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Th en the winge d individ uals of th e two 
different sizes issued fro m the earth, 
betook the mse lves , so to speak, to tb e 
roof of th eir a bode a nd ther e, after 
be ing tho rou ghl y wa rmed, s tro lled 
abo u t in va rio us direction s, witho ut, so 
far as I co uld see, any teasing of the 
large by the sma ll win ged indiv id ual s ; 
th a t is, witho ut any tender pr eludes to 
mat ing. Th en one by one both the large 
an d th e smalJ ones took flight. So on th e 
.surro undirig air was seen to be filled 
with them, a nd tile large ones were 
see n each to have a small o ne dangling 
fro m i ts posteri or end. Not only, there­
fore, do th ey rema in a loft while the y 
a re cop ula ting, but they act ually begin 
the ac t in th e air. Usually th e fema le 
does not lon g remain a lone. I have 
reason to believe th is becau se alo ng 
with th e female a nd attached male 
whi ch I expected to capt ure , and wh ich 
I ca ptured with ou t their separa ting 
from eac h o the r, I have sometimes 
sec ured a t the sa me tim e two or thr ee 
addi tio na l males which, jea lou s of the 
good for tune of the first, apparently 
wished to supp lan t him , o r were, per­
hap s, wai ting till he left vacant the place 
that was th e objec t of their desires. 

F ur thermore, I have always see n th e 
ants ret urn one by one to their for mi­
ca ry as they left it. T hus it is in the ai r 
th at mating begins a nd co ntin ues . 
T hen it is the task of the fema le to sup-
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port th e male, co ntra ry to wha t is 
fo und in the flies ca lled de moise lles, 
amo ng whi ch the male carries the 
fem ale. Nature see ms to ha ve va ried her 
co mbina tions in all possible ways. T he 
fema le ant flies in d ivers directi on s 
witho ut being a ba ndo ned by her male, 
and so me times carries him out of sigh t. 
Since it is impossibl e to fo llow co n­
tin uo usly witb the eyes even th ose th at 
fly lowest , and since o thers crossing 
them ca use th em to be 10 SL to view, I 
have ne ver been able to ascertai n how 
lon g th e flight and th e mat ing may 
co nt in ue. I have see n so me th at 
a lighted very near th e fo rm ica ry befor e 
sepa ra ting. 

It ha s therefore been esta blis hed that 
the win gs are necessary to th e ants, 
both male and female, in o rder that 
the y ma y mat e, an d it would see m tha t 
th ese o rga ns have been given th em 
solely for thi s p urp ose. A t least it is 
ce rtai n th at the fema les do not lon g 
retain their wings a fter th ey have been 
fecundated . Th e males also shed th eirs, 
but it wo uld see m th a t th ey re tain th em 
mu ch long er. Th eir wings a re not 
useless, except on occasions whe n they 
fly throu gh the a ir witho ut succee di ng 
in encountering fema les of th eir own 
for mica ry ; for a ll appearances indica te 
th at mating occurs only a mo ng a nts 
born toget her , that is, amo ng th ose of 
the some for micary . . . . 
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The various physical and chemical fo rces impinging upon an organism 
can be analy zed quite apart from any considerat ion of the organism . 
This was as obvious a truth in a period when earth, air, fi re, and water 
were considered to be the maj or environmental principles as it is today 
when sundry phys ical and chemical phenomena are acknowledged to 
be ofsignifi cance. Concomitant with this recogn ition ofa wider diversity 
of en vironmental agents has been the developm ent of increas ingly 
complex and sophisticated meth odology and instrumenta tion to aid 
in their analy sis. 

Environmenta l analys is without consideratio n of the organism is 
relatively meaningless fo r the ecologist . Life is a unit of interac tion, 
and ecology is concerned essentially with those interactions which occur 
at the individual , population, and community levels of organization. 

Interact ion may tak e the fo rm of the environment regulating the 
organism-its distribut ion in time and space, its phys iognomy and 
phenology, among ot her pec uliarities; it may involve compensato ry and 
behavioral adap tations on the part of organism s; it m ay consist of 
regulation and modification of the abiotic environment by organisms 
thr ough the release of excremen ts and as agents ofdecomp osition. This 
section deals with the analysis of environmental f actors and certain 
aspects of their regulat ory effect on organisms; the converse situat ion 
of organisms regulating environment is treat ed in the section on eco­
sys tems . In reality , all the readings represent some aspec t of organism ­
environment inte ract ion. 
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ORGANIC CH EMISTRY IN ITS APPLICATION TO 
VEGETABLE PHYSIOLOGY AND AGRICULTURE 

Justus Liebig- 1840 

Repr inted from Professor Liebig's complet e works on chemistry. Phila­
delph ia, T. B. Peterson, pp. 9, 36, 39-43 . 70-71, 1841. 

There are lik ely fe w contemp orary chemists who would concur with the first 
sentence of the foll owing passage. Ecology . however, benefited immensely 
from this orientation and its major by-pr oduct , the delineation of the limiting 
role of a minimal supply of minerals in the growth and development of 
plants. Thereby , Liebig laid the f oundation for increased understanding of 
the rote of the environment in the regulation oforganisms. 

The pe cul iar objec t o f o rga nic 
chemistry is to discover the chemica l 
co ndi tions essentia l to the life and 
perfect development of anima ls and 
vegetables, and generally to investigate 
a ll th ose processes of organic nature 
whi ch are due to th e ope ra tio n of 
che mical laws. N ow, th e continued 
existence of a ll living beings is depend­
ent on the recep tio n by them of certain 
substan ces, which are ap plied to the 
nutrition of their fram e. An inquiry, 
therefore , in to the co nditio ns o n whi ch 
the life a nd gro wth of living beings 
depend , involves the study of th ose 
subst ances whi ch serve th em as nutri­
ment , as well as the investiga tio n of 
the so urces whence th ese subs ta nces 
are derived , and th e cha nges wh ich th ey 
undergo in the pr ocess of assimila tio n. 

