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PREFACE

This is a combined and condensed edition of ‘‘Plant Suceession’ and
‘““Plant Indicators,”” published by the Carnegie Institution of Washington
in 1916 and 1920 respectively, and embodying the results of researches carried
out under its auspices. The original editions having been exhausted, the
Carnegic Institution has grmted'{permission to the author to undertake the
present publication but without responsibility on the part of the Institution.
The two books were designed to be companion volumes, the one dealing with
the concepts and prineiples, the other with the applications of the develop-
mental method. In consequence, it seems entirely appropriate to combine
them in a single volume, with a corresponding gain in convenicnee and
cconomy. The expense of a new edition of each book has appeared prohibitive
when the requirements of investigators are kept in mind, and hence every
effort has been made to keep costs at the minimum without the sacrifice of
essentials. Tt has been regarded as a scientific duty to meet the growing
demand during the years the books have been out of print, as well as to
render them available in supplying the background for the books mentioned
below.

[t has heen nececessary to disregard the large amount of new material as
-well as to omit considerable portions of the text in order to bring the two
books within the ecompass of one volume. The eomprehensive nature of the
treatments makes it possible to do this without serious harm to the main
themes, and especially since the portions omitted are to be expanded into
as many collateral hooks with a full account of the rescarches sinee 1914,
Thus, chapters X and XI, dealing with the studies of suceession in North
America and Eurasia, and chapters XII, XTT1, and XIV, treating of the
new field of paleo-ccology, have been omitted from “‘Plant Suecession,’’ while
chapter IV, eontaining an aceount of the elimax formations of western North
America, has becn left out of ‘‘Plant Indicators.”” Materially expanded in
scope and detail, these respeetive portions furnish the themes for as many
books, now well advanced in preparation. The chapters that constitute the
main body of the two treatises have been reprinted essentially intact. The
plates and text figures have necessarily been reduced by the omission of the
several chapters, and reasons of cconomy have led to a further reduction.

Closely correlated with this series is the second volume of ‘‘ Climatic Cycles
and Tree Growth’’ by Douglass, which has just come from the press, and two
related books, one devoted to a consideration of rainfall eyeles, the other to
an account of the cyelic changes of climate and vegetation sinee the Pleistocene.
During the decade just passed the functions of the community have been
treated in outline in ‘‘Experimental Vegetation,”” and this study has been
carried much further in ‘‘Plant Competition,”’ which is on the eve of publica-
tion. With these are intimately associated the four books on root develop-



ment and behavior by Weaver and his colleagues (1919, 1920, 1922, 1924),
while the factors of the habitat have been the theme of ‘‘Acration and
Air-Content’’ (1921) and ‘‘The Phytometer Method’’ (1924). All these
and the projects related to them have been summarized each year in the
Year Book of the Carncgie Institution and the annual report of Ecological
Rescarch, reprinted from it.
Frebprric E. CLEMENTS

MISSION ('ANYON,

SANTA BARBARA
October 30, 1927
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I. CONCEPT AND CAUSES OF SUCCESSION.

The formation an organism.—The developmental study of vegetation neces-
sarily rests upon the assumption that the unit or climax formation is an
organic entity (Rescarch Methods, 199). As an organism the formation
arises, grows, matures, and dies. Its response to the habitat is shown in
processes or functions and in structures which are the record as well as the
result of these functions. Furthermore, each climax formation is able to
reproduce itself, repeating with essential fidelity the stages of its development.
The life-history of a formation is a complex but definite process, comparable
in its chief features with the life-history of an individual plant.

Universal occurrence of succession.—Succession is the universal process of
formation development. It has occurred again and again in the history of
every climax formation, and must recur whenever proper conditions arise.
No climax area lacks frequent evidence of succession, and the greater number
present it in bewildering abundance. The evidence is most obvious in active
physiographic areas, dunes, strands, lakes, flood-plains, bad lands, ete., and
in areas disturbed by man. But the most stable association is never in com-
plete equilibrium, nor is it free from disturbed areas in which secondary succes-
sion is evident. An outerop of rock, a projecting boulder, a change in soil or
in exposure, an increase or decrease in the water-content or the light intensity,
a rabbit-burrow, an ant-heap, the furrow of a plow, or the tracks worn by
wheels, all these and many others initiate successions, often short and minute,
but always significant. Even where the final community seems most homo-
geneous and its factors uniform, quantitative study by quadrat and instru-
ment reveals a swing of population and a variation in the controlling factors.
Invisible as these arc to the ordinary observer, they are often very consider-
able, and in all cases are essentially materials for the study of succession. In
consequence, a floristic or physiognomic study of an association, especially in
a restricted area, can furnish no trustworthy conclusions as to the prevalence
of succession. The latter can be determined only by investigation which is
intensive in method and extensive in scope.

Viewpoints of succession.—A complete understanding of succession is pos-
sible only from the consideration of various viewpoints. Its most striking
feature lies in the movement of populations, the waves of invasion, which rise
and fall through the habitat from initiation to climax. These are marked by
a corresponding progression of vegetation forms or phyads, from lichens and
mosses to the final trees. On the physical side, the fundamental view is that
which deals with the forces which initiate succession and the reactions which
maintain it. This leads to the consideration of ‘the responsive processes or
functions which characterize the development, and the resulting structures,
communities, zones, alternes, and layers. Finally, all of these viewpoints are
summed up in that which regards succession as the growth or development

3



4 CONCEPT AND CAUSES OF SUCCESSION

and the reproduction of a complex organism. In this larger aspect succession
includes both the ontogeny and the phylogeny of climax formations.

Succession and sere.—In the thorough analysis of succession it becomes
evident that the use of the term in both a concrete and an abstract sense tends
to inexactness and uncertainty. With the recognition of new kinds of succession
it scems desirable to restrict the word more and more to the phenomenon
itself and to employ a new term for concrete examples of it. In consequence,
a word has been sought which would be significant, short, euphonic, and easy
of combination. These advantages are combined in the word sere, from a root
common to both Latin and Greek, and hence permitting ready composition in
either. The root ser- shows its meaning in Latin sero, join, connect; sertum,
wreath ; series, joining or binding together, hence sequence, course, succession,
lineage. In Greek, it occurs in elpw, to fasten together in a row, and in
oepd, onpd, TOpe, band, line, lineage. Sere is essentially identical with series,
but possesses the great advantage of being distinctive and of combining much
more rcadily, as in cosere, geosere, ete.

Sere and cosere.—A sere is a unit succession. It comprises the develop-
ment of a formation from the appearance of the first pioneers through the final
or climax stage. Its normal course is from nudation to stabilization. All
concrete successions are seres, though they may differ greatly in development
and thus make it necessary to recognize various kinds, as is shown later. On
the other hand, a unit succession or sere may recur two or more times on the
same spot. Classical examples of this are found in moors and dunes, and in
forest burns. A series of unit successions results, in whiech the units or seres
are identical or related in development. They consist normally of the same
stages and terminate in the same climax, and hence typify the reproductive
process in the formation. Such a series of unit suceessions, 4. e., of seres, in
the same spot constitutes an organic entity. For this, the term consere or
cosere (cum, together, sere; consero, bind into a whole) is proposed, in recogni-
tion of the developmental bond between the individual seres. Thus, while
the sere is the developmental unit, and is purely ontogenetie, the cosere is the
sum of such units throughout the whole life-history of the climax formation,
and is hence phylogenetic in some degree. Coseres are likewise related in a
developmental series, and thus may form larger groups, eoseres, ete., as indi-
cated in the later discussion (plate 1, A, B).

Processes in succession.—The development of a climax formation consists
of several essential processes or funetions. Every sere must be initiated, and
its life-forms and species selected. It must progress from one stage to
another, and finally must terminate in the highest stage possible under the
climatic conditions present. Thus, succession is readily analyzed into initia-
tion, selection, continuation, and termination. A complete analysis, however,
resolves these into the basic processes of which all but the first are functions
of vegetation, namely, (1) nudation, (2) migration, (3) ecesis, (4) competi-
tion, (5) reaction, (6) stabilization. These may be successive or interacting.
They are successive in initial stages, and they interact in most complex fash-
ion in all later ones. In addition, there are certain cardinal points to be con-
sidered in every case. Such are the direction of movement, the stages in-
volved, the vegetation forms or materials, the climax, and the structural units
which result.
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A. Stages of a sandhill sere as seen in three successive blowouts, IHalsey, Nebraska.

B. Section of a peat deposit, serving as a record of the cosere, “Burton Lake,”
Lancashire, England.






CAUSES OF SUCCESSION 5
CAUSES OF SUCCESSION.

Relation of causes.—Since succession is a series of complex processes, it
follows that there can be no single cause for a particular sere. One cause ini-
tiates succession by producing a bare area, another selects the population, a
third determines the sequence of stages, and a fourth terminates the develop-
ment. As already indicated, these four processes—initiating, selecting, con-
tinuing, and terminating—are essential to every example of succession. As
a consequence, it is difficult to regard any one as paramount. Furthermore,
it is hard to determine their relative importance, though their difference in
réle is obvious. It is especially nccessary to recognize that the most evident
or striking cause may not be the most important. In fact, while the cause or
process which produces a bare habitat is the outstanding one to the eye, in
any concrete case, it is rather less important if anything than the others.
While the two existing classifications of successions (Clements, 1904; Cowles,
1911) have both used the initiating cause as a basis, it secems clear that this
is less significant in the life-history of a climax formation than are the others.
This matter is discussed in detail in Chapter IX. It will suffice to point out
here that the same sere may result from several initial causes.

Kinds of causes.—All of the causative processes of succession may best be
distinguished as initiating or initial, continuing or ecesic, and stabilizing or
climatic. At first thought, the latter seems not to be a cause at all but an
effect. As is shown later, however, the character of a successional development
depends more upon the nature of the climatic climax than upon anything else.
The latter determines the population from beginning to end, the direction of
development, the number and kind of stages, the reactions of the successive
stages, ete. Initial causes are those which produce a new or denuded soil
upon which invasion is possible. Such are the chief physiographie processes,
deposition and erosion, biotic factors such as man and animals, and climatie
forces in some degree.

Ecesic causes are those which produce the essential character of vegeta-
tional development, namely, the successive waves of invasion leading to a
final climax. They have to do with the interaction of population and habitat,
and are directive in the highest degree. The primary processes involved are
invasion and reaction. The former includes three closely related processes,
migration, competition, and ecesis. The last is final and critical, however,
and hence is used to designate the causes which continue the development.

Proximate and remote causes.—In dealing with the causes of development,
and especially with initial causes, it must be borne in mind that forees in nature
are almost inextricably interwoven. In all cases the best scientific method in
analysis seems to be to deal with the immediate cause first, and then to trace
its origin just as far as it is possible or profitable. Throughout a climax for-
mation, physiography usually produces a large or the larger number of devel-
opmental areas. The influence of physiography in this respect is controlled
or limited by the climate, which in its turn is determined by major physio-
graphic features such as mountain barriers or ocean currents. These are
subordinate as causes to the general terrestrial climates, which are the outcome
of the astronomical relations between the sun and the earth. As a conse-
quence, physiography may well be considered the immediate initial cause of
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the majority of primary successions, just as the chresard is the controlling
cause of vegectation structure, though it is dependent on the one hand upon
soil structure, and this upon physiography, and on the other upon the rain-
fall, etec.

Apart from the gain in clearness of analysis, greater emphasis upon the
proximate cause scems warranted by the fact that it is the chresard to which
the plant responds, and not the soil-texture or the physiography. In like
manner, the invasion of a new area is a direct consequence of the action of the
causative process and not of the remote forces behind it. The failure to consider
the sequence of causes has produced confusion in the past (cf. Chapter III)
and will make more confusion in the future as the complex relations of vegeta-
tion and habitat come to be studied intensively. The difficulties involved
are well illustrated by the following conclusion of Raunkiaer (1909):

““Every formation is before all dependent upon the temperature, and on the
humidity originating from the precipitation; the precipitation is distributed
in different ways in the soil according to its nature and surface, and hence
comes the division into formations. It therefore can not be said that one
formation is edaphic and another not; on the other hand, they may all be
termed edaphic, dependent as they are on the humidity of the soil; but as
the humidity is dependent upon the precipitation, it is most natural to say
they are all climatic.’”’

ESSENTIAL NATURE OF SUCCESSION.

Developmental aspect.—The essential nature of succession is indicated by
its name. It is a series of invasions, a sequence of plant communities marked
by the change from lower to higher life-forms. The essence of succession lies
in the interaction of three factors, namely, habitat, life-forms, and species, in
the progressive development of a formation. In this development, habitat
and population act and react upon cach other, alternating as cause and effect
until a state of equilbrium is reached. The factors of the habitat are the
causes of the responses or functions of the community, and these are the causes
of growth and development, and hence of structure, essentially as in the indi-
vidual. Succession must then be regarded as the development or lifc-history
of the climax formation. It is the basic organic process of vegetation, which
results in the adult or final form of this complex organism. All the stages
which precede the climax are stages of growth. They have the same essential
relation to the final stable structure of the organism that seedling and growing
plant have to the adult individual. Moreover, just as the adult plant repeats
its development, 1. e., reproduces itsclf, whenever conditions permit, so also
does the climax formation. The parallel may be extended much further.
The flowering plant may repeat itself completely, may undergo primary
reproduction from an initial embryonic cell, or the reproduction may be
secondary or partial from a shoot. In like fashion, a climax formation may
repeat every one of its essential stages of growth in a primary area, or it may
reproduce itself only in its later stages, as in secondary areas. In short, the
process of organic development is cssentially alike for the individual and the
community. The correspondence is obvious when the necessary difference
in the complexity of the two organisms is recognized.
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Functional aspect.—The motive force in succession, . e., in the develop-
ment of the formation as an organism, is to be found in the responses or func-
tions of the group of individuals, just as the power of growth in the individual
lies in the responses or functions of various organs. In both individual and
community the clue to development is function, as the record of development
is structure. Thus, succession is preeminently a process the progress of which
is expressed in certain initial and intermediate structures or stages, but is
finally recorded in the structure of the climax formation. The process is
complex and often obscure, and its component functions yield only to persist-
ent investigation and experiment. In consequence, the student of succession
must recognize clearly that developmental stages, like the climax, are only a
record of what has already happcned. Each stage is, temporarily at least, a
stable structure, and the actual processes can be revealed only by following
the development of one stage into the suceceding one. In short, succession
can be studied properly only by tracing the rise and fall of each stage, and not
by a floristic picture of the population at the crest of each invasion.



II. GENERAL HISTORICAL SUMMARY.

In order to give students a general idea of the development of the subject,
an account of all the carlier papers accessible is given here. After the work
of Hult (1885), studies of sucecession became more frequent. In this recent
period, those works have heen selected which mark an advance in the prin-
ciples or methods used in the investigation of development, or which endeavor
to organize the ficld in some degree. The literature of the peat cosere is so
vast, however, that only a few of the more comprchensive works can be
mentioned here. This applies especially to the literature of Quaternary and
earlier plant horizons, much of which has only an indirect bearing upon the
problems of succession. This ficld has also produced a rich harvest of polemic
writings, nearly all of which are igmored, with the exception that many of
the titles are listed in the bibliography.

EARLY INVESTIGATIONS.

King, 1685.—While there is abundant evidenee that succession in moors
and in forest burns had been a matter of observation and comment for many
centuries, the earliest recorded work that approaches investigation in its
nature was that of King (1685:950) on the hogs and loughs of Ireland. The
following excerpts indicate the degree to which he understood the nature and
origin of bogs:

“Treland abounds in springs. Grass and weeds grow rapidly at the out-
burst of these. 1n winter, these springs swell and loosen all the earth about
them; the sward, consisting of the roots of grasses, is thus lifted up hy the
water. This sward grows thicker and thicker, till at last it forms a quaking
bog. . . .1 am almost (from some obscervations) tempted to believe that the
seed of this bog moss, when it falls on dry and parched ground begets the
heath. . . . Tt is to be observed thal 1the bottom of bhogs is generally a kind
of white clay or rather sandy marl, and that hogs are generally higher than
the land about them, and highest in the middle. . . . The true origin of bogs
is that those hills that have springs and want culture constantly have them:
wherever they are, there are great springs.

“I must confess there are quaking bogs caused otherwise. When a stream
or spring runs through a flat, if the passage be not tended, it fills with weeds
in summer, trees fall across it and dam it up. Then, in winter, the water
stagnates farther and farther every year, till the whole flat be covered. Then
there grows up a coarse kind of grass peculiar to these hogs; this grass grows
in tufts and their roots consolidate together, and yearly grow higher, in so
much that T have scen of them to the height of a man. The grass rots in
winter and falls on the tufts, and the sced with it, which springs up next year,
and so still makes an addition: Sometimes the tops of flags and grass are
interwoven on the surface of the water, and this hecomes by degrees thicker,
till it lies like a cover on the water: then herbs take voot in it, and by a plexns
of the roots it becomes very stroug, so as to bear a man. These may be casily
turned into a meadow, as I have seen several times, merely by clearing a
trench to let the water run away. Trees are found sound and entire in them,
and t.lgose birch or alder that are very subjeet to rot. T have seen some of the
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trees half sunk into the bogs and not quite covered. They are generally found
at the bottom, not only of the wet, but even of the dry red bogs.”’

Degner, 1729.—Degner’s dissertation upon peat-bogs, especially those of
Holland, appears to have been the first comprehensive treatise upon this
subject, though he cited Schook’s ¢‘ Tractatum de Turfis’’ (1658), and Patin’s
““Traité de Tourbes Combustibles’’ (1663), as still earlier works. Degner
combated the assumption that ‘‘moss is formed of decayed wood’' by the
following arguments:

1. It is contrary to the common opinion of the inhabitants of Holland.

““2. Trees are not found in every moss.

3. Trees are often found buried where no moss is formed.

““4, Where trees abound are the fewest mosses. They scem rather to
retard than expedite the formation of mosses.

““5. Some mosses are found 1o be 30 feet deep before we reach the wood;
it seems incredible that such immense quantities of that matter
could be formed of wood.

““6. If forests are converted into moss, the greatest part of Muscovy,
Tartary and America, and other woody uncultivated regions,
would, long ere now, have undergone that change, which is not
the case.”

Degner described the peat-bogs of Holland minutely, and asserted that they
are often renewed when dug. e stated that the pits and ditches are filled
with aquatic plants, and that these are converted into peat. He found also
that when a large pit was dug, and a large sheet of water was left exposed to
the winds, the growth of aquatic plants was retarded and the renewal of the
moss checked ; while in small pits aquatics developed rapidly and the renewal
of the moss was correspondingly rapid. Ile mentioned as well-known facts
the filling of a ditch 10 feet wide by 7 feet deep by aquatie plants in 10 to 30
years to such a degree that men and cattle could safely pass over it, and the
digging of peat where a navigable lake once existed.

Buffon, 1742.—Buffon scems to have left the first elear record of the success-
sion of forest dominants, and of the effect of light and shelter on the process:

““If one wishes to succeed in producing a forest, it is necessary to imitate
nature, and to plant shrubs and bushes which can break the force of the wind,
diminish that of frost, and moderate the inclemency of the seasons. These
bushes are the shelter which guards the young trees, and protects them
against heat and cold. An area more or less covered with broom or heath is a
forest half made; it may be ten years in advance of a prepared area. (234)

‘“‘The best shelter in wet soil is poplar or aspen, and in dry soil Rhus, for
the growth of oak. One need not fear that the sumae, aspen or poplar can
injure the oak or birch. After the latter have passed the first few years in
the shade and shelter of the others, they quickly streteh up, and suppress
all the surrounding plants. (237, 238).

‘“The oak and beeeh are the only trees, with the exception of the pine and
others of less value, that one ean sow successfully in wild land.”’ (245)

Biberg, 1749.—Biberg (1749:6, 27) deseribed in brief form the origin of a
meadow from a swamp, and indicated the general stages of succession. Sphag-
num spread over the swamp until it filled the latter with an extremely porous
stratum. Scirpus caespitosus then extended its roots into this, and together
with species of Eriophorum formed elevated peat areas. These furnished a
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firmer foundation for other invading plants until the whole marsh was con-
verted into a meadow, especially if the water fashioned for itself a broader
outlet. He also considered crustose lichens to be the first foundation of vege-
tation. When the land first emerged from the sea, minute crustose lichens
began to clothe the most arid rocks. At length they decayed and formed an
extremely thin layer of earth on which foliose lichens could live. These in
turn decayed and furnished humus for the growth of mosses, Hypnum,
Bryum, and Polytrichum, which finally produced a soil on which herbs and
shrubs could grow.

Anderson, 1794.—Anderson’s views upon the origin and nature of peat-
bogs may be gained from Rennie (1810:60, 83), who regarded many of them
as unconfirmed. Ile considered moss (moor) to be a plant sus generts, which
continued to increase to an immense magnitude and indefinite age, but that,
in its progress, it enveloped trees and every other matter that came in its way.
IIe reached the conclusion that ‘‘nothing can be so absurd, nothing so con-
tradictory to reason, and every known fact respecting the decomposition of
vegetables, than the whole of the doctrine that has been implicitly adopted
respecting the formation of moss, by means of decaying sphagnum or any
other plant whatever.”” In support of this, he advanced the arguments
that:

‘1. All vegetable substances, when dead, decrease in bulk so much that
they occupy not above one hundredth part of the space they did.

“¢2. Moss produces few vegctables; these tend to decay rapidly.

¢¢3. The vegetable substance which forms moss must therefore have been
one hundred times more bulky than the moss itself.

‘‘4, Mosses are found 30, even 40 fect deep.

‘5. The most abundant crop on the most fertile soil will not cover the
earth, when fresh cut, half an inch deep; when rotten, it only
covers the earth one hundredth part of this.

‘“6. Therefore, it would require 9,600 years to form a moss 20 feet deep
on the most fertile soil.

‘7. Moss produces not one hundredth part of the crop of a fertile soil;
therefore, it would require upwards of 900,000 years to produce
20 feet of moss earth on such a soil.”’

De Luc, 1806.—From the various accounts of his investigations furnished
Rennie by letter, De Luc (Rennie, 1810:137, 128, 116, 30) may well be
regarded as the keenest and most indefatigable of early students of peat-bogs,
prior to Steenstrup at least. Ile was probably the first to make use of the
term succession, and certainly the first to use it with full recognition of its
developmental significance. Ilis description of the method by which *‘lakes
and pools are converted into meadows and mosses’’ is so complete and
detailed that frequent quotation can alone do justice to it:

‘“A third kind of peat ground has attracted my attention in the survey I
took of Breudeburg, Brunswie, and Shleswig: It is connected with lakes.
The bottom of every dale is a meadow on a subsoil of peat; this, by gradually
advancing into, contracts the original extent of the lakes; and, it is well-
known in that country, that many large lakes have been converted into
smaller ones, by the peat advancing from the original shores, and many
places now meadows, and only traversed by & stream, had still a lake in them,
in the memory of old people.
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‘I have said that the peat gradually extends forward in these lakes, con-
tracting their surface. This is occasioned by the following causes. The
sandy sediment carried into these lakes by strcams gradually raises the
bottom of them. The consequence of this shallowness is the growth of common
reeds; these are like the van in the progress; these advance forward as the
bottom of the lake is raised. No peat appears among the reeds, nor even
among the small aquatic plants which form a zone behind them.

‘2, Behind the zone of reeds, another rises up. It is distinet from the
former and it is composed of different aquatic plants, as follows: Scirpus
maritimus, S. caespitosus, 8. pauctflorus, Equisetum palustre, E. fluviatile,
Eriophorum polystachyon, and E. vaginatum; the last of which retains its
form and appearance longest in the remote peat.

‘3. Behind this zone, the conferva begins to embrace those plants with
its green clouds; this forms the bed in which the different species of aquatic
sphagnum grow ; these thicken the matting, and favor the growth of common
moss plants, on the compact surface.

‘‘4, Behind this, another zone appears; it consists of the same kind of
plants; but these are so interwoven that the surface is more compact and
bears more weight, though very elastic. On this zone some grasses appear.

““5. Proceeding backward from this zone, the surface becomes more and
more compact; many kinds of land plants begin to grow over it, especially
when that surface, by being raised, is dry in summer. There the Ledum
palustre, Vaccintum oxycoccon, Comarum palustre, Erica tetraliz, and various
kinds of grasses grow. Thus begins a zone on which cattle may pasture in
the summer.

‘6. From the beginning of this useful zone, still backward the ground
becomes more and more solid. This is the last zone that can be distinguished
by a decided difference in progress.

“I have said before, that the succession of these different zones, from the
border of water towards the original border of sand, represents the succession
of changes that have taken place through time in each of the anterior zones,
so that, in proportion as the reeds advance, new zones are forming behind the
advancing reeds, on the same places which they thus abandon. That process
is more rapid in lakes which are originally shallower, and slower in deeper
lakes. It seems even to be stopped in some parts, where the reeds, which can
not advance beyond a certain depth, approach the brow of a great declivity
under water; there the progress, if continued, is not perceptible: But in lakes
originally not very deep, and in which the sandy sediments are advancing all
around, the reeds, forming a ring, gradually contracting its circumference,
meet in the center; and at last these reeds themselves vanish, so that instead
of a lake, a meadow occupies its surface. In some of these meadows, attempts
have been made to keep up a piece of water, but the attempt is vain, excepting
at a great expense: for luxuriant aquatic plants soon occupy that space, and
the peat, advancing rapidly, restores the meadow.”’

De Luc also noted the significance of wet and dry periods in the develop-
ment of the bog:

‘‘The surface of these pits is covered with all kinds of ligneous and aquatic
plants that delight in such a soil; these alternately overtop each other; the
ligneous plants make the greatest progress in a dry summer, so that the
surface seems to be entirely covered with them. The reverse is the case in a
rainy summer. The aquatic plants overtop the ligneous and choke them
insomuch that the whole surface seems to be entirely covered with a matting
of aquatics which, by decaying, form a soil for the ensuing season. If it
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continues rainy for a succession of years, these aquatic plants continue to
prevail till a dry season comes. This is so certain, that in the succession of
beds, or strata of the moss, these different species of plants are distinguish-
able. These strata are either composed of the roots and fibres of ligneous
plants, or of the remains of aquatic; so that upon examining some of the cuts
of the deepest canals, one saw distinctly the produce of the several years, and
could even distinguish the different produce of a wet and dry season, from
the residuum each had left.”

