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Feeding Relations of Fish
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Even a food web with However, removing weak
only 10 fish species feeding relationships
and their foods can produces a more

be very complex. understandable picture

of the community.
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Prima legge della termodinamica

L'energia si conserva: non puo essere ne creata né
distrutta, ma solo trasformata.

before after

Energy I ‘ VEnergy
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Seconda legge della termodinamica

Le trasformazioni dell’energia non sono mai
completamente efficienti: esse comportano una
parziale dissipazione sotto forma di calore
(I'entropia dell’'universo & costantemente in
aumento).

Unusable energy after

energia




Dinamica degli ecosistemi:

1- Flussi di energia
2- Cicli biogeochimici

ENERGIA — Non puo’
essere riciclata,
fluisce attraverso gli
ecosistemi, proviene
da una fonte
esterna. Entra come
luce ed esce come
calore.

MATERIA - Circola
all'interno degli
ecosistemi.
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Interconnessioni fra livelli trofici:
- Tutti i livelli trofici sono connessi fra loro attreverso i
decompositori.
- Batteri e funghi riciclano gli elementi che costituiscono la
materia organica, decomponendola.
- Senza decomposizione non ci sarebbe vita.
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P,, produttivita al livello trofico n

R, perdita di calore respiratorio
al livello trofico n
F, perdita di energia fecale al
livello trofico n
assunzione (ingresso) di energia
al livello trofico n
P,_y, produttivita disponibile per il
consumo dal livello trofico 7 — 1

[

ar

non consumata

compartimento della sostanza
organica morta del sistema. dei
decompositor
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Produzione secondaria
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Plant material
eaten by caterpillar

| ';>/ P+R=A
E:> 100 R |I:>57J Cellular

Feces respiration

bem E=RC-RA-RP

Growth E= \171\ A{ Pn

Rendimento di consumo: RC=| /P, Pn-1 *n\ H’n\
Rendimento di assimilazione: RA=A/I, F= Pn
Rendimento di produzione: RP=P /A, Ppy
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Solar radiation is the | Most of the energy flowing ForeSt Energy BUdget
primary source of through this ecosystem is | Most energy taken in by Nearly 90% of the energy
ener'gy available to lost as heat or powers consumers is lost as respiration, | input to a stream is re-
this forest ecosystem.||evapotranspiration. about .7% of total solar input. leased during respiration.
0 VR ..
Solar | |Reflect-Heat Evapo-  Plant Grazing = Detritus  Stream Litter
radiation ed trans- respiration consumer  consumer consumer fall
llgm piration respiration  respiration respiration
100% 15% 41%  42% 12% T% 0.4% 0.5%
Nét primarf production
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Aboveground input of solar energy. e {o;:zwllwieg .
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1 \ u J2k 01%
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Phytoplankton Benthic algae
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DDT concentration:

- . : o
Magnificazione ‘rmrecime -
biologica lg
DDT in ﬁ
fish-eating birds "
25 ppm
||
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- large fish
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~ small fish
0.5 ppm
© DDTin
zooplankton
0.04 ppm
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Dry weight Trophic level
(gm?)
1.5 | Tertiary consumers
11 Secondary consumers

37 Primary consumers
809 Primary producers

(a) Florida bog

21 Primary consumers (zooplankton)
4 Primary producers (phytoplankton)

(b) English Channel
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Number of Trophic level
individual organisms

3 | Tertiary consumers
354,904 Secondary consumers

708,624 Primary consumers
5,842,424 * Primary producers
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Trophic level

Secondary Human 1
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Human
vegetarians
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THE TROPHIC-DYNAM

RAYMOND

1C ASPECT OF ECOLOGY

L. LINDEMAN

Osborn Zoolagiesi Laboratory, Vale University

Recent progress in the study of aquatic
food-cycle relationships invites a re.
appraisal of ceriain ecological tenets.
Quantitative productivity data provide
a basis for enunciating certain trophic
principles, which, when applied to a
series of successional stages, shed new
lizht on the dynamics of ecological
succession.

“CommuntTy'' CONCEPTS

A chronological review of the major
viewpoints guiding synecological though
indicates the following stages: (1) the
static species-distributional viewpoint;
(2) the dynamic species-distributional

A more “bio-ecol
istributional appreach would
both the plants and animals
as co-constituents of restricted “biotic’"
communities, such as “plankton com-

in which members of the living commu-
nity “‘co-act’’ with each oller and ‘re-
act” with the non-living environment
(Clements and Shelford, '39; Carpenter,
'39,'a0; T. Park, '41). Coactions and

munities,” “benthic communities,” ete., [—

Teacbions are considered Dy bio-ccologists
to be the dyramic effectors of succession.

The trophic-dynamic viewpoint, as
adopted in this paper, v:mpl\asxzes the
relationship of (rophic or “energy-aval-
ing hips within the

v1ewpomt, with emphasis on

and (3) the trophic-d
viewpoint. From either species-distri-
buti¢nal viewpoint, a lake, for example,
might be considereC by a botanist as
containing scveral distinet plant aggre-
gations, such as marginal emergent.
floating-leafed, submerged, benthic, or
phytoplankton communities, some of
\vhich might cven be considered as
“climax” (cf. Tutin, "41), The associ-
ated animals would be “biotic factors”
of the plant environment, tending to
limit or modify the develooment of the

AQUALIC plant commimnifies. 1o a striet
zoologist, on the other hand, a lake weuld
seem to contain animal communities
rouglly coincident with the plant com-
munities, although the ‘'associated vege-
tation” would be considered merely as a
part of the environment! of the animal

unit to the proczss of succession. l-mm
this viewpoint, which is closely allied to
Vernadsky's “‘biogeochemica” epproach
(ef. Hutchinson and Wollack, '40; and
to the “ockologische Sicht” m'Fnedmchs
("30), a leke is considered as a prirfary
ecological unit ia its own right, since all
the lesser “communitics” mentioned
abave are dependent upon otker com-
potents of the lacustrine food cycle (cf.
figure 1) for -heir very existence. Upon
furcher consideration of the trophic cycle,
the discrimination between living organ-
isms as parts of the “biotic community”
and dead organisms and inorgaric nutri-
lives as parts of the “enviromment’”
seems arhitrary and unnatural  The

diffculty of drawing clear-cut lines be-
tween the living contmunily and the non-
living emviroument is ilustrated by the

+'The term habitat is used by certa’n ecologists
tcnmmnu and Shelford, '39; Haskell, '40; T.
Park, "41) as a svnonym for enuironment in the
usual sense and as here used, although Park
inta out that meat biologists understand * hal
itat” to mean ‘‘simply the place or miche :hat
an anima. or plant occupies in nature” in a
specietdistrbutianal sense. O the ather han,
kell, and apparently also Park, use ““environ-
m:.\v s synonymous with the wsmos, Tt is to

difficulty of det g the status of a
slowly dying pondweed coversd with
periphytes, some of which are also con-
tinually dying. Asindicated in figure 1,
musch of the non living nascent ooze is
rapidly reincorporated through *dis-
be hoped that ecologists will shortly be able to
reach some sor: of agreement on the meanings
of these bade terms,

300

To a strict

zoologist, on the other hand, a lake would
seem to contain animal communities
roughly coincident with the plant com-
munities, although the ‘‘associated vege-
tation” would be considered merely as a
part of the environment! of the animal

community. A more
species-distributional

“‘bio-ecological’’
approach would

recognize both the plants and animals
as co-constituents of restricted ‘“‘biotic”’

communities, such as
munities,”’

“plankton com-

‘‘benthic communities,” etc.,

in which members of the living commu-
nity ‘‘co-act’” with each other and ‘‘re-
act'" with the non-living environment
(Clements and Shelford, '39; Carpenter,

'39, '40; T. Park, '41).
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solved nutrients” back into the living| magnitude, the biotie community
“biotic community.” This constant or-| pius its abioti: environment, The con-
ganic-inorganic cycle of nutritive sub-| cept of the ecosystem is believed by the
stance is sc completely integrated that| writer to be of fundamental importance
to consider even such a umit 25 a lake| in iaterpreting the data of dynamic
primarily as a biotic community appears| ccology.
to force a “biological” emphasis upon a

more basic lunetional organization. Tropric DyNamics
This concept was perhaps first ex-
pressed by Thienemann (*18), as a result Qualitasive fool-cycle relutionships

of his extersive limnological studics on

the lakes of North Ger?n;?y Allce ('54)  Although certain cspects of food rola-
expressed a similar view, stating: gg:i Tr‘\’)i(‘sbs:n omown Cfgryscle:g:":;

i’ ¥ proce in ecos:

piture than finally emerges , still very incompletely understood. The
basic process in tophic dymauics is Uhe
transfer of energy from one part of
the ccosystem to another.  All fuaction,
and indeed all life, within an ecosystem
depends upon the utilization of an exter-

biotic communities, bul also between the
biota and the environmenl.” Such a
concept is icherent in the term ecosysiem,
propesed by Tansley (°35) for the funda-
mental ecological unit.* Rejecting the nal source of encrgy, solar radiation.