A beautifu l connecti on subsis ts be­
tween th e orga nic and ino rga nic 
kingdoms of nature. Inorgani c matter 
a ffords food to plants, a nd th ey, o n the 
other hand, yield the me an s of subsis­
tenc e to anima ls. The co nditio ns nece s­
sary for animal and vegetable n utrition 
are essentially differen t. An a nima l 
requires for its development , and for 
the susten ance of its vita l func tio ns, a 
ce rtain class of su bstances wh ich can 
only be gen erated by organ ic beings 
possessed of life. Althou gh man y 
anima ls a re entirely ca rn ivo ro us, yet 

their p rim ary nutriment mu st be de­
ri ved from plants ; for th e a nimals 
upon wh ich th ey subsist recei ve their 
no urishment from veg etabl e matter. 
But plants find new nutritive mat eri al 
on ly in inorganic subs ta nces . Hence 
o ne great end of veget ab le life is to 
generate matter adap ted fo r th e nutri­
tion of animals out of ino rga nic sub­
stances, wh ich ar e not fitt ed for thi s 
purpose . . . . 

M any of the inorgani c const ituents 
vary acc ording to the so il in which the 
plants g row , bu t a certain number of 
them are indispensabl e to th eir devel­
opement. All subs ta nces in so lutio n in 
a soil are absorbed by the roots o f 
plants , exactly as a spo nge irnbib es a 
liq uid , and all that it co nta ins , without 
selection. Th e substan ces thu s conveyed 
to pla nts are ret ained in grea ter or less 
qu antity , or a re entire ly sepa ra ted 
when not suited for assi mi la tio n. . . . 

The examples ci ted a bove, in whi ch 
the quantity of oxyge n co ntai ne d in the 
bases was shown to be the sam e, lead 
us to the legitim ate conclusion that th e 
developement o f certain plants is not 
retarded by the substitution of the 
ba ses co nta ined in them . But it was by 
no means inferred th at a ny o ne base 
co uld replace a ll th e o the rs which are 
found in a plant in its normal condi­
tion . On the contrary, it is known that 
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certain bases a re indispensabl e for th e 
growth of a plant , a nd these could not 
be su bs ti tu ted witho ut inj uring its 
dev elope rnent . Our infer ence has been 
dr awn fro m certain plants , which can 
bear without injury thi s substitutio n; 
a nd it can on ly be ext ended to those 
plants which are in the sa me cond ition . 
It will be Shown afterwards th at corn 
o r vines can only thrive o n soi ls contain ­
ing potash , and that thi s a lkali is 
perfect ly indispensable to their gro wth. 
Experiments have not been sufficiently 
multiplied so as to enab le us to point 
out in wha t plants potash o r so da may 
be rep lace d by lime or magnesia ; we are 
only warranted in affirming th at such 
substitution s are in many cases com ­
mon . The ashes of various kinds o f 
p lants contain very d ifferent quantiti es 
or alkaline bases , such as potash , soda, 
lime, o r magnesia . When lime ex ists in 
the ashes in large proportion , th e 
qu antity of magnesia is diminished , a nd 
in like manner according as th e latter 
increases the lime or potash decreases . 
In many kinds o f ashes not a trac e of 
magnesia can be detected . 

The existe nce o f veget able a lka lies in 
combination with o rganic acids gives 
gre at weight to th e opinion that a l­
kaline bases in general are connected 
wit h the developement of p lants. . . . 

Let us consider the composition of 
th e as hes of two fir-trees as a nalysed 
by an acute and mo st accurate ch emis t. 
One of th ese grew in Norway , on a so il 
the constituents of which never cha nge d . 
but to wh ich so lubl e sa lts, and pa rti­
cul a rly common sai l, were co nveyed in 
grea t quantity by rain-water. H ow did 
it happen that its ashes contained no 
app recia ble trace of salt, altho ugh 
we are certain that its roots must hav e 
absorbed it after every shower? 

We can explain the absence of sa lt in 
thi s case by means of the direct a nd 
positive observation s referred to , which 
have shown th at plants have the power 

of returning to the so il all substances 
unnecessar y to their existe nce; and th e 
co nclus io n to whi ch all the foregoing 
facts lead us, when their rea l value and 
beari ng are app rehended , is that th e 
alkalin e bases existing in the ashes of 
plants must be necessary to their 
gr owth, since if this were not the case 
they would not be reta ined. 

The perfect developement of a plant, 
acco rding to thi s view, is dependent on 
th e pr esence of a lka lies or a lkaline 
earths ; for when the se substances are 
totally wanting its growth will be 
arrested , a nd when they a re only 
deficient it mu st be impeded . 

T he ro ot s o f plants ar e constantly 
en gaged in co llecting from the rain 
th ose alka lies which formed par t of the 
sea-wat er , and al so th ose of the water 
of spri ngs , which penetrates the soil. 
Without a lkalies and alkaline bases 
mo st plants cou ld not exist , and with­
ou t plants the a lka lies would disappear 
gra d uall y from the surface of the earth. 

Wh en it is considered, th at sea­
water conta ins less than one -millionth 
of its own weight of iodine, and that all 
co rnhlnations of iodine with the me­
tall ic bases of alkalie s are highly 
so luble in water, some pr ovis ion must 
necessarily be supposed to exist in the 
organi zati on o f sea-weed and th e 
different kind s of Fuci, by which they 
a re ena bled during their life to extract 
iodine in th e form o f a so luble sa lt 
from sea-water , and to assimilate it in 
such a manner , that it is not aga in 
restored to the sur ro unding medium. 
Th ese pia nts a re collect ors of iodine, 
just as land plants are of a lkalies ; and 
th ey yield us this element , in q uantities 
such as we could not otherwise obtain 
fro m the wat er without the evaporation 
of whole seas. 

We take it for granted th at the sea­
pl an ts require metallic iodides for their 
growth, a nd th at their exist ence is 
dep endent o n the p resence of th ose 
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substances. With equ al justice, then , we 
conclude, that the alkal ies and alk alin e 
earths, always found in th e ashes o f 
land-pl ant s, are likewise necessary for 
their developement. . . . 

