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ABSTRACT

WHITE, It. A. (U. Michigan, Ann Arbor.) Tmcheary elements of the ferns. 1. Factors which
influence tracheid length; correlation of length with evolutionary divergence. Amer. Jour. Bot.
50(5): 447-455. 1963.-'1'0 determine the variability of tracheid lengths in ferns, several factors
were surveyed which might modify them. On the basis of average lengths based on from 100 to
300 measurements, the following factors were found to affect fern tracheid length significantly:
location in the plant, stage of maturation of the plant, length of the internode, ploidy, and habitat.
These factors were considered when a statistical analysis was made of the relationship between
tracheid length and taxonomic divergence among the species of ferns. A Pearson's correlation
coefficient was computed, based on average tracheid lengths from 221 species of ferns, and a di
vergence index based on 8 characters accepted as indicators of specialization or primitiveness in
the ferns. A statistically significant correlation (at the 5% level) between length and divergence
was found for root tracheids, but not for rhizome or petiolar traoheids. A better understanding
of fern evolution is necessary before a more precise picture of length correlation and divergence
in the ferns can be obtained.

ll)EAS of the evolutionary relationships of ferns
are presently in a state of controversy and flux,
and there are many differing views. The early
classifications of Diels (1899), Bower (192:3, 1926,
1928) and Christensen (1938) have been modified
and revised by the more recent work of Ching
(1940), Copeland (1947), and Holttum (1949).
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These later workers have incorporated numerous
morphological characters into their systems in an
attempt to determine more accurately the rela
tionships in this group. The fact that there are
such differing views, however, indicates a need
for additional characters of comparative value
which can be used in correlation with those al
ready known.

Problems of evolutionary relationships in the
angiosperms have been approached frequently
through the use of comparative anatomical data
(Bailey, 1949). Studies of the xylem have been one
of the chief sources of information regarding trends
of diversification within the higher groups. The
works of Bailey and Tupper (1918), Frost (1930a,
b), and Cheadle (1943) are major attempts to de
termine morphological trends in xylem elements
which can be applied to the broader problems of
evolution in those groups studied. Their conclu
sions have had a far-reaching effect on our under
standing of the systematics of the flowering plants.
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TABLE 1. Comparison of average lengths' of tracheids from long and short internodes. Both examples indicate a relationship
between tracheid length and internode length

M atteucia struthiopteris
(Aspidiaceae)

N ephrolepis spp,
(Davalliaceae)

N. cordifolia N. hirsutula

Rhizome
erect
procumbent

Root
Petiole

a Traeheid length in mm.

1.21
5.46
3.52
2.86

S.D.

0.17
1. 78
1.00
0.74

S.D. S.D.

2.30 0.22 1.63 0.4!l
6.42 1.84 3.22 1.06
1.79 0.23
5.64 1.59 9.54 2.Hl

In contrast to this extensive work on xylary tis
sue in the angiosperms, nothing of a similar scope
has heretofore been done for the ferns. It would be
valuable to know whether the evolutionary pat
terns described for tracheids and vessel members
of the higher groups are also present in the ferns.
Whether or not such trends are found, a broader
knowledge of the variation of the morphology of
the tracheary elements of the ferns might provide
additional information of systematic and evolu
tionary significance.

A primary aim of this research, therefore, was to
compare the variation in morphology of tracheary
cells over a wide sample of fern species. All of the
relevant characters regarded as significant by
Bailey and Tupper (1918), Frost (1930a, b), and
Tippo (1946) were examined. A primary require
ment, according to Frost (1930a), for a compara
tive study from which broad evolutionary trends
are to be established is the presence of sufficient
diversity in the character to be used as the basis
for conclusions. The discovery of vessels in the
roots of M arsilea (White, 1961) and presence of
tracheids which are morphologically intermediate
between vessel members and tracheids in widely
separated genera of ferns, to be described sub
sequently, seem to satisfy this requirement.

In order to ascribe comparative value to any
trends which may be found in tracheid length
and morphology in the ferns, one must consider
factors which affect these features. Those con
ditions that are induced by external influences are
of less value than those which arc genetic in nature.
Previous studies of gymnosperms and angio
sperms have revealed the presence of several ge
netic, environmental, and positional factors which
modify tracheid length.