terme “complex organism” and “biotic
community,” Tansley writes, “But the
more fundamental conception is, as it into the structure of living urg:mlsms
seems to me, the whole system (in the It he language of community cconomics
sense of physies), including not only the intreduced by Thieremann (26). auto
organism-complex, but also the whale trophic plante are producer arganisms,
complex of physical factors forming what ~employing ‘he energy obtained by photo-
we czll the envircnment of the biome. Synthesis to synthesize complex organic

. ILis the systems so formed which, substances from simple inorganic sub-
from the peint of view of the ecologist, stances. Although plants again release
are the basic units of nature on the face aportion of this potential energy in cata-
of the carth. . . . These ecosysters, as  bolic processes, a grezt surplus of erganic
we may call them, are of the most vari- substance is accurulated. Animals and
ous linds and sizes. They form onc heterotrophic plants, as consiumer organ-
category of the multitudinous physieal isms, feed npon this surplus of potential
systems of the waiverse, which range energy, oxidizing a considerable portion
from the universe as a whole down to of the consumed substance to release
1he atom.”  Tansley goes on to discuss  kinetic energy for metabolism, but trans-
the ecosystem as a category of raak forming the remainder into the complex
equal to the “biome” (Clements, '16), chemical subsiances of their own hadies
but points out that ‘he term can ako Following death, every organism is a
be 1 potential source of energy for saproph-
“community.”  The tw:ystzm may be| agous organfsms (feeding directly on

formally defined as the eystem compossd
of physical-chemical-biological processes | energy sources fﬂr successive categories
active within_a space-time unit of any | of bacteria

. . and fungi, representing the most im-
com ST joEieal syt tomposed of the P~ portant. saprophagous. consumption. of
by Fricderichs (30 and the biesysiem by Thiene-  €NergY, may be conveniently differenti-
mann {'39). ated from animal consumers as special-

The ecosystem may be
formally defined as the system composed
of physical-chemical-biological processes
active within a space-time unit of any
magnitude, i.e., the biotic community
plus its abiotic environment. The con-
cept of the ecosystem is believed by the
writer to be of fundamental importance
in interpreting the data of dynamic
ecology.

Solar Radiation

October, 1942 TRO!

Solar Rafiation

e
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Fus. 1. Generalized I

ized decomposers® of organi
Waksman (41) has sugges!
tain of these bacteria be f A
entisted as transformers of 3
inorganic compounds. Tl
acticn of animal consume
decomposers tends to dissi
tential energy of organic
again transforming them to
state. From this inorgan
autotrophic plants may uti

# Thienemann i'26! propased t
for the heterctrophic bacteria
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Solar Radiation

A
External

Internal

P
Pondweéds  /\,
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priate F1G, 1. Generalized lacustrine food-cycle relationships (after Lindeman, '41b),
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usual prey arc only periodically abun
dant. Thisability o the part of preda-
tors, which tends to make the higher
trephic levels of a food cycle less discrete
than the lower, increases the difficulties
of analyzing the energy relationships in
this portion of the food cycle, and may
also tend to “shorten the fc

LINDEMAN Ecology, Vel. 23, No. 4

figurc 1) indicates that the terrestrial
food cycle is essentially “"mono-cyelic’”
with macrophytic producers, while the
Lecustrine cycle, with two “life-forms”

producers, may be considered as “bi-
cyelic.” The marire sycle, in which
plankters are the only producers of any

Furdamental foed cycle \.arntmns in
different ecosystems may be observed
by comparing lacustrine and terrestrial
cycles. ~ Although dissolved nutrients in
the lake water and in the ooze corre-
spond directly with those in the soil, the
autotrophic producersdiffer considerably
in form. Lacustrine producers include
macrophytic pondweeds, in which mas
sive supporting tissaesare at a minimum,
and microphytic phytoplankters, which
in larger lakes definitely dominate the
production of crganic substance, Ter-
restrial prod uoeri are predominantly

nts much

may be as
“‘mono-cyclic' with microphytic pro-
ducers. The relative absence of massive
supporting tissues in plankters and the
very rapid completicn cf their lit2 cycle
exert a great influence on the diffcrential
productivities of terrestrial and aquatic
systems. The general convexity of ter-
restrial sysiems as contrasted with the
concavity of aquatic substrata results in
striking trophic and successional differ-
ences, which will be discussed in a later
section.

Productivity

cellulose and hgmn in_various types of
supporting tissues. Terrestrial herbi
vores, belonzing to a great number of
specia’ized food groups, act as primary
consumers (sensu Jacat, '40) of organic
substance; thees groups correspord to
of aquatic ecosystems.

Definitions.—The quantitative aspects
of trophic ecology have been commonly
expressed in terms of the productivity
of the food groups concerned, Produc-
tivity has been rather broadly defined
as the general rate of production (Riley,
'40, and otaers), a term which may be
applied <o anv or every foad grovp in g

Terrestrial predaters may be classified
as more remote (secondary, teriary,
quaternary, etc.) consumers, according
to whether they prey upon herbivores or
upon other predators; these correspond
roughly to the benthic predators and
ewimming predatore, respectively, of a
lake, Bacterial and fungal decomposers
in terrestrial systems are concentrated
in the humus layer of the scil; in lakes,
where the “s0il"" is overlain by water,
decomposition takes place both in the
water, as organic particles slowly settle,
and in the benthic “soil.” Nutrientsalts

given ecosystem. The problem of pro-
ductivity as related w biotic dynamics
hae been critically analyzed by G. E.
Hutchinson (42) in his recent book on
limnological principles. The two follow-
ing paragraphsare quoted from Hutckin-
son's chapter on “The Dynamics of
Lake Biota”:

The dvaaics of lake biot is hore rcated as
primarily 3 problem of energy tra
bistic utization of solar cnnrgy mm..g eh:
lake surface. Some o’ this energy is transformed
by photosynthesis into the structure of phyto-
plnlion oremisms, reprssoing n snorey con-
tent which mav Le expres: As st lovell

The problem of pro-
ductivity as related to biotic dynamics
has been critically analyzed by G. E.
Hutchinson (’42) in his recent book on
limnological principles. The two follow-
ing paragraphs are quoted from Hutchin-
son's chapter on ‘““T'he Dynamics of
Lake Biota':

The dynamics of lake biota is here treated as
primarily a problem of energy transfer . . . the
biotic utilization of solar energy entering the
lake surface. Some of this energy is transformed
by photosynthesis into the structure of phyto-
plankton organisms, representing an energy con-
tent which may be cxpressed as A; (first level).

arc thus freed to be reutilized by the

autotrophic plants of bota ecosystems.
The striking abserce of terrestrial

“life-forms™ analogous to plankters? (cf.