In order not to form an erro neous 
conclusion regarding the pr ocesses of 
vegetable nutrition, it mu st be admitted 
that plants require certain salts fo r the 
sustenance of (heir vital fun ctions, the 
acids of which salts exist either in th e 
soil (such as silicic o r ph osphori c 
acids) or are generated from nutriment 
derived from the atmosphere. Hence, 
if these salts are not conta ined in th e 
soil, or if the bases necessar y for their 
pr oduction be absent , they canno t be 
formed , or in other words, plants 
canno t grow in such a soil. The j uice, 
fr uit, and leaves of a plant ca nnot 
a tta in maturity, if the con stituents 
necessary for their forma tion are 
wanting, a nd salt s must be vicwed as 
such. These salts do not , however, 
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occur simultaneo usly in all plants. 
Thus, in saline plants, sod a is the only 
alkali found ; in co rn plants, lime and 
pot ash form constituents. Several con­
tain both sod a and potash, some both 
pot ash and lime ; whilst others contain 
potash and magnesia.. . . The re­
spective qu antities of the salt s required 
by plant s are very unequal. The apti­
tude of a soil to produce one, but not 
an other kind of plant , is du e to the 
presence o f a base which the former 
requires, and the absence o f that, 
indi spensable for the develop ement of 
the latter. Upon the co rrect kn owledge 
of the bases and sa lts requi site for the 
sustenance of eac h plant , and of the 
composition of the soil up on which it 
grows, depends the whole sys tem of a 
ration al th eory of agriculture; and th at 
knowledge alone ca n explain the pro­
cess of fallow, or furn ish us with the 
most adva ntageous method s of a fford­
ing plant s their pro per nouri shment. . . , 

OPTIMA AND LIMITING FACTORS 

F. F. Blackman- 1905 

Reprint ed by perm ission of the pub lisher from Annals of Botan y 19 : 281­
295, 1905. 

Blackman's major contribution to ecology lVas ex tending Liebig's " law of 
the minimum " to encompass the limiting effects of the maximum as well. 
This " law of limiting fa ctors" as it came to be known, is developed in this 
selection. In the tatter pa rt of the paper, Blackman suggests but does not 
develop the concept which much later came to be kn own as "factor inter­
action. " 

In this ar ticle it is proposed to sub­
ject to critica l considera tion the co n­
ception of the 'o pt imum' as a primar y 
general relati on between physiolo gical 
pr ocesses and the extern a l or internal 
condition s which affect th em. 

In treating physiological phenom­
ena, assimilation, respirati on , gro wth. 
and the like, which have a varying 
magnitud e under varying externa l 
conditions of temperature, light, supply 
of materials, &c., it is customary to 
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spea k of three cardinal points, the 
minimal condition below which th e 
phenomenon ceases altogeth er, the 
optimal co nditio n at which it is exhib­
ited to its highest observed degree , 
and th e max imal condition a bove which 
it ceases again. 

As the maxim um temperature for 
most met ab olic pr ocesses is very nea l' 
to the death point , exact locati on of it 
is attended with considerab le experi­
mental uncertainty a nd precise data ar c 
generally wanting. In practice, atten­
tion is usually concent ra ted up on th e 
optimum of the co nditio n and up on 
th e general form o f the midd le part of 
the simple curve. which is usua lly ac­
cepted as a satisfacto ry grap hic expres­
sion of the relation between the func­
tion and the condition . 

In the treatment of the ass imi lation 
of ca rbo n dio xide in all textb ooks we 
find mention of optima of temperature, 
of light , a nd of ca rbon dioxide-supplv 
for th is process. After some yea rs a'f 
experimental study of the effect of 
external condi tion s upon carb on -assi­
milat ion the writ er has dem onst rated 
th at much of thi s treatment is quite 
incorrect , and fro m this pos ition ha s 
pa ssed to the genera l con viction th at 
th ere is much that is misleading in th a t 
treatment of the effect of an exte rna l 
condition which involves giving defi nite 
values to its card ina l points. 

We will a t p resent confine our at ten­
tion to the condition of temperature 
and will begin with certai n a priori 
co nside ra tions deri ved fro m ch emical 
dynam ics. 

Th e rare a t which a ll normal ch emi­
cal cha nge takes place is increased by 
a heighten ed temperat ure con dition. 

M ost reactions in vitro take place so 
quickly tha t it is impossible to measure 
their rate, but with all tha i go slowly in 
aqu eou s solution and resemble th e 
pr ocesses of the organism, such as the 
sapo nifica t io n of este rs, the inversion of 
sugar by ac ids, and others, it has been 
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found that the accelera tion produced 
by increased temper ature is a bout the 
same. Th is has been generalized by 
van' t Hoff into th e rule th at for 
every rise of lace. the rat e of reacti on 
is about doubled or trebled. 

If thi s rule of chemical dynam ics 
docs not hold goo d for chemical reac­
tions within the organism it is the duty 
of the ph ysiologist to attempt. at a ny 
ra te, to expla in the a berra tio n. Now it 
is inte resting to note tha t th is relat ion 
bas actually been fo und to hold , as 
regards medium temperatures, say 
from 10°C. to 2T e. , for quite a number 
of cases in a nimal and vegetable or­
ga nisms so diver se in nature tha t the 
law clearly is primarily a pplicable to 
chemical cha nge in the cell as well as 
th e test-tube. Thus the respirat ion 
numbers of Cla usen, for lupine seed­
ling s a nd for Syr inga flowers, show 
between 0° a nd 20°e. , an increase of 
two and a ha lf tim es for a rise of tO°e., 
the assi mila tion numbers obtained by 
M iss Ma tthaei and the writer fo r cher­
ry-Iaurelleaves a coefficient of 2.1, and 
fo r sunflower leaves 2.3, while to come 
to more co mplex metab olic cha nges, 
the tim es requi red for spo re-forma tion 
in Sa ccharomy ces pastorianus (Herzog) 
a nd for the devel op men t of frogs' eggs 
(as ca lculated by Coh en from Hert­
wig's dat a . . .) at different medium 
temperatures both pr oceed within the 
limi ts o f thi s r ule. 