Rennie, 1810.—Rennie, in his ‘‘Essays on the Natural History and Origin
of Peat Moss,”’ gave the first comprehensive and detailed account of peat-
bogs. 1Ilis hook is an almost inexhaustible mine of opinions and observations
from the widest range of sources. It must be read in detail by everyone who
wishes to be familiar with the beginuings in this most important part of the
field of succession. The titles of the nine essays are as follows:

I. Of Ligncous Plants.
IT. Of Aquatic Plants.
1IL. On the Changes and Combinations by which Vegetable Matter is converted
into Moss.
IV. On the Simple and Compound Substances that may be Expected and are
Really Found in Peat Moss.
V. On the Alliance Between Peat, Surtur-brandt, Coal, and Jet.
VI. On the Alliance between Peat and Other Bituminous Substances.
VII. On the Distinguishing Qualities of Peat Moss.
VIIL On the Sterility of Moss in its Natural State, and Causes of it.
IX. On the Different Kinds and Classification of Peat Moss.

Rennie discussed at length the relation of forest to peat-bogs, and stated
that in many bogs one tier of roots appears perpendicularly above another,
while in some even three tiers appear in succession. Trees are also found
growing upon the ruins of others after thcy have been converted into moss.
He cited the observations of the KEarl of Cromarty with reference to the
replacement of forest by bog:

‘‘That, in the ycar 1651, when he was yet young, he visited the parish of
Lochbroom in West Ross; that he there saw a small plain covered with a
standing wood of fir trees, which were then so old that they had dropped
both leaves and bark. On a visit to this forest 15 ycars afterwards, not a
trece was to be seen, and the whole plain was covered with green moss. By
the year 1699, the whole had been converted into a peat moss from which
the inhabitants dug peat.”’

The author quoted many opinions upon the sccondary development of peat
when the original deposit had been dug, and concluded that the conditions
requisite for regeneration were that the pits be full of water, and that the
water be stagnant. The process went on most rapidly in small pits with
shallow water. A résumé of opinions upon the rate of peat formation was also
given, and extensive extracts from De Lue, Poiret, Degner, Anderson, Walker,
and others were commented upon. As to the vegetation of mosses, he con-
cluded that many peat-bogs, when dug, are renovated by aquatic plants; that
the same specics of plants have contributed and still contribute to the original
formation of many mosses; that many lakes in the north of Europe have been
converted into moss and then into meadows by the growth of these or similar
aquatic plants; that aquatic plants may be traced in most, if not all, moss;
and that many fertile plains, in the course of ages, have undergone changes
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from arable lands to forests, from forests to lakes, from lakes to mosses, from
mosses to meadows, and from meadows to their original state of arable land.
He likewise supposed that many low levels, covered with wood, had been con-
verted into morasses. In citing examples of such changes, he also made use
of the term ‘‘succession,” in the following sentence: (227)

‘“The first is Low Modena, which scems to have undergone all these changes;
the second is the bog of Moncla in Ireland, which scems to have been sub-
jected to a similar succession. Carr, in his “Stranger in Ireland’ (1806:190)
says: ‘Stumps of trees are still visible on the surface of the bog of Monela;
under these lies a stratum of turf 10 or 15 feet deep; under this a tier of
prostrate trees is discovered ; beneath these another stratum of earth is found
of considerable depth; and below this a great number of stumps of trees are
found, standing erect as they grew. Thus, there is a succession of three dis-
tinet forests lying in ruins, one above the other.” (229) There are other cir-
cumstances which render it equally probable that one generation has risen
upon the ruins of another. In many mosses one tier of roots appears perpen-
dicularly above another; yet both are fixed in the subsoil. In some even three
tiers appear, in succession, the one above another.”’ (27)

Dureau, 18256.—Durcau de la Malle (1825:353), attracted by the work of
Young on the effect of rotation upon crops, endeavored to trace the same
principle in woodland and meadow. As a landed proprictor in Perche, he
possessed unusual advantages for this purpose, both in the utilization of the
forests and in experiments designed to prove that the alternative sucecession
of plants is due to the long retention by sceds of the power of germination.
In cutting the woods of Perche, composed of Quercus, Fagus, Castanea,
Ulmus, and Fraxinus, only oaks and beeches were left as sced trees. The cut-
over areas came to be oceupied by Genista, Digitalis, Senecio, Vaccinium,
and Erice, and finally by Betula and Populus tremula. At the end of 80
years, the birch and aspen were cut, and quickly succeeded themselves. The
oak and becch returned only after the third cut, 60 years later, and became
masters of the arca. Since there were no adjacent aspens and birches, the
author believed their sceds eould not have been brought by the wind, and he
concluded that the sceds remained dormant in the soil for at least a century.
He noted also the reappearance of rushes, sedges, and grasses in clear areas
in the heath, and stated that he had observed the grasses and legumes of a
natural meadow successively lose and gain the preeminence for five or six
times in 30 years. The results of his observations and experiments are
summed up as follows:

““The germinative faculty of the sceds of many specics in a large number of
families ean be retained for 20 years under water, or for at least a hundred
years in the soil, provided they are not subject to the action of atmospleric
factors.

“The alternance or alternative succession in the reproduction of plants,
especially when one forees them to live in societics, is a general law of nature,
a condition essential to their conservation and development. This law applies
equally to trees, shrubs, and undershrubs, controls the vegetation of social
plants, of artificial and natural prairies, of annual, biennial, or perennial
species living socially or even isolated. This theory, the basis of all good
agriculture, and reduced to a fact by the proved success of the rotation of
crops, is a fundamental law imposed upon vegetation.’’
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8teenstrup, 1842.—Steenstrup (1842:19) was the first student of peat-bogs
to turn his attention to the succession of fossil horizons preserved in the peat.
His pioneer work is the classic in this much-cultivated field, and since it is
practically inaccessible, a fairly full abstract of it is given here. The memoir
consists of five parts, viz., (1) Introduction; (2) Description of Vidnesdam
Moor; (3) Description of Lillemose Moor; (4) Comparative development of
Vidnesdam and Lillemose Moors; (5) General observations upon the Tree-,
Serub-, and Heath-moors of Denmark. It is chiefly the detailed descriptions
and comparison of the moors which are summarized in the following pages:

The bottom of Vidnesdam consists of a layer of bluish eclay, containing
leaves of a grass and of Myriophyllum and fruits of Chara. Above this lies
a layer of fresh-water lime, inclosing a very large number of leaves of
Potamogeton obtusifolius zosterifolius, and perhaps of Sparganium natans.
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Fi1a. 1.—B8ection of Vidnesdam moor, showing various layers of
the cosere. After Steenstrup.

The leaves and stems are incrusted with lime, and are stratified in this layer,
in which Chara and Myriophyllum also occur. An interruption in the forma-
tion of the lime layer is indicated by a lamina of Hypnum fluitans and
Myriophyllum wverticillatum. In the cross-section of the bottom of the moor
(fig. 1), these three layers are designated by m, n, and o respectively. The
best series of layers, however, is the marginal one, which follows the slopes
all around the moor. The drift ¢ is covered by a layer of cones, ncedles, and
branches of conifers, 1 to 1.5 feet in depth. In this are embedded large
coniferous roots, the trunks of which lie in the spongy peat layers toward the
center. The large number of trunks found upon a small area leads to the
conclusion that the pine (Pinus silvesiris) grew in a dense, pure stand. The
pine trunks found in this layer r extend into a layer of peat which lies
directly above the lime layer n. The lower part of the peat layer is filled with
grass-like leaves, but the upper part consists wholly of Sphagnum. Above,
the latter is mixed with Hypnum cordifolium, which finally becomes predomi-
nant and forms the layer q. The position of the Sphagnum below and about
the pine trunks indicates that this layer must have been forming before as
well as at the time of burial of the trees, while the Hypniwm layer must have
developed subsequently. Pine roots also occur in this layer, but the pines to
which these stumps belonged must have grown at a later period and under
much less favorable conditions than those of the forests preserved in layer r.

An oak period must have followed that in which these stunted pines grew,
as ogk trunks occur directly above layer ¢q. Oak leaves and fruits were rare
about the trunks, but on the marginal slopes remains of the oak (Quercus
sessiliflora) dominate the layer s. They become recognizable only with diffi-
culty in the upper part of the layer, which then passes gradually into an alder
layer ¢. The latter is the top layer of the moor, covering the oak one to a
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depth of 3 to 4 feet, both at the margin and in the center. Oaks occur ocea-
sionally in this layer, though the alders are wholly predominant, their
branches, leaves, and catkins sometimes forming the peat alone. The large
number of nuts indicates that hazel (Corylus avellana) probably formed a
considerable portion of this layer, especially near the margins. In the north-
ern portion of the moor the Hypnum layer contained leaves of Eriophorum
angustifolium, and scattered trunks of Betula.

F1a. 2.—Section of Lillemose moor, showing central and marginal layers of the
cosere. After Steenstrup.

In the Lillemose Moor, the structure is indicated by the cross-section shown
in figure 2, in which the following layers are seen, from below upward:

Central Arca. Margins.
t'. Sphagnum with alder........ ... ... .. ... .. i i t. Alder.
u. Hypnum proliferum with remains of birch and oak.
q. Sphagnum with oak, above with Ozycoccus, Eriophorum, ete....... 8. Oak.
p. Hypnum cordifolium with pine and some aspen.................. r. Pine.
n. Silica layer with Potamogeton and aspen.............covvvvvunn. c. Drift.
d. Sandy clay, the substratum............... ... ool d. Sandy clay.

The lower part of layer n seems almost a continuation of d, but the upper
portion clearly shows the remains of Hypnum cordifolium, Potamogeton,
Equisetum, Myriophyllum, Alisma, and especially leaves and twigs of Populus
tremula everywhere in the layer, showing that the latter grew upon the mar-
ginal slopes. This foliated silica layer is covered by a peat layer of HHypnum,
p, which is also in direct contact with the substratum over some parts of the
banks. Pine needles and cones ocecur with the Hypnum, and on the margin
become so abundant as to form a layer », which consists alinost wholly of pine
cones, needles, and bark, mixed with some I ypnwm fluitans. The pine layer
also contains remains of Betula, Saliz, and Menyanthes. Above the pine
stratum lies the oak layer, containing twigs, leaves, acorns, cups, and an occa-
sional trunk of Quercus sessiliflora. The next layer is that of alder peat, com-
posed almost wholly of Alnus glutinosa, but with an occasional Betula or Salir.
This uppermost layer covers the entire surface of the moor as well as the
margins. In the center of the moor, the layer n is covered by Hypnum peat, p,
which is pure below, except for roots of Nymphaea, leaves of Populus and
Saliz, and fruits of Betula. In the upper part occur pine leaves and trunks.
The next layer, g, is composed of Sphagnum, with Oxycoccus vulgaris, Andro-
meda polifolia, Scirpus caespitosus, and Eriophorum angustifoliwm in the
upper portion, together with some oak and birch. This is followed by a layer u
of Hypnum proliferum, with remains of both oak and bireh, and this is in turn
covered by an extensive layer of alder peat ¢’
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The peat layers of the two moors not only afford a record of the successive
populations which occupied the basin, but also of the different forests which
clothed its margins. In the basin proper, Vidnesdam shows but two strata of
moss peat, namely, the Sphagnum and the IIypnum cordifolium layers, while
in Lillemose there are three strata and in the reverse order, viz., Hypnum
cordifolium, Sphagnum, and Hypnum proliferum. As to the margins, it is
assumed that the banks were without vegetation during the period in which
1o plants had appeared in the water of the basin. With the early stages of
water vegetation, forest seems to have appeared on the banks, for the quantity
of aspen leaves found in layer » shows that this tree must have been domi-
nant. These give way about the middle of layer p to abundant pine needles,
indieating that the aspens had been rcplaced by pine, as would be expected
in the normal succession. The marginal layer r testifics to the length of the
period for which the pine dominated the margin, but it finally yielded to the
oak, as is shown by the plant remains in layer q. The marginal layer s is
perhaps due wholly to the oak forest, but this seems to have been destroyed
by increasing moisture, resulting in a Hypnum layer, which was finally suc-
ceeded by Sphagnum and alders,

There is thus no doubt that these two moors have developed during a period
in which several forest vegetations have arisen and disappeared. The aspen
forests may be regarded as preparatory to the pine and oak forests, which
probably dominated the region for thousands of years, but have practically
disappearcd from the country to-day. While these forests, as well as the moor
vegetations, belong in a definite time sequence, it is practically impossible
to assign any absolute time for any or all of the layers.

The four forest vegetations, viz., aspen, pine, oak, and alder, found above
cach other in Vidnesdam and Lillemose, oceur in all the forest moors of north
Sjclland, and other evidence points to their former occurrence throughout
Denmark. These four forests not only succeeded each other in the moors,
but everything points to a synchronous succession on the uplands, so that one
may speak of a pine period, for example, for the whole country. The final
alder forest of the moor was succeeded by the beech forest which is now the
dominant one. However, no trace of the beech has been found in the moors.
Thus there seems no doubt that one vegetation succeecded another in such a
way that the later grew on the ruins of the former, and that the replacement
of one by the other was the result of a slow natural eycle. In this eycle one
organization develops and then gradually calls forth conditions which cause
its disappearance and hasten the development of a new organization.

Reissek 1856.—Reissek (1856:622) studied in detail the formation and
succession of islands in the Danube. These arose through separation from
the mainland, or through the deposition of gravel and sand. It was thought
that islands due to deposition were laid down irregularly and without sorting,
and that their formation bore no direct relation to the development of vege-
tation. The author found the process of formation both definite and regular,
and the influence of the vegetation fundamental. IKach island was at first a
sand-bar due to high water or ice action. The first vegetation consisted of
scattered willows, most frequently Salix purpurea. The willows became
bushy and caught the water-borne sand, building hummocks which gradually
united to form a sandy level 6 to 8 feet above the gravel. The willows them-
selves came to be half-buried in the sand. All other invaders established
themselves in the sand among the willow crowns. They entered in a definite
succession, so that a sequence of stages results, each with its characteristic
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woody plants. Saliz purpures, S. riparia, and Myrica germanica belonged
solely to the first stage. The second stage consisted of Alnus incana, Populus
alba, and Cornus sanguinea, and the last stage of Frazinus excelsior, Ulmus
campestris, Acer campestre, Quercus pedunculate, Pirus malus, P. commums,
ete. High water and drift-ice often destroyed young islands entirely or
partly, exposing the gravel-bank on which the sere might be repeated. Par-
tial destruction of the sandy plain permitted the development to begin again
in new areas alongside of those in later stages. The pioneer willows died off
as soon as the trees of the second stage developed much shade, a fate which
also overtook the groups of Phragmites which occurred among the willows.

Vaupell, 1857.—In discussing the invasion of the beech into Denmark,
Vaupell (1857:55) reviewed the cvidence obtained from submerged forests,
deposits of caleareous tufa, and peat-hogs. The ancient forests of Denmark,
and especially of Jutland, were a mixture of coniferous and deciduous species,
Betula was the most common, with Quercus and Pinus silvestris next in im-
portance; the aspen, willow, hazel, elm, and maple played but a secondary
part. In existing forests Fagus is the universal dominant. Since remains of
the beech are lacking in peat, tufa, and in the submerged forests, Vaupell
concluded that it had entered Denmark at a subsequent time. In seeking an
explanation of the change of dominance, he cited the opinions of Dureau de la
Malle, Laurent, and Cotta in favor of the natural ‘‘alternation of essences,”’
but reached the conclusion that it must be produced by other causes than the
exhaustion of the soil. Where the beech invades forests of birch, it gains the
upper hand by overshadowing the birch trees, suppressing them and causing
their death. The birch fails also to reproduce beeause its seedlings do not
thrive in the densc shade of the beech. The plantations of pine are likewise
invaded by the beech with similar results, unless protected by man. In the
cases where beech has yielded to pine, the explanation is always to be found
in intervention by man. The author concluded that the beech had migrated
from its center in France and Germany during the present geological period,
establishing itself wherever the soil became drier or richer, and dispossessing
the birches and pines everywhere but in marshy or sterile soil.

von Post, 1861.—von Post (1861) appears to have been the first to give a
complete and detailed account of the reactions by which plants and animals
produce soils. Ramann (1888) has summarized his work upon the copro-
genous formation of the various biogenous soils. Muck (Schlamm, gyttja)
consists of plant fragments, including diatom shells. It forms very elastic
masses which are deposited on the bottom in waters, springs, brooks, lakes,
ete. Muck is formed by the deposition of insect excreta, together with the
remains of dead infusoria, crustaceca, and insects, diatom shells, and alge.
Such muck deposits are often found beneath peat moors; ‘‘Lebertorf’’ is a
kind of fossil muck. Moor soil is deposited more rapidly than muck in waters
colored brown by humus material. Moor soil consists of a dark-brown, soft
mass which dries into a hard mass with extreme shrinkage, which is then no
longer plastic in water. It consists of finely divided plant remains arising
from the excrement of water animals, particles of humus material, and, for
the remainder, of the same materials as muck. The animal excrement, how-
ever, is more abundant, the diatoms less. Moor soil is formed chiefly in lakes

and ponds in forests, when they contain much humus material in solution
3
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which is precipitated by lime salts. Peat consists of brown organic masses of
plant remains which have not been eaten. It is deposited in a mass consisting
predominantly of animal excrement, and contains dialoms and animal remains
in small degree. Peat arises in waters which are more or less clothed with
aquatic plants. Besides the common grass-peat, the moss-peat of the conif-
erous forests is characteristic for Sweden. In ponds containing Calla and
Menyanthes there develops a vegetation of Sphagnum, upon which later
Calluna and Ledum, as well as spruces and pines, establish themselves, In
more northern regions, lichens overgrow the moss-peat, especially Cladonia
rangiferina and Biatore icmadophila. A peculiar kind of peat is carr-peat,
which consists of the roots of sedges, Calamagrostis arctica, Deschampsia flex-
uosa, ete. Mull or humus consists of digested plant-parts and animal remains,
together with brown granular amorphous partieles, which are to be regarded
as precipitates of humus salts. These are insoluble in water, acid, and alkali.
Between these constituents oceurs an equal amount of animal excrement.
The various kinds of humus are moss and lichen humus which consist pre-
dominantly of animal remains, coniferous forest humus consisting of decom-
posed wood, mycelia, ete. Deeiduous forest humus, darker than the fore-
going, is rich in exerement and animal remains, and contains much humic acid,
Grass-humus consists chiefly of animal excrement mixed with sand and clay.

Gremblich, 1876.—Gremblich (1876, 1878:1014) called attention to the
succession in a particular area of different formations, each of which pre-
pared the way for the following one:

‘“We see certain formations invade an area, dominate it for a while, and
then disappear, until finally the rotation of formations falls into inactivity,
in order perhaps to begin a new cycle which takes the same course. If one
follows the course of succession in a moor, he will notice that in general three
clearly marked phases may be distinguished. The first phase has for its task
the preparation of the hare ground for vegetation. The second is marked by
a cover which shows great luxuriance, both of species and individuals. In
the last phase appears a plant covering which closes the rotation of organice
life, and marks the death of the succession. The last two stages as a rule
store up carbon dioxid in some form, e. g., wood, peat or humus. Each suc-
cession in a particular arca shows close relationship with that of the moor,
and the development of the latter may be taken as the type for all sucecessions.
We venture to say that moor succession or some parallel development takes
place wherever man leaves nature to her own course.”’

Gremblich also deseribed the invasion of talus in the Dolomites of the
Tyrol, and pointed out the three successive phases of development. The first
phase was marked by lichens and low herbs, Thlaspi, Galium, Sazifraga,
ete. The humus thus produced was invaded by Adenostyles, Ranunculus, Saxi-
fraga, Rhododendron, Rosa, Rhamnus, Crataequs, Alnus, and Pinus, as the
most important species of the second phase. The last phase was marked by
the entrance of Sphagnum, or of Nardus, Scirpus caespitosus, Azalea procum-
bens, Empetrum nigrum, ete., which form peat, often a meter deep. The last
plants, Azalea and Empetrum, finally disappear and the naked peat alone
remains, to be again colonized when soil is drifted upon it by the wind.

Miiller, 1878-1887.—Miiller (1878, 1884, 1887) made a critical investiga-
tion of the humus soils of beeceh and oak woods and of heath, which is of the
first importance for the study of the factors which affect invasion and replace-
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ment in forests. The soil of the beech forest is distinguished as of two types.
In the first, the surface is covered with a layer of leaves and twigs which build
an incoherent mass. This covers the upper soil, which consists of loose earth,
and is 3 to 5 feet or more deep. Sometimes the entire upper soil is dark gray-
brown, but frequently only the uppermost layer has this color. The latter
is then called mull. It has a characteristic ground-cover of Asperula, Mercuri-
alis, Milium, Melica, Stellaria, Anemone, ete. It is defined by Miiller as
follows: ‘‘Beech mull is a loose incoherent layer of converted leaves, twigs,
etc., of the beech forest, rich in animal life and with the organic material
intimately mixed with the mineral earth.”’ In the second type, the leaf litter
is lacking. The soil is firm, filmy, and absorbs rain like a sponge. The upper
part is composed of a tenacious brown-black layer of humus. The vegetation
consists characteristically of Aira, Trientalis, Maianthemum, Potentilla, ete.,
and many mosses. The beech thrives poorly in contrast with its growth in
beech mull, and the old trees are mostly in a pathological condition. Beech
turf is regarded as consisting of a leaf-mold of the beech woods which is poor
in animal life; it is united into a firm peat by roots and by a very persistent
mycelium. It is significant that the reproduction of beech upon mull is easy,
while upon peat young trees can not come to maturity. This indicates that
the peat was formerly clothed with mull. If a beech forest upon mull is com-
pletely cut off so that no beech peat is naturally formed, there appears
another vegetation which in its turn prepares the soil and opens the way for
other forms. The mull may retain its essential character or may be converted
into heath peat. After the destruction of beech forest upon beech peat, no
new forest can appear, as a rule, but the soil is densely clothed with Aira
flexuosa, and the peat layer is finally destroyed by the grass. In similar
thorough fashion, the author considered the soil of oak woods and of heath in
reference to the changes in them which affect the succession.

Other investigations.—From 1802 to 1885, when Hult’s classic work upon
the developmental study of vegetation was published, there appeared a large
number of works in which succession was treated more or less incidentally.
These dealt mostly with peat-bogs, or with succession after fire or disturbance
by man. Among the former were the important monographs or handbooks of
Eiselen (1802), Dau (1823), Wiegmann (1837), Liesquereux (1844), Grisebach
(1845), Vaupell (1851), Lorenz (1853, 1858), Pokorny (1858, 1860), and
Senft (1861, 1862). The others may be mentioned briefly here. De Candolle
(1820:27) mentioned the cultures on the duncs of the ‘‘Landes,”’ in which
the rapidly growing Genista, after having served as cover for scedlings of
Pinus, was finally driven out by the latter. Lund (1835) and Reinhardt
(1856) studied the origin of the Brazilian campos or savannahs, the former
concluding that they had been derived from forest as a consequence of fire,
while the latter regarded the effect of fire as secondary. Berg (1844) studied
the successive modifications of the deciduous forests of the Harz in connection
with their disappearance before the conifers. He showed that the forests
remained unchanged just as long as they were undisturbed by man, and that,
while trees with winged migrules readily invaded wind-throw areas, they
were gradually replaced by the species of the surrounding forest. Humboldt
(1850:10) dealt with succession only incidentally, though he clearly recog-
nized it as universal:
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‘‘In northern regions, the absence of plants is compensated for by the
covering of Beomyces roseus, Cenomyce rangiferinus, Lecidea muscorum,
L. icmadophila and other cryptogamia, which are spread over the earth and
may be said to prepare the way for the growth of grasses and other herba-
ceous plants. In the tropical world, some few oily plants supply the place of
the lowly lichen.”” (125) ‘‘Thus one organie tissue rises, like strata, over the
other, and as the human race in its development must pass through definite
stages of civilization, so also is the gradual distribution of plants dependent
upon definite physical laws. In spots where lofty forest trees now rear their
towering summits, the sole covering of the barren rock was once the tender
lichen; the long and immeasurable interval was filled up by the growth of
grasses, herbaceous plants, and shrubs.”’

Henfrey (1852:56) considered briefly the changes in vegetation due toman:

‘It is certain that the appropriate stations of many plants would be
destroyed with the removal of forests, and new conditions of soil created for
the habitation of immigrants from other regions. But the modification of the
surface so as to alter the physical condition of the soil is by far the most
important change brought about in reclaiming land for cultivation. The
banking out of the sea changes by degrees the vegetation of its shores; bare
sand-dunes, where scarcely a plant could maintain a precarious footing, are
by degrees covered with vegetation; sandy inland wastes are rescued from
the heath and furze, and made to contribute at first by coniferous woods,
such as the larch, and when the soil has become by degrees enriched, by the
plants requiring a better nourishment, to the general stock of wealth; and in
these changes many species are destroyed, while others naturally making
their way into a fitting station, or brought designedly by the hand of man,
grow up and displace the original inhabitants.”

De Candolle (1855:472) cited the conclusions of Dureau de la Malle
(1825), Laurent (1849), and Meugy (1850) as to the ‘‘alternation of forest
essences,”’ a subject much discussed in the works on forestry of this time. He
failed, however, to recognize the fundamental nature of succession, for he
regarded the alternation (succession) of forest dominants as a process dis-
tinet from that which oceurs when a forest is burned or cut. It scems
probable that the difference he had in mind is that which distinguishes
primary from secondary succession. IHoffmann (1856:189) found Rubus to
be the first invader in forest burns in the Ural Mountains; this was followed
successively by Amelanchier, Alnus, Betula, and other deciduous trees, and
these were finally replaced by pines and other conifers. Hill (1858) first
pointed out that the second growth in forest burns or cuttings is normally
composed of genera different from those found in the original vegetation.
Stossner (1859) described in detail the conversion of a fallow field covered
with Viola into a mountain meadow.