4 Frarcé ("13) developed the concept of the
eduhon, in which the soil microbiota was repre-
sented as the terrestrial equivaleat of aquatic

Some of the phytoplankters wil gty by

plankton. This concept appears 1o havea num-
ber of adherents in this country. The author
fecls that this analogy is misleading, as the
edaphon, which has almost no producers, repre-
sents only a depeadent side-chain of the teres-
wrial cyale. and s much more coriparable to the
lacustrine microbenthos than to the plankton.
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zooplankters (energy content A, which again

will be caien by plankton precators iencrgy

comtent Ay}, The varlous succossive levels

stages®) of the food <yelc are thus seon fo have

successively different energy contents (A1, Az, Aa,

cte)

Considerng any food-cyle level Ay, energy

entering the level end is leaving it

change of the energy content A therefore

be divided into a positive and a negative part:
dA,
o

\Ah((L A ie by definition positive and represents
the of concribution of energy from .\n 1 (the
prt/lmh level) to Ay, while 2.7 is negati
Tepresants the sum of the rate of enerey i
pated from A, am the rte of enery contnt
handed on 1o the folloving e

interesting quantity is \., which is Llc[mc«l as tl\t
truc productiet'y of level An. In practi
necessacy to use o3 over fir ods
of time a3 approsimitions (@ the mean “raten
Aps A1

In the following pages we shall con-
sider the quantitative relationships of the
following productivities: Ao (rate of inci-
ar radiation), M (rate of oheto-
¥ production), A (rate of primary
or herbivorous consumption), s (rate of
secondary consamption or primary pre-
dation), and i (rate of tertary con-
sumption). Tk total amount of organic
structure formed per year for any level
A, which is commenly evpressed as the
annual “yicld,” actually represents a
value uncorrected for (|ISS\ tion of
cnergy by (1) respiration, (2) predation,
and  '3) post.mertem  decomposition.
Let us now consider the quantitative
aspects of these lass

Numerous estimates of average -espi-
ration for photosynthetic producers may
be obtained from the literature. For
terrestrial plants, cstimates range frem

5 per cent (Plttes, re Spochr, '26) to
43 per cent (Lundegirdh, ’24) under
various types of natural conditions.  For
zquatic producers, Hicks ('3%) reported
= coefficient of about 15 per cent for
Temna under in conditions,  Wim-
penay (41) k ficared that the respi-
ratery coefficient of marine producers in
poler regions (iators) is probably much
less than tha: of tha more “animal like”

ridinians pmd—e hth

phorids) of warmer seag, and that tem-
perature may be an impertant factor in
determining respirators coefficients in
general.  Juday (40), 4fter conducting
numerous experiments | with Manning
and others on tae respifation of phyto-
plankters in Trout Lake, Wisconsin,
concluded that under average conditions
these producers respirs pbout 15 of the
organic matter which {hey synthesize.
This latter value, 33 pr cent, is prob-
ably the hest available| respiratory co-
efficient for lacustrine producer;

producers ith:

frformation—om—the respiration of
aquatic primary cousumers is obtained
from an illuminating study by Tvlev
('392) on the encrgy relationships of
Tubifer. By means of ingenicus tech-
niques, he determined calorific values
for_assimilation and_growth in_eleven
serias of experiments,
ages of his calorific values, we can make

Respiralory corrections— The amonnt
of energy loat from food levels by cata-
bolic processes (respiration) varies con-
siderably for the different stages in the
life histories of individuals, for different
levels in the food cyele and for difer-
ent seasonal temperatures. In terms of
anaual production, however, individual
deviates cancel out and respiratory dif-
ferences betwesn foud groups nay be
observed

“The tem stage, in some respects preferable
to the terra devel, cannot be used in this trophic
e becanas of s Lngastubibloal g 2
sitceessional term (cL. p. 2.

the following simple calculations: assivi-
iation (16,77 cal.) — growth (10.33 cal.)

— vespiration (6.44 cal), s0 'har rospira-

In the following pages we shall con-
sider the quantitative relationships of the
following productivities: Ao (rate of inci-
dent solar radiation), M (rate of photo-
synthetic production), X (rate of primary
or herbivorous consumption), A (rate of
secondary consumption or primary pre-
dation), and A, (rate of tertiary con-
sumption). The total amount of organic
structure formed per year for any level
An, which is commonly expressed as the
annual ‘yield,” actually represents a
value uncorrected for dissipation of
cnergy by (1) respiration, (2) predation,
and (3) post-mortem decomposition.
Let us now consider the gquantitative
aspects of these losses.

i Lenns of growth — 1r “ — 62.30

per cent. As a check on the growth
stage of these worms, we find that
growt .
———— = 1.7 per cent, a value in
assimilation
good sgreement with the classical con-
clusions of Needham ('31, LLL, p. 1655)
with respect to embryos: the sfciency
of all devalaping embryos is numerically
similar, batweer 60 and 70 per cent, and

Using the aver-
ages of his calorific values, we can make
the following simple calculations: essimze-
lation (16.77 cal.) — growth (10.33 cal.)
= respirajion (6.44 cal.)
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independent of temperature within the
range of biological tolerance, We may
therefore conclude that the werms were
growing at nearly maximal zfficiency. so
that the above respiratory coefficient is
nearly minfual T the absence of fur-
ther cata, we shall aceept

Zcology, Vol. 23, No. 4.

have a higher ate of respiration than
the more sluggish herbivorous species;
the respiratory rate of Esex under rosting
conditions at 20° C. was 3} times that
of Cyprinus. The form of piscian growth
curves (cf. Hile, '41) suggests that the

62 per cent as the best available respira-
tory coeficient for aquatic herbivores.
The respiratery coefficien: for aquatic
predators can be approximared from
data of another important study hy
Ivlev ('39b), on the energy transforma-
tions in predatory yearling carp. Treat-
ing his calorifie values as in the preceding
paragraph, we find that ingestion (1329
cal) — defecation (454 cal) = assimile-
Hown (1375 cal.}, and assimilation — growth
(573 cal) = respiration (802 cal.), so
that respiration in temms of growth
802

= = 14(
373 = 140 per cont, a much higher

coefficient than that found for the pri-
mary consumer, 7'sbifex. A rough check
on this coefficient was obtained Ly cal-
orific analyss of data or the gmwrh of
yearling green sunfishes (Lepormi

anellus) published by W. G. Mcon: ('41),
which indicate a respiratory coefficiant
of 120 per cent with respect to growth,
suggestinz that these fishes were growing
more efficiently than those studied by
Ivlev. Since Moore’s fishes were fed on
a highly concentrated food (liver), this
greater growth efficiency is no* sur-
prising. 1f the maximum growth effi-

growth

assimilation
80-70 per cenl (AEE of Needham,
'31), the AEE of Moore's data (about
50 per cent) indicates that the minimum
cespiratory coefficent with respect to
growth might be as low as 100 per cent
for certain fishes. Food-conversion data
from Thompson (41} indicate a mini-
mum respiratory coefficient of less than
150 per cent for young black bass (Huro
salmoides) at 70° F., the exact percent-
age depending upon how much of the
ingested food (minnows) was assimilated.
Krogh (41) showed that predatory fisnes

ciency would occur when

is much higher for
fishes towards the end cof their normal
life-span.  Since the value obtained from
Ivlev (above) is based on mare extensive
data than those of Moore, ve shal (en-
tatively aceept 140 per cent as an aver-
age respiratory coefficient for aquatic
predators.

onsidering that preda:ors are usually
morc active than their hesbivorous prey,
which are in tusn more active than the
plants upon which they feed, it is not
surprising to find that respiration with
respect b growth in producers (33 per
cem) in primary constmers (62 per cent)
and in secondary consumers (>100 per
cent) increases progressively. These
differences probably refiect a tropaic
princigle of wide applications the per-
centage lcss of energy du to respiration
is progressively greater for higher levels
in the food cycle,

Predalion corrections —In COTSIErmg
the predation lessés f-om cach level, it
is most convenient to begin with thn
highest level, A,. In a mecanically
per!ect food cycle composed of organ-
ically discrets levels, this loss by preda-
tion obvicusly would be zere. Since no
natural food cycle is so mechanically
constituted, some “cannibalism” within
such an arbitrary level cen be expected,
€o that the actual value for predation
loss from Ax prcbably v\i]l be somewhat

level Ay will rearesenttlet)ml araount
of assimilable energy passed on nto the
higher level (e, the trus productivity,
%), plus a quantity representing the
average content of substance killed but
not assimilated by the predator, as will
e .ll:l.u:.a:d in I,lIL ruuuw ny section.
om Tevel w1

wise rtTJresenL Lhe ccml amoum: of

zssimilable energy passed on to the next

Considering that predators are usually
more active than their herbivorous prey,
which are in turn more active than the
plants upon which they feed, it is not
surprising to find that respiration with
respect to growth in producers (33 per
cent), in primary consumers (62 per cent)
and in secondary consumers (>100 per
cent) increases progressively. These
differences probably reflect a trophic
principle of wide application: the per-
centage loss of energy due to respiration
is progressively pgreater for higher levels
in the food cycle

The predation loss from
level A, will represent the total amount
of assimilable energy passed on into the
higher level (i.e., the true productivity,
A»), plus a quantity representing the
average content of substance killed but
not assimilated by the predator, as will
be discussed in the following section.
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level (i.e., Aa-1), plus a similar factor for
unassimilated material, as illustrated by
the data of tables II and IIL. The
various categories of parasites are some-
whial comparable b Uiose of predators,
but the details of their energy relation-
ships have not yet bsen clarifed, and
cannot be included in this preliminary
wor
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saprophages, whose metabolic products
provide simple inorganic and crganic

producers. These saprophages may also
seTve as energy sources for suceessive
levels of consumers, often considerably
supplementing the normal diet of he:bi-
vores (ZoBell and Feltham, "38). _Tacot

D diie —In coa-

('w) ‘considered_saprophage-feeding or
animals as “low” primary

formity with the Wmupl‘ of Le Chate-
lier, the energy of no focd level can be
completely extracted by the organisms
which feed upon it. In addition to the

c(msumers‘ bu: the Wnler believes tllat

These saprophages may also
serve as energy sources for successive
levels of consumers, often considerably
supplementing the normal diet of herbi-
vores (ZoBell and Feltham, '38).

quantitativa suhdmson of primary con-

sumers i3 unwerranted.