As regards the ra te of metab olic 
chemica l cha nge in the orga nism at 
high tem peratures, thi s law clea rly does 
not express the who le tr uth. If it did we 
sho uld expect , with increasing temper­
ature, all vital processes to proceed 
with ever-in crea sing velocity till the fa­
ta l tempera ture was reac hed at which 
som e: essential proteid coagulated or 
so me o ther connexion was d islocated , 
and th e whole meta bol ic machinery 
ca me suddenly to a sta ndstil l. 

W hat then does happen as we ap­
proa ch the upper temperature-limit of 
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subst an ces. With equal justice , then, we 
co nclude, th at th e a lka lies and alka line 
earths, a lways fo und in the ashes o f 
land-plants, are lik ewise ne cessary for 
th eir developement. . . , 

In order not to form an erroneous 
conclusion regarding th e processes 0 I' 
vegetable nutrition, it mu st be ad mi tte d 
that pl ants require certa in salts fo r the 
su sten ance of their vit al funct io ns, the 
ac ids o f wh ich sa lts exist either in th e 
soil (such as silicic o r phosphoric 
ac ids ) or a re generat ed from nutriment 
deri ved fro m the a tmosp here . H en ce , 
if these salts are not con tained in the 
soil, o r if th e bases necessary for th eir 
producti on be a bsent , they cannot be 
formed , o r in othe r words, pl ants 
cannot grow in suc h a soil. The juice, 
fruit , and leaves of a plant canno t 
a tt ain maturity, if the constituents 
necessary for th eir formation a re 
wanting, a nd salts mu st be viewed as 
such. These salts do not , h owever , 
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occur sim ult a neo usly in all pl ants. 
Thus, in saline plants, soda is the o nly 
alkali found; in corn plants, lime and 
potash form cons titue n ts . Several con­
tain both soda and pot ash , some both 
potash a nd lime; wh ilst others con ta in 
potash a nd magnesia . .. . The re ­
spec tive qu antities of th e salts required 
by pl ants are very unequal. The apti­
tude o f a so il to produce one, but not 
another kind o f pl ant, is due to the 
presence o f a base which the former 
requires, a nd the absen ce of that, 
indispensable for the developement o f 
the latter. Upon the co rrec t knowl edge 
o f the bases a nd sa lts requisite for th e 
sus tena nce of each plant , and of th e 
composition of the so i l upon which it 
grows, depends the wh ole system of a 
rational theory of agricultu re ; and th at 
kn owledge a lo ne can expl ain the pro­
ces s o f fall ow, or furnish us with the 
most advantageous methods of a fford­
ing plants their proper nourishment. . . . 

OPTIMA AND LIMITING FACTORS 

F. F. Blackman-1905 

Reprinted by permission of the publisher from Annals of Botany 19 :281­
295, 1905. 

Blackman's major contribution to ecology was ex tending Liebig 's " law of 
the minimum" to encompass the limiting effec ts of the maximum as well. 
This " law of limiting fa ctors" as it came to be known, is developed in this 
selection. 1/1 the latter part of the paper, Blackman suggests but does not 
develop the concept which much later came to be kn own as "fac tor inter­
action." 

In thi s arti cle it is proposed to su b­
ject to critical consid er ati on the co n­
ception of the 'optimum' as a prim ary 
gen eral rel ation between physiologi cal 
proces ses and the externa l or intern al 
conditi ons which affect th em . 

In tre ating physiol ogi cal phen om ­
ena, as simila t io n , respirati on , grow th . 
a nd the like, wh ich have a vary ing. 
magnitude under varying external 
condit ion s of temperatu re , light, supply 
o f material s, &c" it is cust oma ry to 
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speak o f three ca rdi na l points, the 
minimal condition bel ow wh ich th e 
phenomenon ceases a ltoge th er , the 
optimal co nditio n a t which it is exhib­
ited to its highest o bserved degree, 
and the maximal condition above which 
it ceases again . 

As the ma ximum temperature for 
mo st meta boli c proce sses is ver y ncar 
to the death point , exact location o f it 
is a tte nded with con siderable ex per i­
mental uncertainty a nd p recise data a rc 
gene ra lly wanting. In practice, a tten­
tion is usually concentrated upon th e 
optimum of the co ndition and upon 
th e gen er al form of th e middle part of 
the simple curve, which is usually ac­
cepted as a sa tisfac tory graphic exp res­
sion of the rel ati on between the func­
tion a nd the conditi on . 

In the treatment o f the as simila tion 
of ca rbo n dio xid e in all textbooks we 
find mention o f o p tim a of temperature , 
of light , and of ca rbo n dioxide-supply 
for thi s process. After so m e yea rs o f 
experimental study of the effect of 
external conditions upon carbon-as si­
mil ation the writer has dern onst rated 
th at much of this treatment is quite 
incorrect , and from thi s positi on has 
passed to the general conviction th at 
there is much th at is misleading in that 
treatment of the effect of an ext ernal 
condition whi ch involves giving definite 
values to its cardin al points. 

We will a t present confine our atten­
tion to the co nd it ion of temperature 
a nd will begin with certa in a priori 
con siderations derived from chemical 
dynamics . 

T he rate a t wh ich a ll normal chemi­
cal ch ange lakes pl ace is increased by 
a heightened temperature co ndi t ion. 

:vi'ost reactions ill vitro tak e pl ace so 
qui ckly tha t it is impossible to measu re 
their ra te , hut with all t hat go slo wly in 
aqueo us so lution a nd re scrnbl e the 
processes of the o rga nis m , such us the 
sa po n ifica tio n of este rs, th e inver sion of 
sugar by acids , and ot hers , it has been 
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found th at the acce le ra tion p roduced 
by increased temperature is about the 
same. This has been generalized by 
van't Hoff into the rule that fo r 
every rise of JOoC. th e rate of reacti on 
is a bo ut doubled or trebled . 