Middendorff (186:1:641) considered the succession of dominants to be the
exception rather than the rule in the case of burn forests in Siberia, and
explained the cases in which other species replaced the original forest domi-
nauts as due to the influence of man. Kabsch (1865:75) pointed out the pri-
mary role of lichens in sucecession on rock surfaces:

‘‘Lichens are the real pioneers in vegetation; they corrode the hardest
basalt as they do the softest limestene, decompose the rock, and mix its
particles with their own remains, in such a way as to give opportunity for the
growth of a higher vegetation.”’
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Engler’s pionecer work (1879) upon the developmental history of vegetation
deals primarily with the geological development and the relationship of floras,
but has little bearing upon succession. Nathorst (1870, 1873) was the first
to demonstrate the presence of arctic plants, Saliz herbacea, S. polaris, S.
reticulata, and Dryas octopetala, in beds of postglacial clay in southern
Sweden. These and other arctic species were also found at the bottom of
moors in Seeland. Nathorst discovered Betula nana, Saliz retusa, S. reticulata,
Polygonum viviparum, and Loiscleuria procumbens in layers resting directly
upon glacial deposits in Switzerland. Saliz polaris was also found under the
glacial boulder clay at Cromer in England, and various other willows between
the clay and the ‘‘forest beds.”’

RECENT INVESTIGATIONS.

Blytt, 1876.—Blytt (1876, 1881) advaneced the theory that since the glacial
period the climate of Norway has undergone secular changes in such fashion
that dry periods of continental climate have alternated with moist periods
of insular or oceanic climate, and that this has happened not once but repeat-
edly. As long as land conncctions permitted a mass invasion, continental
species entered during onc period and insular species during the other. This
theory is supported by investigations of the peat-beds of Norway, the oldest
of which have an average depth of 16 feet. They consist of four layers of
peat with three intervening layers of remains of rootstocks and forests. The
surface of the drier moors is more or less completely covered with heather,
lichens, and forest. With increasing moisture, forest and heath disappeared,
and were replaced by moor, while at the same time species of Sphagnum domi-
nated the wetter places almost wholly. The root layers, on the other hand,
represent periods when the moor was drier than formerly, and during which
peat formation probably ceased for thousands of years, to begin again later.
In the oldest moors there are traces of three such dry periods, and such moors
are often covered to-day with forests for the fourth time.

The explanation of such changes has been sought in local causes, but Blytt
is convinced that it lies in the alternation of dry and wet periods. When the
rainfall and humidity changed, the surface of the moor must have hecome
drier or wetter in consequence, and have produced the vegetation found in the
alternating layers of peat and forest remains. The absence of forest beds in
the wet moors, and their presence only in the dry ones, seem to indicate that
this has not been produced by local causes. The moors of Norway are at
present drier than formerly, and are mostly covered with forest or heath, while
the Sphagnum layer just below the surface indicates that the period just pre-
ceding was a wetter one. In the second place, Norway has been elevated
since the glacial period, and the greater depth of peat-beds at high altitudes
is taken as an indication that the formation of peat began long before the land
reached its present level.

The four layers of peat investigated by Steenstrup in Denmark are sepa-
rated by forest layers which agree with those of Norway. The profile for the
two countries is as follows:

1. The present. The moors are mostly dry and eontain a new root layer
ready to be buried under peat deposits as soon as the new moist period hegins.
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2. Peat. Probable period of the invasion of sub-Atlantie flora, apparently
prehistoric, because stone implements are found in the young layers.
Stumps with forest remains.
Peat with trunks and leaves of Quercus sessiliflora.
Stumps with forest remains, hazel, oak, ete.
Peat with pine trunks.
Stumps and forest remains.
. Peat with leaves of Populus tremula and Betula odorata.
Clay with arctic plants, Dryas octopetala, Saliz reticulata, Betula
nana, ete.

10. Closing stages of the glacial period; moist climate.

© ORGSO

Blytt’s theory has been the storm center of the study of Scandinavian and
Danish moors. It has been accepted and modified by Sernander (1891, 1894,
1895, 1899, etc.), and vigorously combated by Andersson (1893, 1896, 1898,
1903, ete.). Blytt (1892) found further support for his view in an investiga-
tion of the calcareous tufas of Norway. Johanson (1888), Hulth (1899),
Holmboe (1904), Lewis (1905-1911), Haglund (1909), Samuelsson (1911),
and others have studied boreal moors with especial reference to the theory of
alternating wet and dry periods.

Hult, 1885-1887.—To Hult belongs the great credit of being the first to
fully recognize the fundamental importance of development in vegetation,
and to make a systematic study of a region upon this basis. He maintained
that the distribution of plant communities could be understood only by trac-
ing the development from the first sparse colonies upon bare soil or in water to
the now dominant formations. IHe also laid down some of the general prin-
ciples upon which the developmental study of vegetation must be based, and
was the first to grasp the significance of the climax. In his classic investiga-
tion of the vegetation of Blekinge in Finland (1885:161), Hult traced the
succession of each intermediate formation through its various stages to the
supposed climax. He found that grassland on poor soil became heath; on
rich soil, oak wood. The heath developed into forest, dominated by Betula
alone, or mixed with Picea, Pinus, or Quercus. Betula is displaced upon dry
sandy soil by Pinus, upon moist soil by Picea. The spruce forest reacts upon
the soil in such a way as to favor the invasion of Fagus, which eventually
replaces the spruce. The birch forest can also be replaced by oak forest, which
gradually develops into beecchwood. Where the oak becomes dominant in
grassland or heath, it develops into a serub, which appears to yield finally
to beech serub. On dry banks, the serub is replaced by birch, this by spruce,
and the latter finally gives way before the beech. The Menyanthes community
of wet banks is followed by Carex, and this by meadow moor, which yiclds to
birch forest. The latter in turn is replaced by spruce forest, which seems to
persist as the climax. The sequénce of development in the moor is (1) aquatis
formation, (2) Carex moor, (3) hummock moor, (4) peat moor, (5) pine moor,
(6) birch forest, (7) spruce forest. In the swamps, the succession is as follows:
(1) Potamogeton, (2) Sphagnum-Amblystegium, (3) Menyanthes-Eriophorum,
(4) Carex-Sphagnum, (5) peat moor, (6) birch forest, (7) spruce forest.

The following were regarded as climax communities, but it seems obvious
that the beech forest is the only real climatic climax: (1) rock heath, (2) pine
forest on dry sand or on peat moor, (3) spruce forest on shallow shore moors,
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(4) birch forest on deep moors, (5) woodland along streams, (6) thorn scrub
in warm, dry places, (7) beech forest in all other places. The behavior of the
beech as the climax dominant is the same in Finland that Stcenstrup and
Vaupell have shown for Denmark and Fries for Sweden. IIult thought that
this does not indicate a change of climate, but merely the return of the beech
into areas from which it was largely removed by lumbering.

Hult (1887:153) also traced the development of the alpine vegetation of
northernmost Finland. IIe found that in the drier places Cladineta and Alec-
torieta finally replaced all other communities, while in moist arcas grass and
herb consocies passed into communities of dwarf shrubs, or even into a lichen
climax. The development everywhere was marked by a transition from more
hygrophilous to more xerophilous conditions. The initial stage of succession
was determined by the local conditions of colonization. The sequence itself
was regarded as everywhere constant; in no place did a backward develop-
ment take place.

Warming, 1891.—Warming (1891, 1895, 1907) was the first to give a con-
sistent account of succession on sand-dunes, and his pioneer studies in this
field have served as a model for the investigation of dune scres in all parts of
the world. He found that the shifting or white dunes began as heaps of sand
formed by tides, waves, and wind; the particles as a rule are less than one-
third of a millimeter in diameter. The further growth of such dunes is made
possible by sand binders, such as Psamma arenaria, Elymus arenarius, Carex
arenaria, Agropyrum junceum, Lathyrus maritimus, Alsine peploides, ete. The
last two are found only on the lower dunes, and are sooner or later driven out
by Psamma and Elymus, which are especially adapted to the building of high
dunes, because of {heir ability to push up through a cover of sand. Psamma,
however, is the most important pioncer, and excels all others in its ability to
collect sand among its tufted leaves, and to grow up through it. Other plants
find their way in among the shoots of Psamma and Elymus, and, as the sand
becomes more and more fixed, conquer the intervening spaces. The more
effectively these two grasses fix the soil, the more they prepare it for other
species, which ultimately replace them. Iichens, mosses, and perennials
which form tufts or mats, or possess a multicipital primary root, establish
themseclves at this stage, and the dune passes into a stable or gray dune.

Warming recognized two principal associations (consocies) among those of
the shifting dune, viz, Psammetum and Elymetum. Woody species such as
Hippophaé rhamnoides, Salix repens, and Empetrum nigrum appear here and
there, and give rise to scrub. The gray dune may pass into dune-heath or
dune-scrub, and then into dune-forest. In the north of Europe may be
encountered the following formations, which show a zonal succession to some
extent. It is obvious that the zonal order is essentially that of the develop-
mental sequence.

1. Sand alge. 5. Stationary or gray dunes.

2. Irom-sulphur bacteria. 6. Dune-heath and dry sand-field.
3. Psammophilous halophytes. 7. Dune-scrub.

4. Shifting or white sand-dunes. 8. Dune-forest.

MacMillan, 1894-1896.—MacMillan’s studies of the bogs and muskeags of
Minnesota constitute the pioneer work upon succession in America, though
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analysis at this carly period was necessarily general. In the investigation of
Sphagnum atolls (1894:2), he concluded that these atolls, <. e., circular zones
of Sphagnum, are due to a season of gradual recession of the waters of the
pond, followed by a season of comparatively rapid increase in area and level.
This is indicated by the fact that the vegetation of the atoll differs from that
of the pond outside and the lagoon within it. The atoll first appcared as a
zone of floating bog, which was separated from the shoreward turf as a conse-
quence of the original zonation of the shore plants and of the rise of the water-
level, taken in conjunction with certain special topographic conditions. The
sequence of events was probably as follows: The pond, as a result of silting-up
and of climatic variations, slowly diminished until its shore-line coincided with
the inner edge of the present atoll. The size of the pond at this time is indi-
cated by the existing lagoon. The shore vegetation then invaded the bare
slopes and formed charactevistic zones, the inner perhaps of Sphagnum. When
the pond began to fill up again, the marginal zonc of turf was forced upward,
and finally detached to form a circular floating bog or atoll. The further rise
in level left the atoll well out in the pond. The atoll sank as its weight
increased with its growth in thickness, and it finally became anchored to the
bottom of the pond. While it is possible that the two atolls were formed
simultaneously, one is now in the stage characterized by Sarracenia, Erio-
phorum, and Kalmia, and the other is dominated by Ledum and Picea.

MacMillan (1896:500) also studied the Sphagnum moors or muskeags of
Minnesota, in which almost every stage may be found from open lakes with
continuous sandy beaches to solid masses of spruce and tamarack. The latter
is displaced by pines or hardwood, and is finally developed into mixed wood or
perhaps into meadow. Typical muskeag with spruce and tamarack are
regarded as an intermediate type between the original open lake and the later
forest. The center of the muskeag is usnally softer than the edges, though in
many, even of the small ones, the center is quite firmly filled with soil, and
Sphagnum predominates here. When a central pool is present, it contains
Utricularia and Lemna, and often Potamogeton and Nymphaea. The next zone
contains Kalmia and Andromeda, with Carex, Eriophorum, Sarracenia, Salir,
Vaccinium, ete. Ledum is found on drier peripheral portions, and is often
the most abundant heath when the Sphagnum has disappeared. This zone is
surrounded by spruces, usually Picea mariana, sometimes P. canadensts,
tamarack, Lariz laricina, Alnus incana, Betula, and Saliz. An examination
of Sphagnum moors shows that they are characterized by zones of Larir,
Picea, Ledum, Andromeda, and Utricularia, from the margin to the center.
The tamarack and spruce zones are slowly closing in upon the others, and will
eventually occupy the whole area, as is evidenced by the circular or elliptical
tamarack communities frequent in southern Minnesota. After the tamarack
area has become solid, the Sphagnum often persists in little clumps and mats
at the bases of the treces. Sarracenia, Vaccinium, etc., also linger for some
time, but Eriophorum, Salir, and many other species disappear because of
the shade. .

As to the origin of a solid or spruce-centered consocies of tamarack, it is
doubtful whether a stage with central moor ever existed. In some cases, suc-
cessions of muskeag openings with intervening tamarack arise from the filling
of a lake with bars or reefs upon its bottom. Some of the circular tamarack
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swamps with or without spruce cores were not necessarily derived from moors
with tamarack or tamarack-spruce border-rings, though most of the solid
tamarack swamps must have developed by the closing in of a ring of timber
upon a constantly diminishing moor. Finally, the author remarks signifi-
cantly that ‘‘the contemplation of vegetation in any region with these prin-
ciples in view is certainly interesting. Practically it connects at once ecologic
distribution with physiography, and enlarges the content both of topography
and botany.”’

Warming, 1896.—Warming made the first attempt (cf. 1896:350; 1909 :
348) to deal with succession in a general fashion, though his treatment was
brief and largely incidental to the main purpose of his work. This is empha-
sized by the fact that the text devoted to this subject is practically unchanged
in the second edition of his book, in spite of a lapse of 14 ycars marked by a
great advance in developmental ecology. Nevertheless, Warming deserves
great credit for being the first to try to organize this vast field. In the last
edition the section which deals with development is headed ‘‘Struggle between
plant-communities,’” and is subdivided into 7 chapters, namely: (1) Condi-
tions of the Struggle; (2) The Peopling of New Soil; (3) Changes in Vegeta-
tion Induced by Slow Changes in Soil Fully Occupied by Plants, or Succes-
sion of Vegetation; (4) Change of Vegetation without Change of Climate or
Soil; (5) The Weapons of Species; (6) Rare Species; (7) Origin of Species.
The last two obviously have only a remote connection with succession as a
process. The discussion of the peopling of new soil deals with the origin of
bare soil areas and the vegetation which arises upon them. The following
chapter upon the succession of vegetation treats primarily of water and rock
seres, and especially of the conversion of moor and forest. The chapter on the
peopling of new soil is divided into (1) vegetation on sand, (2) production of
marsh, (3) lowering of water-level, (4) volcanic eruptions, (5) landslips, (6)
fires in forest and grassland, (7) other sources of new soil, (8) summary of
results. In the latter, six fundamental principles are laid down; these deal
with the pioneers, number of species, life-forms, migration-forms, light rela-
tions, and the distinetion into initial, transitional, and final communities. The
copious citation of papers on development makes the treatment a very helpful
introduection to the subjeect.

Graebner, 1895.—Graebner (1895:58) was the first to make a comprechensive
study of the development of a great climax or subclimax community. The
developmental relations of the heath of northern Germany are considered in
three sections: (1) Origin of the Heath Formation; (2) Changes of Ileath
Vegetation; (38) Culture of ITeath; while the physical factors are discussed
under (1) Soils of the Heath; (2) Dependence of Heath upon Climatic Condi-
tions; (3) Requirements of Heath Plants. The origin of the heath is dealt
with under the following heads: (1) Origin of Heath from Forest; (2) Origin
of Heath on Bare Sand; (3) Origin of Heath-moor or Moss-moor: (a) in
water, (b) on bare soil, (¢) from forest; (4) Origin of Heath from Heath-
moor. The details of many of these developmental processes are quoted in
Chapter VIII. The utilization of the heath is discussed under (1) afforesta-
tion, (2) cutting of sods, (3) burning, and (4) meadow.

Pound and Clements, 1898-1900.—Pound and Clements (1898:216; 1900:
315) also attempted to deal with the origin of formations in a general manner.
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They distinguished formations as either primitive or recent, with respect to
origin. By the former was understood the origin in the geological past, while
recent origin has to do with development at the present time. Formations
were said to arise at the present time either by nascence or by modification.
Origin by nascence occurs only upon bare areas, while origin by modification
occurs through changes in existing communities. Formations regularly dis-
appear through the agency of fires, floods, man, etc., and in all such cases new
formations arise by nascence. Two sets of factors are concerned in the origin
of formations by modification, viz, natural and artificial. Natural factors
are either biological or physical; artificial factors are due to the presence or
agency of man or animals. Biotic forces may transform facies or patches into
formations, or they may change the latter by bringing about the intrusion of
other facies. Patches ( colonies) are invariably incipient formations, and in
many situations have become actual formations.

The physical forces are either meteorologic or physiographic. A rapid
change from one extreme to another affords the best example of the influence
of climatic forces. While the instances cited illustrate in a slight degrec the
bearing of climatology upon formations, it is impossible to estimate fully and
accurately the influence of climatic changes operating through a long period
or of a sudden reversal of such conditions. Modification of formations by
physiographic forces is illustrated in the canyons of the Niobrara, where the
sandy soil has become covered with a layer of loam. Modification due to
artificial factors is of several sorts. It may arise through the direct agency of
man, as in the case of culture formations, or through his presence, as in most
waste formations. The prairie-dog-town waste is an example of a formation
produced by animal agency. The origin and development of the vegetation
in blow-outs and sand-draws were described in detail (1898:258; 1900 :365).
The same authors (18982:19) devised the quadrat method for the quantitative
study of plant communities, and of ecotones especially, and applied it as the
basic method for determining the structure and development of vegetation.

Schimper, 1898.—Schimper (1898) has distinguished two ecological groups
of formations, viz, ‘‘climatic or district formations, the character of whose
vegetation is governed by atmospherie precipitations, and edaphic or local
formations, whose vegetation is chiefly determined by the nature of the soil.”’
Climatic formations belong to one of three types, forest, grassland, and desert.
A good forest climate is regarded as consisting of a warm growing-scason, a
continuously moist subsoil, and damp, calm air, especially in winter. A
climate with dry winters is hostile because trees can not replace the moisture
lost by transpiration. A good grassland climate consists of frequent, even
though slight, precipitations during the growing-season, so that the superficial
soil is kept moist, and a moderate degree of heat as well. Drouth during
spring or early summer is unfavorable to grassland. A woodland climate
leads to victory for woodland, a grassland climate to victory for grassland. In
transition climates, edaphic influences decide the outcome. Strong deviations
from woodland or grassland climate produce desert. Definite properties of
the soil may bring forth a character of vegetation that belongs to none of the
climatic types. These demand a soil congenial to the vast majority of plants.
Extreme soil conditions unfavorable to most plants set vegetation free from
the controlling influence of rainfall. Consequently, the vegetation of rocks,
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gravel, swamps, etc., bears in the highest degree the impress of the substratum,
and this impress usually remains identical under very different climatie
humidities, which on such soils play only a subordinate part.

In spite of the successional significance of climatic and edaphic communities,
Schimper (l. c., 185) seems to have had only a general idea of the development
of vegetation, for he not only states that little attention had been paid to it,
but also cites only Treub’s study of Krakatoa and the work of Flahault and
Combres on the Camargue as examples of it. While his open edaphic forma-
tions are in the main stages in successional development, as he recognizes in
certain cases, fringing forests are portions of climax and hence climatie forma-
tions, as is well shown by every large stream of the prairie region. The fact
that he does not regard edaphic formations as mostly or primarily develop-
mental is shown by the subdivision into edaphic formations due to tellurie
water (swamps, moors) and open edaphic formations (rocks, dunes). The
latter alone are regarded as showing a transition from edaphic to climatic
formations. How close he came to the basic distinction between develop-
mental and climax communities, and how his concept of edaphic and climatic
formations caused him to miss the real relation may be gathered from the
following excerpt:

““Transition from Edaphic to Climatic Formations: Between the bare hard
rock and the finely grained soil that finally results from it, for the possession
of which there is a struggle between woodland and grassland, according to
what has been said above, there is a series of open transitional formations,
which possess the character neither of woodland nor of grassland, and which
assume nearly the same appearance even in dissimilar climates, and owe their
individuality chiefly to the mechanical texture of the soil. The transforma-
tion of these transitional formations into the definite ones of woodland and
grassland is continually proceeding under our eyes, but so slowly that we can
observe only a part of the process directly, and can form an estimate of their
sequence only by comparing their condition at different ages. In spite of the
highly interesting nature of the development of formations, very slight atten-
tion has hitherto been paid to it.”’

Schimper’s climatic formations are for the most part the climax formations
of the present treatise, and his edaphic and transition formations are develop-
mental units, associes, and consocies. This is essentially the conclusion reached
by Skottsberg, though in different terms (1910:5).

Cowles, 1899.—The first comprehensive study of succession in America was
that of Cowles (1899:95) upon the sand-dunes of Lake Michigan. Together
with the dune studies of Warming already mentioned, it has served as a model
for the investigation of dune succession the world over. The methods of
physiography were employed, inasmuch as the flora of a particular area was
regarded ‘‘not as a changeless landscape feature, but rather as a panorama,
never twice alike.”” The author concluded that ‘‘ the ecologist must study
the order of succession of the plant societies in the development of a region,
and that he must endeavor to discover the laws which govern the panoramic
changes. Ecology is, therefore, a study in dynamics.”’ The ecological fac-
tors of the dunes were considered under the heads: (1) light and heat, (2)
wind, (3) soil, (4) water, (5) other factors. The plant societies and their
developmental relations were treated in full under the following captions:
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A. The beach. C. The active or wandering dunes; the dune
1. The lower beach. complex.
2. The middle beach. 1. Transformation of stationary into
3. The upper beach. wandering dunes.
4. Foesil beaches. 2. Physical and biological features of the
B. The embryonic or stationary beach dunes, dune complex.
1. Dunes of rapid growth (primary em- 3. Encroachment on preexisting plant
bryonic dunes). societies. ]
2. Dunes of slow growth (secondary em- 4. Capture of the dune complex by vege-
bryonic dunes). tation.
D. The established dunes.
1. The basswood-maple series.
3. The evergreen series.
3. The oak dunes.

Cowles, 1901.—Cowles’s work (1901:73) upon the physiographic ecology of
Chicago and vicinity stands out as a landmark in the developmental study of
vegetation. It forced the recognition of physiography as the most striking
cause of vegetation changes, and the use of the term ‘‘physiographic ecology’’
constantly challenged the attention of students to the attractiveness and sig-
nificance of successional studies. Cowles deserves great credit at the hands
of ecologists for his early and consistent championing of the cause of develop-
ment in vegetation. Even though physiography can not yield a complete
picture of succession, as Cowles himself recognized (1901:81; 1911:168), its
processes are so striking and interesting, and its action as an initial cause of
development so universal and decisive, that it must always receive a large
share of attention from students of succession. The author’s conclusions as
to progression and regression are considered in detail in Chapter VIII. Asa
consequence, the following outline will suffice to afford a general idea of the
work, and to indicate its basic nature.

I. The content and scope of physiographic
ecology.
I1. The plant societies.
A. The inland group.
1. The river sories.
(1) The ravine.
(2) The river-bluff.
(3) The flood-plain.
2. The pond-swamp-prairie series.
(1) The pond.
(2) The undrained swamp.
(3) The prairie.

)

II. The plant socicties—Continued.
3. The upland scries.
(1) The rock hill.
(2) The clay hill.
(3) The sand hill.
B. The coastal group.
1. The lake-bluff series.
2. The beach-dune-sandhill series.
(1) The beach.
(2) The embryonic or
beach areas.
(3) The active or wandering dunes;
the dune complex.
Summary and conclusion.

stationary

Clements, 1902-1904.—In ‘“Herbaria Formationum Coloradensium’’ (1902)
and its continuation, ‘‘Cryptogamae Formationum Coloradensium’’ (1906-
1908), Clements endeavored to organize an herbarium method of indicating
and recording the structure and development of vegetation. This method
was discussed briefly in ‘‘Formation and Succession Herbaria’’ (1904), and
the analysis of the Colorado vegetation proposed in the collections mentioned
was sketched in its main details. The formations recognized were largely
climax associations of the mountain clisere, and were arranged in the corre-
sponding sequence. Many of them, however, were the developmental asso-
ciations, now distinguished as associes, and these were grouped in the seral
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sequence. The structure of each was indicated by the grouping of the species
into facies, aspects, principal and secondary species, marking consocies, socies,
clans, and colonies respectively.

Clements, 1904.—In the ‘‘Development and Structure of Vegetation,”’
Clements made the first attempt to organize the whole field of present-day
succession, and to connect the structure of vegetation with its development in
the essential way that these are related in the individual plant. The concept
was advanced that vegetation is an entity, whose changes and structures are
in accord with certain basie principles in much the same fashion that the fune-
tions and structures of plants follow definite laws. The treatment falls into
five divisions, association, invasion, succession, zonation, and alternation. Of
these, invasion and succession are developmental processcs, and association,
zonation, and alternation the basic expressions of structure which result from
them. Invasion was defined as the movement of plants from one area to
another, and their colonization in the latter. Invasion was analyzed into
migration, or actual movement into a new place, and ecesis, the establishment
in the new home. Migration was considered with reference to mobility,
organs modified for dissemination, migration device, agents, and direction.
Barriers, endemism, and polygenesis were discussed in connection with ecesis,
while invasion was further considered with reference to kinds and manner.
The necessity of using quadrats and migration circles for the exact study of
invasion was also emphasized.

After a historical summary of the development of the idea of succession, the
latter was related to invasion, and successions were classified as normal,
divided into primary and secondary, and anomalous. Primary and secondary
successions were grouped upon the basis of agent or process, e. g., elevation,
voleanic action, weathering (residuary soils), gravity (colluvial soils), water
(alluvial soils), ete. (cf. Chapter IX). The reactions of seral stages were next
analyzed in detail, and the laws of succession were grouped under the follow-
ing heads: (1) causation, (2) reaction, (3) proximity and mobility, (4) ecesis,
(5) stabilization, (6) general laws. The treatment was concluded by a dis-
cussion of classification and nomenclature and of methods of investigation.

Friih and Schroter, 1004.-—Although they did not deal specifically with sue-
cession, the monumental monograph of Friih and Schréter upon the Swiss
moors is a mine of successional material of the first importance. Tt will

suffice here to indicate the seope and nature of the work by giving its main
heads.

