin,
and it is the phylogenetically later region that constitutes the adult leaf. A step
further is seen in the bud-scales of the Osmundacese, Cycads, and Angiosperms, where
the effective region originates basally.
XI. The distal branching of the leaf-primordium results in a lobed, or webbed,
blade. But other developments not referable to this appear in some cases at the
leaf-base. They are often included under the term " stipules." They may be absent
from whole families, but constantly present in others; and this applies both to Pteridophyta and to Flowering Plants. Among the former the Osmundacese, Marattiacese,
and Ophioglossacese have them; others have not. They appear to be primarily the
result of enlargement of the wings of the leaf-base, with or without a commissure.
The latter is seen in the Marattiacese, in Todea and Stangeria, but not in Osm,unda
or Gycas* They may have been of distinct phyletic origin in the different families.!
Such developments, which are usually styled " stipular" are basal in origin, and
distinct in nature from the distal branchings of the leaf.
XII. The factor which becomes most prominent in determining the leaf-form in
the Higher Vascular Plants is intercalary growth. In them what is lost by arrest of
apical growth is largely made up by intercalary growth. This is effective in producing the petiole, but it is also active in the blade. Here the marginal teeth (if
present) are produced early, by monopodial branching upon the phyllopodium.
They are carried outwards by transverse intercalary growth below their base, and
appear at maturity as the marginal teeth. Thus in the leaves of the Higher Plants
intercalary growth is prevalent, and its results disguise the similarity of the architectural scheme to that in the Pteridophyta.
XIII. But the intercalary growth may intervene at various points in the phyllopodium, and thus in the mature state pinnse which were in close juxtaposition when
formed may be separated. Especially it may intervene between the lowest pinnse
and the rest. They would then appear at maturity at the base of the petiole, and
be liable to be ranked as " stipules," though differing in origin and nature from the
stipules described above. Something of this nature is foreshadowed in those basal
pinnse seen in the Cyatheacese, and styled " aphlebise." It is on developmental and
comparative grounds that the line will have to be drawn in each special case between
the tivo possible sources of the parts ranked as " stipules," viz. basal developments of
wings, and pinnse left in a basal position by intercalary growth above them.
The attempt- has been made in the above pages to study the architecture of the
leaf in the Sporophyte on the broadest lines. All the three avenues of comparison
named at the outset have been used : viz. a comparative study of adult leaves; a
similar study of juvenile leaves; and reference to the fossil record. It will now
* See Phil. Trans., pt. ii, 1884, pis. xxxviii-xl.
f GOEBEL states pointedly that " the structures which were frequently considered to be stipules in the Ophioglossaceee are not of that nature" (Organography, Engl. ed., ii, p. 365). He gives no reason for this statement,
though he admits the use of the term for the similar growths of the Marattiacese.
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appear that the study of the juvenile leaves in relatively primitive Vascular Plants
is not the least valuable of them in eliciting the phyletic story of leaf-architecture.
The view has been adopted throughout that the juvenile leaves of the Pteridophyta
are rudimentary, not arrested. For they are free-living leaves, that have never
been controlled, like the cotyledons of Seed-Plants, by the exigencies of packing
within a seed, or by adaptation to storage. It is held that the adult leaf is the result
of promoted development from this relatively simple source. The theoretical position
is entertained that the progression which successive juvenile leaves show with
greater or less perfection, from equal dichotomy to sympodial and ultimately to
monopodial branching, reflects with some degree of accuracy a probable story of
phyletic advance in leaf-architecture. The microphyllous Pteridophytes would then,
speaking generally, be types which had progressed less far, though in some cases
simple leaves appear to have become so by reduction. This may have been so in
Equisetum, and it is believed to be the case for the simple leaves of some Ferns and
Flowering Plants. But such an interpretation will not apply to the Lycopodiales :
for in them the leaf is always simple, and the earliest fossils of the family bear this
out. They appear to have retained a primitive simplicity of the leaf. Excepting,
then, such cases as are probably reduced, a general working hypothesis may be
adopted, that the progressive steps seen with varying completeness in the successive
juvenile leaves of the individual, and reflected by comparison of the adult leaves in
various early vascular types, indicate the steps of elaboration which prevailed in
the evolution of foliar structures in the Sporophyte.