If this rule of che mical dynamics 
doc s not hold good for ch emical re ac­
tions within th e o rga nism it is the duty 
of the physiologist to attempt. a t a ny 
rate , to e xpl ain the a berra tio n. No w it 
is int eresting to note that thi s relation 
ha s actually been fo und to hold , as 
regards medium temperatures, say 
from IO"C. to 2TC., for quite a number 
o f cases in an imal and vegeta ble o r­
ganisms so diverse in nature that th e 
law clearl y is primarily applicabl e to 
chemical cha nge in the cell a s well a s 
the te st-tube. Thus the respiration 
numbers o f Clau sen , for lupine seed­
lings a nd for Syringa [lowers, sho w 
between 0° and 20°C. , an increase of 
two and a half times for a ris e of IOoC. , 
the assim ila t io n numbers obtained by 
Mi ss Matthaei and the writer for cher­
ry-laurel leaves a coefficient of 2.1 , a nd 
for sunflower leav es 2. 3, whil e to co me 
to more complex metabolic ch anges, 
the tim es required for sp o re-forma tio n 
in Saccharomyces pastorianus (Herzog) 
and for the de vel opment of frogs' eggs 
(as calculated by Cohen from Hcrt­
wig' s data, . .) at different m edium 
temperatures both proceed within the 
limits o f thi s rul e. 

As regards th e rate 0 I' meta bolic 
chcrn ical change in th e o rga nism at 
hi gh temperatures, thi s law cle a rly does 
not exp ress the whole tru th . If it did we 
sho uld expect. with incre asi ng te m per­
ature, all vital processes to proceed 
with ever-increasing velocity till the fa­
tal temperature was reach ed a t whic h 
so me essent ia l p roteid coagulated o r 
so me ot her connexion was d isloca te d , 
and th e whole met abol ic machinery 
carn e suddenly to a sta ndstill. 

What then d oc s happen as we ap­
pr oach the upper temperature-limit o f 
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the working of the o rganism ? An 
important new fact or , th e time-factor , 
comes int o' play. 

In later year s this fact or hardly 
receives the attention that it deserves. 
Sach s, however , clearly pointed o ut 
that th e higher the tern perature the 
mor e quickly the fat a l effect ens ues, and 
th at sho rt exposure to a very high 
temperature may not kill , when a pro­
lon ged exposure to a slightly lower 
temperature is fat al. .. . 

T he optimum has by som e investi­
gat or s been regarded as the highe st 
temperature which can be permanently 
sust ain ed with out depression of func­
tion , but more usually a real o ptim um 
is held to be cha rac terized by this , that 
the retardation pr oduced by exposure 
to supe r-optimal temperature mu st not 
be of the nature of permanent injury, 
and th at therefore on coolin g again to 
the opt imum temp erature there must 
be a return of th e function to its highest 
value. 

There has been little attempt to apply 
this principle experimentally, and it 
look s as if everything would depend on 
the tim e of exp osure to th e super­
optimal temperature. Rather than by 
direct experimen t, it is prob abl e that 
the high transient va lues will in future 
have to be estim ated by the conver­
genc e o f the lines of evidence that we 
ha ve already indi cated... . 

We star t this sectio n with the follow­
ing axiom . 

When a pro cess is conditioned as to 
its rapidity by a number of separate 
factors, the rate af the process is limited 
by the pa ce af 'h e 's lowest ' fa ctor, 

I think one may fairly express sur­
prise a t the ex ten t to which th is prin­
cipl e has been overloo ked by those who 
ha ve pr oposed to work out the relation 
betw een a function and so me single one 
of the variou s factors that co ntro l it. 

Thi s desirable end often ca nno t be 
really accomplished with out taking 
deliberate thou ght to the othe r factor s, 
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lest surreptitiously one of them , and not 
the factor under inve stigati on , be­
com es the rea l limiting fact or to an 
increase of function al activity. 

We will consider in some det ail the 
a pplica tion o f thi s axiom to assimila ­
tio n, and briefly its applica tion to 
respiration and growth . 

Carbon assimil ati on furnishes the 
most instruct ive case for the con sidera­
tion of the inter -rel ati on of condition­
ing fact or s, becau se these fact ors are 
large ly external ones, wher eas in 
growth they are internal and less under 
control. 

Let us then consider first the case of 
assimila tion. We can recognize five 
obvious contro lling fact ors in th e case 
of a given chloroplast engaged in 
photosynthesis. 

(I)	 The amount o f CO 2 availabl e, 
(2) the a mo unt of H 20 availa ble, 
(3) the intensity	 of a vaila ble rad iant 

energ y, 
(4) the	 amo unt o f chlorophyll 

present , 
(5) the	 temperature in th e chlo ­

roplast. 

In theor y anyone of th ese five might 
be the limiting fact or in the total effect , 
and it is co mpara tively easy to experi­
ment with (I), (3), or (5) successively as 
limiting factors . 

Many experimenters have indeed 
done thi s without premeditat ion. T he 
experi ments of Reink e, in which with 
increasin g light the rate of ass imila ­
tion (a s measured by the bubb ling of 
Elodea) suddenly ceased its propor­
tion al increase and rem ained sta tiona ry 
while the light increased yet ano ther 
tenfold, I interpret as pr obably a case 
in which the supply o f ca rbon dioxide 
was the limiting fact o r: its limit of 
arrival by osmos is being once reached 
no further incre ase of assimila tion was 
possibl e. 

The experiments of Kreusler on the 
effect of temperature on the assimila-

VICTOR E. SH ELFORD 

tion of a sho ot of Rubus gave , as high er 
and higher temperatures were used , a t 
first a steady rise of assimil ati on up to 
15°C. , but after thi s the assimilation 
pra ctically never rose further. Thi s 
sta te o f things has been show n by Mi ss 
Matthaei to be a case in which inade­
quate illumination limited the assimila ­
tion to th at obtai ned at 15°C. , and so 
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further heating pr oduced no inc reas e. 
T here are a lso contemporary examples 
of such misint erpretati on which will be 
discussed elsewhere. 

When the rate of a function exhibits, 
in expe riment, a sudden transition from 
rapid increase to a sta tio nary va lue, it 
becomes at o nce pr obable th at a 'l imi t­
ing fact or ' has com e int o play . .. . 

PHYSI OLOGICAL ANIM AL GEOGRAPHY 

Victor E. Slzefford- 1911 

Repr inted by perm ission of the au thor and publisher from Journal of 
Mo rphology 22: 551- 618, 1911. 