A single pattern of length variation which is
uniformly applicable to plants in general has not
yet been established.

Most workers studying the normal variation of
cells and tissues have utilized the secondary xylem
of woody plants in which cambial initials play an
important role in the establishment of tracheid
length. The only recent comparative studies of
primary xylem have been made by Cheadle (1943)
and Biorhorst (1960), and no studies have been

made of the variation patterns in the length of
fern tracheids.

MATERIALS AND METHODs-The materials used
in this study of ca. 210 species in approximately
91 genera and 18 families were made available to
me by Mr. A. Murray Evans, Professor Warren
H. Wagner, Jr., Professor Ralph H. Wetmore,
Mr. Wing Yew Kwan, Miss Anne Johnson, the
University of Michigan Herbarium, and the Uni
versity of Michigan Botanical Gardens. Personal
collections were made in the Hawaiian Islands in
the summer of 1961. Vouchers have been main
tained for most of this work.

Both dried and fixed specimens were used.
Where sections were made, the killing and fixing
were followed by dehydration in a tertiary butyl
alcohol series and embedding in paraffin, as de
scribed by Johansen (1940). Serial longitudinal
and transverse sections were cut (10 J.L) and stained
with a combination of safranin and fast green.

For maceration, the technique of Jeffrey (1917)
was found to be the most useful. Better results
were obtained with dried material if it was pre
treated in an aqueous solution of Tergitol prior to
maceration. A 1% solution of Bismark Brown in
70% alcohol was used as the stain.

Where possible, 100 tracheids each were meas
ured from the rhizome, root, and petiole of each
species. In evaluating the results of these obser
vations, the mean and standard deviation were
calculated. An ocular micrometer was used to
measure tracheids chosen randomly from each
slide. The maceration slide preparation technique
was developed to the point where there was little
breakage of tracheids during the process; hence a
normal representation of both larger and shorter
tracheids was assured. The frequency distribution
of tracheids in the samples (i.e., slides) approxi
mated a normal curve.

A Pearson's correlation coefficient was com
puted (Dixon and Massey, 1957) to measure the
extent of linear relationship between the degree of
"relative divergence" of the family and the aver
age traeheid length. The family index number was
applied to the genera and species which make up
each family, in order to compute the correlation
coefficient at these levels. Specific collection data,
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TABLg 2. General decrease in average tracheid length" in successively older plants. Stages from A -C represent very young
to older plants. Stage D is an adult plant. See text for further explanatio,!,

Osmutula cinnamomea (Osmunduecae)

Rhizome S.D. Root S.D. Petiole S.D.

A 1.96 0.52 7.72 0.58
13 1.64 0045 6.36 0.62 5.94 1.77
C 1. 70 0040 5.36 0.58 4.80 1.37
D 1.14 0040 1.54 0.62 2.40 0.98

u Tracheid length in mm.

and individual measurements for this survey are
on deposit as a thesis at the University of Mich
igan.

RESULTs-Organographic location-Measure-
ments were made of tracheid lengths in the rhi
zome, root, and petiole of 125 species of ferns. The
results reveal no simple correlation between tra
cheid length and the organ in which they occur. Al
though the rhizome tracheids were the shortest in
77% of the species studied, they were the longest
elements in 10% and intermediate between those
of the petiole and root in 13% of the species ex
amined. In contrast, the root contained the long
est tracheids in 35%, tracheids of intermediate
length in 45%, and the shortest elements in 20%
of the species studied. The petiolar tracheids were
longest in 55%, intermediate in 42% and shortest
in only 3% of the species examined. In general,
tracheids in the rhizomes were shorter in mean
length than those in either the petiole or the root,
while those of the petiole were the longest in the
plant in almost 60% of the species studied.

Internode lengtn-In view of the effects of lat
eral branches and internode length on tracheid
length in higher plants, the relationship of inter
node length to tracheid length in the ferns was
studied. An attempt was made to predict internode
length on the basis of average lengths of rhizome
tracheids of 50 species of Aspidiaceae. The inter
node length predictions in terms of "creeping"
vs, "upright" rhizomes, when compared with tax
onomic descriptions of the species (Copeland,
1947; Holttum, 1954; Wherry, 19tH) proved to be
almost 100% accurate. Additional species were re
viewed in this manner, and internode length of
most of the species could be predicted.