Trem 3 et
survive to be included i the “annual
yield,” much energy is contalned in
itkilled”” tissues which the predators arc
unzble te digest and assimilate  Aver-

Agplication—The value of these.the-
oretical energy relationships can be illus-
trated Ly analyzing data of the three
ccosystems for which relatively coupre-
hensive productivity values have been

blisbed (oble 1 T

age
based largely of thi

e mee ol Ogni sistema tende a

chemical analyees
('22), are as follo
Nanmnaplankters. ...

Algel mesoplankter;
Mature pondweels.

reagire ad una modifica

sz | impostagli dall'esterno

Predatory fehes

S minimizzandone gli

though the data a

t a generalizati i
e aein] €ffetti.

fevels, particulart

ponents of aguatic cycles,

The loss of eaergy due to premature
death from non-predatory ca.ses usually
must be neglected, since such losses arc
exceedingly difsenlt to evaluate and
under normal cenditions probably repre-
sent relatively small components of the
annual production. However, consider=
ing that these losses may assume con-
siderable proportions at any time, the
above ““decompesition coefficients” must
be regardzd as corresponcingly minimal.

Following non-predated death, every
organism is a potential source of energy
for myriads of bacterial and fungal

—
ceunt of Brujewicz ('39) on “the dy-
namics of living matter in the Caspian
Sea” leaves much to be desired, as
bottem animals are not differentiated
into their relative food levels, and the
basis for determining the annual pro-
duction of phytoplankters (which on
theoretical grounds appears to be much
too low) is not clearly explained, Fur
thermore, his values are statec in terms
of thousands of tons of dry w:xght for
the Caspian Sza as a whole, anc must
be roughly trensformed to calories per
square centimeter of surface area. The
data for Leke Mendota, Wisconsin, are

Decompom corrections. — In con-
formity with the principle of Le Chate-
lier, the energy of no food level can be
completely extracted by the organisms
which feed upon it.
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taken directly from a general summary
(Juday, '40) of the many productivity
studies made on that eu[rOph]C lake.

LINDEMAN Eeology, V51.23, No.4

Tapi 1L Produdiniy saluss for tia Lake
Meidots fosd cule 1 g. s vt
sing ‘cce ficients in the preceding sece

s, 433 a5 given by Tuday (40).

The data for Cedar Beg Lake,
are taken from the authur’s [our-year
analysis (Lindeman, '41b) of its food-
cyele dynamics. The calorific values in
table I, representing annual production
of organic macter, are uncorrected for
energy leascs.

TABLE I1. Produstivity veluies for the Cedar
Bop Lake food evcle, in g-aallom?fvear, as corrected
by using the coefficicats derivzd tn the precading

oo | cor
Uncormetee | Reor | Pre- | oo | rected
Trophic lerel. | o Ry |Pre | dar 5o | 2o
Hen | yviey
Producers: &1 |70.42:10.14 (234 [14.8 | 28 | 111.3
Primary |
consummers: Ae| 70107 | 44| 3.1/03| 14.8
Secondary

consumers; As| 1.3:£043% | 1.8] 0.0/ 00| 3.

Uncor.
oo
rropmicreve | Tpro-
e
Producers an| 321% [ 107 |# |10 | 40 | 428
Fliary con
Mg e s | 2af0a] we [
Carsuners:
| o fas|oo| 23| e
Tty i
iy auz| eal 20| 00| es| o7
 Hutchinson_(12) gives evidence that this

va'llue ie prnbnhly w00 high and may actually be

{ Apparontly euch organiorms as small * orage’”

Tertof
Lalence sheet: The inchision of these farms
might be ex increase ecnsiderably the
productivity of secondary consumption.

ing-capaaty” of lakes comtmmng mostly
carp and other “coarse” fishes (primarily

“This value includes the procuctivity of the
smll «cyprinoid hshes tound in the lake.

Correcting for the energy losses due
to respiraticn, predation and decomposi-
tion, as discussed in e preceding sec-
tions, casts a very differant light on the
relative productivities of food levels.
The calculation of corrections for the
Cedar Bog Lake values for producers.
primary consumers and secondary con-
sumers are given in table IT. The appli-
catior. of similar corrections to the energy
values for the food levels of the Lake
Mendota food cyele given by Juday
(’40), as shown in table III, indicates
that Lake Mendota is much more pro-
ductive of producers and primary con-
sumers than is Cedar Bug Lake, while
the praduction of secandary consumers
is of the same order of magnitude in the
two lakes.

In calculeting total productivity for
Lake Mendote, Juday ('40) used a
blanket corraction of 500 per cent of the
annual production of all consumer levels
for ““metabolism," which presumably in-
cludes both respiration and precation.
Thompson (41} found that the “carry-

Ag), was about 500 per cent Lhal of lakes
containing mostly “game” fishes (pri-
marily A, and concluded that “this
difference must be about one complete
link in the food chain, since it usuelly
requires about five pounds of feod to
produce one pound of fish.”  While such
high “metabolic losses” may held for
tertiary and quaternary predators under
certain field couditions, the physiologi-
cal experiments previously cited indi-

TaBLE II. Productivity vaelues for the Cedar
Bog Lake food cycle, in g-cal/cm?t/year, as corrected
by using the coefficients derived in the preceding
sections.

Res- | Pre- | 2% | récted
: Uncorrected | 65 | 518 | com_ | FECte
Tropiclevel | DUSIEGS pie | B G e

ton | yivity
Producers: A; [704£10.14 23.4[14.8 2.8 111.3

Primary |
consumers: Az | 7.0£1.07 | 44 3.1|0.3| 14.8

Secondary
consumers: Ag| 1.34-0.43*  1.8] 0.0|0.0 3.1

TaBLE III. Productivity values for the Lake
Mendota foed cycle, in g-callcm?[year, as corrected
by using coefficients derived in the preceding sec-
tions, and as given by Juday ('40).

cate much lawe: respiratory coefficients
Even when predation and decomposition
corrections are included, the resultant
productivity values are less than half
ose obtainad by using Juday's coeffi-
cient. Since we have shown that the
necessary corrections vary progressively
with the different focd levels, it scems
probable that Juday's “cocfficient of
metabolism” is much too high for pri-
mary and secondary consumers.

Biological eficiency
The quantitative relationships of any
food-cycle level may be expressed in
terms of its efficiency with respect to
lower levels, Quoting Hutchinson's ('42)

Cor. |Tuday's

Uncor-
rected | Res- | Pre- c%rel;- rected | ;:é)tré d
Trophic Level | pro- |pira-| da- i pro-
duc- | tion | tion 12:):‘: duc- 8;2:
tivity tivity tivity

Producers: Ay.| 321% 107 |42 10 480 428
Primary con-

sumers: Az.| 24 15 23| 03 41.6 | 144
Secondary
COnsumers:
T TR 1t 1 03| 0.0 2.3 6

Tertiary con-
sumers: Ae.| 0.12 0.2/ 0.0| 0.0 0.3 0.7

October, 1942 ‘TROPHIC-DY NAMIC ASFECT OF ECOLOGY 407

definition, “the efficiency of the produc-
tivity of any level (A} relative to the
productivity of any previous level (4,)

A
is defined as .~ 100, Jf the rate of solar

energy entering the ecosystem is denoted
as o, the efficiencies of all levels may be
referred back to this quantity Ae.” In
general, however, the most inreresting
efficiencies are those referred to the pre-
vious level's productivity (A1), or those

of the Lake Mendota productivities, ne
definite conclusions can rawn_from
their relative efficienciss. The Cedar
Bog Lake ratios, however, indicare that
the progressive eficiencies increase from
about 0.10 per eent for prodaction, te
13.3 per cent for primary consumption,
and to 22.3 per cent for secondary con-
sumption,  An uncorcected efficiency of
tertiary consumption of 37.5 per cont
= 3.0 per cent (for the weight ratios of

expressedas . 100. These lacter may

p
be termed the brogressive eficiencies of
+he various food-cyéle levels, indicating
for cach level the degree of utilization
of its potential food supply or energy
source.  All officieries discussed in the
lollowing  pages afe prugn.»lv&, efii-
ciencies, expressed n terms of relative

An .
productivities ({100 ). Ttisimpor-
nt

tant to remember [that efficiency ard
productivity are nol[synonymous.  Pro-
ductivity is a rate (fe., in the units heve
used, callcm®fyear), |while efficiency, be-
ing a ratio, is a dimensienless auriber.
The points of refereros for any efficiency
value should always|be c[e:-rly stated.