Blackman' s concept of limiting fa ctors was developed fr om the perspecti ve 
of control ex erted by the environment. It is the organism, however, which 
responds 10 minimum and maximum fa ctors; thus, the investigati on of the 
ecological and phy siological attributes of organi sms assumes significance in 
explaining their geography . Professor S helford 's " law of toleration" incorpo­
rates bath the geographic environment and the ecological physiology of 
organisms . This brief report does nOI at a// sugges: the significant impact 
Professor S helford has had in ecology through his own work and thai of his 
students . The duration of his producti ve work is recognized in the publi­
calion of The Ecology of North America( University of Chicago Press) in 1964, 
almost sixty years follo wing the firs' paper fr om his graduate student days. 

dependent upon their envi ronm ental 
3. THE RE LATI ON Of PHYSIOL OGICAL complexes; they are o ften decidedly 

CH ARAC TERS TO G EOGRAPHI C migrator y and becau se of their size 
R ANGE least ad apted to expe rimenta l study . 

Our studies o f anima l distribution Som e quite exte nsive attempts to 
usually co nsist of a list o f names of correlate geographic range with me­
species with a sta tement of the dis­ teoro logical con dit ion s have been made 
tribution of each , followed by such but alw ays with o nly impl ied reference 
interpretation as suits o ur particular to the physiologica l character of th e 
purposes. Att empts actuall y to study o rga nisms themselves, and usually with 
the environment in any detail, or the the use of species as an index of condi­

reaction s of anima ls to th e condition s t ions. A few fact or s have been empha ­
of en vironment a re rare indeed. Fur ­ sized , a nd the se usually in th e sense of 
the rmore, the groups most studied barrier s. Merriam emphasizes temper­
(higher verte bra tes) are pr ob ab ly least a ture ; Walker a tmos pheric moisture. 
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Hei lp rin, lik e most pal eontol ogists, 
emphasizes foo d . T he re appears to be 
no adeq ua te basis for th e ide a th at th e 
same single fac to r governs th e di stribu­
ti on of most ani ma ls. Such a co ncl u­
sion probabl y resu lts from leavin g th e 
o rga nism o ut o f co nsidera tion . 

Since the envi ro nment is a complex 
of man y facto rs, every animal lives 
surro unded by a nd responds to a 
co mp lex o f facto rs, a t Ica st in its 
normal life ac tivi ties within it s normal 
co mp lex. Can a single factor control 
di st ribution ? 

A large amo unt o f physiol ogical 
study of organism s has been co nd ucted 
wit h particul ar referen ce to th e ana lysis 
of the o rga n ism itsel f, but with lit tle 
reference to natural en vironments. 
M any of the facto rs a nd co ndit ions 
e mp loyed in such expe riments arc of 
such a nature th at th e anima! never o r 
rarely en count er s them in it s regular 
normal life. Other experiments a re, 
however , attempts to keep the environ ­
ment normal, except for one fact o r. 
These have demonstrat ed that in o rd i­
nary reactions a n a nima l re sp onds to 
th e action o f a single stim ulus . Certain 
ge ne ra l law s govern the reaction of 
a nimals to different intensiti es o f th e 
sa me st im ulus . 

a. La ws governing the reactions of 
animals. The law s govern in g the stim u­
lation of animal s in the experiments of 
the lab oratory a re fam iliar subjec ts in 
th e textbook s of ph ysiolog y. With 
respect to a give n facto r used in th e 
experiment, it has been found that 
there is a range o f cond itions withi n 
which the act ivit ies of the an imal 
proceed without marked st im ula t ive 
features. T hese are ca lled optimal co n­
diti on s. Take , fo r exa m ple, tempera­
ture. T here is in most a nimal s which 
ha ve been su bjected to experi ment atio n 
with te mpera ture, a ra nge o f severn 
de grees in which t he a nimal is no t 
markedly stim ulated (optim um). As 
the te mp erature is raised or IOWeTC(! 
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from such a co ndition, the anima l is 
st imula ted . If the temperature be co n­
tinuously rai sed , a point is reach ed at 
which the anima l d ies. The temperature 
condition just befor e de ath occurs is 
called the ma xim um. The lowering of 
temperature produces results co mpa r­
a ble in a ge ner a l way to those o f high 
temperature. The conditi on ju st before 
the death point is reached is ca lled th e 
minimum . 'N ith var io us limitations, 
unimportant in thi s connecti on , th e 
sa me is tru e with respe ct to each of the 
va r ious fact ors which an animal en­
counters in nature . \ '/ h ich fact or deter­
mines the lim itati on s of occurrence of 
a n animal on th e ea rth' s s urface? Th e 
a nswer to th is is suggested in Liebig's 
Law of M inimum. 

b. I..£1 W of minimum. Liebig' s Jaw of 
minimum is summa rized by Johnstone: 

A plan t requ ires a cert ain number of 
food stuffs if it is to continue to live and 
grow. Each of these food substances must 
be present in a certain proportion. If it is 
a bsent the plant will die ; if present in a 
minimal proportion the growth will also 
be minima l. T his is true no matt er how 
abundant the ot her food stuffs may be. 
The growth is then dependent upon the 
amount of food stuff present in minimal 
quantity. 

In nature this law applies both 
geographically and locally. A s app lied 
to animals it incl ude s both food and 
material for a bo de. The presence , 
a bsencc and success of a species is 
determined by the necessary mat eri al 
which is a bsen t o r present in minimal 
quantity. 

c. Law of toleration of physical f ac­
tors. We have noted in the case of the 
ti ger beetles, th at for th e egg-lay ing to 
take pl ace the surr o und ing tem perature 
a nd light mu st both be suita ble, th e 
so il m ust be moist , p robabl y a lso 
wa r m, and m ust satisfy the ov iposito r 
tests with respect to several fac to rs. 
Egg- laying , the positi ve reaction, is the n 

ro ba bly a respo nse to several fac to rs. 