This relationship between internode length and
tracheid length was confirmed by studying the
rhizome tracheids of M atteucia struthiopteris
(Aspidiaceae) and N ephrolepis cordifolia and N.hir
suiula (Davalliaceae). In all 3 species there is an
erect rhizome with short internodes, from which
arise either stoloniferous rhizomes (N ephrolepis
spp.) or creeping rhizomes (Matteucia) with long
internodes in both cases. Comparison of average
lengths of trachcids in the 2 types of rhizomes
(Table 1) reveals a positive relationship between
the length of the internode and the length of the
tracheids, From these results it was concluded that

the length of tracheids in fern rhizomes is related
to the internode length of the species.

Stage of maturity of the plant---8ince the length
of tracheids may depend on the developmental
stage of the plant or organ in which the tracheids
occur, a series of plants, of varying ages or stages
of maturity, was collected of Osmunda cinnamomea
(Osmundaceae). Comparison of mean trachcid
lengths indicated that in progressively more ma
ture developmental stages there is a general short
ening of the elements in all 3 organs (Table 2).
This trend is most clear in the petiole and root,
where the average length of the tracheids is shorter
in each successively older plant. The relationship
of tracheid length to organ is also modified during
the development from juvenile to adult plant. In
the younger stages of Osmunda, the longest tra
cheids were in the root, not in the petiole; whereas
the longest tracheids in the adult plant were in the
petiole.

Ploidal level-Average tracheid length was de
termined in diploid species, polyploid species and
known or probable hybrids of Botruchium (Ophio
glossaceae), Asplenium (Aspleniaccae) and Dryop
teris (Aspidiaccac).

The results of the study of Botrychium (Table
3) indicate that ploidal level and cell size are cor
related: with an increase in ploidal level, there is
an increase in average tracheid length. Tracheids
of the 2x species, B.lunaria of section Botrychium,
are shorter than those of the 4x species, lJ.minga
nense. Botrqchium olabamense (of section Scep
tridium) is the putative amphidiploid hybrid be
tween B.biternatwn and B.lunarioides (Wagner,
19(2). The first parent, B.biternatum (2x) has an
average length of 2.26 mm, the second of 1.44 mm,
and the hybrid, B.alabamense, has an average of
1.70 mm. The genome contributed by B.luna
rioides modifies the tracheid length of the hybrid
to a greater degree than that of B.biternatum.
This results in tracheids of intermediate length
which, even though in a 4x plant, are smaller
(1.70 mm) than those of the presumed 2x parent,
B.biternatwn. This pattern of inheritance is known
also in pollen grains of grasses (Gould, 1957), and
in tracheids of pine (Echols, 1955; Jackson and
Greene, 1958).

A series of plants of different polyploid levels in
the Asplenium heterochroum complex growing
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TABLE 3. Relationship between tracheid length and ploidal
level. Data indicate an increase in average tracheid
length with an increase in ploidal level

Chromo- Tracheid
some length

number Species (inmm) S.D.

Botrychium
Sect. Sceptridium

2x B. bitemaiuni 2.26 0.93
(syn. B. tenuifoiiuni)

2x B. lunarioides 1.44 0.35
4x B. olobamense 1.70 0.27

Sect. Botrychium
2x B. lunaria 1.12 0.27
4x B. minganense 1.67 0.45

Asplenium
2x A. heierochrouni 2.0·1 0.50

(presumed diploid)
4x A. heterochroum 2.12 0.57
3x (apog) A. resiliens 3.38 0.82
6x A. heterochroum 4.76 0.70
5x (apog) A. heterochroum (2x) 3.94 0.88

X
A. resiliens (3x)

under the same environmental conditions at the
University of Michigan Botanical Gardens was
studied. Chromosome counts of all the species
had been recently made (Morzenti and Wagner,
1962). Within this series also (Table :3), there is a
positive relationship between increase in ploidal
level and increase in tracheid length. An apoga
mous species, A.resilicns (:3x) , however, had
longer tracheids than either the 2x or 4x A.hetero
chroum. The average length (:3.94 mm) of the 5x
apogamous hybrids A .heterochroum X resiliens is
larger than that of either of its parents, but fits
into the length series of the A .heterochroum
species.