First part: General treatment, First part: General treatment—Continued.
1. Definitions. 4. Stratigraphy.
2. Peat-producing plant formations of 5. Geographical distribution of the Swiss
Switzerland. moors.
(1) Moor and Peat Communities of the 6. Sketch of a geomorphologic classifica-
Midland, and Jura. tion of all moors.
a. Low moor. 7. Relation of colonists to moors in the
(a) Deposition and forlanding light of their toponymy.
communities. 8. Utilization of Swiss moors.
(b) Low moor communities. 9. Postglacial vegetation strata of north-
b. High moor. ern Switzerland, and significance
(2) Moor and peat formation in the of moors in their reconstruction.
alpine region, Second part: Description of certain Swiss
3. Peat. moors.
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Olements, 1905-1807.—The treatment in ‘‘Development and Structure of
Vegetation’’ was adopted in ‘‘Research Methods in Ecology,’’ but a further
attempt was made to place the study of vegetation upon a completely develop-
mental and quantitative basis. The formation was regarded as a complex
organism, possessing functions and structures, and passing through a cycle
of development similar to that of the plant. The formation as a result was
definitely based upon the habitat as the cause, and a detailed analysis of it
was made from the standpoint of functions, viz, association, invasion (migra-
tion and ecesis) and succession (reaction and competition), and of structures,
zonation and alternation. The formation was analyzed into minor units,
society, community, and family, for the first time, and the classification and
nomeneclature of units were considered in detail.

Especial emphasis was placed upon instrumental and quadrat methods of
exact investigation, in which the constant interaction of habitat, plant, and
community must furnish the primary basis. Instrumental methods of habitat
measurement were organized and developed, and the guadrat method of
analyzing and recording the structure and development of vegetation was
advanced to the place of first importance in the investigation of succession
(161). Quadrats were differentiated as list, chart, permanent, denuded, and
aquatic quadrats of various size, and were modified into line, belt, permanent,
denuded, and layer transects of varying width and length. A further endeavor
was made to increase the accuracy and finality of developmental studies by
organizing an experimental attack upon them, as in ‘‘IExperimental Evolu-
tion’’ (145) and ‘‘Experimental Vegetation’’ (306), by means of methods of
natural, artificial, and control habitats. Issentially, the same ground was
covered in ‘‘Plant Physiology and Eecology’’ (1907), though the vegetational
material was condensed and rearranged, as shown by the following outline:

X. Methods of studying vegetation. XIII. Competition and ecesis.
XI. The plant formation. XIV. Invasion and succession.
XII. Aggregation and migration. XV. Alternation and zonation.

Moss, 1907-1910.—Moss is entitled to much credit for being the first to
clearly include the idea of development in the concept of the formation and
to distinguish formations upon this basis. The importance of his contribu-
tion in this respect was obscured by an inclusive conception of the habitat,
which resulted in his restricting the development of the formation to a few
final stages. However, the germ of the complete developmental view is to be
found in his distinction of chief and subordinate associations. His views are
much discussed in Chapters VII and VIII. Hence it will suffice here to point
out that his concept of the formation was first advanced in 1907 (12), devel-
oped in 1910, and applied to the vegetation of the Peak district in 1913.

Olements, 1910.—In the ‘‘Life History of Lodgepole Burn Forests,”” Clem-
ents endeavored to lay down a set of principles and to furnish a model for the
exact study of succession by means of instruments and quadrats. Apart
from the use of the latter, especial emphasis was placed upoun the method of
reconstructing the history of a burned area by means of the annual rings of
woody plants and perennials, and by means of fire-scars and soil-layers.
Seed production, distribution, and germination were regarded as the critical
points of attack, and the consumption of seeds and fruits by rodents and birds
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was held to be of paramount importance. Reaction and competition were
studied quantitatively for the first time in successional investigation, and
these were related to the rate of growth and of development.

Cowles, 1911.—In ‘‘The Causes of Vegetative Cyeles,” Cowles performed
a distinet service in drawing attention clearly to the three great causes of
succession, namely, climate, physiography, and biota. While the importance
of these had been recognized (Pound and Clements, 1898:218; 1900:317;
Clements, 1904 :124), they had not been used for the primary groups in classi-
fication, nor had their developmental relations been emphasized. While it
is repeatedly stated in the following chapters that the causal grouping of seres
is less fundamental and satisfactory than a developmental one, there can be
no question of its attractiveness and convenience. In faet, it is a necessary
though not the chief part of a consistently developmental classification.
Cowles’s ideas are discussed at some length in Chapters VII, VII, and IX,
and hence only the main topies of his treatment are indicated here.

1. Demonstration of vegetative cycles. | 4. Regional successions.

2. Development of dynamic plant geog- 5. Topographic suecessions.
raphy. 6. Biotic successions.

3. Delimitation of successional factors. 7. Conclusion,

Shantz, 1911.—In his paper upon ‘‘Natural Vegetation as an Indicator,’’
Shantz gave the results of the first quantitative study of the reactions and
successions of a great grassland vegetation. In addition, his studies furnished
convineing proof of the basic importance of instrumental and quadrat methods
in investigation, and yielded practical results in a new field of the first conse-
quence. The study of water penectration, of the relation of root systems to
it, and of the influence of developing vegetation upon it was a brilliant anal-
ysis of reaction, and will long serve as a model for all investigators. The
graphic representation of these relations in a double transect, or ‘‘bisect,”’
constitutes a new method of record of great value.

Tansley, 1911.—Tansley and his colleagues, in ‘“Types of British Vegeta-
tion,”’ were the first to apply the developmental concept to the treatment of
a great vegelation. Moss’s concept of the formation was used in organizing
the material, and this, combined with a thorough understanding of the basic
importance of succession, gave to the treatment a distinetively developmental
character. In this respect, the book is practically unrivaled among accounts
of extensive vegetations, and its value must always remain great, even if the
concept of the formation is revised in the light of increased knowledge. Much
of the work also appeals to the exact ecologist because of the use of instru-
mental and quadrat methods. Tansley’s views upon the units of vegetation
are discussed in Chapter VII.

MacDougal, 1914.—The work of MacDougal and his associates upon the
Salton Sea is outstanding in several respects. It is unique in dealing with
xerotropie succession from a wet saline habitat to a climax of desert serub.
Still more remarkable has been the opportunity offered by the flooding of the
Salton Basin and the gradual recession of the lake year by year, thus affording
a complete record of the stages of development in the series of zones from the
newest strand of 1913 to the oldest of 1907. It is even more significant, how-
ever, that the monograph is the result of the cooperation of ten specialists
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in the various ficlds represented in this complex problem. This foreshadows
the future practice of ecology, when the study of vegetation has become so
largely quantitative that the investigation of the habitat in its climatie,
edaphie, and physiographic relations must be turned over to the experts in
these fields. The comprehensive nature of the rescarch is indicated by the
following outline: geologic history, geographical features, sketch of the geol-
ogy and soils, chemical composition of the water, variations in composition
and concentration of water, behavior of micro-organisms, action of Salton Sea
water on vegetable tissues, tufa deposits, plant ecology and floristics, move-
ments of vegetation due to submersion and desiccation of land areas.



III. INITIAL CAUSES.

Significance of bare areas.—Seres originate only in bare areas or in those
in which the original population is destroyed. They may be continued, with or
without change of direction, by less critical modification of the habitat or by
the invasion of alien species. It is a universal law that all bare places give
rise to new communities, except those which present the most extreme condi-
tions of water, temperature, light, or soil.  Of such there are few. Even fields
of ice and snow show algal pioncers, rocks in the driest desert bear lichens,
caves contain fungi, and all but the saltiest soils permit the entrance of halo-
phytes. From the standpoint of suceession, water is the most important of
bare habitats, and it is almost never too extreme for plant life, as is shown by
the invasion of the hot springs of Yellowstone Park by various alga.

Habitats are (1) originally bare or (2) bare by denudation. The former are
illustrated by water, land produced by vapid emergence, such as islands, con-
tinental borders, ete., lava flows and intrusions, deltas, ground moraines, cte.,
dunes, loess, ete. Denuded habitats arise in the most various ways, and are
best exemplified by bad lands, flooded areas, burns, fallow fields, wastes, cte.
The essential difference between the two is that the new area is not alone
developmentally different in never having borne a plant community, but is
also physiecally different in lacking the reactions due to successive plant popu-
lations. The last consideration is of profound importance in the develop-
ment of the new vegetation, and serves as a primary basis for distinguishing
suceessions (plate 2, A, B).

Modifications of development.-—While a new sere can arise only after the
destruction of a community in whole or in part, striking changes in the course
or rate of suceession may oceur in existing communities. These are only
modifications of development, and are not to be mistaken for the beginnings
of new successions. A suceessional stage may persist beyond the usual period,
and beeome a temporary climax, or, more rarely, it may become the actual
climax. On the other hand, the rate of development may be accelerated, and
certain normal stages may be combined or omitted. New stages are some-
times interpolated, or the usual climax may be succeeded by a new elimax.
The direetion of development may itself be changed anywhere in its course,
and may then terminate in the usual elimax, or rarely in a new one. These
are all changes within the succession, and ave continuative. They must be
kept distinet from the destruetive ehanges, which free the habitat for new
invasions and can alone initiate suceession. Developmental modifications are
produced cither by changes in the habitat factors or by changes in the usual
course of invasion. It is possible also that the two may act together. The
habitat may be modified in the direetion of the successional reaction and corre-
spondingly hasten the rate of development, or contrary to the reaction and
thus reduce the rate, fix an earlier climax, or change the direction. In the
case of invasion it is obvious that the failure of the dominants of a particular
stage to reach the arca would produce striking disturbances in development.
Likewise, the appearance of alien dominants or potential elimax species would
profoundly affect the usual life-history.

. 33
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Processes as causes.—In the strictest sense there is perhaps but a single
universal initial cause of succession, namely, a bare area in which pioneers
can establish themselves. It is somewhat confusing, if not illogical, to term
a passive area a cause, and in consequence the term is referred back to the
active processes and agents which produce the bare area. The latter is the
initial fact in so far as the development is concerned, but its cause leaves a
directive result in the form of the physical factors which characterize the new
area. It must also be recognized that succession does not necessarily oceur
in every bare area. Two other prerequisites must also be met: there must
be an adjacent or accessible plant population and the physical conditions of
the habitat must permit ecesis. These are almost universal concomitants of
bare habitats, the rare exceptions occurring only in the salt-incrusted beds of
old lakes in arid regions and perhaps in ice-bound polar areas. Further excep-
tions are naturally furnished by wave or tide swept shores and rocks, but
these are hardly to be regarded as bare areas.

Change of conditions.—In a denuded area, moreover, succession proper
can not occur unless the physical conditions are essentially changed. This is
egspecially true when the adjacent population is mobile. In such cases a short
apparent succession may result, owing to differences in rate of germination
and growth, but in some cases, at least, the migrants all enter the same year.
Thus in certain lodgepole pine burns of the Rocky Mountains, firegrass, fire-
weed, aspen, and lodgepole pine appear together the first year after the fire,
but there is an apparent sere of three or four stages, due merely to differences
in rate of growth and consequent dominance. A wholly different example is
found in certain deserts with one or two distinet rainy seasons, characterized
by annuals. This is typical of the deserts of Arizona and adjacent parts of
Mexico and California, in which communities of summer and winter annuals
appear each season, only to disappear before the subsequent drought. These
represent the pioneer stage of a succession which ecan not develop further
because of extreme conditions.

A bare area, then, must not merely permit the invasion of an adjacent popu-
lation; it must also present conditions that are essentially different if succes-
sion is to result. This is typically the case, since the conditions of formation
of new soil differentiate it from the habitats of neighboring communities, while
the removal of the plant covering materially modifies the habitat, with rare
exceptions. As a consequence, an initiating process must accomplish two
results: it must produce a bare area capable of ecesis, and it must furnish it
with physical factors essentially different, in quantity at least, from the adja-
cent areas. In short, a bare area, whether new or denuded, to be capable
of succession must be more extreme than the surrounding habitats. This
departure from the mean is best seen in the denuding of climax formations, in
which case the climatic control is disturbed. In the grass formation of central
Nebraska, denudation by wind erosion produces a departure toward the xero-
phytic extreme, and by flooding, one toward the hydrophytic extreme.

Fundamental nature of water-content.—In the vast majority of bare areas
the departure has to do with water-content, usually its quantity but often its
quality, as in saline and acid areas. Light is less frequently concerned, while
changes of other efficient factors—temperature, nutrients, and aération—
appear to be subordinate. In all cases the production of a more extreme con-



A. Primary bare area, due to weathering, Mount Garfield, Pike's Peak, Colorado.
B. Secondary bare arca, due to wind erosion, Morainal Valley, Pike’s Peak, Colorado.
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dition in the new area has two consequences of the first importance. It
determines the conditions of ecesis and hence the life-forms and species which
can act as pioneers. It likewise determines the direction of development from
drier to wetter or wetter to drier, and consequently the reactions possible.
The degree of departure from the climatic mean controls the life-history and
determines the number of stages possible between the pioneer and the climax
vegetation.

The most eritical factor in origin, then, is the amount of water-content in
comparison with the mean for the climax area. This is directly affected by
the texture of the soil, and this by the initial process or agent. The two
extremes possible are water at one end and rock at the other. The former has
an excess of water-content and a lack of solid material for fixing the habitat;
the latter has a surplus of stability and a deficit of water. Between the two
occur all possible combinations of water and solid materials in the form of the
various soils. While there is no ecological warrant for excluding rock and
water from soils, it will perhaps be clearer if the term is restricted to the usual
meaning of a mixture of comminuted rock and water. Apart from the amount
of water present in a new area, the stability of the substratum itself must be
taken into account. This is of the first consequence in extremely mobile soils,
such as those of dunes and blow-outs, where it determines the form and
sequence of the pioneers and calls forth a peculiar reaction. The usual course
of successional development is a response to the increase or decrease of the
holard, ¢. e., to the ratio between water and rock, as already suggested. This
ratio expresses itself in three chief forms, water, rock, and soil. These produce
primary distinctions in the development of vegetation, and are used as the
physical basis of the system proposed in Chapter IX.

Kinds of initial causes.—All initiating processes and agents agree in their
fundamental relation to succession, viz, the production of a bare area charac-
terized by a more extreme condition, usually as to the holard. Moreover,
processes very different in themselves produce areas essentially similar or
identical as to the sere developed. A pond or lakelet may be formed by
physiographic processes, such as flooding, filling, or erosion, by a swing of
climate, by a rise in the water-table, by the action of ice, of gravity as in talus,
by beavers, or by man in a variety of ways. Many of these do, and all of
them may, occur in the same climax area, and would then result in identical
or similar seres. A sandy bank may be formed by currents, waves, ice, wind,
gravity, or biotic agencies, but the agent has relatively little effect upon the
succession. It is the wet, loose condition of the bare sand and the surrounding
vegetation which determine the development. The secondary importance of
the process is further indicated by the behavior of dune-sand when carried by
the wind into streams or lakes or heaped into dunes. The water-content of
the two areas is so controlling that the resulting seres converge only at or near
the climax. In case baseleveling is regarded as a process, it is obvious that
here is a process that produces the most diverse bare areas and seres.

The classification of initial causes from the standpoint of the development
of vegetation necessarily groups together the most diverse agents and proe-
esses. This is shown to be the case in the classification of seres outlined later.
For the sake of a complete account of initial causes it is most convenient to
treat them here from the standpoint of the nature of the agent or process,



36 INITIAL CAUSES

however nceessary it may prove to combine them later because of their effect
successionally. In consequence, such causes may be distinguished as (1)
physiographie, (2) climatic, (3) edaphic, (4) biotic. In the analysis of each
an attempt is made to distinguish between processes and agents in so far as
possible. Special attention is given to the results of each in terms of kind of
bare area and the degrec of departure from the holard or other mean. This is
followed by a discussion of the directive effect upon succession in connection
with an endecavor to point out the essential nature of each process from the
standpoint of vegetational development. While every effort has been made to
appreciate the viewpoints of the physiographer and the climatologist, it is felt
that these are necessarily subordinate to the main object of analyzing the
development of vegetation.

Physiography.—It is necessary at the outset to indieate the scope assigned
to physiography in the present treatise, since the several definitions of the
term differ greatly. Physiography is here understood much in the sense used
by Salisbury (1907:4), who defines it as having ‘‘to do primarily with the
surface of the lithosphere, and the relations of air and water to it. Its field
is the zone of contact of air and water with land, and of air with water.”’
In this definition the emphasis is considered to be upon the phrase ‘‘zone of
contact,”” and climate is not regarded as covered by the definition. While
physiography and climate are in constant and universal interrelation, they
are regarded as coordinate fields. An initial cause is termed physiographie
when it originates a sere in consequence of a changing land form, as in dunes,
the cutting down of a lake outlet, or the formation of a delta. It is termed
climatic when succession results from denudation due to a climatic change
which critically affects the water or temperature relations of a community.

Cowles (1911:168) has evidently felt something of the difficulty inhering
in the various w.es of the term physiography, for he contrasts topographie
with climatic. 1lle apparently also furnishes an example of the double use of
physiographie. After speaking of biotic changes and climatic changes as
initial causes of succession, he says: ‘‘A third and equally diverse kind of sue-
cession phenomena was recorded by Reissek in his study of islands in the Dan-
ube, for here there was elearly recognized the influence of physiographic change
in vegetation.”” Ilere physiographic seems clearly coordinate with climatie
and biotic, while in the next two sentences it is used to include climatie:
‘‘Thus, in succession we may distinguish the influence of physiographic and
biotic agencies. The physiographic agencies have two aspects, namely, regional
(chiefly climatic) and topographic.’’ Since physiography and topography are
here regarded as essentially synonymous, it seems desirable for the sake of
clearness to speak of topographic causes and processes hereafter.

TOPOGRAPHIC CAUSES.

Topographic processes.—All the forces which mold land surfaces have one
of two effects. They may add to the land or take away from it. The same
topographic agent may do both, as when a stream erodes in its upper course
and deposits a delta at its mouth, or undercuts one shore and forms a mud-
bank or sand-bank along the other. In similar fashion, a glacier may seoop
out a pond or a lake in one region and deposit the material as a moraine
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in another. The wind may sweep sand from a shore or blow-out and heap
it up elsewhere, or it may carry dust from dry lake-beds or flood-plains for
long distances and pile it in great masses of loess. Gravity in conjunction
with weathering removes the faces of cliffs and accumulates the coarse mate-
rial in talus slopes at the basc.

Voleanoes and ground-waters in the form of hot springs and mineral springs
act similarly to the extent that material is taken from one place and added
to another. They differ from the agents cited above, however, in that the
removal is from the interior of the earth’s crust as a rule, and bare areas are
consequently produced only by addition. DIerhaps the formation of sink-
holes may well be regarded as an exception, where the collapse of the surface
results directly or indirectly in denudation. Voleanoes change land forms
principally by means of lava-flows and deposits of voleanie dust, and mineral
springs by deposition of dissolved material as travertine, sinter, cte. In the
case of weathering, the process itself neither adds nor subtracts, but is so
intimately and universally associated with transportive agents—water, wind,
ice, and gravity—that the effect is the same. Residuary soils furnish the
only example of weathering without transport, but these arc of little impor-
tance in succession.

Kinds of processes.—The various processes which control land forms, and
hence the surface available for succession, are (1) erosion, (2) deposit, (3)
flooding, (4) drainage, (5) elevation, and (6) subsidence. From the stand-
point of physiography, it is evident that these arc more or less related in pairs
of complementary processes. Krosion in the upper part of a valley has its
inevitable effeet in the deposition which characterizes the lower part. The
formation of a lake by flooding has its normal outcome in drainage by the cut-
ting down of the stream which flows from it, unless filling or evaporation
proceed too rapidly. IElevation and subsidence are theoretically complement-
ary at least, and on the Scandinavian coast it is assumed that they are asso-
ciated at the present time. As will be shown later, elevation and subsidence
have practically no effect upon succession at the present, except in the rare
cases where new land suddenly appears. Morcover, grave doubt has been
thrown upon many of the supposed evidences of coastal echanges of level.

While erosion and deposit, flooding and drainage are complementary in the
life-history of a river system, as processes they are opposite or antagonistie.,
The clue to their influence upon vegetation is not to be found in the fact that
they are associated in the base-leveling of a region. It resides, on the contrary,
in the fact that one is destructive of vegetation or habitat and the other con-
structive as to habitat. In general, erosion lays bare or destroys an existing
habitat, deposition produces a new one. Flooding destroys an existing habi-
tat and drainage lays bare a new one. The fact that all produce bare arcas
upon which successions can arise is no evidence of their relationship from the
standpoint of vegetation. Bare habitats are also produced by climate, fire,
man, or animals, without indicating any essential relationship among them.
Viewed as topographic processes merely, the sharp contrast between erosion
and deposition is obvious. Indeed, in this respect, they are exact opposites.
Erosion removes the surface of a land form or decreases its area, or it may
do both in the same case. Deposit adds to the surface, or increases the area
of the land form, or both. Their union in the development of a river system
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has furnished a basic and fertile viewpoint for physiography, but it seems to
possess no such value for vegetation.

Base-leveling.—The complex topographic development of a region known
as base-leveling secms to present a fundamental explanation of those seres
initiated by topographic changes. But the relation between base-leveling and
the development of vegetation is apparent rather than real. The connection
between them appears to be incidental but not fundamental. There is no such
correspondence between the life-history of the Mississippi system and its
vegetation as an intrinsic relation between the two would demand. The seral
development from origin to climax is a wholly different thing in northern Min-
nesota from that found in Louisiana, in spite of similarly swampy habitats,
and must always remain so while the present climatic relations persist. This
seems even truer of mature streams which flow northward, such as the Mac-
kenzie, in which the upper and lower courses must develop in the midst of
very different climax formations. In the case of the great drainage basin of
the Mississippi, differences in climate and climax vegetation make the course
of succession very different in areas of the same age topographically. On the
other hand, the valley of the Platte is much more mature than that of the Nio-
brara or Running Water, but both streams flow through the same climax
formations with the same developmental history.

Similar evidence is afforded hy lakes and flood-plains developed at different
stages in the life-history of a river. According to Davis (1887), a young drain-
age system contains many lakes which disappear by filling and draining as the
river matures. New lakes may then form by the damming back of tributaries,
by the cutting off of meanders to form ox-bow lakes, and by the production of
lakes in the delta. At any time in the course of the development, lakes may
also arise hy accidents, such as lava-flows, ice, landslips, work of man, ete. In
the same climax region the suecession in all these lakes will be essentially iden-
tical, regardless of their relation to the life-history of the river. It can be
changed only by a decisive change in climate which produces a new climax
formation. In the prairie region the succession in cut-off lakes of mature
rivers duplicates in all essentials the development in lakes belonging to the
youth of tributary streams.

The one striking connection between base-leveling and succession seems to
lie in the fact that bare areas for colonization are naturally most abundant
when erosion and deposition are most active. Since erosion is typical of hills
and deposition of valleys, bare areas produced by erosion tend to be drien
than the mean, and those produced by deposition to be wetter. In consequence,
just as hill and lowland tend to reach a mean in a temporary base-level, so
vegetation tends to a mean, which is usually mesophytic. That it is the
extremes and the climatic mean‘which control, however, and not the topo-
graphic process, is shown in semiarid and desert regions. In the Santa Cata-
lina and Santa Rita ranges of Arizona the torrential rains cut back deep
canyons and carry out the detritus in enormous alluvial fans known as
bajadas. The vegetation of the bajada, instead of being more mesophytic
than that of the forested slopes or the moist upper canyons, is intensely
xerophytic. A similar condition exists in the Uncompahgre Plateau of Colo-
rado, where the extensive table-land is covered with spruce and fir forest with
a rainfall of 30 inches or more, while the streams carry eroded material away
into an Artemisia-Atriplex vegetation with a rainfall of 12 inches.
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If we consider wind erosion and deposit instead of that by water, it seems
to afford the clue to the puzzle. While wind erosion is of much less impor-
tance, it still plays a large part, as seen in the hundreds of thousands of square
miles covered by dunes, sand-hills, and loess deposits. Iere the process is
totally opposed to base-leveling, as the sand or dust is blown from strand or
plains into dunes or hills. The significant fact is that the hills and crests are
driest, the hollows wettest. Controlled by water-content extremes, seres of
totally different initial stages arisc in these two areas, converge more and
more as they develop, and terminate in the same climax. In consequence the
actual explanation appears to lie in the fact that in the usual erosion by water,
soil and water move together. The water which falls on a hill leaves the crest
or slope with the soil it has eroded away. When it reaches the ravine, stream,
or lowland it deposits its load, only to be itself entrapped in large degree,
Thus, it is evident that topography, with soil texture, is the great middleman
distributing rainfall to the various habitats as water-content. It is this rela-
tion which one finds repeated again and again in a drainage basin, in youth,
in maturity, and in old age, wherever erosion and deposition occur. The age
of the basin seems to affect the relation only in so far as it determines the
number or steepness of slopes on which erosion can occur, or the area of low-
land where deposits can accumulate.

EROSION.

Nature.—The removal of soil or rock by the wearing away of the land
surface is erosion. In the case of rock it is often preceded by weathering,
but the process consists essentially of corrasion, the picking up of the loose or
loosened material and of its transportation. Weathering is too universal and
too well understood to warrant discussion here. In so far as plants play a
part in it, it will be considered under ‘‘Reactions’’ (p. 83). A distinction
between corrasion and transport is difficult if not impossible. With wind and
water, the picking up of weathered particles involves carrying them as well,
while gravity transports or affects transportation without picking the material
up. In the beds of streams or glaciers, however, corrasion plays an essential
part in freeing material for transport. Where some part of the rock is dis-
solved in the water, in the process of corrosion, the distinetion from transport
is also very slight.

As a rule the agent that picks up the material is the one which transports
it, as is evident in the erosion of a gully or the scooping out of a sand-hill or
dune. Often, however, material freed by gravity, as in talus slopes, is trans-
ported by water or wind. The distance of transport varies within the widest
limits. In residuary soils the conversion of the rock takes place by weather-
ing alone. Loosened material may be carried a few millimeters into the cracks
of rocks, or it may be carried hundreds of miles and into totally different habi-
tats and regions. The distance of transport naturally determines the place of
deposit, but it will suffice to consider the latter alone.

Agents of erosion.—The great agents of erosion at the present time are
water and wind. The action of ice, while of paramount importance during the
glacial period, especially in transport, is now limited and local. The effect
of gravity, combined with weathering, is less extensive than that of wind and
water, but the areas so produced are of great service in studying succession,



40 INITIAL CAUSES

owing to their number and relatively small size. Of topographic agencies,
volcanoes alone produce no erosion, unless the violent removal of portions of
voleanie cones be regarded as such.

In erosion, agents usually act alone, though it is often the case that one
agent will erode an area deposited by another. It is true that water and
gravity are rcgularly associated in crosion by water, but gravity is hardly
to be regarded as controlling, cxeept in the disintegration of peaks and cliffs,
and in the case of avalanches, whether of snow or of rock and soil.