VICTO R E. SH ELFORD 

Furthermore, a fter the eggs are laid, 
th e co nditio ns favor able for egg-laying 
mu st co ntin ue for about tw o weeks if 
th e eggs are to hatch a nd the larvae 
reach the surface of th e gro und . The 
success o f reproduct ion dep ends, th en , 
up on the qua litative and quantitative 
completeness of the co mplex of condi­
tion s. The negat ive reaction, o n the 
o the r hand , appears to be differe nt, T he 
a bse nce o f eggs, the number o r failures 
to Jay a nd therefore the number of eggs 
laid in any situati on can be controlled 
b y qualitative o r quantitat ive deficiency 
or excess with resp ect to OI1Y one of 
several fa ctors. The presence, absencc, 
or number of egg s la id is, then, deter­
minable by a sing le fact or, accord ing as 
it is near the optimum o r near either the 
maximum or minimum tolerated by th e 
sp ecies. It is, however, not necessary 
th at a sing le factor dev iate; the effect 
is simila r or m or e pr on ou need if seve ra l 
devi ate . 

In nature the presen ce o r absen ce, o r 
success of a species o r gro up of species, 
its numbers and so metimes it s size , etc. , 
are largely determined by the de gree of 
deviati on of a factor o r factors from 
the range of optim um of the sp ecies o r 
gro up o f species. The cau se o f t he 
deviati on in the fact or o r factors is not 
of importance. For example, in th e 
case of a soil inhabiting species such as 
Cicindela tranquebaric a, to wh ich 
con sid erable moisture is necessar y, th e 
cau se of th e deficien cy in on e ca se may 
be climatic defi ciency in rainfall , in 
another a rap id drainage due to steep 
slope and porosity of soil. The former 
is wha t we have called a climat ic 
(geographic) condition a nd the latt er 
a loca l condition . The ev idence for t he 
law of toleration as a pp lying to di s­
tribution is good so far as the local 
distribution is concerned and , since th e 
sa me fact ors a re invol ved in the geo­
gra phic, th ere is no difficulty in the 
ap plication or the law to geographic 
di st ribu tion also . T he fact that in so 
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far as our obser vation can go a t pre­
sent , the tiger beetles a re found in 
simila r conditions th rougbout th eir 
ran ges, is also good evidence for the 
app lication of both the laws of mini­
mum a nd toler ati on to ge ographic 
dis tri butio n. In fact the law of minimum 
is bnt a special cas e of the law of tolera­
tion. C om bina tions of the factors 
wh ich fall und er the law of minimum 
may be made, whi ch makes the law of 
to leration ap p ly quite generally ; for 
exa mple : food a nd excretory pr oducts 
may be taken togethe r as con stitutin g 
a s ing le fact or. F ro m this p oint o f view 
the law of toleration a pplies, the Iood 
ac t ing on the minimum side , exc re to ry 
pr od uct s on th e maximum. 

d. Application of the law of toleration 
to geographic distribution. The so- call ed 
center s of di stribution a re often on ly 
a reas in which co nd itio ns are optim um 
fo r a considera ble number o f species . 
T he re lation of the law to centers of 
di stribution is sho wn in the di agram 
bel ow ; above the line is the sca le of 
stimu latio n with t he lim its o f tol eration 
sho wn and bel ow the parallel relation 
o f the di stribution and relative a bun­
dan ce . 

~tilJ im u l ~ : lim it R ans e or 'M u unu m limit 
of to k l'll1lo<> opu rnuru of to tera rion 

- 1 I - I 
..- Center of -.. 

Abxcn t Deereasrng ltiu. thutlon Decreasing A bsent 
G rea test 

abund ance 

On account o f the nature and dis­
tribution of clim atic and vegeta tio n 
co nd itio ns, it foll ow s th at as we pass in 
one d irection fro m a ce nter , o ne fact or 
may lluctuatc beyond the ran ge o f 
tol eration of a species under considera­
tion ; but a s we pa ss in ano t he r di rcc­
tion it is very like ly to be a different 
factor. T he division s of M erriam 's 
zones int o a rid a nd humid p ortion s is 
an illu strati on of th is, a nd see ms to 
co nstitute a beggin g o f the temperature 
q uestion . 
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4. TENTATIVE LAWS OF DISTRIBUTION 

On this general basis tentative laws 
of distribution may be formulated. 

a. Governing the limit of geographic 
range. The geographic range of any 
species is limited by the fluctuation of a 
single factor (or factors) beyond the 
limit tolerated by that species. In non­
migratory species the limitations are 
with reference to the activity which 
takes place within the narrowest limits. 
In migratory species this activity limits 
the range only during a part of the life 
cycle. 

b. Governing distribution area. The 
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distribution area of a species is the dis­
tribution of the complete environmental 
complex within which. it can five as 
determined (1) by the activity which 
tak es place within the narrowest limits 
and (2) by the animal's power of migra­
'ion . Barriers in which some one factor 
of the complex fluctuates beyond the 
limits of toleration of the species at all 
periods of its life-history may prevent 
the animal from reaching all the suita­
ble habitats, but this is the result of the 
working of the laws rather than an 
exception, and faunistic animal geo­
graphy begins where physiological 
animal geography ends . 

WATER-GENERAL CONSIDERATIONS; 
THERMAL PROPERTIES 

Lawrence J . Henderson-1913 

Reprinted by permis sion of Lawrence J. Henderson, Jr. from The fitness 
of the environment. New York, The Macmillan Co., 1913. 

In this "inquiry into the biological significance of the properties of matter" 
Henderson, a biochemist, defends the hypothesis that ". . . the actual 
environment is the fittest possible abode of life ." In doing so, 'he ecologist 
was provided with a new framework of reference for more circumscribed 
study and a considerable insight into environmental influences of an over­
riding sort . 

GENERAL CONSLDERAnONS 

It was assuredly not chance that led 
Thales to found philosophy and science 
with the assertion that water is the 
origin of all things . Whether his belief 
was most influenced by the wetness of 
animal tissues and fluids, or by early 
poetic cosmogonies, or by the ever 
present importance of the sea to the 
Ionians, however vague his conception 
of water may, indeed must, have been, 

he at least expressed a conclusion which 
proceeded from experience and serious 
reflection... . And it is especially 
worthy of note that of earth, air, fire, 
and water the last is the only one which 
happens to be an individual chemical 
compound. From that day to this the 
unique position of water has never 
been shaken . It remains the most 
familiar and the most important of all 
things . . . . 