A more thorough investigation was made of a
polyploid series involving hybridization in Druop
teris. The specimens used all grew in a uniform
natural community in Washtenaw County, Mich
igan. The tracheids of :3 species and the hybrids
between them were measured. Comparative re
sults again reveal a positive relationship between
ploidallevel and tracheid length (Table 4).

Tracheids from all :3 organs were measured to
determine whether location in the plant affects
the expression of the genetic correlation. The re
sults of measurements in the rhizome seem to in
dicate that D.goldiana (2x) has a "long tracheid"
trait in contrast to a "short tracheid" trait in D.
cristata (4x). Since this relationship is not true of
tracheids from the petiole and root in the same
plants, however, the rhizome tracheid lengths can
perhaps be ascribed to differences in internode
length in the 2 species rather than differences in
ploidal level. The fertile presumed allotetraploid,
D. X clintoniana (6x) (Walker, 1961), has tra
cheids which are longer than those of either the

2x, 4x, or 5x taxa. The 5x backcross, D.clintoniana
X cristata, does not have rhizome tracheids of
intermediate length between the parents, but the
rhizome tracheids of the other backcross, D. clinto
niana X go/diana, are intermediate in length.

In the root, the situation is reversed. Tracheid
length of the hybrid D.clintoniana X goldiana
(4x) is intermediate, but that of the hybrid D.clin
toniana X cristata (5x) is not. In the latter hybrid,
tracheid length is actually greater than in one of
the parents (6x).

No material of the rhizome and root of the
scarce sterile diploid of the hybrid D.cristata X
goldiana was available.

In the petiole (Table 4), there is an increase in
average tracheid length from those species with
low ploidallevels to those with high. Tracheids in
the petiole of the hybrids D.clintoniana X cristata,
D.clintoniana X goldiana and D.cristata X gold
iana are of a length intermediate between that of
their parents. Also, the fertile allopolyploid D. X
clintoniana (6x) shows an increase in average tra
cheid length over its sterile 3x form, D.cristata X
goldiana.

The tracheids of both the root and petiole are
longer than those of the rhizome, but the relation
ship between the lengths of tracheids in the root
and petiole varied with each species.

These studies in 3 different fern families demon
strate that the length of tracheids is genetically
controlled and there is, in general, a positive re
lationship between ploidal level and tracheid
length.

TABLE 4. Relationship between hybrid origin of species and
tracheid length in Dryopteris. Hybrid species tend to
have tracheids which are intermediate in length between
those of parent species

Traoheid
length

Organ (in mm) S.D.

Rhizome
D. goldiana (2x) 1.70 0.38
D. clintoniana (6x) 1.81 0.40
D. clintoniana X goldiana (4x) 1.76 0.33
D. cristata (4x) 1.44 0.36
D. clintoniana X cristaui (.5x) 1.55 0.38

Root
D. goldiana (2x) 4.00 0.85
D. clintoniana (6x) 5.50 1.39
D. clintoniana X goldiana (4x) 4.96 1.10
D. cristata (4x) 4.18 1.39
D. clintoniana X crisiata (5x) 5.64 1.39

Petiole
D. goldiana (2x) 3.50 0.77
D. clintoniana (6x) 5.50 1.79
D. clintoniana X goldiana (4x) 4.50 1.37
D. cristata (4x) 5.83 1. 75
D. cristata X goldiana (3x) 4.27 1.17
D. clintoniana X cristata (5x) 5.60 1.7.5
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Ecological variation-Four local species in S. E.
Michigan, Onoclea sensibilis, Thelypteris palustris,
W oodsiailuensi« (Aspidiaceae) and Pteridium aqui
linum (Pteridaceae), were studied for the effects of
"dry-exposed" (i.e., in open fields) and "moist
shaded" (i.e., in more or less closed swamp woods)
environment on tracheid lengths. Several speci
mens of each species were collected from each of
the 2 contrasting environments. «d .:.), ~:Jl1

Measurements of tracheids from the roots and
petioles of the first 3 species revealed that the
plants from dry-exposed habitats tend to have
shorter, narrower tracheids than those of the
moist-shaded habitats (Table 5). Tracheary ele
ments of all organs of Pteridium and the rhizome
tracheids of other species, however, indicate the
opposite result, with tracheids from the plants in
dry-exposed habitat longer and III some cases
wider than those from plants in the moist habitat.
In regard to Pieruiiuni it IS noteworthy that
Boodle (1904) found an increase of laminar cell
size in plants growing in sunlight in comparison
with those growing in shade.