Rate and degree of erosion.—While the force and duration of the chief
eroding agents, water and wind, differ greatly, they are critical in determin-
ing the rate of crosion and the degree to which it will act. These are also
affected in the first degree by the hardness and compactness of the surface
acted upon, as is shown by the formation of houlders and ledges in rock strata.
"The erosive foree of rain-water depends upon the rate of precipitation and the
angle of slope, that of running water upon the fall or current and the load
carried. While these vary in all possible degrees, the essential fact is that they
are more or less constant for a partienlar area. In many arcas they are sus-
ceptible of approximate measurement and expression, at least. The erosive
foree of wind is determined by the veloeity and by the exposure of the slope
acted upon. Prairies and plains, deserts, ridges, mountain peaks, and shores
are the chief arcas characterized hy forceful winds. Apart from veloeity and
exposure, the erosive influence of wind is determined by the length of the
period for which it acts and the frequeney of such periods. Certain areas,
sand-hills, dunes, strands, and mountain-tops, for example, may have winds
foreeful enough to pick up sand or dust, every day for all or most of the year.
In the ecase of compaet soils or rock surfaces the acetion of the wind is confined
to removing weathered material, unless the wind carries a load of abrasive
particles.

In the case of water erosion, intensity often compensates for lack of dura-
tion or frequency, especially where the slope is great and vegetation seanty.
This is espeeially true of regions with torrential rains, such as the deserts of
the Southwest and the Black Hills and Rocky Mountains, where the charae-
teristic *‘bad lands’’ occur. The density or hardness of the eroded surface,
its roughness, and the amount and kind of dead or living cover, together with
slope and exposure, are all factors of moment in determining the final effveet
of erosion. These are factors which permit of quantitive study with a minute-
ness and thoroughness not yet attempted. Such study seems inevitable if we
are to make an accurate analysis of the forees which influence migration and
occupation, and direet the water-content basis of suceessional development.

Fragmentary and superficial erosion.—Erosion may act over the whole
surface of an area with greater or less uniformity; it may be restricted to
particular portions or localized in the most minute way. Striking illustration
of this is found in the comparison of ridge and slope with valley. Moreover,
while the contrast between slope and valley is of the greatest, similar slopes
exhibit similar or identical behavior. Marked examples of local erosion by
wind are found in the blow-outs of sand-hills and dunes, while sand-draws
and washes furnish similar cases of water erosion. Fragmentary erosion is a
feature, however, of lateral erosion by running water, and of cliff and ridge
erosion due to gravity. It furnishes a bewildering array of arcas of all sizes
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and degrees, which present wide conditions for ecesis. For this reason it
offers material of the first importance for reconstructing the course of succes-
sion and relating the various stages. Superficial erosion to varying depths is
likewise a ready source of developmental clues. When produced artificially
under control, both processes furnish an invaluable experimental method of
studying succession by denuded quadrats and transects (plate 3 A).

Bare areas due to water erosion.—The important areas laid bare through
erosion by water arve: (1) gullies, ravines, and valleys; (2) sand-draws; (3)
washes; (4) flood-plains and river islands; (5) banks; (6) lake-shores and
sea-shores; (7) crests and slopes; (8) bad lands; (9) buttes; (10) monad-
nocks. In some of these, such as stream-banks, the erosion is chiefly or wholly
lateral, and hence more or less local and fragmentary. In others, e. g., washes
and flood-plains, the erosion is superficial and general, and is often intimately
associated with deposition. The majority of them are the result of inter-
action of both methods, as illustrated in the production of a gully or ravine
or a sca-shore. Bad lands and beaches represent, perhaps, the extreme condi-
tions of erosion, in which colonization is all but impossible. In all, the success
of initial invasion depends upon the kind of surtace laid bare and the water-
content as determined by the surface, the slope, and the elimatie region. The
form and nature of the area itself are important only as they affeet these
factors.

Bare areas due to wind erosion.—The most characteristic arcas of this
sort are wind-denuded arcas of dunes and sand-hills, partiecularly the well-
known blow-outs. Related to these are the strands from which the dune-
sand is gathered by the wind, and the plains of rivers, lakes, and glacial
margins from which sand-hills and loess deposits have been formed by wind
action. Wind is a powerful factor in the erosion of strands, but at the
present it is of slight importanee in flood-plains and lacustrine plains as
compared with its action in Tertiary and Quaternary times. The abrasion
and removal of material from exposed peaks, ridges, and slopes of rocks is
constantly going on, but it does not often assume such striking proportions
as ave seen in the characteristic mushroom rocks found in the Rocky Moun-
tains. Tt plays some part, and often a eontrolling one, in the lichen and moss
stages of the rock succession (plates 1 A, 2 B).

Bare areas due to gravity.—Many arcas owe their origin to the action of
gravity on material freed by weathering, or in some cases by water erosion.
In the case of mountains, relatively large arcas are exposed by exfoliation,
crumbling, or slipping. In certain mountain regions with heavy snowfall, the
effect of gravity on the snow-fields produces numerous characteristic snow-
slides in which the ground is often swept bare. Crumbling and slipping are
also universal processes on the steep slopes of erests and hills, and along
stream-banks and lake and sea shores everywhere. Irom their hardness,
instability, or dryness, and the steep or vertical faces, such areas are among
the slowest to be invaded as a rule. In consequence, they often permit the
persistence of initial stages or their recurrence long after they have disap-
peared elsewhere (plate 3 B).

Bare areas due to ice action.—At the prescnt time, the effect of ice in pro-
ducing bare habitats is confined to wind-exposed shores and 1o the margins
of glaciers. In the latter case the final condition of the area is naturally due
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in large degree to fluvial action as well. During the glacial period erosion of
the hardest rocks or of softer materials to great depths was the universal
accompaniment of glacial movement. In the Rocky Mountains and Sierra
Nevada the extreme conditions which rock invaders must meet are often the
direct outcome of glacial scouring in the past.

The action of wind-driven ice on exposed shores is a striking feature of
many lakes in Minnesota and Wisconsin as well as elsewhere. Shores other-
wise similar are differentiated by the grinding and pushing action of the ice.
Bare shores are modified in various ways, while those covered with vegeta-
tion are denuded more or less completely (plate 3 c).

DEPOSIT.

Significance.—Deposit is such a regular and often such an immediate eon-
sequence of erosion that it is desirable to emphasize the fact that this essen-
tial relation, which is so fundamental to physiography, is of little or no
consequence in the development of vegetation. Material eroded in one part
of a drainage basin must in the usual course be deposited in another part,
and in both cases it bears a direct relation to the development of the river
system. This would be in no wise true of the development of the vegetation
in the two areas, especially if the latter were in different climatic regions.
Even in the same climatic region it is true only of final or subfinal stages.
This latter fact, however, indicates no essential relationship, since all initial
causes in the region give rise to seres which reach the same climax. It must
also be recalled that the great deposits of marl, peat, travertine, sinter, and
volcanic dust bear no relation to a preceding erosion.

The relation of deposit to the future development of vegetation depends
upon a number of factors. These are: (1) the agency of transport; (2) kind
of material; (3) manner of deposition; (4) rate, depth, and extent; (5) place
and distance of deposit. These determine the rate at which the sere can
develop, the physical conditions which the invaders must meet, the climax
vegetation from which they can be drawn, and the effect of migration.

Agents of deposit.—If the term is used in the inclusive sense, the agents
of deposit are: (1) running water; (2) ground-water; (3) wind; (4) glaciers,
ice, and snow; (5) volcanoes; (6) gravity. Plants and animals also build
deposits, but these are naturally considered under biotic agencies and under
reactions. Just as it is practically impossible to draw a line between the
loosening of material and its transport, so it is often equally impossible to
separate transport from sedimentation. In any area of deposition the two
are going on simultaneously, the dropping of part of the load carried by
water, for example, permitting the further transport of the remainder. Deltas
and alluvial fans are especially ‘fine examples of the sorting due to the inter-
action of these two processes. They make it clear that any unit deposit is
due to the varying distances of transport of the particles, as well as to the
fact of their fall. However, in the case of a single particle, it is evident that
this is first transported and then deposited, after which it may be transported
and deposited again and again. In the study of a sediment actually forming,
the last phase of transport must be included in deposition.

As is true of erosion also, two agents may interact in effecting deposition.
The ordinary relation between two agents is successive, as in the case of
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A. Superficial erosion by water on clay hills, La Jolla, California.
B. Bare arcas due to the action of gravity, Cafion of the Yellowstone River,
Yellowstone Park.
(.. Bare areas due to the action of ice, Yosemite Valley, California.
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beach-sand thrown up by the waves and finally deposited as dunes by the
wind, or in the probable wind formation of loess from water-laid plains. In
many cases, however, the action of the two agents is more or less simultane-
ous. This is especially true of the fluvio-glacial deposits due to the combined
action of water and glaciers, and of beaches formed by the action of wave-
borne ice. It is peculiarly characteristic of the deposits formed by ground-
waters in surface streams, though here we are really dealing with a single
agent, as is essentially true also in the case of snow-drifts due to wind. As to
volecanoes, eruptive activity is the one agent concerned in lava-flows and
cinder-cones, but this is combined with wind to effect the transport and
deposit of volcanic dust.

Manner of deposit.—This depends upon the kind and nature of the agent
and upon the kind of material. Ground-waters carry material in the finest
condition, since it is in solution, and hence such deposits as sinter and traver-
tine are the most uniform of all in composition and texture, if certain char-
acteristic irregularities of surface are disregarded. Such deposits owe their
uniformity and density, moreover, to the fact that the water contains cement-
ing material alone, so to speak, while in the case of surface-water the solid
particles are in much larger quantity than the material in solution. Winds
also carry particles of a small range of size, and the resulting deposits are
essentially homogeneous. As a consequence of the lack of cementing material
in solution, dunes, sand-hills, masses of volcanic dust, etc., are also character-
istically unstable. An exception to this is furnished by loess, though the
stability here is perhaps due to the later cementing action of absorbed water.

Water and ice exhibit the widest range in the size of the materials carried
and in the amount of cementing action present. This is of course particularly
true of glaciers. They show the most striking difference in the sorting of
materials, moreover, as is well known. Lateral sorting is practically absent
from true glacial deposits, while it is typical of water sediments. Glacial
deposits possess much less cohesion in consequence of this fact and of the
wider range in the size of particles, but also because of the greater lack of
cementing substances.

The nature of the solid particles and of the cementing materials is also
a determining factor in the hardness of the deposit. While an uncemented
deposit is ready for invasion as soon as water conditions warrant, sedimentary
rock must first be weathered before it will permit penetration or possess the
requisite water-content. Rocks cemented by lime respond most readily to
weathering processes, though many exceptions are produced by differences in
the amount of cement, quite apart from its nature, and also by pressure and
metamorphism. Differences in the material of the particles, as between
sand and clay for example, are controlling as to the holard and echard, and
are consequently decisive in the ecesis of pioneer migrants.

Rate and depth of deposit.—The rapidity with which a deposit accumu.
lates depends upon the amount of material carried, upon the duration or
frequency of the agency, and upon the barrier to movement which effects
the deposition of the load. The rate of deposit is of importance in determin-
ing the rate at which vegetation is overwhelmed and at which the deposit
will reach a point where colonization will be possible. It also affects the
reactions of the early stages of succession, as well as the period of each. These
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are often more dircetly related to the continuous or intermittent nature of
the deposition than to the rate itself. The depth of the deposit is chiefly an
effect of the rate and duration, but it also has to do with the area as well, a
fact axiomatic of lowlands (plate 4 A).

Place of deposit.—The place of deposit is critical for two reasons: (1) it
controls the water conditions of the new area, and (2) it determines the
climatic arca and the climax formation in which the new sere will develop.
Places of deposit fall into two distinct groups, namely, (1) in water, (2) on
land (plate 4). These differ primarily, and sometimes only with respeet to
the extremencss of conditions as to colonization. Deposits in water must be
built up to a level at which submerged plants can eeize before the sere proper
begins, a process which is often a matter of centuries and ages. They can be
invaded only by water-plants, and the early stages of succession are often
very long. Deposits on land, however, can be invaded at once. The physical
conditions are necessarily further from the extreme, a wider range of life-
forms can cnter as pioneers, and the stages of development are usually fewer
and shorter.

Deposit by water is regularly in water, except in such eases as surface wash,
but the withdrawal of flood-waters produces what is essentially a deposit on
land. Acolian deposits, on the contrary, are mostly on land, primarily because
the material composing them is picked up from beaches and flood-plains by
winds blowing from the water area. In the casc of dunes, however, they may
be carried into lakes, ponds, and swamps, and initiate a sere widely divergent
from that on the dunes proper. The course of successional development also
depends upon deposition in salt water, fresh water, or alkaline water. Water
deposits may be changed into land areas by drainage and elevation, and the
land deposits into water deposits in vegetational effeet by flooding and subsi-
dence. The elevation of water deposits has naturally been a chief initiating
cause of the grest coseres of the geologieal past. Gravity deposits occur with
equal readiness and in countless numbers along sea-coasts, lake-shores, and
stream-banks, and in all hilly and mountainous regions. Along shores they
are in land or water or both; in the ease of hills and mountains they are typi-
cally land deposits. Glacial deposits produce both land and water arcas,
though they are first actually laid down in water as the ice melts. The same
is true of fluvio-glacial deposits, though these necessarily show more relation.
ship to water deposits.

Distance of trangport.—Transported material is deposited at every con-
ceivable distance from the place of origin. It may be washed by water or
blown by wind into a crack a few millimeters distant, or it may be carried
thousands of miles and find its resting-place on the bottom of the ocean.
Water deposits may be found at.the greatest distance from their source, and
glacial deposits come next in this respect. The range of wind deposits at the
present day is much less, while deposits due to voleanoes, ground water, and
gravity are local. Distance naturally effects no sharp distinction between
deposits, but it is a factor to be considered, especially in the relation of the
new area to migration and to climax vegetation. From this point of view it is
profitable to distinguish (1) deposition in the minor community where the
material originated, (2) in other communities of the same climax association,
(3) in areas controlled by earlier stages of a sere, but in the same climatic
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region, (4) in another climatie region, and hence another climax formation.
As is at once evident, the point of initiation, the course of development, and
the final climax all hinge upon the effect of distance.

Fragmentary and local deposit.—As has just been seen, deposits may be
local, as well as of extremely small area. The clearest examples of this are to
be found in weathered rocks, cliffs, and ledges, where deposit occurs in tiny
cracks, in clefts, or in large fissures. Here the deposit is often so slight that
the plants growing in it seem to be growing on rock, and hence to belong to
the initial stage of the rock sere. A careful scrutiny shows that they are not
true rock-plants, comparable with lichens and mosses, but that they are soil-
plants, or in some cases water-plants. Local deposit in small separate areas,
like local erosion, produces innumerable small communities, each with its
proper place in the sere, but often so surrounded or interrupted by plants of
other stages that great confusion results (plate 4 o). In much work that has
been done upon succession so far, the course of developinent, the movement
of the population, and the relationship to the physical factors have been lost
or confused by the failure to recognize how detailed and accurate this seru-
tiny must be. As is shown later in full, only the use of exact quadrat and
transect methods can show the way in such cases.

8terility of deposits.—Deposits vary greatly in the numbers of dissem-
inules found in them, a factor of cousiderable importance in the development
of the first stages. The number of viable propagules depends upon the
source of the matcrial as well as upon the agent. The deposits of wind-borne
volcanic dust and of sinter and travertine formed by ground-water represent
the one extreme of almost absolute sterility. Primary dune-sand, 4. e., blown
more or less directly from the beach, probably comes next, while secondary
dune-sand from established dunes would contain more seeds and fruits.
Glacial deposits are sterile, though terminal and lateral moraines of existing
glaciers are relatively an exception. Water deposits contain disseminules in
varying numbers, but for the most part they are relatively rich, though the
viability of many of the seeds is usually low. Talus deposits, land-slides, ete.,
tend to contain the maximum number of seeds and fruits, owing to the fact
that plants and plant parts are so often carried down with the falling mate-
rial, and to the favorable conditions for the preservation of seeds in a viable
condition.

Bare. areas due to deposit by moving water.—Under this term are
included (1) streams and run-off and (2) waves, tides, and shore-enrrents.
The typical areas of deposit by running water, which ineludes streams of all
degrees as well as surface run-off, are the following: (1) alluvial cones, fans,
bajadas, ete.; (2) alluvial plains; (3) Hood-plains; (4) channel deposits;
(5) deltas; (6) beds of lakes. Topographically, the first three are much
more closely related in the essentials of the process of formation than their
names indicate. It is practically impossible to distinguish between an alluvial
plain and a flood-plain, if they are not indeed identical. Alluvial cones and
fans often merge into a complex, which is called by Salisbury (1907:183) a
piedmont alluvial plain. It is clear that the sand-bars of a river differ in
little but form from the deltas made in it by lateral streams, and in the case
of a braided river such as the Platte, the different streams of the network
may form deltas, lateral banks, and median bars in the same channel. More-
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A. Local and fragmentary deposit in a young ravine, bad lands, Scott’s Bluff, Nebraska,
B. Sand-bars due to deposit in streams, North Platte River, Seott's Bluff, Nebraska.
(. Silting up of the Soledad Estuary, La Jolla, California.
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slowly weather the surface and collect organic material for later stages. Salt
may be deposited from spring-waters, as in salt basins, or by the water of
lakes in arid regions where evaporation exceeds the inflow. In moist and
semi-arid regions the salt crust is usually thin, and hence readily dissolved or
weathered away, permitting halophytes to enter and begin the succession. In
arid regions, on the contrary, the deposits are thicker, and removal by
weathering or solution is nearly impossible, so that extensive areas in Utah
and Nevada remain absolutely sterile under present conditions.

Bare areas due to deposit by wind.—The prineipal wind deposits are (1)
sand, chiefly in the form of dunes; (2) loess; (3) volcanic dust. Of these,
dunes, both inland and coastal, are much the most important at the present
time. Loess, while covering enormous areas in the valleys of the Mississippi,
Rhine, Danube, IToang-Ilo, and other rivers, is not in process of formation
to-day, and the prisere developed upon it can not now be traced in the actual
course of development. Deposits of volcanie dust are infrequent and localized,
and cover relatively small areas. They are unique in the suddenness and
completeness with which the area is covered and in their absolute sterility.

Dunes are classical examples of deposits which initiate succession. Their
wide distribution and striking mobility have made them favorite subjects of
investigation by both physiographer and botanist, and there is probably no
other initial area and succession of which we know so much. In spite of their
characteristic topography, however, dunes affect succession by virtue of insta-
bility and water relations, and not by form. This is shown by the inland
dunes or sand-hills of the Great Plains. Hills, deep hollows or blow-outs, and
sandy plains show the same development, regardless of their differences of
form. In all of these the controlling part is played by the sand-catching and
sand-binding plants, usually grasses, which act as pioneers. The chief reac-
tions are three, namely, fixation of the sand, gradual accumulation of humus,
and decrease of evaporation and increase of holard (plate 1 A).

Dune plants have often bheen regarded as halophytes, but since Kearney
(1904) has shown that this is rarely true of strand species, it seems impos-
sible to distinguish initial dune areas on the basis of salinity. This is borne
out by the similarity of the early stages of shore dunes, whether lacustrine or
marine. As a result of their location these often differ much in the later
stages, and especially in the climax. Inland dunes occur in widely different
climatic regions and differ from cach other in population as well as from
coastal dunes. This is well illustrated by the sand-hills of Nebraska, the
‘‘white sands’’ of southern New Mexico, and the barchans of Turkestan.

Deposit by ice and snow.—Of these agencies, glaciers have been of much
the greatest importance in the past, though their action to-day is localized in
mountains and the polar regions. The effect of shore-ice, though interesting,
is rarely sufficient to produce a distinet result. The influence of snow is often
striking and decisive, but it is also peculiar to mountain regions. Naturally,
all of these show a close dependence upon water, as is seen in the water
relations of the resulting soils.

Bare areas due to deposit by glaciers.—From the standpoint of succession
there is no essential difference between glacial and fluvio-glacial deposits.
This is readily explained by the fact that glacial materials are really deposited
in water at the time of general melting. The effect upon the new soil is prae-
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tically the same as when it is water-laid after being carried for some time
from the glacier. In the case of drumlins, indeed, it seems probable that they
may be due either to fluvio-glacial deposits or to erosion by an ice-sheet of an
antecedent ground-moraine. Hence it seems immaterial whether the deposit
is glacial, e. g., lateral and terminal moraines, ground-moraines, or drumlins,
or fluvio-glacial, such as valley trains, outwash plains, eskars, kames, or
drumlins (plate 5 A).

The essential effects of glacial deposition are produced by the size and uni-
formity of the particles and by the place of deposit, 7. e., on land or in water.
While fluvio-glacial deposits often show more sorting, glacial soils proper show
all possible variations. A till sheet may consist of gravel, sand, or clay, but
frequently of all three. It may contain pebbles, or boulders, or the deposit
may be largely made up of enormous blocks. The latter present the extreme
conditions for rock succession, while the till sheet proper offers an area pre-
pared for a higher type of colonists. The ratio of sand or gravel to clay deter-
mines the holard and echard of the till and the invasions upon it. This is
relatively immaterial when deposit occurs in water, but is significant in the
ordinary case of deposit on land, particularly where there is considerable
initial relief. 1llere the influence of slope upon walter from the melting ice is
the same as upon ordinary precipitation. The ridges are drier, valleys wetter,
and the slopes intermediate, and the course of suceession varies accordingly.

Bare areas due to deposit by ice and snow.—The action of shore-ice is a
combination of erosion and deposit, though when a shore-wall is thus formed
it is a true deposit. Its structure, depth, and extent usually distinguish it
but slightly from the ordinary shore. In consequence, the development of
vegetation upon it rarely produces any distinetive features.

Deposit in consequence of snow action is confined to snow-slide masses and
to flat arcas or hollows in which snow melts. In such snow-hollows the
deposit is usually insignificant, but the accumulation of the dust and sand
brought to the snow-field by wind often beecomes appreciable in a few years.
In practically all cases the real effeet is produced by the partial destruction
of vegetation by the snow and the ponding of the snow-water.

Snow-slides may be assigned cither to snow or gravity, since they are due
to the combined action of both. They are more frequent than land-slides of
like extent, but they differ from them in few respects. A snow-slide sweeps
away the vegetation more or less ecompletely, but may disturb the soil to a
slight depth only. A heavy fall of snow may initiate a land-slide, however.,
The mass of detritus at the bottom of a snow-slide is much more homogeneous
and contains more plant material than do most land-slides. 1t differs also in
the fact that it may require one or more summers for the snow to melt. During
this time the mass remains cold and wet, and invasion is correspondingly slow.

Bare areas due to deposit by gravity.—Talus masses and slopes are uni-
versal deposits at the base of cliffs, shores, banks, ete. From the nature of
their formation they differ chiefly in composition, apart from diffcrences due
to location. The initial conditions presented are often very like those of the
cliff or bank above. The chief change is one of density or coherence. This
is well shown by the fact that the lichens and cleft plants of a granite cliff or
wall are usually found in the talus as well, even when this shows the degree
of disintegration found in a gravel-slide. Rock talus, in consequence, really
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A. Terminal moraine of the Nisqually Glacier, Mount Rainier, Washington; bare area
due to deposit by a glacier.
B. Talus slopes of Seott's Bluff, Nebraska; bare areas due to gravity.
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continues the pioneer stage begun on the fragmenting area. The develop-
ment is hastened by the more rapid weathering and the greater irregularity
of surface, which permit corresponding variations of holard. Talus derived
from soils such as sand or clay, or from rocks which decompose readily,
presents typically more extreme conditions as to water-content and stability
than the fragmenting area. The initial stages upon talus are hence new
stages, and show much less relationship to the population of the top of cliff
or bank (plate 5 B).

The location of the talus is important in determining its water relations, as
well as its possible population. Along banks that are being undercut, the
material is swept away, but when the current leaves the shore the talus is
often built up in the water. This happens not infrequently on lake-shores
as well. In both cases the exeessive holard which results initiates the succes-
sion with a hydrophytic or amphibious stage. When the talus accumulates
on land, as is the rule, the initial holard is typically less than the normal for
the particular soil in the climatic region concerned. This avises from the
looscness and unevenness of the talus and the corresponding ease of evapora-
tion from the soil. In desert regions this tendency hecomes decisive, and the
colonization of the south and west slopes is extremely difficult.

Bare areas due to volcanic deposits.—Volcanic agencies bring about
deposits of lava, of cinders so-called, of ash or dust, and of sinter. Deposits
of ash have already been considered briefly under ““Wind.”’ The local deposi-
tion of ash is less influenced by wind, and the depth of accumulation is often
very great, sometimes reaching 50 to 100 fcet. On the cones themselves it is
frequently much greater. Coarser material—einders, rocks, and enormous
stones—are also blown from craters in great quantities and fall near the cone
or upon its slopes. The lava and mud expelled from voleanoes flow in streams
from the crater. Rivers of lava have been known to reach a length of 50 miles
and a width of half a mile. In flat places the stream spreads out and forms
a lava lake which hardens into a plain. Mud voleanoes are small, geyser-like
structures which discharge mud. They build up small cones, which are
usually grouped and cover considerable areas with their deposits. The
deposits due to volcanoes or geysers regularly result in the destruction of
vegetation, but this effeet may be produced alone, as a conscquence of the
emission of poisonous gases, steam, hot water, or hot mud, of firc-blasts or
the heating of the soil. Such bare areas arc characteristic features of
Yellowstone Park.

All voleanic deposits are characterized by great sterility. They are usually
small in extent, and hence ecasily accessible to migrants. The ecase of invasion
depends largely upon the coherence of the deposit. Invasion takes place
more readily in ash and einders than upon lava, unless they are quite deep.
Mud deposits would apparently be invaded most readily. The seres of vol-
canic deposits have been little studied, but it is known that they are relatively
long. As would be expected, this is particularly true of lava, though climate
exerts a decisive effect, as is shown by the invasion of lava fields in Iceland
and Java.

