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CONTRIBUTIONS TO THE BIOLOGY OF THE GREAT LAKES.

THE BIOLOGICAL RELATION OF AQUATIC PLANTS TO THE
SUBSTRATUM.

By Ravymoxp H. Ponbp.

INTRODUCTION.

~ This investigation was undertaken at the suggestion of Prof. Jacob
Reighard, in charge of the biological survey of the Great Lakes under
the auspices of the United States Fish Commission. It was carried on
during three years, chiefly in the summer, partly at Put-in Bay, Ohio,
and partly at Ann Arbor, Mich., under the direction of Prof. F. C.
Newcombe, of the University of Michigan, to whom 1 am indebted for
constant guidance. To Mr. A. J. Pieters, of the U. S. Department
of Agriculture, I am indebted for the use of his very complete bibli-
ography of aquatic plants. The discussion of the papers by Forel,
Hoppe-Seyler, Seligo, and Stockmayer, constituting the introduction
as well as the larger portion of the chapter on economic significance of
results, is from the pen of Prof. Jacob Reighard. ' .
One of the objects of the biological survey of the Great Lakes was
to ascertain the factors which determine the quantity of food fish it is
possible for these lakes to support. To this end it was necessary to
study not only the fishes themselves, but all forms of animal and plant
life in the lakes, for upon these, divectly or indirectly, the fishes depend.
That the larger aquatic plants play an important part in the biology
of fresh water has been long recognized, and at least two roles have
been assigned to them. The first of these is mechanical. Often the
plants growing submerged are so abundant as to cover the bottom.
Their fine rootlets give to the bottom soil greater coherence, while
their stems and leaves protect it from the mechanical action of the
waves. Such plants, moreover, form aquatic meadows in whose dense
growth multitudes of small animals and young fish find shelter and
concealment from pursuing enemies. Some fishes select these meadows
as localities in which to lay their eggs, and the minute plant and animal
486
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forms there present furnish a plenteous food supply for the young fish.
Although the larger plants as such are, while living, little used as food
by the aquatic animals, yet they greatly increase the surface available
for the attachment of microscopic plant forms, which are eaten by the
smaller animals, and the latter in their turn by the fishes. This relation
of the larger plants to the food supply is, as Seligo (1890, pp. 46, 47)
pointed out, chiefly mechanical and indirect.

The second réle usually assigned to water plants is that of aeration,
in which the plants by their carbon assimilation remove carbon dioxid
from the water and give out oxygen in its place. Aquatic animals use
the oxygen which is in solution in the water and give off carbon dioxid,
which passes into the water, and which, if it should accumulate exces-
gively, would become fatal to the animals. ~The water must, then, be
constantly supplied with fresh oxygen and as constantly freed of the
greater part of its carbon dioxid. In sunlight plants absorb carbon
dioxid, and in using it for the manufacture of carbon compounds give
off oxygen to the water in equal volume to the carbon dioxid absorbed,
8o that green plants during sunlight not only keep the proportion of
carbon dioxid down, but actually become aerating agents by reason of
their contributions of oxygen. Hence it has been the current belief
that aquatic plants are necessary to furnish the oxygen needed by
aquatic animals and to remove from the water the carbon dioxid
injurious to the animals.

In 1890, however, Seligo indicated that the importance of the aera-
tion réle of aquatic plants has probably been exaggerated.

For, as is well known, plants need in their life processes not only the nourishing
carbon dioxid, but like all other living things oxygen also, and while the excretion
of oxygen takes place only in sufficient light, the absorption of oxygen goes on con-
tinuously. If then the oxygen content of water rich in plants must indeed be
greater by day, so is it for the same reason much the less by night. At the same
time equalization of gases must take place very rapidly in the comparatively shallow
shore region of the lake basin, not only by access of the outer air, especially through
wave motion, but also by diffusion within the water mass itself; and just as the -
assumption that forest air must be richer in oxygen than the air in the larger cities,
for instance, has been shown by careful air analysis to be erroneous, so can the
oxygen content of the shore water rich in plants be scarcely different from that
which is free from plants. (Seligo, 1890, p. 47.)