Statistical analysis-In the higher vascular
plants, it is generally accepted that long, tapered
tracheids are primitive in contrast to shorter, more
highly modified water-conducting cells (Tippo,
1946). A review of the measurements presented by
Bailey and Tupper (1918) shows that, in general,
there is a trend of shortening of tracheids from
the fossil species they studied through the gym
nosperms to the angiosperms. There are numerous
exceptions to this trend among their data, how
ever, and in view of the plant diversity which
their survey encompassed, this is not surprising.
From a similar review of the measurements ob
tained in the present survey of the ferns (White,
1962) it is not immediately apparent that such a
pattern of tracheid shortening with evolutionary
divergence is present. In order to determine the
degree of correlation, if any, between the probable
evolutionary level of a particular species and the
average length of its tracheids, a statistical study
was made.

In the survey of tracheary lengths which follows,
the location of the tracheids in the plant, the age
of the plant, and, to a limited extent, the environ
ment in which the plant was growing were taken
into account.

In view of the complicating factor of internode
length in the rhizome, most of the species were
sampled in the root and the petiole as well. Average
lengths based on measurements of between 100
and 300 late metaxylem tracheids were obtained
from each organ of each species. As suggested by
numerous previous studies which include tracheid
measurements, the average measurements and
standard deviations were determined so that the
extent of variation in the material could be seen .

. A comoination"ofthe most commonlyaccepted
families of Copeland (1947) and Holttum (1949)
was taken as the basis for comparisons. Divergence

NO";<O
OOOO<ON

0000
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TABLE 6. Correlation coefficients, confidence intervals: for tracheids of rhizome, root and petiole. Results significant at 5%
level indicated by *

No. of Correlation 95%
Observations coefficient Confidence

Organ (N) (r) interval

Root
Family 17 -0.37 -0.72 < r < -0.15
Genus 71 -0.34 -0.52 < r < -0.12*
Species 122 -0.21 -0.37 < r < -0.04*

Rhizome
Family 11' -0.30 -0.73 < r < +0.10
Genus 78 0.00 -0.13 < r < +0.31
Species 173 0.21 0.05 < r < +0.36

Petiole
Family 17 -0.22 -0.64 < r < +0.30
Genus 78 -0.18 -0.38 < r < +0.04
Species 130 -0.007 -0.28 < r < +0.08

indices (Wagner, 1961) were determined for them
through the use of 8 characters generally ac
knowledged to be of systematic value in the ferns
(Wagner, 1954). Those included in this study are
as follows: (1) habitat-terrestrial mesophyte,
primitive; epiphyte or hydrophyte, advanced; (2)
spore morphology-tetrahedral spore without peri
spore, primitive; bilateral spore with perispore,
advanced; (:3) gametophyte-flat, bisexual, green
gametophyte, primitive; filamentous, unisexual or
heterotrophic gametophyte, advanced; (4) game
tangia-many-celled gametangia, primitive; small,
fewer-celled ones, advanced; (5) venation-free
veins primitive; anastomosing veins advanced;
(6) dermal trichomes-hairs primitive; paleae or
scales advanced; (7) sporangia-large many-celled
sporangia with no clearly defined annulus, primi
tive; small, few-celled sporangia with clearly de
fined annulus, advanced; (8) soral maturation
all sporangia mature simultaneously, primitive;
mixed sori, advanced.

A total divergence index was estimated by giv
ing one point to the family for each advanced
character present in the family. Where a character
was considered intermediate between the advanced
and primitive state, one-half point was given for
that character.