Ponding and draining.—These constitute a second pair of related but
opposite topographic processes. Flooding or ponding is almost inevitably

followed by draining, and the drainage of an arca may be obstructed and
5
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result in flooding at almost any time. Ponding usually produces extreme
water conditions, with a corresponding effect upon succession. Drainage
reduces the depth of water, or extreme holard, and accordingly shortens the
development.  Although opposite as processes, the two may produee exactly
the same initial area. This is probably a frequent oceurrence. Ponding may
be so shallow as to permit the immediate entrance of hydrophytes or of
amphibious plants. Drainage may reduce the level of pond or lake without
completely emptying it, and thus produce similar depths for invaders. Here
again it is evident that the water relation of the new area is decisive, and not
the originating process.

Kinds of lakes and ponds.—Lakes and ponds have been classified from
many points of view, such as form, origin, physiographic development, chem-
ical nature, climatic region, depth, duration, etc. All of these bases have
some relation to succession, though this seems least direct in the case of
physiographic development and manner of origin. The amount and kind of
water are the controlling factors in determining when the pioneer stages of
a sere can develop, just as the extent and location determine the pioncers and
the rate at which they ean invade. Depth, as modified by evaporation, filling,
and draining, is the critical point upon which invasion turns. Depth, extent,
and kind of water are unimportant points to the geographer, however, and his
classification e¢an not be expected to reveal basic vegetational values. It
does, however, bring out many points which the ecologist must note in con-
nection with water and soil relations. The classification proposed by Russell
(1895) perhaps serves this purpose best because of its detail. The agencies
of lake and pond formation are grouped as follows:

1. New land depressions. 5. Voleanie.
2. Atmospheric. (1) Damming by lava.

(1) Wind rock basins.
(2) Dunec ponds.

3. Aqueous.
(1) Streams.

(a) Excavation and change of bed.
(b) Lateral deltas and valley cones.

(¢) Ponding of tributaries.
(d) Ox-bows or cut-offs.
(e) Delta lakes.
(2) Waves and currents.
(a) Bar lakes.
4. Glacial.
(1) Damming of laterals by ice.
(2) Damming by drift.
(3) Scouring.

(2) Damming by ash.
(3) Crater lakes.

6. Meteorict

. Earthquakes.

8. Organic agencies.
(1) Coral?
(2) Peat moss.
(3) Beaver dams.
(4) River rafts.
(5) Gas mud-holes.
(6) Wallows.

9. Diastrophie.

10. Land-slides.

11. Chemieal action.

12, Interaction of two or more agents.

-3

Life-history of a lake.—While the relation of a lake to its river system
seems to have no significance for succession, it is evident that the life-history
of a lake shows a direct relation. A lake in a humid region matures by filling
with detritus, by the cutting down of its outlet, by the shallowing action of
plants, or by the combined influence of these processes. When the depth is
reduced to a few meters, pioneer hydrophytes appear. From this point
the maturity and depth of the lake and the succession of the vegetation are
but different aspects of one complex process. At any time in this process the
lake may be rejuvenated by an increase of the water-supply, by the damming
of the outlet, or by the sinking of the basin. All of these have the same effect,



DEPOSIT b1

namely, that of increasing the depth of the water. The vegetation is wholly
destroyed if the depth increases more than a few feet in the early stages of
the sere, or even a few inches in later grassland and woodland stages. A new
sere of the same succession is initiated as soon as the water is again shallowed
to a point where submerged hydrophytes can ecize. The significant fact is
that the development of the sere in the original and in the rejuvenated lake
will be essentially or wholly identical. Physiographically, the two lakes arg
essentially different. As initial areas for succession, they are identical.

In the case of a lake in an arid region, evaporation is the chief factor in
shallowing, though filling by detritus plays a part. The cutting down of the
outlet is of little or no importance, owing to the reduction in volume. The
shallowing effect of vegetation can be felt only in relative youth, as the
increasing salinity destroys the plant population. Hence, the development of
the usual water sere ceases long before the death of the lake, in such bodies of
water as Great Salt Lake for example. Consequently there is no correspond-
ence between the life-history of the lake and the development of the vegeta-
tion. Instead of a drying lake-bed, densely clothed with plants, the salt-
incrusted bottom is entirely devoid of vegetation. In an arid climate it is
only after many years that the salt crust is sufficiently destroyed by solution
and removal to permit the appearance of pioneer halophytes. If a striking
increase of rainfall or the accession of new strecams should rejuvenate the
lake, the initiation of a sere would depend largely upon the freshness of the
water. If vegetation does appear its development will be determined by
whether the water remains fresh or is renderd saline by evaporation.

In the case of periodic ponds, playa lakes, ete., the drainage is usually such
as to prevent the accumulation of solutes. The life of the pond is often short,
and hydrophytic vegetation may fail to develop altogether, the sere beginning
on the exposed, rapidly drying bottom. Ponds which last for several years
permit more complete expression of the water sere. Salt ponds supplied by
springs, such as the Salt Basin at Lincoln, are unique in behavior. They pos-
sess no phanerogamic vegetation at all, except when greatly diluted by fresh-
water streams. Ordinarily they dry up, forming a salt crust, as in the lakes
of arid regions. The periodic ponds of the Great Plains also deposit alkali
when they evaporate, though this is often not so great in amount as to prevent
the invasion of halophytes. The latter initiate a short succession which ter-
minates in the climatic grassland.

Drainage.—Drainage by cutting down the outlet of the lake or pond plays
some part in shallowing most lakes of humid regions. It is usually subordi-
nate to filling, and in effect is indistinguishable from it. As an initial cause
of new arcas for succession, it is most evident where natural barriers which
produce ponding are suddenly removed, and especially where it is resorted to
intentionally by man. The effect of drainage upon the course of development
is determined by the degree to which the water is removed. If open water
with a depth not greater than 12 meters is left, the normal water succession
is initiated. Later stages are initial at the respective depths less than this,
until a point is reached where drainage completely removes the surface water.
This permits the soil to dry more or less rapidly and to become quickly cov-
ered with a growth of mesophytic ruderals or subruderals. This is typically
the case in areas drained artificially.
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The effect of drainage is perhaps most striking when the level of the lake is
reduced to a point where islands and peninsulas appear. The rate of lower-
ing determinecs the water conditions at which invasion becomes possible, and
henee the presence and length of hydrophytic stages. In the behavior of a
river-plain after flooding, draining differentiates the area into ponds and
mud-flats, in which the water scre will appear in a variety of stages.

ELEVATION AND SUBSIDENCE.

Elevation and subsidence.—These are likewise examples of processes
which are opposite and complementary in many instances. This is seen in the
relation of syncline and anticline, in earthquakes, in the movements of cer-
tain sea-coasis, ete. Naturally they affect the development of the vegetation
directly only where land and water are in contact. The relative rise or fall
of an inland area could produce no effect upon succession, exeept as it changed
the climate or produced flooding or draining. A direet effcet upon vegetation
is possible only along sea-coasts and lake-coasts, and of course upon islands.
Here, however, the rate of emergence or submergence is the decisive factor.
Physiographically, it is much the same thing whether a coast rises or falls a
foot a year or in a thousand yecars. From the standpoint of succession, the
rates of elevation and subsidence assumed for the Atlantic coast, the coast of
Sweden, and for the Great Lakes are so slow as to be wholly insignificant. A
rise of 2.5 feet in a century is cquivalent to a risec of less than a centimeter
per year. Over such a minute arca as would result from such a rise each
year, there would be no chanee for extreme eonditions and no place for even
the most incomplete and fragmentary succession. Iach annual inerement of
space would be controlled by the association at hand and quickly made an
intrinsic part of it. R

With subsidence the case is different if it results in flooding and consequent
destruction of tlie vegetation. In the case of a low-lying coastal forest even
the slow rate of 3 feet per eentury would eventually flood the forest floor and
kill the trees. It is conceivable that the flooded forest floor might serve as a
new area for the invasion of a coastal swamp, thus causing an apparent
““‘retrogressive’’ succession. 1t seems much more probable, however, that the
action of waves and tides would erode the soil, and thus destroy the forest or
other vegetation piecemeal year after year.

While elevation and subsidence are largely negligible to-day as initial
causes of succeession, this is obviously not true of the past. Crustal movements
were of the first importance in changing the outlines of continents, in building
mountains, and in producing cycles of crosion. As a conscquence of such
changes they exerted a profound effect upon climate. The consequent effect
upon vegetation resulted in the’change of climax populations and in the
initiation of a new cosere.

New areas due to elevation.—As assumed above, elevation produces new
areas for succession only where it is relatively rapid, or where the new area is
not in contact with an existing vegetation. Cases of this kind are practically
confined at the present day to volecanic cones formed in lakes or in the ocean,
to islands due to voleanic disturbances, and to coral reefs and islands. The
latter, however, belong properly under biotic initial causes, though their
formation and behavior are often intimately associated with voleanie islands.



ELEVATION AND SUBSIDENCE 53

Apparently no studies have been made as yet of the development of vegeta-
tion on new islands due to volcanic action. It seems evident, however, that
they would exhibit rock and cinder seres generally, with the water sere of
eoral and other oceanic islands at the lowest level.

Subsidence.—The evidences for the recent subsidence of the Atlantic coast
of the United States are summed up by Johnson (1913:451), as:

(1) Wholly fictitious appearance of changes of level; (2) phenomena pro-
duced by local changes in tidal heights without any real change in the general
level of either Jand or sea; (3) phenomena really produced by a sinking of the
land, but so long ago that they can not properly be eited as proofs of subsi-
dence within the last few thousand years. The fictitious appearance of change
of level is given by (1) standing forests killed by the invasion of the sea; (2)
submerged stumps; (3) submerged peat. Lyall, Cook, Gesner, Ganong, and
others have regarded dead standing forests as conclusive cevidence of the sub-
sidence of the Atlantic coast. Goldthwaite found that death resulted in soma
cases from fire and in others from a local risc in the high-tide level. Johnson
aseribed three distinet causes for the death of the forests about Cascumpeque
Harbor in Prince Edward Island. Acecumulations of sand in the forest caused
the ponding back of storm-waters, and the consequent death of the trees.
Elsewhere, small waves had eroded the earth from the tree-roots and exposed
them to salt water. Finally, the number and width of the inlets in the barrier
beach had caused a local rise in the high-tide surface and a consequent inva-
sion of the forest by salt water. The author explains the presence of live
cypresses in water often over 5 feet deep by finding that the spreading bases
were just above water-level at the same clevation as on the adjacent low shore,
and that the submerged parts were really spreading roots. The trees had
grown on a low coast composed of peaty soil, and the erosion of the latter hy
the waves had left the trees standing in water.

Submerged stumps are found to arise in a variety of ways independently of
coastal subsidence. Along the shores of South Carolina and Georgia, small
waves undermine the trees and let them down into salt water, often in the
erect position. The trunks later break oft at the water-line and leave upright
submerged stumps. Similar stumps are also produced by the long tap-roots
of certain trees, such as the loblolly pine. Submerged stumps, dne to a loecal
rise of the high-tide level, to the ecompression of peat-hogs caused hy a lower-
ing of the ground-water level as the waves cut into the shoreward side of sueh
bogs, to the compression of deposits due to the weight of barrvier beaches, as
well as to many other causes, have been observed. Tt is also pointed out that
beds of submerged peat containing stumps may be caused by the sinking of
floating bogs, by the lowering of the ground-water and the consequent lower-
ing of the surface of the bog when the latter is encroached upon by the sea.
or by the weight of a barrier heach, compressing the peat so that it is exposed
at or below tide-level on the seaward side of the beach.

The phenomena produced by a local rise in the high-tide level are explained
in detail. A bay nearly separated from the sea by a barrier beach, but con-
nected with it by a narrow tidal inlet, will have a lower high-tide level. Trees
and other vegetation will grow down to the high-tide level of the bay, and
hence below the high-tide level of the seca. Whenever a large breach is made
in the barrier beach the high-tide level will become the same in the bay as for
the sea. All trees whose bases are below this high-tide level will be killed
and will later be represented by submerged stumps. The surface of the salt
marsh will build up to the new high-tide level, enveloping stumps aud other
plant remains. Fresh-water peat may also be buried under a layer ol salt-
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marsh peat. Changes of high-tide level with the killing of forests have
actually been observed, as near Boston in 1898, when a large opening was
made in a barrier beach by a storm.

Appearances of subsidence predominate over those of elevation because
marsh deposits tend to sink to the new level when the high-tide level is
lowered because the immediate destruction of fresh-water vegetation by salt-
water when the high-tide limit is raised is more striking than the slow
recovery of marine areas by fresh vegetation when the high-tide level is
lowered, and because in the cycle of shore-line development retrograding
exceeds pro-grading, and retrograding tends to carry higher tide-levels into
low lands, where apparent changes of level are most easily recognized.

The above conclusions have been given in some detail because there can be
no question of the existence of fictitious evidences of subsidence. On the
other hand, it is equally clear that existing subsidence would produce similar
or identical phenomena, as Davis (1910:635) has well shown in the case of
the layers of salt-marsh grasses. To the ecologist the actual facts of coastal
seres and coseres are the important ones, upon which must be based the final
decision as to the causal action of subsidenee or of change of tide-level. 1t
is clear, however, that slow subsidence, whether recent or remote, can only
destroy amphibious or land vegetation and preserve the plants more or less
completely in the form of peat as an evidence of former communities. It
can not initiate a new arca for colonization, except in so far as the ocean
itself may be so regarded.

Earthquakes.—Practically no attention has been paid to the effects of
earthquakes in producing new areas. It is obvious that a variety of different
areas may arise from the action of carthquakes, either directly or indirectly.
The direct effects are seen in the emergence of land from water and the sub-
sidence of sea-coasts and deltas, and in the formation of small craters and
mud-cones. Indirect effects arise in valleys where the drainage is disturbed
by faults or otherwise, and new aveas are consequently formed by ponding
or draining. Earthquakes also loosen masses of rock or soil from eliffs and
slopes, producing talus and slide masses. The great tidal-waves of earthquakes
must also produce striking effects in denudation, erosion, and ponding on
coast lands and islands in their path. An earthquake is thus a primary cause
which has erosion, deposit, flooding, draining, elevation, and subsidence at
its command in producing bare areas on which succession will oceur.

8imilarity of topographic processes.—The paired character of topographie
processes has already been remarked. FErosion and deposit, flooding and
draining, elevation and subsidence are all pairs of opposite and more or less
related processes from the standpoint of topography (plates 2 A, 7 B). To
the ecologist, however, they are alike in being initial processes which produce
new or denuded areas for succession. From this viewpoint their similarity
depends upon the water relations of the new area. Flooding and subsidence
produce new water areas, draining and elevation new land areas. Gradual
deposition in water makes the latter susceptible to colonization, while erosion
exposes the land surfaces to invasion. Theoretically, at least, it is possible
for all of these six processes to produce bare areas of essentially the same
water-content within the same climax region, and hence to initiate the same
succession. The shores of large lakes do actually exhibit the same water
succession in initial areas produced by each of the four processes, deposit,
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flooding, draining, and erosion. It would be altogether unusual for elevation
and subsidence to be added to these, but it could at least happen in a region
subject to earthquakes or volecanic disturbances. It must have occurred
repeatedly in gcological periods characterized by great diastrophic changes.

EDAPHIC CAUSES.

Nature.—In the preceding account of topographic processes which pro-
duce bare areas, it has frequently been shown that the critical results are the
soil structure and the amount and kind of water-content. This is equally true
of new areas due to climatic and biotic agents. In the case of all initial
causes, therefore, the basic control is exerted by water-content, which is con-
trolled in its turn by the physical character of the soil. A change in the kind
of soil-water may seem an instance of an edaphic initial cause. The real
cause, however, is topographic in the case of a change from salt to fresh water
or the reverse, climatic in the increasing alkalinity of the lakes and pools of
arid regions, and biotic when acid or other injurious substances accumulate
in the soil. All seres are consequently more or less edaphic in nature, and
hence the term edaphic can not well be used to distinguish one kind from
another or to contrast with climatic causes. If seres are grouped in accord-
ance with initial causes, they can be distinguished only on the basis of the
forces which lie behind the changed conditions of soil and water. These are
topographic, climatie, and biotic agents. In a developmental classification of
seres such a basis is believed to be of secondary value. While such a group-
ing is simple and convenient, it is artificial because it ignores development,
and because of the fact that very dissimilar initial causes produce identical
bare areas and serecs.

CLIMATIC CAUSES.

Role.—Climate may produce new areas for succession, or it may modify
existing seres by changing the rate or direction of development, by displacing
the climax, etc. As a causc of modification, the discussion of eclimate belongs
elsewhere, and will be found in the chapters on direction, elimax, and eosere.
We are concerned with it here only as an initiator of new seres. In this réle
it acts usually through the agency of the ordinary changes and phenomena
which constitute weather. A distinction between climate and weather is
manifestly impossible. It is clear that climate would produce less effect in
the course of its ordinary oscillations than when it swings beyond the usual
extremes. A change of climate can produce bare areas by direct action only
when the change is sudden. A slow departure, even if permanent, would act
upon existing vegetation only by modifying it through ecesis or adaptation.
Indirectly, of course, climatic factors and processes may cause new areas
through the cooperation of topographic or biotic agents.

Bare areas due to climatic factors directly.—The direct action of climatic
factors takes place regularly through the destruction of existing vegetation.
When the destruction is complete or nearly so, a bare area with more extreme
water conditions is the result. The factors which act in this manner are:
(1) drouth, (2) wind, (3) snow, (4) hail, (5) frost, and (6) lightning. In
addition, evaporation, which is the essential process in drouth, produces new
areas from water bodies in semiarid and arid regions. It may have the same
effect on periodic ponds in humid regions. While the process is the same.
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the degree to which it acts varies widely. Evaporation may merely reduce
the water-level to a point where the ecesis of hydrophytes is possible, or it
may continue to a point where islands, peninsulas, or wide strips of shore
are laid barc to invasion. Finally, the lake or pond may disappear entirely,
leaving a marsh, a moist or dry plain, or a salt crust.

Bare areas due to drouth.—The action of drouth in destroying vegetation
and producing areas for colonization is largely confined to semiarid and arid
regions. In humid regions it is neither frequent nor eritical, while in desert
regions it is the climax condition to which vegetation has adapted itsclf fully
or nearly so. The usual effect is to produce a change in existing vegetation,
but in regions like the Great Plains it sometimes destroys vegetation com-
pletely. As a rule, the destruction operates upon cultivated fields, simply
frecing the arca somewhat earlier for the usual development of a ruderal
stage. It also occurs occasionally in tree plantations, with somewhat similar
results. In native vegctation the complete destruetion of a community is
rare. When it does oceur it is nearly always in lowland communities which
have followed streams far beyond their climatic region. Ruderal and sub-
ruderal communities which pioneer in disturbed soils are the most frequent
sufferers. In desert regions, which are charaeterized by communities of
summer and winter annuals, the destruction of the latter by drouth before
the vegetative season is over must oceur occasionally. It has no significance
for succession, however, as it is wholly periodie.

Bare areas due to wind.—The direct action of the wind upon vegetation is
seen only in so-called *‘ wind-throws’’ in forests. While areas in which trees
have been blown down by the wind are frequent in some regions, they are
local and of small cxtent. They are most apt to oceur in pure stands of such
trees as balsam, spruce, and lodgepole pine. ‘‘Wind-throws’’ are frequent in
mountain regions where the soil is moist and shallow. The action of the wind
affects only the tree layer, in addition to tearing up the soil as a consequence
of uprooting the trees. It is supplemented by evaporation, which destroys
the shade species by augmenting their transpiration greatly at a time when
the holard is being constantly diminished by the drying out of the soil. As a
conscquence, ‘‘wind-throws’’ may become completely denuded of vegetation.
In the case of completely closed forests, such as mature forests of the lodge-
pole pine (Pinus murrayene) and Engelmann spruce (Picea engclmanni),
the fall of the trees amounts to denudation, since oceasional saprophytes are
often the only flowering plants left.

Bare areas due to snow, hail, and frost.—Bare areas due largely to snow
are restricted to alpine and polar regions, where they occur usually in a zone
between the area always covered with snow and that in which the snow dis-
appears cach summer. An abnormal fall or unusual drifting will cause the
snow to remain in places regularly exposed each summer. After a winter of
less precipitation or a summer of greater heat, the drifts or fields will melt,
leaving a bare area for invasion. This frequently happens in the denser
portions of coniferous forests, as well as in and around the outposts above the
timberline. In such cases the resulting development has to do chiefly with
the undergrowth.

The effect of frost in producing bare areas by destroying the plant popula-
tion is almost negligible. Tts action is confined almost wholly to cultivated
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areas, such as orchards, fields, and gardens. In such places only the first
pioneers of a ruderal population can appear, except in rare cases where the
area is abandoned because of the frost. Communities of ruderal annuals are
sometimes destroyed by frost, but this delays the usual course of succession
for but a year at most. Native vegetation may be changed by the action of
frost, but can rarely be wholly destroyed by it, because of the persistence of
perennial species with underground parts. A single case of the destruction
of native communities by frost was found in the dune arcas of Medanos Spit,
near San Diego, in southern California. The severe freeze of 1912 had com-
pletely killed many large families of Mesembryanthemum, and these still per-
sisted as blackened areas in the spring of 1914. Such areas had been essen-
tially denuded by frost, and were already being invaded by other pioneers.

The denuding action of hail is often very great. In some parts of the Great
Plaing destructive hailstorms are so frequent that they have caused the aban-
donment of farms and sometimes of whole distriets. As with frost, the effect
upon cultivated plants is very muech greater than upon native vegetation. It
is not infrequent to sce the ficlds so razed by hail that not a single plant is
left alive. Native communities often suffer great damage, especially broad-
leaved forests and scrub, but the effect rarely approaches denudation. QGrass-
land is sometimes mowed down also, but the cffect is merely to favor the
grasses at the expense of species with broad leaves or rigid stems.

Bare areas due to lightning.—The réle of lightning in causing fire in vege-
tation has ecome to be recognized as very important (Bell, 1897 ; Clements, 1910 ;
Graves, 1910; Harper, 1912). The majority of lightning strokes do not set
fire to trees or other plants, and the attendant rain usually stops inecipient
burns. Even in such eases forest fires have actually been seen to start from
lightning, and the number of such cases in the aggregate would apparently
be large. In regions with frequent dry thunderstorms, . e., those unaccom-
panied by rain, such as occur especially in Montana and Idaho, lightning is
the causc of numerous, often very destructive, fires. Once well started there
is no difference in a forest fire due to lightning and one due to other agents,
such as man, voleanie eruptions, ete.

Bare areas due indirectly to climatic factors.—These are due almost
wholly to the effect of physiography in exceptional cases of rainfall, of run-
off due to melting snow, or of wind-driven waters. In all three the process is
cssentially the same. The normal drainage of the area is overtaxed. The
flood-waters reach higher levels than usual and are ponded back into depres-
sions rarely reached. Moreover, they cover the lowlands for a much longer
period. In the one case they form new water areas for invasion. Since these
arc usually shallow and subject to evaporation, the development in them is
a short one. In the case of the lowlands, the vegetation of many areas is
washed away, covered with silt, or killed by the water, and the area is bared
for a new development. This is of course essentially what must have occurred
at the end of each period of glaciation. The ponding back of glacial waters
and the fluvio-glacial deposits were the outcome of the interaction of climate
and physiography, just as can be seen in miniature at the foot of a glacier
to-day.

Sudden changes of climate.—It is probable that there is no such thing as
a sudden change of climate, apart from the striking deviations from the
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normal that we are so familiar with. If the criteria of evolution and of histor-
ical geology are applied to climatology, it seems evident that even the climates
of the past are largely to be explained in terms of present climatic processes
(Huntington, 1914). If we consider the causes which are thought to produce
the most striking and sudden deviations at present, namely, sun-spot maxima-
minima and volcanic ash in the atmosphere, two facts are evident. The first
is that the period between extremes is several years. Whatever the effect
may be in sorting out the population, or in producing adaptation, it is clear
that the intensities known, when spread over several years, are quite insuffi-
cient to destroy plant communities and thus denude habitats. The second
fact is that there is no record of the destruction of vegetation at such periods,.
though doubtless the effects of frosts were then most marked. In consequence
it seems impossible to regard changes of climate as initial causes of succession.
They are effective only in modifying existing seres.

BIOTIC CAUSES.

General relations.—In considering the influence of animals and plants
upon succession, it is necessary at the outset to distinguish clearly between
biotic causes and biotic reactions. The former, like all initial causes, produce
bare areas on which a new sere can develop. Biotic reactions, on the con-
trary, have nothing to do with the production of initial areas, but represent
the modifying action of each stage upon the habitat. They are continuative,
since they induce and control the successive waves of invasion which mark
the various stages. A plant or animal parasite which produces a bare area by
killing all the plants of a community, as may readily occur in families or pure
stands of trees, is a biotic initial cause. Ilolophytes and saprophytes ean only
reacl upon the habitat by changing the factors of air or soil. Iarthworms
react upon the soil conditions, while rodents such as prairie-dogs both react
and initiate new areas. It is the reactions of the plant communities upon
the habitat which are of paramount importance. With the possible exception
of Sphagnum, plants very rarely play the role of initial causes. The reverse is
true of man and animals. They are initial causes of great frequence and wide-
spread distribution, but only a few have a definite reaction upon the habitat.

Like climatic factors, biotic agents may change the cxisting vegetation, as
well as initiate new vegetation. In both cases they have to do with develop-
ment, but they can be regarded as causes of succession only when they pro-
duce bare areas in which invasion occurs. It is probable that animals change
the course of development more often than they start it, while the activities
of man lead largely to denudation.

Action and effect.—Man, and animals to a certain extent also, have at
their command the initial processes already considered under topography.
These are removal, deposit, drainage, and flooding. In addition, they may
destroy the vegetation, but affect the soil slightly or not at all. In the case
of man, in particular, the most various activities result in similar processes
and areas. It seems most natural to group them accordingly, rather than to
consider them from the standpoint of the activities themselves. This is illus-
trated by the fact that fallow fields, roadsides, prairic-dog towns, and ant-
hills in the prairie region exhibit essentially the same condition and initiate
similar or identical developments. The most suggestive grouping in conse-
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quence is the following: (1) activities that destroy vegetation without greatly
disturbing the soil or changing the water-content; (2) activities which pro-
duce a dry or drier habitat, usually with much disturbance of the soil; (3)
activities which produce a wet or wetter soil or & water area. There is clearly
no sharp line of demarcation between the three groups, but this is evidence
that the distinction is a natural and not an artificial one. The simplest and
most convenient arrangement is one based upon agents and kinds of activity
(Clements 1904 :116; 1905:249; 1907:279), but this is not in fundamental
relation to successional development.