‘The progressi > 100
for the trophic level} of Cedar Bog Lalte
and Lake Mendota, as obtained from
the productivities derived in tables 1T
and III, are presented in table IV. In
view of the uncertainlties concerning some

@rnivarous” to “Torage’ fishes in Ala-
bama ponds) is indicated in data pub-
lished by Swingle and Smith (*10).
These progressively increasing efficiencies
may wel: representa fundamental trophic
principle, namely, that the consumers at
progressively higher levels in the food
cycle are progressively more efficent in
the use of their food supply.

At first sight, this generalization of
increasing efficiency in higher cor.sumer
groups would appear to contradict the
previous generalization that the loss of

‘TABLE V. Productivities and progressive effi-
ciencies in the Cedar Bog Lake and Lake
Mendota faad cycles, as g-cal/tmz/yen:r

Cedar Bog Lake | Lake Mendota

Produc- | Effi- | Preduc-| Effi-
tivity ciency | tivity | ciency

Radiation.........[ 118872 118,872
Producers: A1 111.3 0.10% | 480* 0.40%
Primary consumers
Brae it orrores 14,8 | 1339 416 | 8.7%
Secondary
consumers: As. ... 3.1 22,39 2.3t| 5.5%

Tertiary
consumers: Ai. ... — — 0.3 |13.0%

energy due Lo respiratior is progressivel
greater for higher levels in the food
cycle. These can be reconciled by re-
membering that increased activity of
predators considerably increases the
chances of encountering suitable prey.
The ultimaze effect of such antagonistic
principles would presen: a picture of a
predator completely wearing itself out
in the process of cnmple(e]y extermi-
nating {Is prev.a very itua:

tion, However, Elten (27) pointed out
that food-cycles rarely have more than

Tamg IV, - Produdiviies and brograssive ofi-
cienciss in (he Cedar Bog Loke and Loke
Mgmlx-m Jfood. cycles, as g-calfcm?/sear

Crdar BogLake | Lake Mendota

I
Produc-

five trophic levels. Among the several
factors involved, increasing respiration
of successive levels of predators con-
trasted with their successively increasing
efiiciency of predation appears to be
important in restricting the number of

Efi |Prodic| Ef-
ity | deney | e | cency
= nea

l‘mdlws A, 0.10% | 480° | 040%

S 153g | as | a1
Secordsry

“Consiimers: 4. s |mzam | 2ot 5%
Tertliry

Sommamera v | — — 05 |18.0%

trophic levels in a focd cycle.
et Thcrcasng tomporature

is afleged by Wimpenny ('41) to cause a
decreasirg consumer/producer ratio, pre-
sumably because he believes that the
“accelerztion of vital velocities™ of con-

* Probably too high; see footnote of table IT1.
} Prahably too low; see foatnote of sahls TT1-

sumers at increasing temperatures is
more rapid than that of producers. He

Ilowever, Elton ('27) pointed out
that food-cycles rarely have more than
five trophic levels. Among the several
factors involved, increasing respiration
of successive levels of predators con-
trasted with their successively increasing
efficiency of predation appears to be
important in restricting the number of
trophic levels in a food cycle.
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cites as evidence Lohmann’s ('12) data
for relative mumbers (nct biomass) of
Protophyta, Protozoa and Metazoa in
the centrifuge plankton of “cool' seas
(741:73:1) as contrasted with trepical
arcas (458:24:1).  Since Wimpenay hir
sell emphasizes that many metazoan
plankters ars larger in size toward the
poles, these data do not furnish con-
vincing' proof of the allegation. The
data given in table IV, since Cedar Bog.
Lake has a much higher mean annual
water temperature than Laks Mendota,
appear to contradict Wimpenny's gener-
alization that consumsrfproducer ratios
fall as the temperature increases.

The Eltonian pyramid

The gencral relaticnships of high:
focd-cyele levels to one another and
community structure were greatly clati-
fied following recognition (Elton, "27)
of the importance of size and of aumbers
in the animals of an ecosystem. Begin-
ning with primary consumers of various
sizes, there are as a rule a number of
food-chains radiating outwards in which
the probability is that predators will be-
come suceessively larger, while parasites
and hyper-parasites will be progressively
smaller tharn their hosts. Since small
primary consumers can increase fastor

LINDEMAN Ecclogy, Vol. 23, No.4

at the base of a food-chain are relatively
abundant while those toward the end are
prograssively fewer in number. The re-
sulting arrangement of sizes and num-
bers of animals, termed the pyramid of
Numbers by Elten, is aow commonly
known as the Eltonian Pyramid. Wil-
liams ('41), reparting on the “floor
fauna’ of the Panama rain forest, has
recently published =n interesting ex-
ample of such a pyramid, which is
reproduced in figure 2.

The Eltonian Pyramid may also be
expressed in terms. of biomass. The
weight of all predators must always be
much lower than that of &ll food animals,
and the total weight of the latter much
lower than the plaat production (Boden-
heimer, '38). To the human ecologist,
it is noteworthy that the population den-
sity of the essentially vegetarian Chinese,
fo: example, is much greater than that
of the more carnivorous Englis!

The principle of the Eltoman Py'ar
mid has been redefined in terms of
ductivity by Hutchinson (unpubltshed)
in the followirg formalized terms: the
rate of production cannot be less and
will almost certainly be greater than the

rate of primary consumotion, which in
turn cannot be less aad will almost cer-
tainly be greater than the rate cf second-
ary consumption, which in turn

The principle of the Eltonian Pyra-
mid has been redefined in terms of pro-
ductivity by Hutchinson (unpublished)
in the following formalized terms: the
rate of production cannot be less and

will almost certainly

be greater than the

rate of primary consumption, which in
turn cannot be less and will almost cer-
tainly be greater than the rate of second-
ary consumption, which in turn . . . ,

than larger szcondary consumers and are The _energy-relationships of this ete.
50 able tosupport the latter, the animals
n
n
r
=
o
=
[
tesmpomncomr
FiG. 2. itonian pyramid of numbers, for floor-fauna invertebrates of the Panama rain forest
(from Williame, *41).
October, 1942 TROPHIC-DYNAMIC ASPECT OF ECOLOGY 409 410 RAYNOND L. LINDEMAN Ecolegy, Vol 23, No.4

of the productivity symhol X, as follows:
NS N> N>

This rather obvious generalization is
confirmed by the data of all ecosystews
analyzed to date.

TropHIC-DYNAMICS IN SUCCESSION

Dynamic processes within an emnsys-
tem, over a period of time, tend to
prcvduc" certain obvious changes in its

cies-composition, soil characteristics
ha productivity, Change, accarding to
Cooper ('16), is the essential crizerion of

Auence of some combination of lmiting
fectors, which, until they are overcome
by species-substitution, ete.. tend to
decrease the acceleration of productivity
and maintain it at a more constant rate.
This tendency towa:ds stage-equilibrium
of produetivity will be discussed in the
fallowing pages.