Oxygenation of the superficial layers of water is accomplished by
mechanical admixture of air through the action of waves, tributary
streams, and rainfall, so that the upper 2 meters, over the entire sur-
face of the lake, is practically saturated with the atmospheric gases.
Oxygen thus absorbed from the air has been usually thought, as by
Seligo, to diffuse with great rapidity into the deeper layers of the
water, but Hoppe-Seyler (1896, p. 15) has*measured the rate of diffu-
sion of oxygen into motionless water from the atmospheric air and has
found it extremely slow and wholly inadequate to account for the
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relatively large volume of oxygen present in the deeper water of lakes
(about 7.6 c. c., per liter of water). He thinks it probable that the
migrations of anipals from the superficial water toward the bottom
and back again aid diffusion by mechanically mixing the water, thus
maintaining the oxygen-content of its deeper layer. He has found
that the percentage of oxygen at a depth of 245 meters in Lake Con-
stance is 6.68 c. c. per liter and has shown by experiment (1896, p. 17)
that a content of 8.3 c. c. per liter is, if continuously maintained,
more than sufficient for the support of sensitive fishes, such as trout.
To what extent this oxygen of the deeper layers of water owes its
origin to plants of any sort is not known, but there is no reason to
believe that any appreciable part of it is due to the larger rooted plants
of the shore region. Hoppe-Seyler does not attempt to account for
its presence. It is quite possible that the seasonal inversion in which
. the surface layer is carried to the bottom assists in maintaining .the
oxygen supply at very great depths. The carbon dioxid present in
Lake Constance Hoppe-Seyler found to exist chiefly in the form of
carbonates; but little of it (8.14 mg. per liter of water at 147 m. depth)
exists free. From these results the conclusion may be drawn with
entire definiteness that even at great depths in the lake and very near
the bottom only little carbon dioxid is present uncombined, and there-
fore no hindrance to the respiration of the animals of the lake can
occur from the carbon dioxid tension even at such depths.

The observations of Hoppe-Seyler, then, show that the upper layers
of the water of the lake to 2 depth of 2 meters are practically satu.
rated with oxygen, not only where larger aquatic plants are growing,
but where there are no such plants. These plants can therefore have
no practical effect in increasing the oxygen content of the superficial
layer of water. Since his observations show further that in no part of
the Iake, even at great depths, and in other situations destitute of larger
aquatic plants, is there more than a small quantity of uncombined
carbon dioxid present, it is clear that the larger plants are not essential
for the removal of this gas from the water. It is removed rather as a
free gas, by the formation of carbonates. The statement, however,
that the larger aquatic plants can not be regarded as essential for the
furnishing of oxygen to the animals of a lake or for the removal of
carbon dioxid injurious to those animals must be understood as applying
only to lakes of considerable size—not to small ponds nor to standing
aquaria. ' .

Since the larger plants are scarcely used directly as food by fishes
and are of no demonstrated aeration importance in lakes, it remains to

“determine whether they form one of the links in the chain of nutritive
relations that stretches from the water and the soil to the higher fishes;
whether, in other words, the plants have, in addition to their mechan-
ical réle, a nutritive réle also. If we follow it backward from the fish,
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the chain of nutritive relations leads us through the smaller animals
chiefly to the microscopic plants, which depend for their food supply
upon the carbon dioxid and various other substances in solution in the
water. The presence of the other substances is due to various causes;
they are brought by tributary streams and by the erosion of the
shores; they are washed in from the air by rains, and they come from
numerous accidental sources. In solution in the water they are the
ultimate sources of food for fish; yet neither fish nor the animals upon
which fish feed can secure nourishment from these sources directly.
Plants must intervene to organize the mineral salts and carbon dioxid
of the water into food.