Bare areas due to destruction of vegetation alone.—The primary activities
by which man produces denuded areas are burns and clearings. Clearings
result for the most part from lumbering or from cultivation, though a host of
minor activities have the same result. Ant areas in arid regions are perhaps
the best examples of clearing by animals without soil disturbance. In all cases
of burning and clearing the intensity or thoroughness of the process deter-
mines whether the result will be a change of vegetation or the initiation of a
sere. 'The latter occurs only when the destruction of the vegetation is com-
plete, or so nearly complete that the pioneers dominate the area. Lumbering
consequently does not initiate succession except when it is followed by fire or
other process which removes the undergrowth.  Most fires in woodland
denude the burned area completely, but surface fires and top fires merely
destroy a part of the population. Fires in grassland practically never pro-
duce bare areas for colonization. Poisonous gases from smelters, factories,
etc., sometimes result in complete denudation, though the action is chiefly felt
in a change of vegetation. Cultivation normally results in complete destrue-
tion of the original vegetation. In the broadest seuse, a new sere starts with
the sowing or planting of the crop. In the case of annual crops, however,
real development begins only when cultivation is abandoned. In new or
sparsely settled grassland regions, the wearing of roads or trails results in a
characteristic denudation with little or no soil disturbance. Complete denuda-
tion by animals is only of the rarest occurrence, except where they are
restricted to limited areas by man. Even in striking cases of the destruction
of a forest by parasites, such as the repeated defoliation of aspens by cater-
pillars, the undergrowth is little affected. Complete destruction by parasites
usually occurs only in the case of annual crops. A striking example of
denudation by a plant parasite was found on the shores of False Bay in
southern California, and especially on the dunes of Medanos Spit. Here
families and colonies of Abronia umbellata and Franseria bipinnatifida were
completely covered with an orange mat of Cuscute salina. The dodder in
May had already killed many of the families entirely, and it was obvious
that many more would suffer the same fate. With the gradual death of the
hosts, the dodder became brown and dried up with the host plants. The two
were then gradually blown away by the constant onshore winds and a bare
sand area was left.

Bare areas with dry or drier soils.—These ocenr chiefly where there is a
marked disturbance of the soil. The latter affects the water-content by chang-
ing the texture, by changing the kind of soil, as from clay to sand or gravel,
or by both methods. These results may be produced by removal, by deposit,
or by the stirring of the soil in place. In the case of man they are produced
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by the widest variety of construction and engineering processes, with roads
and railroads as universal examples. The removal and deposit of soil by
animals is confined to the immediate neighborhood of the burrows of rodents,
the homes of ants, ete. In some cases, such as densely populated prairie-dog
towns, the burrows are sufficiently close to produce an almost completely
denuded area. Insignificant as most areas of this sort are, they give rise to
real though minute seres of much value in communities otherwise little
disturbed.

Bare areas with wet soils or water—As indicated under topographic
causes, draining and flooding may bring two different arcas to the same con-
dition for invasion. The habitats produced by both arc similar in having a
wet soil, capable of colonization only by hydrophytes or marsh-plants, except
in cases where drainage is reinforced by rapid or excessive evaporation. This
is true of the canals and ditches, as well as of the areas actually drained or
flooded, and equally so of all canals and ditches, regardless of their purpose.
Again, it is unimportant whether flooding, for example, is brought about by
the diversion of a stream of water or by the construction of a dam. It is
equally immaterial whether the dam is built by man or by beavers. The
essential fact is that the water-content will be excessive and that the pioneer
stages will consist of hydrophytes in all these cases. The effect of drainage,
1. e., relative lowering of the water-level, can be produced by filling, just as
flooding can be caused by the formation of a depression due to the removal
of soil. An exceptional instance of the former is furnished by the casc of
coral reefs and islands.

PRIMARY AND SECONDARY AREAS.

Distinction.—The whole course of succession rests upon the nature of the
bare area which initiates it. We have already seen that the essential nature
of a bare area is expressed in the amount and kind of water. IHence, in
attempting to group naturally all the foregoing areas, 4. e., from the stand-
point of succession, it is necessary to recognize that water areas and rock areas
constitute the two primary groups. While these are opposed in water-content
and density, they agree in presenting extreme conditions in which develop-
ment is necessarily slow and of long duration. The denudation of either area
in the course of suceession results in the sudden reappearance of earlier con-
ditions, which cause the repetition of certain stages. If denudation consists
in the destruction of the vegetation alone, the soil factors are changed rela-
tively little. The sere thus initiated is relatively short, consisting ef fewer
stages and reaching the climax in a short time. If the soil is much disturbeq,
however, the conditions produced approach much nearer the original extreme,
and the resulting sere is.correspondingly longer and more complex. The
degree of disturbance may be so great as to bring back the original extreme
conditions, in which case the normal course of development is repeated. This
amounts to the production of a new area, both with respect to the extreme
condition and the lack of germules. Hence, all bare areas fall into a second
basic grouping into primary and secondary areas. Primary bare areas pre-
sent extreme conditions as to water-content, possess no viable germules of
other than pioneer species, require long-continued reaction before they are
ready for climax stages, and hence give rise to long and complex seres. Sec-
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ondary bare areas present less extreme conditions, normally possess viable
germules of more than one stage, often in large number, retain more or less
of the preceding reactions, and consequently give rise to relatively short and
simple seres. Krom the standpoint of succession, secondary areas are related
to primary ones. In consequence, the most natural classification of all bare
areas seems to be into primary and secondary, with a subdivision into water,
rock, and soil (plate 6, A, B).

Sterility of primary and secondary areas.—As stated above, primary areas,
such as lakes, rocks, lava-flows, dunes, etc., contain no germules at the outset,
or no viable ones other than those of pioncers. Secondary areas, on the con-
trary, such as burns, fallow fields, drained areas, etc., contain a large number
of germules, often representing several successive stages. In some cases it
seems that the seeds and fruits for the dominants of all stages, including the
climax, are present at the time of initiation. The sterility of the soil of a pri-
mary area is due chiefly to the relatively long period of its formation, and to
the effect of excessive water-content or drouth upon migrating germules. In
all cases it arises in a measure also from the impossible conditions for the
ecesis of all plants except pioneers. In these points most secondary soils offer
a sharp contrast. The method of origin permits the persistence of seeds or
perennial parts or both, and its suddenness usually allows the immediate
entrance of many migrants. The soil affords favorable conditions for the
preservation of seeds and fruits, often for many years, as of course for ready
ecesis (plate 9, a, B).

This contrast between primary and secondary areas is seen most strikingly
in the case of land-slips, where the slip exposes rock on the mountain side and
produces & mass of soil and vegetation at the bottom. This is sometimes true
also of the fragmentation of cliffs by gravity and of crosion and deposit due to
torrential rains or other agents which act suddenly.

Denudation.—Secondary areas are the result of denudation, with or with-
out the disturbance of the soil. Their nature is dependent upon the process
of denudation and upon the degree to which it acts. The latter is ordinarily
much the more important. It determines in the first pdace whether the result
will be merely a change in the existing community or the production of a bare
area. In the case of the complete removal of vegetation, as by fire, the soil
may be disturbed so little that it offers essentially the same conditions as
before denudation, and initiates a sere correspondingly brief and simple. On
the other hand, the disturbance of the soil may operate to various depths and
produce correspondingly extreme conditions up to the final extremes, water
and rock, which constitute new areas. The production of new areas by
denudation and soil disturbance is relatively infrequent, however.

Methods of denudation.—Denuding forces operate normally by the
destruction of vegetation, accompanied by the disturbance or removal of the
soil. Destruction may, however, be a consequence of flooding or deposit.
Apart from the destruction of the existing population, it is the depth of
removal or deposit of soil which is critical. The rate of removal or deposit
often plays an important part also, though it is usually expressed in depth. In
burns there is practically no disturbance of the soil at all, though its composi-
tion may be materially affected. Cultivation disturbs soil, changing its tex-
ture and water-content in different degrees. Construction and engineering
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operations effect removal and deposition of the soil in varying degree. Because
of its action in destroying vegetation, water must be considered in this connec-
tion also, especially in the case of flooding. Climatic initial causes produce
denudation alone, while topographic ones exhibit the same wide range of effect
shown by biotic causes.

Depth of removal or deposit.—The reaction of plants upon the soil is con-
fined wholly or chiefly to the layer in which the roots grow. This depth estab-
lishes the limit to which removal may ordinarily go without changing soil
conditions essentially. In the early stages of very loose soils, such as the sand
of bars and dunes, the reaction is slight, but it seems probable, however, that
these, too, must follow the general rule, namely, that the removal of the soil
built up by reaction must necessitate a return to primary conditions. In the
vast majority of cases a sccondary area is formed whenever removal operates
within the root layer of soil. This may be readily tested by instrumental
methods or by experiment. In general, the composition of the initial stage
of the sere indicates this clearly enough. The removal of this layer to differ-
ent depths is reflected in the composition and length of the resulting secondary
sere or subsere.

In cases where the destruction of the vegetation is accompanied or followed
by the deposition of soil, the nature of the bare area will be decided by the
kind of soil deposited as well as by its depth. If sand or gravel are laid down
over loam to a sufficient depth, the water relations of the area may be moved
to one extreme and a primary habitat result. Here the depth must approxi-
mate the length of the root system of the species of the initial stages. Other-
wise the roots will reach the original soil and the development will be con-
trolled in some degree by the latter. When the depth of added soil exceeds 1
or 2 meters, a secondary succession can result only when the soil is essentially
similar in texture and water relations to the original. This is apparently
true in the majority of cases (plate 7, a, B).

The effects of the removal of water by drainage or of the addition of water by
flooding may be alike or unlike. Either flooding or drainage may destroy a plant
population and yet leave the area little changed, thus initiating a secondary
succession. This is the regular effecet of drainage when it does not merely
modify the existing vegetation. In the case of ponding, however, the water
produces a new set of extreme conditions, and this constitutes a primary area.

Rate and extent of removal.—Destruction of a community with accom-
panying or subsequent removal of the soil is the general process of which topo-
graphic erosion is much the most important part. In fact, erosion may well be
regarded as the general process, which is produced by topographie, climatie,
or biotic forces. While depth is the final criterion of the effect of erosion, both
its ratc and extent have'an influence. Erosion to a depth of a foot would pro-
duce different conditions when eaused by a single torrential rain from those
due to gradual erosion spread over several years, though in both cases the
resulting area would normally be a secondary one. The differences would con-
sist as much in the stability of the surface for migration and ecesis as in the
water relation. The extent of the denuded area is closely related to depth of
erosion. When the latter is local, it is less apt to depart widely from the nor-
mal condition, and its invasion is controlled almost completely by the parent
area. This matter is discussed in detail in the section on cycles of erosion.
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IV. ECESIC CAUSES.

Nature.—As has been indicated, succession owes its distinctive character
to the communities which succeed each other in the same area. This character
is given it by the responses or adjustments which the community makes to
its habitat, namely, migration, ecesis, competition, and reaction. These are
the real causes of development, for which a bare area does little more than fur-
nigh a field of action. To them is due the rhythm of succession as expressed
in the rise and fall of successive populations. They may well be regarded as
the paramount causes of succession, sinee their action and interaction are the
development of vegetation. As every sere must begin with a denuded area
and end in a climax, it is clearer to treat them along with initial causes and
climax causes.

AGGREGATION.

Concept and role.—Aggregation is the process by which germules come to
be grouped together (Clements, 1905:203; 1907 :237). It consists really of
iwo processes, simple aggregation and migration. These may act alone or
together, but the analysis is clearer if each is considered separately. By sim-
ple aggregation is understood the grouping of germules about the parent
plant. Even in the fall of seeds there is often some movement away from the
parent plant, but it can not properly be regarded as migration, unless the seed
is carried into a different family or into a different portion of the same colony
or clan. The distinetion is by no means a sharp one, but it rests upon two
factors of much importance in vegetation. The first is that movement within
the parent area bears a different relation to ecesis from movement beyond the
parent area. The second faet is that simple aggregation increases the indi-
viduals of a species and tends to produce dominance, while migration has the
opposite effect (plate 8 A).

Simple aggregation may operate by seeds and fruits, by propagules, or by
both. The method of aggregation plays an important part in determining
the germules in secondary arcas, and in the initial stages of a sere. In this
respect it is essentially like migration, and will be considered in connection
with the discussion of the parts used as migrules.

Effects of simple aggregation.—Aggregation usually modifies the compo-
sition and structure of existing communities. This effect is seen most strikingly
where the vegetation is open, though it is readily disclosed by the quadrat in
closed communitics. The increase of population in the case of the pioneers
of a bare area is mainly a matter of aggregation. Conspicuous examples of
this are found in areas with unstable soil, such as gravel-slides, blow-outs,
bad lands, ete. The influence of aggregation is especially important in com-
munities which are destroyed by fire, cultivation, ete. In many instances
the change in soil conditions is slight, and the course of succession is deter-
mined by the number of germules which survive. If the number is large, as
in certain forest areas, the resulting sere is very short, consisting only of the
stages that can develop while the trees are growing to the size which makes
them dominant. When the number of aggregated germules is small or none,
the selective action of migration comes into play, and the course of develop-
ment is correspondingly long.
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Relation to denuded areas.—Aggregation is the normal result of seed-pro-
duction in a community. Its importance in secondary areas depends wholly
upon whether it occurs before or after the action of the denuding agent.
Normally, of course, it occurs before denudation, and the question is chiefly
one of the kind and number of germules which escape destruction. This is
determined by the agent, the position of the germule, and sometimes by its
nature. In the case of fire, seeds and fruits on the surfacc or near it are
destroyed, unless they have unusual protection, as in some woody cones.
Fruits buried by rodents, or seeds and fruits which beecome covered with moist
duff, often survive. In cultivated areas, seeds often persist for a long time,
though they play no part in succession unless they survive until the field is
abandoned. On the other hand, intensive cultivation destroys all under-
ground parts, while fire has little or no cffeet upon them. In grassland the
effect is merely to modify the population, but in woodland succession results.

Aggregation occurs after fire only in a few striking instances. Tt oceurs in
the case of many conifers with large or hard cones, especially where the fire
kills the trees but leaves them standing. This is often true of lodgepole pine
(Pinus murrayana), jack pine (P. divaricata), and all others in which the
cones remain closed and attached to the branches for a long time.

Interaction of aggregation and migration.—All sterile bare areas owe their
pioneecrs to migration. After the establishment of the first invaders the devel-
opment of families and colonies is due primarily to aggregation (plate 8 B).
The appearance of each successive stage is caused by the interaction of the
two processes. Migration brings in the species of the next stage, and aggrega-
tion causes them to become characteristic or dominant. Their relation in each
stage is shown in the development of the succession as a whole. Migration
marks the beginning of the scre, as of each stage. It becomes rclatively more
marked for a number of stages, and then falls off to a minimum. In dense
closed forests it becemes cxtremely rare, and the ecesis of the migrants impos-
sible. On the other hand, aggregation becomes more marked with suceessive
stages, and a sere may end in what is essentially a family, e. g., a pure stand
of Pseudotsuga or Picea with practically no undergrowth.

MIGRATION.

Concept.—The nature of migration as an essential process in succession
has been analyzed in detail clsewhere (Clements, 1904:32; 1905:210; 1907:
240). It will suffice to summarize the main points in connection with indicat-
ing their special bearing upon the nature and eourse of suceession. The use of
the term is restricted to its proper sense of movement. Migration is regarded
as a process distinet from establishment or ecesis. The two are most intimately
related in the general process of invasion, which comprises movement into a
habitat and establishment there. Migration begins when a germule leaves the
parent area and ends when it rcaches its final resting-place. It may consist
of a single movement, or the number of movements hetween the two places
may be many, as in the repeated flights of pappose and winged fruits. The
entrance of a specics into a new area or region will often result from repeated
invasions, each consisting of a single period of migration and ecesis.

Mobility.—Mobility is the ability of a species to move out of the parent
arca. Among terrestrial plants, it is indicated chiefly by the size, weight, and
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surface of the disseminule. This is particularly true of seeds and fruits
carried by wind and water. Man and animals distribute fruits for so many
reasons and in so many ways that the only test of mobility in many cases is
the actual movement. This is especially clear in the case of many weeds of
cultivated ficlds, which owe their migration wholly to their association. Mobil-
ity is also directly affected by the amount of seed produced. It is increased
by large seed-production, both on account of the large number of seeds or
fruits and the correspondingly smaller size.

The relation of mobility to succession is obvious. In bare land areas, and
especially in denuded ones, the order of appearance of species is largely a
matter of the size and modification of the disseminule. The earliest pioneers—
lichens, liverworts, and mosses—usually have microscopic germules, whether
spores, soredia, or gemme. The early herbaceous pioncers are grasses and
herbs with small seeds and fruits, well adapted for wind-carriage, as in fire-
agrass (Agrostis hiemalis) and fire-weed (Chamaenerium angustifolium), or
mobile by virtue of association, as in Brassica, Lepidium, Chenopodium, ete.
The sequence of shrubby species is determined partly by mobility, as is true
of Rubus in burns, Saliz in lowlands, and Cercocarpus in grassland. The
same relation is shown in trees by the fact that Populus and Betula are every-
where woodland pioneers. Trees constitute the climax life-form, however, and
their successional relation is chiefly due to other factors.

Seed-production.—The absolute seed-production of a species bears a gen-
eral relation to its power of invasion. The latter is expressed more exactly by
the efficient sced-production, which is the total number of fertile sceds left
after the usual action of destruective agents. The number of seeds produced
by a tree of Pinus flecilis is large, but the efficiency is almost nil. The toll
taken by nut-crackers, jays, and squirrels is so complete that no viable seed
has yet been found in hundreds of mature cones examined. The fertility of
seeds is greatest in typical polyanthous species which produce but one seed per
flower, such as grasses, composites, and other achene-bearing families. This
is shown by the large number of successful invaders, <. e., weeds, produced by
these groups. Fertility is often low in polyspermous plants, due to the lack
of fertilization or to competition hetween the ovules. The number of seeds is
often corrclated with size, but the exceptions are too numerous to permit the
recognition of a general rule. The periodie variation in the total sced-
production is a factor of much importance, especially in trees and shrubs.
This is due to the fact that birds and rodents consume practically the entire
crop in the case of conifers, oaks, ete., during poor seed-years. The efflcient
production is high only during good years, and the invasion of such species is
largely dependent upon the occurrence of good seed-years.

The influence of sced-production is felt in mobility, in ecesis, and in domi-
nance. Its effect can only be estimated at the present, owing to the lack of
exact study. It is probable that the quantitative investigation of the seed-
production of dominant and characteristic species will go far towards reveal-
ing the real nature of dominance.

Influence of the organ used.—When runners, stolons, and rhizomes carry
buds several to many feet from the parent plant, the result may well be
regarded as migration rather than aggregation. Such migration plays a small
part in the colonization of new areas. It is almost negligible in comparison
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with the migration of free parts, such as spores, seeds, and fruits, especially in
large areas. Naturally, species which are readily carried by seeds and fruits,
and move also by offshoots, form excellent pioneers. The influence of size of
organ is indicated by the relative mobility of spores, seeds, and fruits. In spite
of many exceptions, spores are more readily and widely distributed than seeds,
and seeds than fruits. This is shown in some measure also by the success in
migration of plants in which the fruit simulates a seed almost perfectly, as in
the grain, achene, etc. The handicap of the fruit in regard to size is often
counterbalanced by the perfection of the contrivance for dissemination. In
the case of tumbleweeds and tumbling grasses, the whole plant or the major
portion of it has assumed a form which amounts practically to a nearly per-
feet contrivance for effective migration (plate 8 c¢).

Influence of the migration contrivance.—The effect of the modification for
carriage is intimately blended with that of the agent, as would be expected.
The perfection of the device determines the success of the agent, as is well
seen in those modifications which increase the surface for wind carriage.
Sack and bladder fruits, as in Physalis, are relatively ineffective, and are
often associated with other devices. Wings give greater buoyancy, but are
only moderately efficient, except when the seed or fruit is small and light.
The vast majority of samaras of the elm, maple, ash, ete., fall near the parent
tree. This is strikingly true of the seeds of conifers. A careful transect study
of the flight of sceds of the spruce and the fir showed that practically all of
them landed within a distance equal to the height of the tree. Comate and
pappose seeds and fruits are by far the most efficient of wind-borne dissemi-
nules, and probably of all kinds as well. Here again success is determined
largely by smallness of size, but apart from this the perfeetion of the deviee as
to the number, length, and position of seales or hairs is decisive. Scales are less
efficient than bristles or hairs, and the latter are successful in proportion to
length and number. Disseminules tufted at one end are carried more readily
than those covered with hairs, and a pappus which spreads widely or is plumy
is the most effective of all. The relative efficiency of devices for carriage by
animals is less evident, but the number of pioneers which possess fruits with
spines or hooks is significant.

Many fruits migrate readily, even when the migration device is not greatly
perfected. This is due to the fact that they avail themselves of two or more
agents, either by means of two distinet devices or because of their behavior on
drying. In Physalis the bladdery fruit is rolled over the ground by the wind,
and then the seeds scattered by birds and rodents. Stipa, Erodium, and other
plants with sharp-pointed twisting fruits, are carried by attachment and
blown by the wind in tangled clusters, the two agents often alternating many
times. A striking case of this sort is afforded by Micrampelis, which is a
frequent pioneer in denuded areas along streams. The fruits are blown by the
wind, floated by streams, and even carried by attachment, while the seeds,
in addition to being forcibly expelled, are readily carried by water.

The distance of migration is a direct consequence of the perfection of the
device. Hence the latter is of the first importance in selecting the migrants
which are moving toward a new area. It thus plays a large part in determin-
ing what species will enter it as pioneers, as well as the stages in which others
will appear. The comate seeds of fireweed, aspen, and willow may be carried for



A. Family of Pachylophus cacspitosus on gravel-slide, Alpine Laboratory, Colorado.
B. Colony of Suaeda and .Atriplcxr in a depression, bed of a former salt lake, Hazen, Nev.
. Tumbleweed, Salsola, on the Great Plains, Akron, Colorado.
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at least several miles in such quantities as to produce dominance. Dominance
in the development in secondary arcas, especially, is directly dependent upon
the number of seeds which enter, and hence upon the migration device. If
seeds or one-seeded fruits migrate singly, the resulting individuals stand
separated, and dominance results only from the movement of large numbers,
In a relatively large number of cases, several-seeded or even many-seeded fruits
migrate, and upon germination produce the nucleus of a community. Often,
also, fruits become tangled with each other, as in Stipa, Erodium, Xanthium,
Desmodium, cte., and are transported to new areas, when they produce families.
This is particularly true of tumble-weeds (Salsola, Cycloloma, Amaranthus,
ete.), and of tumble-grasses (Panicum capillare, Eragrostis pectinacea, ete.).

Role of migration agents.—It is significant that the agents which carry
migrules, viz, wind, water, gravity, glaciers, man, and animals, are also the
initial causes of bare areas. Thus, the force which produces an area for suc-
cession also brings the new population to it. Often the two processes are
simultaneous, especially in denuded habitats. The relation is as simple as it
is intimate. Water as a migration agent brings to new water or soil areas
chiefly those germules which can be gathered along its course. Thus it is self-
evident that a new area with an excess of water will be provided for the most
part with water-borne migrules, and that the viable ones will practically all
be of this kind. The action of wind is broader, but it is clear that initial areas
due to wind are found only in wind-swept places, which are of course where the
wind will carry the largest load of migrules. An extremely close connection is
found also in the talus slopes due to gravity, for the majority of the species are
derived from above. The universal prevalence of ruderal plants in denuded
areas due to man’s activities is sufficient evidence of the direct relation here.

Destructive action of agents.—The action of water upon seeds practically
eliminates all but hydrophytic or ruderal species as pioneers in water or wet
areas (Shull, 1914 :333), though this effect is doubly insured by the difficulties
of ecesis. Large quantities of sceds are also destroyed in all areas produced by
deposit, and especially in talus. The action of seed-eating agents, particularly
birds and rodents, is often completely decisive, This is seen most strikingly in
secondary areas, but it occurs in all places where seeds are exposed. So com-
plete is the destruction of seeds in certain instances, notably in forests of
lodgepole pine, that the reappearance of certain species is possible only where
the rodent population is driven out or destroyed. This is confirmed by the
almost uniform failure of broadecast sowing in reforestation, as well as in other
methods of sowing when the birds and rodents are not destroyed. No other
factor in invasion has been so often overlooked, and its exact value is conse-
quently hard to determine. If the few quantitative results so far obtained are
representative, it must be regarded as of great and often of ecritical impor-
tance.

Direction of migration.—While migration tends to radiate in all direc-
tions from the parent group, it often comes to be more or less determinate. In
general, it is radial or indeterminate when it is local, and unilateral or deter-
minate when more general. The local movement due to wind, man, or animals
may be in any and all directions, while distant migration by either agent will.
usually be in one direction. This is peculiarly true of carriage by streams,
in which the regular movement is always down the valley. In the floristic
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study of vegetation, distant migration has appeared more striking and inter-
esting than local. It is in no degree as important in the study of succession,
as local migration is primarily responsible for the population of new arcas.
Here, again, exact observations and experiments are few, but most of the evi-
dence available shows that effective invasion in quantity is always local. This
is doubtless true of great migrations such as those of the glacial and post-
glacial times, when population moved hundreds of miles. These were appar-
ently only the gross result of repeated local movements, acting in the same
general direction through long periods.

Up to the present time the study of succession has been almost wholly con-
fined to examining and correlating communities during one or a few seasons.
The development has not been followed in the various portions of its course,
but has been reconstructed from the end results, <. e., the communities. While
the whole course of a primary sere can be obtained in no other way, every one
of its stages permits quantitative study of its own development. Secondary
seres may often be studied as processes in their entirety, owing to their much
shorter course. In such work the position of the bare area with reference to
the migration agents active is of the first consequence. An area surrounded
by a community of the successional series will be quickly colonized by immi-
gration from all sides. One lying in the ecotone between two associations will
have its development influenced by the prevailing direction of movement.
This is well illustrated by the behavior of new areas just below timber-line on
mountains. The area belongs to the forest climax, but it is invaded and held
by alpine species for a very long time, if not permanently. This is due to
the ease with which seeds and fruits from the alpine area above are brought to
the area by gravity, and to the extreme difficulty the forest migrules find in
moving up the slope. Man and animals arc the only agents which can over-
come this effect. The only exception is furnished by small comose seeds, such
as those of the fireweed and aspen, which may be carried hundreds of feet up
mountain sides by the wind.