Productivity in hydrarch succession

The descriptive dynamics of hydrarch
suceession is well known, Due to the
essentially concave nature of the sub-
stratum, lake succession is internally

by a rather

From the ti
viewpoint, succession is the process of
development in an ecosystem, brought
zbout primarily by the effects of the
organisms on the ervironment and upon
each other, towards a relatively stable
condition of equilibrium,

Tt is well known that in tha i
phases of hydrarch succession (oligo-
trophy — eutrophy) productivity in-
wredses rapidly; it is equally apparent
that the colonization of a bare terrestrial
area represents a similar acceleration in
pmducuvnty In the later phases of
succession, productivity increases ruch
more elowly. As Hutchinson and Wol
lack ('40) pointed out, these zeneralized
changes in the rate of production may
be expressed as a sigmoid curve showing
a rough resemblance to the growth curve
of an organism or of a homogeneous
population,

Suchsmooth legistic growtk, of course,
is seldom found in natural succession,
except possibly in such cases as bare
areas developing dizectly to the climax
vegetation type in the wake of a retreaz-
ing glacier. ~ Most successional seres con-
sist of & number of stages (“resognizable,
clearly-makerd subdivisions of a given
sere”— . Cooper), so that their
productivity growth-curves will contain
undulations correspending in distinciness
to the distinctnese of the stages. The
presence of stages in a successional sere
apparently represents the persistent ir-

influx of nutritive substances from (i
drainage basin surronnding the lake.
The basins of lakes are gradually filled
withsediments, largely orgaaogenic, upon
which a series of vascular plant stages
successively replace one another until =
more or less stable {climax) stage is
attained. 'We are concerned here, how-
ever, primarily with the productivity
aspects of the successional process.
Eulrophization. — Thienemznn ('26)

corditionsd bottom fauna, Organisms
especially acapted to endure temporary
anaercbicsis replace the oligctrophic spe-
cies, accompanied by anaercbic bacteria.
which during the stagnation period cause
reduction rather than oxidation of the
organic detritus. As a result of this
process, semi-reduced organic ooze, or
gytija, accumulates on the bottom. As
oxygen supply thus becomes a limiting
factor of productivity, relative efficency
of the consumer groups in utilzing
synthesized organic substance becomes
correspondingly lower.
The validity of Thienemanr’s inter-
oretation, particularly regarding the
rophic mechanisms, has recently been
challenged by Hutchinson ("41, '42), who
states that thre distinct factora arc
involved: (1) the edaphic factor, repre-
senting the polential natrient supply
{primarily phosphorus) in the surround-
ing drainage basin; (2) the age of the
lake at any stage, indicating the degree
of utilization of the nutrient supply; and
{3) the morphometric charaster at any
stage, dependent on both the original

presented a
discussion of the relatmn between lake
succession and productivity, as follows.
In oligotrophy, the pioneer phase, pro-
duetivity is rather low, limited by the
amount of Cissolved rutrients in the lake
water. Oxygen isabundant atall times,
almost all of the eyntheeized organic
matter is available for animal food; bac-
teria release dissolved nutrients from the
remainder. Oligotrophy thus has a very
“thrifty” food cycle, with a relatively
high “efficiency” of the corsumer popu
lations. With increasing influx of nutri-
tivesfrom the surrounding drainage basin
and increasing primary productivity (Ar),
aligotrophy is gradually chaaged through
mesotrophy to eutrophy, in which con-
ditior. the production of orzanic matter
(w) exceeds that which can be oxidized
(M) by respiration, predation and bacte-
rial decomposition. The oxygen supply

of tha hypolimnisn becomes depleted,
with disastrous effzcts on the oligotroph-

f the lake basin and the
age of the lake, and presumably influ-
encing the oxygen corcentration in the
hypolimnion. He holds that true eu-
trophication takes place only in regioas
well supplie¢ with nutrients, lakes in
other regionsdeveloping into “ideotrophic
types.” The influc of phosphorus is
probably very greatin the earlies: phases,
much greater than the supply of nitro-
gen, as indicated by very low N/P ratios
1 the earliest sediments (I—Iu inson
and Wollzck, '40). A large portion of
thie phosphorus is believed to be in-
soluble, as a component of such mineral
particles as zpatite, etc., although cer-
tainly some of it is soluble. The supply
of available nitregen increases somewhat
more slowly, being largely dependent
upon the fixation of nitrogen by micro-
organisms either in the lake or in the
sarrounding soils. The photosynthetic
productiviy (M) of lakes thus increases
rather -apidly in the early phases, its

quantitative valus for lukes with wom-
parable edaphic nutrient supplies being
dependent on the morphometry (mean
depth). Since deep lakes have a greater
depth range for plankion photcsynthe-
sis, abundant oxygen and more chance
for decomposition of the plankton detri-
tus before reaching the bottom, such
deep lakes may be potentially as pro-
ductive as shallowe: lakes, in terms of
unit surface area.  Factors tending to
lessen the comparative productivity of
dzep lakes are (1) lower temperature for
the laks as a who'e, and (2) greater
dilution of nutrients in terms of volume
of the illuminated ‘‘trophogenic zone” of
the lake. During eutrophication in a
deep lake, the phosphorus content of the
sediment falls and nitrogen riscs, until a
N/P ratio of about 401 is established.
“The decomposition of organic matter
presumably is always liberating some of
this phosphorus anc nitregen. Within
limits, the more arganic matter present
the easier will be such regeneration. It
is probable that benthic animals and
anion_exchange play a par: in such
processes” (Hutchinson, '42). The pro-
gressive filling of the lake basin with
sediments makes the lake shallower, so
that the oxygen supply of the hypo-
limnion ia increasingly, and finally com=
pletely, exhausted during summer stag-
nation. Oxidation of the sediments is
less complete, but sufficient phosphorus
is believed to be regenwiated [rom the
ocoze surface so that productivity in
terms of surface area remains relatively
constant,  The nascent ooze acts &s a
trophic bufer, in the chemical sense,
tending te maintain the productivity of
a lake in stage-equilibrium (ypological
equilibrium of Hatchinson) during the
eutrophic stage of its succession.

The concept of eutrophit stage-equi-
librium seems to be partially confusec
(cf.. Thienemann, '26; Hu‘chinson and
Wollack, '40) with the theoretically ideal
condition of complete trophic equitibrisim,
which may be roughly defined as the
dynamic state of continuous, complete
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utilization and regencration of chemical
nutrients in an ecosystem, vithour loss
or gain from the outside, under a peri-
odically constant energy source—such as
might be found in a perfectly balanced
aquarium or terrarium. Natural eco-
systems may tend to approach a state of
trophic equilibrium under certain con-
ditions, but it is doubful if any are
sufficiently autochthonous to astain, or
maintain, trie trophic ethfmum "for
any length of time, The bicsphere asa
whole, however, as Vernardsky (‘29

so vigorously asserts, may exhibit a high
degree of true trophic equilibrinm.

The existence of prolonged eutrophic
stage-equilibrium was first suggested as
a result of a study on the sediments of
Grosser Plsrer See in Germany (Gro-
schopf, '35).  Its significance was recoz-
nized by Hutchinscn and Wollack (40),
who Lased their critical discussion on
chemical analyses (ibid) and pollen
analyszs (Deevey, 39) of the sediments
of Linsley Pond, Connecticut. They
reported 2 gradual transition from oligo-
Lrophy to eutrophy (first altained i the
cak-hemlock pollen period). in which
stage the lake has remained for a very
ong time, perhans more than 4000 years.
They report indications of a comparable
eutrophic stage-cquilibrium in the sedi-
ments of nearby Upper Linsley Pond
(Hutchinson and Wollack, unpublished).
Similar attainment of stage-equilibrium
is indicated n a prelimirary report on
the sediments of Lake Windermere in
England (Jeakin, Mortimer and Pen-
nington, '41}. Every stage of a sere
is believed to possess a similar stage-
equilibrium of variable duration, al-
though terrestrial stages have not et
been defined in terms of productivity.