The results of the analysis of each of the 3
organs at the level of species, genus and family
are summarized in Table 6. In addition to the
correlation coefficient, a 95% confidence interval
was calculated. That is to say, in 9fi out of 100
cases we would be correct in inferring that the
confidence interval includes the population value
(rho) (Table 6).

Essentially, the results reveal a significent cor
relation (O.~6 < rho < 0.52, p < 0.05) between
tracheid length in the root and relative total
divergence (advancement) of the family. Con
trarily, there was an expected lack of a relation
ship between length and advancement in the rhi
zome. This latter discrepancy is probably related

to the influence of the internode length of the rhi
zome on tracheid length. The lack of significant
results in the petiole was not expected, however.

The statistical calculations for tracheids in the
rhizome and petiole indicate that the correlation
coefficient is not significant at the 5% level. On
the basis of these data, the null hypothesis, that
there is no correlation between relative advance
ment (divergence) and tracheid length, is accepted.
It is still not possible, on the basis of these data, to
say that there is no correlation in the population,
only that there is not enough evidence using the
sample data to reject the null hypothesis. The
root measurement results indicate, however, that
at the 5% level the null hypothesis is rejected. A
correlation coefficient as large in absolute value as
that obtained for roots (-0.:37 < rho < -0.04
and -0.G2 < rho < -0.12) would occur by
chance 5 times in one hundred if no correlation
were present in the population. Therefore, in the
root, families with the highest index number
(specialized) tend to have shorter tracheids than
those with a lower index number (primitive).
There are some indications that additional data
may strengthen the correlations in all categories.

DISCUssIOx-On the basis of this investigation,
one may conclude that variation in the length
of fern tracheids is influenced to some degree by
the following factors: (1) loeation of tracheids in
the plant (i.e., whether from rhizome, root or
petiole); (2) length of internodes in the rhizome;
(3) the stage of maturation of the plant or organ
(i.e., juvenile vs. adult); (4) the genetic constitu
tion of the plant; (5) polyploid increases among
members of the same or closely related species;
and (6) habitat.

The petiole and root have, in general, longer
tracheids than the rhizome. Length of rhizome
tracheids is correlated more closely with internode
length than with any of the other factors studied.
In contrast to the close relationship found be
tween internode length and tracheid length
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(Table 1), there was little correlation between
ploidal level and length of tracheids in the rhi
zome. Tracheids from the stems of Osmunda
plants of varying ages (Table 2) showed less
change in length with an increase in age than those
from the petiole or the root, and, except in Pteri
dium, rhizome tracheids were also the least modi
fied by differences in the environment of the plant.
From these data, it would appear that the sys
tematic reliability of tracheid length in petioles
and roots is altered most by ploidal level, stage of
plant maturity, and conditions of the environment.
The rhizome tracheids, on the contrary, are less
affected by these factors. This does not make the
rhizome any more dependable, however, because
of the fact that internode length influences tra
cheid length, and different species of the same
genus may differ from one another greatly in rhi
zome habit ( i.e., creeping or erect). As Bailey
(1957) and Carlquist (1958, ]959, 1060a, b)
pointed out, those attributes which depend on
plant habit are of relatively little value in de
termining trends of taxonomic significance.

The families which are considered primitive on
the basis of numerous taxonomic characters show
a pattern of tracheid length distribution according
to organ, which is different from that in advanced
families of the leptosporangiate types. The species
of Osrnundaceac, Cyathcaceae, Schizaeaceae and
Gleicheniaceae all have the longest tracheids in
the petiole, the shortest ones in the rhizome, and
tracl-eids of in' emediato length in the root. In
contrast to this pattern, there is a more complex
pattorn in the advanced families. Species of the
Ptcridaceae, Adiantacoac, and Polypodiaceae may
have the longest tracheids in either the petiole or
the root, although the shortest tracheids are still
usually in the rhizome. The cusporangiate Ophi
oglossaceae and Marattiaceae show a pattern sim
ilar to that of the more primitive leptosporangiate.

Measurements of tracheids from plants of differ
ent ages showed that there were differences be
tween the average lengths in juvenile plants and
those from adult plants. It is difficult to explain
this shortening of the trachcids in organs of succes
sively more mature plants.