The complex scheme thus set up in the megaphyllous types was suitable enough
for hygrophytic vegetation, such as the Filicales and Pteridosperms. But it was
liable to modification under exposed subaerial conditions. The phyletic history of
the Angiosperms may be uncertain, but the probability is that they sprang from a
megaphyllous rather than a microphyllous source. And already among megaphyllous
types we have seen evidences of certain modifications which would have the effect
of producing a leaf like that of the Angiosperms. The chief of these are apical
arrest, with omission of the phyletically oldest but biologically most vulnerable
distal region, and the substitution of intercalary for apical growth. Thus, we may
believe, there was produced a type of leaf with various added advantages; such as
an early maturation of the apex, a more robust construction, a capacity for close
packing in the bud, and a more adaptable development of form to meet the various
biological needs of subaerial life. In fact, the biological probability that such changes
should supervene as amendments of the Filical construction lends support to the
conclusions arrived at on a basis of comparison. The application of the results
obtained from the Pteridophyta to the leaves of Flowering Plants can here be only
suggested in general terms. It is hoped on some future occasion to develop the
points of comparison on the basis of fresh observations on them. But if the comparisons here instituted are correct, they indicate as a general statement for Vascular
TRANS. ROY. SOC. EDIN., VOL. LI, PART III (NO. 21).
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Plants that their leaf-architecture is throughout referable to modifications of a
branch-system originating iihyletically in a simple leaf subject to equal dichotomy.
POSTSCRIPT.

On Theories of the Ultimate Origin of the Leaf.
The views put forward in this memoir depend upon the way in which the juvenile
leaves are regarded. If they are, as is believed, relatively primitive in their characters, and the adult leaves are similar forms promoted to higher complexity, then
the sequence of leaves in the individual will indicate the probable steps of phyletic
advance. Similarly, a comparison of the microphyllous Pteridophytes with the
megaphyllous gives a sequence of very similar steps. It seems not unnatural to
suggest that along these parallel lines a true indication may be found of how the
megaphyllous state originated in descent. Thus it would appear probable that the
ultimate origin of the leaf was as a lateral appendage upon the _axis, relatively small
originally, but capable of enlargement by branching, together with such other steps
as are exemplified in the comparisons given above.
It' may be noted that a lateral origin of the leaf accords with the facts of
embryology of Vascular Plants. It has been shown by comparison of the embryos
of the Pteridophyta that in all adequately examined cases the first segmentation of
the zygote stamps the polarity of the embryo, and that the apex of the axis coincides,
as nearly as is consistent with the detail of the segmentation, with the centre of the
epibasal hemisphere.* Thus in point of fact the position of the axis is defined
before the origin of the leaf is apparent. That is so also for the embryos of
Gymnosperms and Dicotyledons. But till recently the case of the Monocotyledons,
as exemplified by the commonly accepted type of Alisma, seemed to be an exception,
for there the cotyledon appears to be terminal. But COULTER and LAND t have met
this difficulty by showing that Alisma is not a general type of embryogeny for
Monocotyledons. In Agapanthus and others there is a peripheral cotyledonary
sheath, surrounding the apex of the axis, which is itself actually central, as in other
types of embryos. In the case of Alisma the single cotyledon may then be held to
have assumed the terminal position as a consequence of its early and strong
development, by a sort of " phyletic slide." If this be so, then the exception of
the Monocotyledons as a whole falls away. The " terminal" cotyledon, where it
does occur, is not phyletically terminal, but lateral. Thus the conclusion of primary
origin of leaves laterally in the embryogeny of Vascular Plants is of general application, though liable to secondary displacement, as in some Monocotyledons.
But this conclusion, and this way of regarding the leaf as a member originally
microphyllous and progressively asserting itself in descent, is out of harmony with
opinions expressed by various recent writers. Thus CAMPBELL has advocated a
* Land Flora, chap, xlii, p. 670.

f Bot. Gaz., 1914, pp. 509-514.
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megaphyllous origin, holding that the leaf preceded the axis in the evolution of
the shoot. His view is, in fact, a phytonic theory akin to that of GATTDICHATTD, but
stated in terms of embryonic development. He bases his argument largely upon
facts relating to the Ophioglossacese, and particularly on the embryology of species
of Ophioglossum itself. But it is necessary to point out, as invalidating his argument,
first, that Ophioglossum is probably a highly specialised representative of its family.