The trophic aspects of sutrophication
cannot be determined easily from the
sediments. In general, however, the
ratio of organic matter to thesilt washed
inte the lake from the margins afords
an approximation of the photosynthetic
productivity. This undecompesed or-
ganic matrer, representing the amonnt of
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cnergy which is lost from the food cyele

is derived largely from level A, as plant

structures in general are decompcsed

less easily than animal structures, The

Quantity of energy passed on into oon-

sumer levels can only be surmised from
f

w hxc}n are bel; |eved to occupy Lhuse levels
Several types of animal “microfossils’

occur rather consistently in lake sedi-
ments, such as the carapaces and post-
abdomens of certain clacocerars, chiron-
omid head-capsules, fragments of the
phanton-midgs larva Chaoborus, snail
shells, palyzaan statoblasts, sponge spic-
ules and rhizopod shells. Deevey ('42),
after making comprehensive microfessil
and chemical analyses of the sediments of
Linelay Pond, suggested that the abun-
dant half-carapaces of the planktenic
browser Besmina afiord “a reasonable
estimate of the quan'ity of zooplznkton
produced” and that *the total organic
matter of the sediment is a reasonable
estimate of the organic matter preduced
by phytoplankton and littoral vegeta-
Gow.”  He foumd a stiking similarity
in the shape of the curves representing
Bosmina content and total organic mat-
ter plotted against depth, which, when
plotted logarithmically against each
other, showed a lincar relationship ex
pressed by an empirical pover equation.
Citing Hutchirson and Wollack (40) to
the effect that the developmental curve
for erganic matter was analogoas to that
for the development of an arganism, he
pressed the analogy further by suggest-
ing that the increase of zooplankton
(Bosming) with reference to the increase
of vrganic matter (M) fitted the formula
¥ = Ia* for allometric growth (Huxley,
'32), “‘where y = Bosmine, % = total
orzanic matter, & = a constant giving
the value of y when x = 1, and k = the
‘allometry constant,” or the slope of the
line when = double ‘og plot is made.”
If we represent the organic matter pro-
duced as Ay and further assume that
Besmina reproscnts the primary con
sumers (\), neglecting benthic browsers,
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the formula becomes My = 8\*.  Whether
this formulz would express the relation-
ship found in other levels of the food
cycle, the development of other stazes,
or other ecosystems, remains to be de
onstrated.® Stratigraphic analyses in
r Bog Lake (Lindeman aad Lirde-
men, unpublished) suggest = roughly
similar increase of both organic maiter
and Bosmina carapaces in the earliest
seciments, In the modern senescent
lake, however, double logarithmic plot-
tings of the calorific values for \, egainst
o, and e against s, for the four years
studied, show no semblance of linear
relationship, i.c., do not fit any power
cquation. If Deevey is corrcet in his
interpretation of the Linsley Pond micro-
fossils, allometric growth would appear
to characterize the phases of pre-equilib-
rium succcssion as the term “growsh”
indeed implies.
The relative duration of ecutrophic
il is rot yet completel
understood. As exemplified by Linsley
Pond, the relation of stage-equilibrium
to succession is intimately coneerned
with tae trophic processes of (1] external
influx and efflux {partly controlled by
climate), (2) photosynthetie productiv-
ity, (3) sedimentation (partly by physio-
graphic silting) and (4) regeneration of
nutritives from the sediments. These
processes apparently maintair a rela-
tively constant ratio to each other during
the extended equilibrium period.. Yet
e food cycle is not in true trophic equi-
ibrium, and continues to fll the lake
with organic sediments. Succession is

#1t should te mentioned in this connection
that Meschiat (37) found that the relationship
of chuluu:\n density of tubificids to_erganic
matter in the bottom of a polluted *'Buhnen-
teld * could be expressed by the formula y = a%,
where  reareseats the populetion demsiy, 7 is
the " desermiring o al factor,” and o
s a constant., - that for such an

16 hold the populasion dencity must
e Hentsckel 36}, cn less secure
grounds, suggested applying 2 similar expression
to the relationship between populations of ma-
rine plankton and the “controlling ‘actor” of
their enviroament.
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continuing, at a rate corresponding (o
the rate of sediment acenmulation. Tn
the words of Hutchinson znd Wollack
(’40), "this mezns tht curing the equi-
librium  period the L‘xke, th qull e
internal activities of its biocoenc: s
continually approaching a conditior when
it ceases to be a lake.”

Senescence—As a result of long-con-
tinued sedimentation, entropl
attain senescence, first manifested in
bays and wind-protected areas. Senes-
cence is usually characterized by such
pond-Lke conditions as (1) tremendous
increage in shallow littoral area popu-
lated with pondweeds and (2) increased
marginal invasion of terrestrial stages.
Cedar Bog Lake, which the author has
studied for several years, is in late senes-
cence, rapidly changing to the terrestrial
stages of its succession. On casual
inspection, the massed verdure of pond-
weeds and epiphytes, together with spo-
radic elgal blooms, appears to indicate
great photosynthetic preductivity. As
pointed out by Wesenberg-Lund ('12).
littoral areas of lakes are virtual hot-
houses, absorbing more radiant energy
per unit volume than decper arcas. At
the present time the entire aquatic area
of Cedar Bog Lake is essentially littoral
in nature, and its productivity per cubic
meter of watar is probably greater than
at any time in its history. However,
since radiant energy (M) enters a lake
anly from the surface, productivity must
be defined in terms of surface area, In
these terms, the present photosyntheti
productivity peles into insignificance
when comparad with less advanced lakes
in similar edaphic regions; for instance,
M is less than 15 that of Lake Mendota,
Wisconsin (cf. table 1V). These facts
attest the essential accuracy of Welch’s
('35) gencralization that producivity
declnes greatly chring seneccerce. An
interesting principle demonstrated in
Cedar Bog Lake {Lindeman, *41b) is
that during late lake s2nescence general
productivity (A is increasingly Influ-
enced by cimatic factors, acting through

akes
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water level changes, drainage, dumion
of winter ice. snow cover, ef affect
the presence and abundance of practi-
cally all food groups in the lake
Terrestriul sluges.—As an aquatic eco-
system passes intn terrestrial phases,
Auctuations in atmospheric factors ia-
creasingly affect its productivity, As
succession proceeds, bota the species-
composition anc the productivity of on
acosystem increasingly reflect the effects
of the regional climate, Qualitatively,
these climatic effects are known for soil
morphology (Joffe, '36), aulotropiic vege-
tation (Clements, '16), fauna (Clements
and Shelford, '39) and soil microbioza
(Braun-Blanquet, '32), in fact for every
important component of the food cycle.
Quautitatively, these eflects have been
so little stuced that generalzations are
most hazardous. It seems probable,
aowever, that productivity tends 1o
increase until the system approaches
maturity. Clements and Shelford ('3%,
p. 116) assert that both plant and animal
productivity is generally greatest in the
subelimax, excert possibly in the case of
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thus subject to a certain nutrient loss by
erosion, which may or may no: be made
up hy increased availability of such

nutrients as can be extracted from the
" s0il horizow.

Successional _produrtivily curves.—In
recapitulating the probable shotosyn:
thetic productivity relationships in hy-
drarch succession, we shall venture to
diagram (figure 3) a hypothetical hydro-
sere, developing from a moderztely deep
lake in a fertile cold temperzte region
under relatively constant climatic condi-
tions. The initial period of oligotroply
ie believed to be relatively short (Hutch-
inson and Wollack, '40; Linceman
"41a), with productivity rapidly increas-
ing until eutrophic stage-equiibrium is
attained. The durativn of high cu-
traphic productivity depends upon the
mean depth of the basia and upon the
rate of sedimentarion, and preductivity
Huctuates about & high eutrophic mean
until the lake becomes too shallow for
maximum growth of phytoplankton or
regeneration of nctrients from the ooze.
As the lzke becomes sha lewer and more

Terrestrial are
primarily convex topographically and

EUTROPHY

—_—

PRODUCTIVITY

OLIGOTROPHY

¢ L \)I’UJ\ILL\V\Iy is
influenced by climatic fluctuations jo

SENESGENGE

TIME

—_

Fi6. 3. Hypothetical productivity zrowth-curve of a hydrosere, developing from. a deep lake
to climax in a fertile, told-temporate region.
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gradually declines (o 2 minimum as the
lake is completaly filled with sediments.
The terrestrial aspects of hydrarch
succession in cold temperate regions
usvally follow sharply defined, distinc-
tive ctages. In lake basins which are
poorly drained, the first stage consists
of a mat, of:en partly floating, made up
primarily of sedges and grasses or (in
more coastel rogions) such heaths as
Chamaedaphne and Kalmie with certain
species of $p}|agl\um moss (cf. Rigg, "40).
The mat stege is usually followed by a
bog forest stage, in which the dominant
species is Larix lavicina, th ‘mariana
or Thuja occidentalis. The bog forest
staze may be lauv=lv permanent
(“edaphic™ climay) or succeeded to a
greater or lesser degree by the regional
climax vegetation. The stage-produc-
tivities indicated in figure 3 represent
only eruce relative estimates, as practi-
cally no quantitative data arc available.