Bissett and Dadswell (Hl50) found that the
early-formed tracheids of gymnosperms (which
grew under optimal conditions of light and mois
ture) are longer than the later-formed tracheids.
A similar situation may exist in fern trachoid
development. It is also possible that as organs
become increasingly larger, and composed of more
cells, there is a mean decrease in the size of cells
composing the organs as suggested by Sierp
0(14). Whatever the explanation for this de
crease in size, the tracheids in all the organs of the
adult plants are shorter than those in juvenile
plants.

This study shows that a relationship also exists
in the ferns between ploidal level and tracheid
length. An increase in average tracheid length

with an increase in chromosome number was de
scribed for different species of genera Botrychium,
Asplenium, and Dryopteris, in 3 families. On the
basis of this kind of information, one should be
able to predict the comparative ploidal level in
closely related plants. Such information might be
particularly important in comparative anatomical
studies at the genus and species level.

Trachcid lengths tend to increase with poly
ploidal increases in the same or very closely re
lated species. In Asplenium heierochroum (Table 3),
there is a general increase in tracheid length con
comitant with increase in number of genomes in
the species. The presumed diploid (2x) has the
smallest average tracheid length, the tetraploid
(4x) has longer tracheids than the 2x, but shorter
tracheids than the hexaploid (6x). It is also appar
ent from these data that tracheid length is in
herited in accordance with the origin of the
genomes in the plant. The tracheids of the .5x
(apogamous) presumed hybrid between Asplenium
heierochroum and A .resiliens, for example, have a
mean length which is longer than either of the
parents. If the tracheids in the hybrid (5x) are
considered to be controlled by 3 "long tracheid
factors" from A .resiliens, and 2 "short tracheid
factors" from A .helerochroum, the additive effect
would result in tracheids longer than those of the
parents. Additional support for this correlation
between t.racheid length and genome constitution
of the species is found in Dryopteris (Table 4). In
each of the hybrid taxa, the tracheids are inter
mediate in mean length between those of the
parents. This is true of petiolar tracheids in all of
the hybrids and of all the root tracheids except
those in the Fix Druopieris clintoniana X cristata.

The increase in tracheid length is never directly
proportional to the increase in chromosome num
ber, regardless of the manner by which the chromo
some number is increased.

It would be unreasonable to ascribe primitive
ness to traeheid length increase correlated with an
increase in ploidal level since, in all probability,
plodial increases indicate divergence rather than
primitiveness within a given genus.

The length of tracheids also seems to be affected
by the environment. Except in Pteridium. (all
organs) and the rhizome of the other genera stud
ied, tracheids from plants which grow in a dry
habitat are shorter than those from plants from
moist habitats. The presence of tracheids in rhi
zomes of species growing in dry habitats that are
longer than those from the same species from
moist habitats does not conform to the results
from other organs, or with previous reports in the
literature. The ecological niche in which the plants
normally grow offers no clue to an explanation of
these unexpected results. A number of possibil
ities such as lack of canopy cover during early
rhizome development, increased transpiration
rate in the open, etc., suggest themselves as possi
ble explanations for the differences in lengths of
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tracheids from comparable organs from the 2
different habitats. These factors do not, however,
suggest any reasons for the difference in the di
rection of change in tracheids of the rhizomes
from that of tracheids in the other 2 organs.

It is, nevertheless, apparent from these results
that changes in length are brought about by
differences in environment, and that the direction
of change may not be consistent throughout the
entire plant.

It is quite possible, therefore, that a character
such as tracheid length may not be of use in de
termining evolutionary trends among species in a
closely related group. In such studies, where the
spectrum of variation in a given character is
limited, the length of tracheids of closely related
species may vary greatly because of environmental
influences, whereas the length of those of dis
tantly related species, growing in similar environ
ments, may be very similar.

Unless an intensive study is made of the plants,
it may be difficult to separate environmentally
induced variations from those which are geneti
cally determined, and hence possibly usetul for
evolutionary comparisons. This variable may be
minimized in a broad comparative study by in
creasing the size of the random sample, and by
growing critical taxa under uniform conditions.