This is indicated by its reticulate venation, and by many facts in its anatomy and
morphology. Secondly, in this family the dormant axillary buds observed by
GWYNNE-VATJGHAN and LANG are themselves very minute, but none the less the
axial nature is recognisable in them, bearing leaves in case of their further development. And generally, when the facts adduced by CAMPBELL for special cases such
as Ophioglossum are placed against those from Pteriodophyte embryology as a
whole, it does riot appear that his thesis of the priority of leaf over axis is sustained
by the actual facts.
On the other hand, TANSLEY, in his Lectures on the Evolution of the Filicinean
Vascular System, has contemplated a megaphyllous origin of the leaf. He supported
his view by comparisons between the vascular anatomy of the adult leaf and that of
the axis in certain early fossils. Especially he traced his most convincing parallel
in the leaves of those Zygopterids which, with an upright habit of the leaf, bore
four vertical rows of pinnae. He remarks : * " This tendency to radial organisation of
the frond may perhaps be regarded as a relic of the time when, according to our
basal hypothesis, the structure of the fronds of Ferns was but little differentiated
from the structure of their stems." On a previous page t he had stated the theory
thus : " I am inclined to believe that the Fern-leaf is in phylogenetic origin a branch,
or rather a branch-system, of a primitive undifferentiated sporangium-bearing thallus,
and not an appendicular organ, differing ab initio from the a-xis on which it is borne."
Miss BANCROFT \ finds anatomical support for the theory in Rachiopteris cylindrical
and gives copious references to cognate literature.
TANSLEY refers the modern statement of this theory in the first instance to
POTONIE. § But in 1884 I had myself stated substantially the same hypothesis
thus: || "May we not with good reason think that, just as the phyllopodium
gradually asserts itself as a supporting organ among structures originally of similar
origin and structure to itself, so also the stem may have gradually acquired its
characters by differentiation of itself as a supporting organ from other members
originally similar to itself in origin and development? Thus the stem and leaf
would have originated simultaneously by differentiation of a uniform branch-system
into members of two categories." Finding later that facts were deficient for any
approach to a proof of this hypothesis, I left it, so to speak, in the air ; but now I
return to the consideration of it after more than thirty years.
* L.c, pp. 23-24.
§ Deutsche Bot. Mmatsschrift, xv, 1897.

f P- 1.
I Ann. of Bol., 1915, p. 562.
|| Phil. Trans., ii, p. 605.
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The obvious rejoinder to this theory, supported as it now is by the study of
relatively early fossils, is that it starts from forms of extraordinary complexity.
I do not anticipate that any settled conclusion can be arrived at for the present
as to the ultimate origin of foliar structures in the Vascular Plants. Perhaps the
most valid suggestions may come from newly discovered fossil-types. But in my view
the methods pursued in this memoir, based as they are upon the general study
of well-known living plants, are preferable meanwhile to comparisons of the mature
anatomy of adult organs, in plants which are imperfectly known and appear to have
been highly elaborated and specialised. A comparison based upon embryology; upon
the successive juvenile leaves of the individual, leading up to the adult; and upon
the form and venation of the adult leaves of all the leading types of Vascular Plants,
and checked by reference to the fossil record, offers a footing, however precarious,
upon which to approach some reasonably probable conclusion. That provisional probability is, that leaves were initiated as lateral appendages of an axis ; and that the
more complex leaves resulted from elaboration of a simpler type.

DESCRIPTION OF PLATE.
Fig. A. Leaf of Matonia peetinata, R. Br.; reduced to ^ natural size.
Fig. B. Leaf of Dipteris conjugata (Kaulf), Reinw. ; reduced to J natural size.
Fig. C. Leaf of Dictyophyllum exile ; much reduced. After NATHORST, from SEWARD'S Fossil Plants.
Fig. D. Leaf of Camptopteris spiralis ; much reduced. After NATHORST, from SEWARD'S Fossil Plants.
Fig. E. Leaf of Pteris semipinmda, reduced.
Fig. F. Leaf of Odontopteris minor, Brongn. ; rather less than ^ natural size. After ZEILLER, from
SEWARD'S Fossil Plants.
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