Efficiency relotionships in succession

The successional changes of photosyn-
thetic efficiency in natural areas (with

respect to solar radiztion, fe. ~ 100

have not been intensively studicd. In
lake succession, photosynthetic efficiency
would be expected to follew the same
course deduced for procuctivity, rising
(o & more or less constant value during
eutrophic stage-equilibriur, and declin-
ing during senescence, as suggested by a
photosynthetic efficiency of at least 0.27
per cent for eatrophic Lake Mendota
(Juday, 40} ‘and of 0.10 per cent for
senescent Cedar Bog Lake. For the
terrestrial hydrosere, efficiency would
ikewise follow a curve similar to that
sostulated for productivity.

Rough estimates of photesyrthetic
efficiency for various climatic regions of
the earth have been summarized from
he literature by Hutchinson (unpub-
ished). These estimates, vorveled for
respiration, do not appear to be very
reliable because of imperfections in the

LINDEMAN Ecology, Vol. 23, No. 4

original observaticus, but are probably
of the correct order of magnity
mean photosynthetic efficiency for the
sea is given as 0.31 per cent (after Riley,
'41). The mean photosyathetic effi-
ciency for terrestrial areas of the earth
is given as 0.09 per cent % 0.02 per cent
(after Noddack, '37), for forests as 0.16
per cent, for cultivated lands as 0.13 per
cont, for steppes as 0.05 por cont, and
for deserts as 0.004 per cent. Themean
photosynrhetic efficiency for the earth
as a whole is given as 0.25 per cent.
[Tutchinson has suggested (cf. Hutchin-
son and Lindeman, '41) that numerical
efficiency values may provide “the most
fundamental possible classification of
biological formetions anc of their devel-
opmental stages.”

Almost nothing is known concerning
the efficiencies of consumer groups in
succession. The general chronological
increase in numbers of Besmina cara-
paces with respect to organic matter and
of Cheoborus fragments with respect to
Bosmina carapaces ir. the sediments of
Linsley Dond (Deevey, "42) suggests
progressively increasing efficiencies of
zooplankters and plankton predators.
On the other hand, Hutchinson (’42)
concludes from a comparison of the P i 2
(phytaplanlzton ¢ sooplankton) hiomass
rauos of several oligotrophic alpine lakes,
cat:2 (Ruttner, '37), as compared with
the ratios for Linsley Pond, 1:0.22
(Riley, '40) and three eutrophic Bava-
cian lakes, 1:0.25 (Heirrich, '34), that
‘as the phy(op]anktcn crop is increased
the zooplankton by no means kaeps pace
with the increase.” Data compiled by
Deevey (41) for lakes in hoth meso-
wrophic [Cennecticut) and eutrophic
regions (southern Wisconsin), indicate
that the deeper or morpiaometrically
“younger” lakes have a lower ratio of
bottom fauna to the standing crop of
plankton (10-15 per cent) than the
shallower lakes which have attained
eutrophic equilibrium (22-27 per cent).
The ratios for senescent Cedar Bog Lake,
while not directly comparable because
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of its essentially littoral nature, are even
higher. These meager data suggest that
the efficiencics of consumer groups may
increasz througheut the zquatic phases
of saceession.

For terrestrial stages, na consumer
effiiency data are available, A sug-
gestive series of species-frequencies in
mesarch succession was published by
Vera Smith-Davidson ('32), which in-
dicated greatly increasing rumbers of
arthropods in successi ve stages approach-
ing the regioral climax. Since the pho-
tosynthetic productivity of the stages
probably zlso increased, it is impossible
to determine progressive efficiency rela-
tionships. 'The problems of biological
efficiencies present a practically virgin
feld, which appears to offer abundant
rewards for studies guided by a trophic-
dynamic viewpoint.

In conelasion, it should be emphasized
that the trophic-dynamic principles indi-
cated in the ‘ollowing summary cannot
te expected to hold for every single case,
in accord with the knowr facts of bio-
logical variability. & priori, however,
these principles appear to be valid for
the vast majority of cases, and may be
expeeted to possess a statistically signifi
cant probabil'ty of validity for any case
selected at random. Since the available
data summarized in this paper are far
to0 meager to establish such generaliza-
tions o1 a statistical basis, it is highly
important that further studies be niti-
ated to test the validity of these and
ather trophic-dynamic principles.
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sumere, secondary consumers, etc., each
successively dependent upon the preced-
ing level as a source of energy, with the
producers (4;) directly dependent upon
the rate of incident solar radiation (pro-
ductivity A as a source of energy.

3. The more remote an organism is
from the initial source of energy (solar
radiarion), the less probable that it will
be dependent solely upon the preceding
trophic level as a source of energy.

4. The progressive energy relation-
ships of the foud levels of an “Ellonian
Pyramid” may be epitomized in terms of
the productvity symbol A, as follows:

Mo> N> A - > A

5. The percentage loss of energy due
(0 respiration is progressively greater for
highe- levels in the food cycle. Respira-
ticn with respect to growtk is about 33
per cent for producers, 62 per cent for
primary consumers, and more than 100
per cent for secondary consumers,

6. The consumers at progressively
higher levels in the food cycle appear to
be progressively more efficient in the use
of their food supply. This generaliza-
tien can be reconciled with the preceding
one by remembering that increased ac-

the chances of cncountering suitable
prey.

7. Productivity and efficiency increase
during the early phases of successional
development. I lake succession, pro-
ductivity and photosyntheric efficiency
increase from oligotrophy tc a prolonged
eutrophic stage-equilibrium and decline

SUMMARY

1. Analyses of food-cycle relationships
indicate that a biotic community cannaot
be clearly diflerentiated from its abiotic
environment; the ecosyster is hence re-
garded as the rore i 1 eco-

with lake senescence, rising again in the
torrestrial stages of hydrarch succession.
3. The progressive efficiencies of con-
sumer levels, on the basi of very meager
data, apparently tend to inerease through-
out (e aguatic phases of stccession.

In conclusion, it should be emphasized
that the trophic-dynamic principles indi-
cated in the following summary cannot
be expected to hold for every single case,
in accord with the known facts of bio-
logical wvariability. & priori, however,
these principles appear to be valid for
the vast majority of cases, and may be
expected to possess a statistically signifi-
cant probability of validity for any case
selected at random. Since the available
data summarized in this paper are far
too meéager to establish such generaliza-
tions on a statistical basis, it is highly
important that further studies be initi-
ated to test the validity of these and
other trophic-dynamic principles.

logical unit.

2. The crganisms within an ecosystem
may be grouped into a serics of mere cr
less discrete trophic levels (A As As,

. A as producers, primary con-
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2. The organisms within an ecosystem
may be grouped into a series of more or
less discrete trophic levels (A;, A, As,

. A,) as producers, primary con-
sumers, secondary consumers, etc., each
successively dependent upon the preced-
ing level as a source of energy, with the
producers (A;) directly dependent upon
the rate of incident solar radiation (pro-
ductivity A¢) as a source of energy.

3. The more remote an organism is
from the initial source of energy (solar
radiation), the less probable that it will
be dependent solely upon the preceding
trophic level as a source of energy.
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4. The progressive energy relation-
ships of the food levels of an ‘“Eltonian
Pyramid’ may be epitomized in terms of
the productivity symbol A, as follows:

N >M>NMo > A

5. The percentage loss of energy due
to respiration is progressively greater for
higher levels in the food cycle. Respira-
tion with respect to growth is about 33
per cent for producers, 62 per cent for
primary consumers, and more than 100
per cent for secondary consumers.
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6. The consumers at progressively
higher levels in the food cycle appear to
be progressively more efficient in the use
of their food supply. This generaliza-
tion can be reconciled with the preceding
one by remembering that increased ac-
tivity of predators considerably increases
the chances of encountering suitable

prey.

7. Productivity and efficiency increase
during the early phases of successional
development. In lake succession, pro-
ductivity and photosynthetic efficiency
increase from oligotrophy to a prolonged
eutrophic stage-equilibrium and decline
with lake senescence, rising again in the
terrestrial stages of hydrarch succession.
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8. The progressive efficiencies of con-
sumer levels, on the basis of very meager
data, apparently tend toincrease through-
out the aquatic phases of succession.
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‘While this, his sixth completed paper, was in
the press, Raymond Lindeman died after a long
illness on 29 June, 1942, in his twenty-seventh
year. While his loss is grievous to all who knew
him, it is more fitting here to dwell on the
achievements of his brief working life. The
present paper represents a synthesis of Linde-
man’s work on the modern ecology and past
history of a small senescent lake in Minnesota.
In studying this locality he came to realize, as
others before him had done, that the most profit-
able method of analysis lay in reduction of all
the interrelated biological events to energetic
terms.
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