The aquatic plants may be considered in two groups, one including
those which are attached to the soil by roots and the other comprising *
those which float free or are without organs of attachment. The latter
are mostly microscopic, and taken together are designated as the vege-
table plankton or phyto-plankton in distinction from the minute free-
swimming animals, which as a whole are spoken of as animal plankton
or zod-plankton. In the case of the free plants, food must be obtained
from the water which surrounds them, and a deficiency of any one of
the substances now known to be essential for plant growth means a
reduced quantity of- vegetable plankton, and consequently a limited
food supply for the fish. The forms of the phyto-plankton require
nitrogen, potash, and phosphoric acid just as other plants do, and
Brandt (1899) has based upon the work of Apstein the statement that

- the amount of plankton varies directly with the proportion of nitrates
dissolved in the water. The view hitherto usually held has been that
the rooted aquatic plants also take their nourishment directly from the
water and not at all from the soil; that their roots counsequently are
organs of attachment only, not organs for drawing nutrition from the
soil. If this be true the larger aquatics must, during the growing
season, withdraw from the water large quantities of nutritive, sub-
stances which would otherwise be available for the phyto-plankton,
thus lessening the amount of phyto-plankton that the water is capable
of producing during this period, and consequently lessening the supply
of fish-food dependent on this phyto-plankton. By the subsequent
decay of these larger aquatics the food materials withdrawn by them
from the water would be returned to it and made available for the
phyto-plankton; but while they would thus on the average not lessen,
they would, on the other hand, not increase the supply of food for the
phyto-plankton.

~ If, however, the view just expressed be incorrect, and if the larger
aquatics draw their supply of mineral food not from the water but
from the soil, they draw upon a source which is not available for the
phyto-plankton. Their growth, then, does not at any time lessen the
supply of phyto-plankton; on the contrary when the larger aquatics
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decay, thesubstances that they have drawn from the soil come into
solution in the water and there add to the supply of food available for
the phyto-plankton. In thus transferring food materials from the
soil to the water these plants would serve a most important function,
analogous to the fertilization of land. . C

According to the usual view, the larger aquatics in their aeration
and mechanical réles tend to increase the supply of fish, while in their
nutritive role they tend during the growing season to diminish it,
though on the average not affecting it. From the alternative view,
they tend in all rdles to increase the supply of fish. It thus becomes
important to determine the source of nutrition of the larger attached
aquatic plants.

HISTORICAL REVIEW.

Unger (1861) was probably the first to suggest the absorption and
© éxcretion of water in submerged aquatics. The existence of amphib-
jous species and those subject to sudden inundation did not escape his
notice. It seemed unreasonable to him to suppose that the leaves of
amphibious plants, when exposed, should act as organs of transpira-
tion, and, when suddenly submerged, as organs of absorption. He
preferred to think that there is an upward current in water plants as
well as in land plants, and he endeavored to show that there is a meas-
urable excretion of water by the leaves. He experimented as follows:
Two jars filled with water were placed side by side and a U-tube hung
on the adjacent edges, so that one shank of the tube descended into
each jar. Plants of Potamogeton crispus were so arranged that their
roots were in one jar, while the stems, passing through the U-tube,
were in the other jar. The total leaf surface of the plants was 126
quadricentimeters and they bore 7 adventitious roots several inches
long. A preparation similar to the preceding, except that the roots
were removed, served for a control. At theendof a week the volume
of water in the jars containing the stem portions had in the first-
mentioned case increased 1.6 grams, and in the control none whatever.
Unger obtained a similar result with Ranunculus fluitans.

- These experiments were not accepted by Strasburger (1891) and
Hochreutiner (1896), although neither of these men makes specific
objection. The best reason for not accepting Unger’s results is that
he fails to show that his method of measurement was sufficiently accu-
rate. An increase of 1.6 grams is a rather small amount, and unless
Wwe know that the experimental error must have been less than this
the result is to be questioned.