ECESIS.

Nature and role.—Ecesis is the adjustment of the plant to a new home
(Clements, 1904:50; 1905:220; 1907:261). It consists of three cssential
processes, germination, growth, and reproduction. It is the normal conse-
quence of migration, and it results sooner or later in competition. Iicesis
comprises all the processes exhibited by an invading germule from the time it
enters a new area until it is thoroughly established there. Henece it really
includes competition, except in the case of pioneers in bare areas. The ecesis
of a social plant is the same as that of an isolated invader in essentials, but it
takes place under conditions modified by the neighboring plants. Henece it
promises clearer analysis if ecesis is considered first and competition subse-
quently.

Ecesis is the decisive factor in invasion. Migration is wholly ineffective
without it, and at present, indeed, is usually measured by it. The relation
between the two is most intimate. Ecesis in bare areas especially depends in
a large measure upon the time, direction, rapidity, distance, and amount of
migration. There is usually an essential alternation between the two, since
migration is followed by ecesis, and the latter then establishes a new group
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from which further migration is possible, and so on. The time of year in
which fruits ripen and migration occurs has a marked influence upon the
cstablishment of a species. Migrules ordinarily pass through a resting-period,
but are frequently brought into conditions where they germinate at once and
then perish, because of unfavorable conditions, or because of competition.
The direction and distance of movement are decisive in so far as they deter-
mine the kind of habitat into which the seed is carried. The number of mi-
grants is likewise important, sinee it affeets the chances that seeds will be
carried into bare arcas where ecesis is possible.

In the case of alge, migration and ecesis become nearly or quite synony-
mous, since plants of this sort are at home almost anywhere in the water.
Indeed, it may be said that they are always at home, because they remain
in the same habitat, no matter where carried. With aquatic flowering plants
the case is somewhat different. The plants when free hehave much as alges
do in regard to ecesis, but each new individual has to go through the processes
of germination and growth. This is similar to what occurs in the aggregation
of land plants. The sceds or underground buds do not find themselves in a
new home exactly, but, apart from the greater certainty of success, the course
of ecesis is the same.

The term ecests, from the Greek oixyais, the aet of coming to be at home;
hence, adjustment to the habitat, or oixes, was first proposed ((lements,
1904 :32) to designate the whole process covered more or less completely by
acclimatization, naturalization, accommodation, ete. It has proved so definite
and convenient in use that it seems desirable to employ a corresponding verb,
ecize from oixitw, to make a home, colonize.

Germination.—The first critical process in ecesis is germination. The
gxact scope of germination is debatable, but in nature it is most convenient to
regard it as including the appearance and unfolding of the first leaf or leaves,
whether cotyledons or not. It occurs regularly when a viahle seed meets favor-
able conditions as to water, heat, and oxygen. It is often declayed or even
absent when the sceds of native species are first sown under cultivation, and it
is probable that germination is often delayed in nature, even when conditions
seem favorable. A viable seed must contain a normal embryo, capable of
absorbing water, and using the stored food for growth and consequent escape
from the seed-coats. The amount of water, heat, and oxygen present must
suffice to bring the scedling to the point where it can make food and begin its
own independent existence. Hysterophytes are naturally cxceptions.

With the exception of seeds of forest trees and certain ruderals, we have
practically no accurate knowledge of the germinability of native species,
especially at those times when conditions favor germination. The normal
period of viability under the usual conditions of natural sowing is also un-
known, as well as viability under extremely favorable and unfavorable condi-
tions. In most cases the period of duration is a function of the seed-coats or
pericarp, but in some viability is inherent in the embryo itself. The control of
the habitat is two-fold. It determines whether the seed will germinate either
immediately or during the season. If germination is delayed, it determines
whether conditions will permit the seed to remain dormant but viable for
several years. Habitats which are most favorable to germination are least
favorable to dormant seeds, and, conversely, those which allow seeds to persist
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for long periods are inimical to germination. In many cases, of course, the
surface layer favors germination, and deeper layers, persistence.

Successful germination usually occurs only at proper depths, with the excep-
tion of bare areas with wet or moist surfaces. A few species have the peculiar
property of being able to plant themselves when they germinate on the sur-
face, but the rule is that seeds must be covered with soil to permit ecesis.
This is particularly true of seeds on a forest-floor covered with a thick layer
of leaves or needles, which prevent the root from striking into the soil. There
is doubtless an optimum depth for each species, which varies more or less
with the habitat. Too great a depth prevents the seedling from appearing
altogether, or causes it to appear in such abnormal condition that it quickly
succumbs. In the former case it may lead to dormancy, and germination
after the area has been cleared or burned. The cffect of depth and its relation
to size of seed has been shown by Ilofmann (1916) in the case of conifers. In
Pinus ponderosa, with the largest seeds, 96 per cent germinated and 86 per
cent appeared above ground at a depth of 1 inch, while only 36 per cent ger-
minated and none appeared at 4 inches deep. In the case of Pseudotsuga, 93
per cent germinated and appeared at 0.5 inch, but only 17 per cent germinated
at 4 inches and none appeared. For Tsuga heterophylla, at 0.25 inch the per-
centage was 96 and at 1.25 inches 42 per cent and 0, and for Thuja plicata,
with the smallest sceds, 78 per cent at 0.12 inch and 26 per cent and 0 at 1
inch. The same investigator found that seeds of Pinus monticola, Pseu-
dotsuga, and Tsuga heterophylla remained dormant in the soil for 6 years,
those of Taxus brevifolia for 8, Abies amabilis for 5, A. nobilis for 3, and
Thuja plicata for 2 years. While this is a relatively short time in comparison
with the perind in some ruderal species, it is of much more significance in
succession.

Fate of seedling.—The crucial point in ecesis is reached when the seedling
is completely freed from the seed-coat and is thrown upon its own resources
for food and protection. Even before this time, invading secdlings are often
destroyed in great numbers by birds and rodents, which pull them up for the
food supply still left in the seed-coats. The tender seedlings are often eaten
by the smaller chipmunks, and sometimes coniferous seedlings seem to be
pulled up or bitten off in mere wantonness. In regions where grazing occurs,
the destructive action of the animals is very great, especially in the case of
sheep. Some toll is taken by damping-off fungi, such as Pythium and
Fusarium, in moist, shady soils, but these are perhaps never decisive, except
in artificial conditions. In the case of herbs, the greatest danger arises from
excessive competition, especially in the dense aggregation typical of annuals.
The direct effect is probably due to lack of water, though solutes and light
may often play a part. With the segdlings of woody plants the cause of the
greatest destruction is drouth in midsummer or later. This is the primary
factor in limiting the ecesis of many conifers, though the ‘‘heaving’’ action
of frost is frequently great or even predominant. The root-system is often
inadequate to supply the water necessary to offset the high transpiration
caused by conditions at the surface of the soil. Moreover, it is likewise too
short to escape the progressive drying-out of the soil itself. In open places
in the Rocky Mountains, such as parks, clearings, ete., the late summer mor-
tality is excessive, often including all seedlings of the year. On the forest-
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floor itself it is considerable or even decisive in places where a thick layer of
dry mold or dust increases the distance roots have to go. Shreve (1909 :289)
has found that the secdling mortality of Parkinsonia in the deserts of Arizona
was 70 per cent during the first year and 97 per cent by the end of the third
year.

Growth.—If the seedling establishes itself, it is fairly sure to develop. This
seems to be the rule with herbaceous plants, though it suffers some exceptions
in the case of trees and shrubs. Even though conditions become more extreme,
the old plant is usually better able to resist them. With increasing size of
individuals the demands increase correspondingly. Hence, growth causes an
increasing competition. Out of this competition some species emerge as
dominants, reacting upon the habitat in a controlling way and determining
the conditions for all other species in the community. Others represent an
adaptation to conditions caused by the dominance and play always a subor-
dinate part. A third behavior is shown by those species or individuals ordi-
narily capable of becoming dominant, whenever they appear tardily, or repro-
duce under unfavorable light intensities. The growth is diminished and the
plant becomes suppressed. In forest and thicket suppression is progressive,
and usually results in death, either through insufficient nutrition or in conse-
quence of the attacks of insects and fungi. While suppression occurs in all
degrees, its most important effect lies in inhibiting reproduction, and it would
be well if the term were restricted to this sense.

Reproduction.—The invasion of a bare area is made possible by reprodue-
tion or seed-production in the neighboring communities. The development of
each stage in the resulting sere is the consequence of the excess of reproduc-
tion over immigration. Reproduction is in consequence the final measure of
the success of ecesis. In terms of succession at least, ecesis occurs only when
a species reproduces itself, and thus maintains its position throughout the
stage to which it belongs. In changes of vegetation the total period of ecesis
may be much shorter; in fact, annuals may appear and disappear finally in
a single season. In the case of annuals it is evident that there is no ecesis
without reproduction. With perennials it is less clear, but there are few
species that can maintain themselves in an area by vegetative propagation
alone. Since bare areas are rarely invaded in this way, complete ecesis in
them must rest upon reproduction.

Ecesis in bare areas.—The selective action of bare areas upon the germules
brought into them is exerted by ecesis. It has repeatedly been pointed out
that the essential nature of such areas is found in the water relations, and
that it can best be expressed in the amount of departure from the climatie
mean. The two extremes, water and rock, are the extremes for ecesis, the one
impossible for plants whose leaves live in the air and the light, the other for
those whose roots must reach water. The plants which can ecize in such
extremes are necessarily restricted in number and specialized in character,
but they are of the widest distribution, since the habitats which produced
them are universal. From the standpoint of ecesis, succession is a process
which brings the habitat nearer the optimum for germination and growth,
and thus permits the invasion of an increasingly larger population. The
fundamental reason why primary succession is long in comparison with
secondary lies in the fact that the physical conditions are for a long time
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too severe for the vast majority of migrants, as well as too severe for the
rapid increase of the pioneers. Secondary soils, on the contrary, afford more
or less optimum conditions for germination and growth, and are invaded and
stabilized with corresponding rapidity (plate 9, . B).

COMPETITION.

Nature.—Competition occurs whenever two or more plants make demands
in excess of the supply (Clements, 1904:166; 1905:285; 1907:251). It is a
universal characteristic of all plant communities, and is absent only in the
initial stages of succession, when the pioneers are still isolated. It increases
with the increase of population in successive stages until the climax or sub-
climax is reached, after which it decreases again with the population. It is
necessarily greatest between individuals or species which make similar or
identical demands upon the same supply at the same time, and least or quite
lacking in associated plants with demands largely or quite unlike.

In its essential nature, competition is a decrease in the amount of water and
light available for each individual, or for each species as represented by the
total number of individuals. It affects directly these two factors, and through
them the response of each plant. In a few cases, such as occur when radish
seeds are planted closely, it is possible to speak of mechanical competition or
competition for room. The crowding of the swelling roots is, however, only
an incident in the competition for water, and seems to have no counterpart in
nature. There is no experimental proof of mechanical competition between
root-stocks in the soil, and no evidence that their relation is due to anything
other than competition for the usual soil factors—water, air, and nutrients.

COompetition and dominance.—Properly speaking, competition exists only
when plants are more or less equal. The relation between host and parasite
is not competition, nor is that between a dominant tree and a secondary herb
of the forest fioor. The latter has adapted itself to the conditions made by
the trees, and is in no sense a competitor of the latter. Indeed, as in many
shade plants, it may be a beneficiary. The case is different, however, when the
seedlings of the tree find themselves alongside the herbs and drawing upon
the same supply of water and light. They meet upon more or less equal terms,
and the process is essentially similar to the competition between seedlings
alone on the one hand, or herbs on the other. The immediate outcome will
be determined by the nature of their roots and shoots, and not by the domi-
nance of the species. Naturally, it is not at all rare that the seedling tree
succumbs. When it persists, it gains an increasing advantage each succeeding
year, and the time comes when competition between tree and herb is replaced
by dominance and subordination. This is the course in every bare area and
in each stage of the sere which-develops upon it. The distinction between com-
petition and dominance is best seen in the development of a layered forest in
a secondary area, such as a burn. All the individuals compete with each other
at first in so far as they form intimate groups. With the growth of shrubs,
the latter become dominant over the herbs and are in turn dominated by the
trees. Herbs still compete with herbs, and shrubs with shrubs, as well as with
younger individuals of the next higher layer. Within the dominant tree-
layer, individuals compete with individuals and species with species. Each
layer exemplifies the rule that plants similar in demands compete when in



PLATE 9

CLEMENTS

o R TV ;

A. Ecesis in a primary area, summit of P
B. Kcesis in a secondary area denuded by hot water, Norris Geyser Basin,
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the same area, while those with dissimilar demands show the relation of
dominance and subordination.

COompetition in air and in s0il.—The competition between pioneers is usu-
ally restricted to the soil, where the roots compete with each other for water.
It is often also the simple competition typical of families, in which all the
individuals make identical demands because they belong to one species. As
the families become communities by extension or by migration, the competi-
tion becomes more complex and the outcome in many cases is dominance. This
is particularly true as the bare area becomes covered, and success in ecesis
comes to depend upon the ability to overshadow other plants. The taller
plant gradually gains the upper hand, partly because it receives more light
and makes more growth, and partly because its demands are increased by
greater transpiration. At the same time the shorter plant receives less light,
grows and transpires less, and its needs for water diminish. This interplay
of competition and reaction occurs in all communities with individuals of
different height and extent, but in varying degrees. In pure grassland, com-
petition of the roots for water is controlling, and the aérial shoots compete
slightly or not at all. 'Where broad-leaved herbs play an important or char-
acteristic part, shoots compete with each other for light. This is true of
typical prairie to such a degree that actual layers come to be developed, as
occurs also in other grassland. From the competition in the prairie to that
of the scrub and the forest is but a change of degree. The dominance of the
trees is only the outcome of a competition in which position means the control
of light, and thus of water. Competition of shoots alone may occur when the
water-supply is in excess, and hence competition for water is absent. This
is most evident in the case of submerged plants.

Woodhead (1906) distinguishes communities as competitive when the domi-
nants occupy the same soil layer, and complementary when the roots are in
different layers. It is one of the most important tasks of ecology to determine
the root and shoot relations of communal plants, but it seems much better to
apply Woodhead’s terms to the species concerned and not to the whole com-
munity. It is the species which are competitive or complementary, and not
the community. Moreover, species which are complementary as to roots may
be competitive as to shoots, and wvice versa. In addition, the individuals of
each species are competing more or less actively, and this is the case with the
secondary species also, both as to themselves and the dominants. Finally,
the complementary relation in many cases, if not in all, is merely the outcome
of the more or less complete success of certain species by which competition
is changed into dominance. Our knowledge of both competition and domi-
nance at present is quite too rudimentary to warrant drawing distinctions,
except as suggestive working hypotheses.

Réle of competition in succession.—As already indicated, competition
affects the amount of water and of light, even to the point of complete control
when success in competition becomes dominance; hence its effect upon ecesis
is direct and often critical. It is seen in the behavior of the seedlings of
species already in possession, as well as in that of new invaders. Competition
is most decisive during the development of the seedling and at the time of
reproduction, particularly in the case of perennials and woody plants. Aceord-
ingly it plays a large part in determining the relative number of occupants
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and invaders in each stage of a sere, and thus helps to control the course of
development. In analyzing the rdle of competition in the latter, it is desirable
to distinguish the simple competition of the members of a family and the com-
petition of the individuals of a single dominant of the primary or other layer
from the competition between dominant species or that of secondary species.
As we have scen, the competition between dominant and secondary species
has ceased and is replaced by a relation of dominance and subordination.
The reaction of a plant community upon its habitat is largely the sum of the
habitat effects of competition and dominance. The latter is paramount, how-
ever, and is chiefly or solely concerned in most important reactions.

The general effect of competition upon succession has already been indi-
cated. Its influence may be sketched in some detail by tracing the primary
development of a spruce forest in brief. The initial erustose lichens which
colonize the bare rock usually compete with ecach other little or not at all.
With the invasion of foliose forms, the competition of the two begins, often
ending in the complete dominance of foliose Parmelias, etc. The latter
compete with each other more or less vigorously, even when they occur on
the rock disintegrated into gravel. Their stabilizing reaction upon the
gravel-slide aids the invasion of pioneer phanerogams, but there is no compe-
tition between these and the lichens, even in the case of seedlings. This is
naturally because of the extreme dissimilarity of their demands. Competi-
tion appears again only as the result of the slow aggregation of individuals
into families and colonies, and is rarely if ever an important feature of
this open stage. With the entrance of a large number of sub-pioneers, the
number of individuals increases rapidly, and competition for water is often
acute. The result is that the pioneers disappear rapidly and usually com-
pletely. The appearance of perennial grasses increases the competition of
the half-gravel stage, and often translates it into dominance, the resulting
grassland acting as a subclimax. Often, however, shrubs or aspens enter
before the grasses become controlling, and the intense competition which
results passes into a dominance based on light-control. The development of
the pine stage is regularly conditioned by the reactions of the shrubs. The
latter and the young pines compete with each other more or less actively for
a time, but the pines ultimately secure partial dominance at least. When the
dominance is complete, the pines compete vigorously with each other and
produce a light reaction unfavorable to the ecesis of their seedlings, but
favorable to the seedlings of the spruce and fir. The latter succeed in the
constant competition during seedling and sapling stage, and take their place
in the primary layer as codominants. The pines decrease in number, probably
more from the failure of reproduction than from competition with the adult
spruces and firs. They cventually disgppear completely or are represented
only by an occasional relict.

While the control of the climax species is now secure except for accidents,
competition still goes on between the adults as well as the seedlings of each
year, resulting in oscillations in number. Tt is still a progressive process with
the members of the different layers of the undergrowth as the amount of light
steadily decreases, and it ceases only with the disappearance of the layers
caused by the growing absorption of the canopy. During this time, however,
a secondary effect of competition and dominanee is seen in the seasonal aspects
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typical of the undergrowth. The appearance of the species of each layer is
controlled by competition and dominance in such fashion that the layers
below the dominant one develop in the order of position, the lowermost first,
before the shrubs have developed their foliage. This effect is of course seen
most clearly in the aspects of deciduous forests, in which the lowest layer
consists chiefly or wholly of prevernal or vernal species. A similar and some-
times equally conspicuous sequence of layers occurs in prairies.

INVASION.

Nature and réle.—Invasion is the complete or complex process of which
migration, ecesis, and ¢ompetition are the essential parts (Clements, 1904:
32; 1905:210; 1907:270). It embraces the whole movement of a plant or
group of plants from one area into another and their colonization in the
latter. From the very nature of migration, invasion is going on at all times
and in all directions. For our purpose it is necessary to distinguish between
invasion into a bare area and into an existing plant community. The former
initiates succession, the latter continues the sere by producing successive
stages until the climax is reached. Invasion does not cease at this point
necessarily, especially in the presence of artificial processes. As a rule, how-
ever, invasion into a climax community is either ineffective or it results merely
in the adoption of the invader into the dominant population. From the
standpoint of succession only those invasions need be considered which people
bare areas or produce a new developmental stage. It is obvious that practi-
cally all invasion in force is of this sort. ‘

Effective invasion is predominantly local. It operates in mass only between
bare areas and adjacent communities which contain species capable of pioneer-
ing, or between contiguous communities which offer somewhat similar condi-
tions or contain species of wide range of adjustment. Invasion into a remote
region rarely has any successional effect, as the invaders are too few to make
headway against the plants in possession or against those much nearer a new
area. An apparent exception is found in the case of ruderals introduced into
new countries by man, but these rarely come to be of importance in succession
until they have been domiciled for many years. The invasions resulting from
the advance and retreat of the ice during glacial times were essentially local.
They spread over large areas and moved long distances only as a consequence
of the advance or withdrawal of the ice. The actual invasion at any one time
was strictly local. Invasion into a new area or a plant community begins with
migration when this is followed by ecesis. In new areas, ecesis produces
reaction at once, and this is followed by aggregation and competition, with
increasing reaction. In an area already occupied by plants, ecesis and com-
petition are concomitant and quickly produce reactions. Throughout the
development migrants are entering and leaving, and the interactions of the
various processes come to be complex in the highest degree.

Kinds of invasion.—Local invasion in force is essentially continuous or
recurrent. Between contiguous communities it is mutual, unless they are too
dissimilar. The result is a transition area or ecotone which epitomizes the
next stage in development. By far the greater amount of invasion into exist-
ing vegetation is of this sort. The movement into a bare area is likewise
continuous, though it is necessarily not mutual, and hence there is no ecotone
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during the earlier stages. The significant feature of continuous invasion is
that an outpost may be repeatedly reinforced, permitting rapid aggregation
and ecesis, and the production of new centers from which the species may be
extended over a wide area. Contrasted with continuous invasion is inter-
mittent or periodic movement into distant regions, but this is rarely con-
cerned in succession. When the movement of invaders into a community is
80 great that the original occupants are driven out the invasion is complete.
This is characteristic of the major stages of succession, though there are neces-
sarily transitions between these, often of such character as to require recogni-
tion. Major stages, and especially subclimaxes and climaxes, often undergo
partial invasion without being essentially changed. While the permanence
of invasion varies greatly, the terms ‘‘permanent’’ and ‘‘temporary’’ are
purely relative. In each sere initial and medial stages are temporary in
comparison with the climax. The initial stages of a primary sere may last
for centuries, but they must finally pass in the course of development. Climax
stages are permanent, except in the case of destruction or an efficient change
of climate. In the geological sense, however, they are transient stages of
the geosere.

Manner of invasion.—Bare areas present very different conditions for in-
vaders to those found in plant communities. This is due to the absence of
competition and often of reaction. Conditions for germination are regularly
more favorable in plant communities, but the fate of seedling and adult is
then largely determined by competition. Open communities are invaded
readily, closed ones only with difficulty, if at all. It is important to recognize
that a community is not necessarily open because part of the surface is bare.
Secondary bare areas usually afford maximum opportunity for invasion. This
is due partly to the lack of competition, but especially to the fact that condi-
tions are more or less optimum for the germination and growth of a wide
range of species. Primary areas, on the contrary, present only extremes of
water-content, and thus exclude all invaders except a few pioneers.

Invasion into a bare area may be lateral, peripheral, or general. It is
lateral in all land areas bordered by deep water, since successful invaders can
reach it only from land communities. It may be bilateral when the water is
shallow enough to contain amphibious species and the area sufficiently wide to
permit a gradual change of conditions. When the bare area lies between two
different terrestrial associations the movement is regularly from both direc-
tions, if conditions are not too extreme. If it is surrounded by an association
or associes, but particularly the former, the invasion takes place all along
the edge. When the area is large the invaders move forward into it by re-
peated advances, often producing temporary zones. In small areas such a
zonal invasion is typical when species.invade by propagules. In many secon-
dary areas, especially burns and abandoned fields, the migration is general,
and the area is more or less completely covered in the initial stage.

In all invasions after the first or pioneer stage, the relative level of occu-
pants and invaders is critical. A community may be invaded at its level,
1. e., by species of the same gencral height as those in oceupation, or below or
above this level. When invasion is at the same height, the level has no effect
and the sequence is determined by other features. If it is above the level of
the occupants, the newcomers become dominant as they stretch above their
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neighbors and soon give character to a new stage. This is typically the case
with shrubs and trees, in which the close dependence of the sequence of stages
upon life-form is most evident. When invasion is below the existing level, it
has no direct influence upon the dominant species. Such invaders normally
take a subordinate place as secondary components of the community. In rare
instances they play an important or decisive part by virtue of some advan-
tageous competition form, such as the rosette or mat, or of some unique
reaction, as in Sphagnwmn. ‘

Barriers.—A topographic feature or a physical or a biological agency that
restricts or prevents invasions is a barrier. Topographic features are usually
permanent and produce permanent barriers. Biological ones are often tem-
porary and exist for a few years or even a single season. Temporary barriers
are often recurrent, however. Barriers are complete or incomplete with
respect to the thoroughness of their action. They may affect invasion either
by limiting migration or by preventing ecesis. It has been generally assumed
that their chief effect is exerted upon migration, but it scems clear that this
is not the case. Even in the case of extensive barriers, such as the ocean, the
influence upon ecesis is decisive.

Barriers are physical when due to some marked topographic feature, such
as an ocean, lake, river, mountain range, ctc. All of these are effective by
virtue of their dominant physical factors. They prevent the ecesis of the
species coming from very different habitats, though they may at the same
time serve as conductors for plants from similar habitats. This is especially
true of water-currents and mountain ranges. A body of water with its exces-
sive water-content is a barrier to mesophytes and xerophytes, but a conductor
for hydrophytes. Deserts set a limit to the invasion of mesophytic and hydro-
phytic species, while they favor that of xerophytes. By its reduction of tem-
perature, a high mountain range restricts the extension of plants of lowlands
and plains. It is also more of an obstacle to migration than most physical
barriers, because of the difficulty of movement up its slopes. Any bare area
with extreme conditions is a barrier to the invasion of communities beyond.
It is not to be regarded as a barrier to the development of succession upon it,
since the proper pioneeers are always able to invade it.

Biological barriers.—Biological barriers comprise plant communities, man
and animals, and parasitic plants. The limiting effect of a plant community
is exhibited in two ways. In the first place, an association acts as a barrier
to the ecesis of species invading it from associations of another type, on
account of the physical differences of the habitats. Whether such a barrier
be complete or partial will depend upon the relative unlikeness of the two
areas. Shade plants are unable to invade a prairie, though the species of open
thickets or woodland may do so to a certain degree. A forest formation, on
account of its diffused light, is a barrier to poophytes, while a swamp, because
of the amount and kind of water-content, sets a limit to the species of both
woodland and grassland. Such formations as forests and thickets act also as
direct obstacles to migration in the case of tumbleweeds and other anemo-
chores, clitochores, ete. Closed communities likewise exert a marked influence
in decreasing invasion by reason of the intense and successful competition
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