This problem is less critical when the study is a
broad investigation in which there is considerable
variation in the characters being used (Bailey and
Tupper, 1918; Frost, 19;)Oa, b).

Because of the important influence of these
factors on the lengths of fern tracheids, they were
taken into consideration when a statistical analy
sis was made of the relationship between fern
tracheid length and taxonomic divergence.

An analysis of tracheid lengths revealed a pos
itive correlation of root tracheid length and rela
tive degree of evolutionary divergence of fern
families. Exceptions to this are the Ophiogloss
aceae and Osmundaceae which have shorter tra
cheids than expected, and the Marsileaceae which
have longer tracheids than expected.

There is a relationship between root tracheid
length and other morphological characters within
individual families of ferns, but there are also ex
ceptions. In the Ophioglossaceae, the more general
ized genus, Botrychium, has shorter tracheids than
Ophiglossum, the more advanced genus. In another
primitive family, Gleicheniaceae, the correlation
between length and relative advancement of the
genera is a weak one. In the Marattiaceae, how
ever, the primitive genera do have longer tracheids
than the advanced genera. Within moderately
advanced families, such as Aspidiaceae, r ten
daceae and Davalliaceae, the genera which have
other primitive characters also tend to have the
longest tracheids. The species in the advanced
families Polypodiaceae, Vittariaceae, Grammi
tidaceae and Salviniaceae have shorter tracheids
than those in the more primitive families. Here,

again, however, Marsileaceae is an exception to
the over-all pattern.

In view of the great variation in tracheid length
expressed in this survey, it should be recalled that
in the ferns we are probably dealing with at least
;) separate major lines of evolution: those of the
Ophioglossales, Marattiales and Filicales, There
are also wide gaps in our knowledge of the re
lationships between the numerous fern families
and genera within these lines, and some have be
come so specialized (e.g., Marsileaceae and Sal
vineaceae) that the general trend in the ferns has
been obscured by this extensive specialization.
Other factors already discussed, such as ecology,
growth habit, and genetic constitution, undoubt
edly also contribute to the extensive variability
of tracheid length, and strongly reduce the cor
relation between tracheid length and relative tax
onomic position.
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OBSERVATIONS ON THE FINE STRUCTURE OF OEDOGONIUM.
II. THE SPERMATOZOID OF O. CARDIACUMI
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ABSTRACT

HOFFMAN, L. R., and IRE:-IE MA:-IToN. (U. Leeds, England.) Observations on the fine strueture
of Oedogonium. II. The spermatozoid of O. cardiacum. Amer. Jour. Bot. 50(5): 455-463. Illus.
1963.-Salient features of the fine structure of the spermatozoid of Oedoqoniuni cartliacum are de
scribed and illustrated as they appear in whole mounts and in sections. There is a close resem
blance to the zoospore of the same species (Hoffman and Manton, 19(2) though the gamete is
smaller and in some respects simpler. The flagella, though similar in length to those on the zoo
spore, are fewer (ca. 30 instead of ca. 120 per cell). The construction of the flagellar ring is similar
though there is less mechanical material associated with the flagellar bases in the gamete. Com
pound "roots" alternating with the flagellar bases are identical in structure and relative position
in both types of motile cells; there is no direct connection with the nucleus. Other details of
resemblance and difference between the spermatozoid and the zoospore are discussed.

1 Received for publication September 11, 1962.
2 This work was carried out during tenure of a National

Science Foundation Fellowship for the session 1961-62.

IN A PREVIOUS communication (Hoffman and
Manton, 1962) the fine structure of zoospores of
Oedogonium cardiacum (Hass.) Wittr. was inves
tigated with special reference to salient features
of the flagellar apparatus. In the present paper
we propose to extend the inquiry to spermatozoids
of the same species. ..,iLlll..;!·I.·,....l

;,2iiI

The source of motile cells has been exactly as in
our previous investigation for which zoospores
from male plants grown in soil-water culture were
used. The culture (LB39) came originally from
the Culture Collection of Algae at Indiana Uni
versity (Starr, 1960) and the optimum treatment
required to produce large numbers of sperma
tozoids instead of zoospores is as follows. With an
old culture (several months old), it is sufficient
to transfer a few filaments into a shallow layer