Schenck (1886) states that the roots are primarily organs of attach-
ment, arguing that this must be true since the necessary amount of
mineral salts is absorbed directly through the epidermis. This is
purely an assumption on the part of Schenck, as there is no experi-
mental evidence to support the view.
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Sachs (1887) says: ‘‘Inalge, and even in some aquatic phanerogams,
the roots are chiefly, or it may be exclusively, organs of attachment.”

Frank (1890) observes that while some aquatics swim freely, there
are still those whose roots penetrate the substratum and function as
do the roots of land plants.

Sauvageau (1891) argues, on page 281, that if one of the uses of the
circulation of water in the plant is to supply nutritive substances, this
ought to be relatively important in the case of submerged plants,
because the water in which they live is oftentimes less rich in dissolved
salts than that which circulates in the soil (no authority cited). Con-
tinuing, he notes that the roots of certain aquatic plants are well
developed. Species of FPotamogeton, Naias, and Zostera have well-
developed roots, and the root hairs persist longer than the other cells
of the piliferous layer. Species of Fotamogeton have leaves of two
sorts—namely,submerged, without stomata, and exposed,with stomata.
On page 282 Sauvageau states that the total surface of the floating
leaves is always less than that of the submerged. His hypothesis is
that the processes of absorption, conduction, and giving off of water
necessitated by the floating leaves are not suddenly initiated at the
moment the floating leaves reach the surface, but must have been in
operation during the period when the floating leaves were still undevel-
oped, and likewise in those plants wholly submerged, since their roots
serve not only mechanically for attachment, but also for absorption.
On page 285 he claims to have demonstrated, by direct measurement of
the water passing through the stem of immersed cuttings, that aquatic
plants absorb and give off water by a process comparable to that of
land plants. It must be noted, however, that in his experiments only
fragments of plants were used. In no case did he employ an entire
plant with roots. He says that if the plants used had been provided
with roots the absorption would have been greater. A careful review
of his paper reveals the fact that his conclusion is not warranted.
Minden (1899) makes the same objection to Sauvageau’s conclusion,

Strasburger (1891) observes that in submerged plants the function
of the trachese is much diminished; that the salts in the surrounding
water may be absorbed by the entire surface of the plant; and that,
_since there is no transpiration, there is no ascending current. He
repeated Unger’s experiment, previously described, but failed to get
positive results. Instead of using the same plants that Unger used,
however, he tried Ceratophyllum demersum, and as this plant does not
develop roots, his negative result has no significance with regard to
Unger’s experiment. Moreover, the value of liis experiment is doubt-
ful because he speaks of allowing his Ceratophylium plants to take
root in flowerpots before beginning the test—an impossible thing,
since the plant does not have roots, a fact which he'mentions on the
preceding page.



RELATION OF AQUATIO PLANTS TO SUBSTRATUM.: 491

Ludwig (1891) gives expression to the current opinion that the roots
of ‘aquatic plants serve only for attachment and are without root
hairs, and refers to Schenck.

Wieler (1893) states that Elodea and Ceratophyllum bleed, and since
the vascular system of these plants is very rudimentary the move-
ment of water must occur in the intercellular spaces, into which water
is forced by adjacent cells, perhaps as inland plants. In consideration
of this opinion it is only necessary to note that mere bleeding does not
necessarily signify an ascending current, similar to that of land plants.

In the Bonn text-book (Noll, 1902) is the agsertion that in general
it is true of all submerged aquatics, even phanerogams, that they are
able to absorb nutritive solutions through the surface of the whole
body, and plants obtaining their food in this way either have no roots
or the roots serve merely as mechanical holdfasts.

. Hochreutiner (1896) was the last to investigate the transport of water
in submerged plants. His experimentNo. 1, with Ranwunculus aquatilis,
illustrates the method employed by him. Two vessels standing adja-
cent were used, one containing anqueous eosin solution and the other
“‘pure” water. One cufting bad 1ts base immersed in the eosin to a
depth of 1.5 cm. and its upper portion immersed in “‘pure” water. A
second cutting had 9 cm. of its upper part in eosin and its base in

“pure” water. The exposed parts were gr eased to prevent capillarity
and the preparation was kept in a saturated atmosphere. After a day
and a half it was found that the eosin could be detected in the main
stem of the first plant 9.5 cm. from its base; in a lateral branch 6 cm.;
in a leaf 8 ¢m. The second plent, having 9 cm. of its upper stem in
the eosin, showed a coloration in the vascular system through only the
apical 8 cm. of the stem. Hochreutiner concludes that in these plants
thereis an upward current; and although there may be some absorption
by the leaves, it is slight compared with that of the roots, these aquatics
obtaining their nourishment in the same way that land plants do. He
further argues that since there is an upward current there must be also
excretion of water by the leaves; and he seems to consider transpira-
tion, or better, exudation, possible in these cases. He endeavored to
measure the exudation, but was unable to overcome the practical diffi-
culties. The one objection to Hochreutiner’s experiments is that his
plants did not have roots?, and that the eosin entered the exposed vas-
cular system. Although he “showed that capillarity would not account
for the rate of current, it still remains that conclusions as to the behav-
ior of plants with roots can not be drawn from the behavior of plants
without roots.

.

@ Hochreutiner (1898). In a review of thigarticle, in Botanisches Centralblatt, 1898,
vol. 68, p. 866, it is stated that the eosin was offered to the roots, but reference to the
original shows this is plainly an error. Thus it is probable that A. J. Pieters, Plants.
of Western Lake Erie (Bulletin U. 8. Fish Comnmission, 1901, p. 73), had access only
to the abstract mentioned.
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In Vines’s Text-book (1896) is the statement that ‘¢ submerged aquatic
plants absorb their food entirely or mainly from the water in which
they live.” Coulter (1900) agrees with the opinions of Schenck and
Strasburger.

The literature thus far reviewed permits one to consider these writers
in two groups, one including those whose opinions are derived a priori,
assuming that the plants are surrounded. by a nutritive solution and
that absorption can take place through the epidermis; ‘the other in-
cluding those who have investigated and who feel warranted in con-
cluding that these aquatics obtain their nourishment by a process
comparable to that of terrestrial plants.

Pfeffer (1897) expresses the opinion that a circulation of water in
aquatic plants is possible, and he reviews the literature briefly, stating
that the experiments of Unger, Wieler, and Hochreutiner are not
conclusive, and that the opinions of Strasburger and Sauvageau are
not supported by experimental evidence. Also, on page 297, Pfeffer
says that no decisive experiments concerning excretion of water in
submerged or amphibious plants have yet been made. )

The preceding review of literature deals more particularly with
the work and opinions of botanists and shows that they are by no
means in agreement. On the other hand, however, those who have
dealt with the subject from a more general botanical or biological
standpoint have given reason for belief that rooted aquatic plants
derive nourishment from the soil. Seligo (1890, p. 48) expresses the
opinion that the fertility of the bottom should have an effect on the
development of shore plants, and points out that in regions where the
soil of the adjacent land is fertile the shore region of the lakes ig
almost everywhere better covered with vegetation than in sterile
regions. He then.says: * Yet this influence is not so decisive as it
appears to be, for a great part of the shore vegetation (algs) takes its
pourishment, not from the bottom, but from the water.” Seligo thus,
by implication, expresses his belief that larger aquatics draw their
nourishment from the soil. ,

. Stockmayer (1894, p. 136) cites a case in which an alga (Desmonema
wrangelii) appears to depend on a substratum of gneiss.

Pieters (1901, p. 75), in his work on the plants of Lake Erie, showed
that tbere is a probable relation between the abundance of aguatic
vegetation and the character of the bottom soil as revealed by mechan-
ical analysis. ‘‘As a rule,the soils on which the plants occurred in
abundance were composed largely of sand and very fine sand, and con-
tained relatively little silt, fine silt, and clay, while the soils on which
few or no plants occurred, although the depth of the water and other
physical conditions were favorable, were composed largely of silt, fine
_ gilt, and clay, and were poor in fine sand and very fine sand.”