... In physics, in chemistry, in 
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geology, in meteorology, and in biology 
nothing else threatens its preemi­
nence . . . and the physi ologist has 
found that water is invariably the 
principal constituent of active living 
organisms. Water is ingested in greater 
amounts than all other substances 
combined, and it is no less the chief 
excretion. It is the vehicle of the prin­
cipal foods and excretory prod ucts, for 
most of these are dissolved as they 
enter or leave the body. Indeed, as 
clearer ideas of the physico-chemical 
organization of protoplasm have devel­
oped it has become evident that the 
organism itself is essentially an aqueous 
solution in which are spread out col­
loidal substances of vast complexity. 
As a result of these conditions there is 
hardly a physiological process in which 
water is not of fundamental impor­
tance . .. . 

All of these circumstances. . . de­
pend in great part upon the quantity of 
water which is present outside the 
earth's crust, and upon its often unique 
physical and chemical properties . . . . 

Of the total extent of the earth's 
surface the oceans make up about 
three fourths , and they contain an 
amount of water sufficient, if the earth 
were a perfect sphere, to cover the 
whole area to a depth of between two 
and three miles . This corresponds to 
about 0.2 per cent of the volume of the 
globe. The occurrence of water is, 
moreover, not less important and 
hardly less general upon the land . In 
addition to lakes and streams, water is 
almost everywhere present in large 
quantities in the soil , retained there 
mainly by capillary action, and often 
at greater depths. The atmosphere also 
contains an abundance of water as 
aqueous vapor and as clouds. Now the 
very occurrence of water upon the 
earth , and especially its permanent 
presence, is due in no small degree to 
its chemical stability in the existing 
physical and chemical conditions. This 
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stability is of great moment in the 
various inorganic a nd organic proces­
ses in which water plays so large a 
part. In the first place the Chemical 
reactions in which it is concerned 
during the process of geological evolu­
tion, though they are no doubt in the 
total of great magnitude, are both 
slow and far from violent. Long since 
any very active changes of this sort, so 
far as the superficial part of the crust is 
concerned, have run their course. In 
the second place water is really, at the 
temperature of the earth and in com­
parison with most other chemical 
substances, an extremely inert body, 
for the union of hydrogen with oxygen 
is so firm that it is not readily dis­
solved. 

Thus water exists as a sin gularly 
inert constituent of the atmosphere, 
as a liquid nearly inactive in chemical 
processes on the surface and in the soil, 
and everywhere as a mild solvent 
which does not easily attack the sub­
stances which in great variety dissolve 
in it. The chemical changes which do 
follow upon solution are not such as to 
produce substantial chemical trans­
formations, and most substances can 
pass through water unscathed. The 
nature of water, then, is a great factor 
in the chemical stability, which, no less 
than the physical stability of the en­
vironment, is essential to the living 
mechanism. But it may be questioned 
if such stability would not necessarily 
be ultimately attained in greater or less 
degree with almost any other substance, 
as a result of the general tendency of 
chemical processes to reach a condition 
of equilibrium, and it will therefore be 
well to turn to more secure fields of 
inquiry . 

THERMAL PROPLRTIES 

Specific heat, First among these is 
the heat capacity or, as it is more com­
monly termed, the specific heat of 
water. This quantity has the value of 
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1
1.000 fo r the in terval between 0° and 

0 centigrade , a num ber which is d ue 
to the choice of water in defi ning the 
ca lo rie o r fundam enta l unit of heat. 
T he calo rie, sma ll calorie , o r gra m 
ca lorie is tha t qua nti ty o f hea t which is 
required to ra ise th e te mpera tu re of one 
gram of wate r th rough Iv centigrade, 
and it va ries slight ly with th e tem per­
a ture , having the relative values 1.000 
fo r the inte rva l fro m 0" to 10, 0.998 for 
the inte rval fro m 4" to 50, 0.992 fo r the 
interval fro m ] 5" to ]60 

, a nd its mean 
value fo r the in terval fro m 00 to 100" is 
1.004. T he hea t capacity of water is 
th en 1.000, in that 1.000 ca lorie is re­
qu ired to ra ise the te mpe rature of 
1.000 gra m of wa te r thro ugh 1.000 
degree ce ntigra de... . 

T he most obvious effect of the high 
specific hea t of wa te r is the tendency of 
the ocean a nd of a ll lakes and st reams 
to maintain a nearl y consta nt temper ­
at ure . This p hen omeno n is of course 
no t d L1 C to the high specific heat of 
wa ter a lone, be ing a lso dependent upo n 
evapo ration , f reezi ng, a nd a variety o f 
ci rcumstances which automa ticall y 
mix and sti r wate r. But in the long run 
the effect of high specific heat is of 
p rima ry importance. It will be co n­
venient to postpo ne co nsideration of 
th e regu lat ion and importan ce of the 
co nsta nt tempe rature o f" t he ocean unt il 
the ot he r properties of water which 
co ntribu te thereto have bee n di scussed . 

A seco nd effec t of the high specific 
heat of wate r is the mod era tion of both 
su mmer a nd win ter temperatu res of 
the ea rth. It is no t easy to estima te the 
total magnitu de of this effec t, but the 
man ner in which it co mes a bout is well 
illu str ated by the differences between 
seaboard a nd inla nd cl ima tes o r bc­
tween the climate of a la rge pa rt of t ile 
United States, which is a continental 
climate, a nd that of Western E uro pe, 
which is essen tially all insu lar climate. 
In th e most extre me fo rm such mo dera­
tion of climate is to be observed o n the 
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h igh seas a nd up on small isla nds. 
T he re a re fo und th e sm allest kn own 
diffe re nces bet ween the mean te mpe ra­
tu res of different m on th s of the year 
an d of diffe rent ho ur s of the da y, and 
the least tendency to vio lent changes of 
tempera tu re, The ca lcu lati on of Zenker 
rega rdi ng norm al tem pera tures may be 
cited as a good ill ustra tion o f the 
natu re of the case. 

1'o 1:. ,.... r~lLcr rrun r 1~1 . ~ r;- -~lAK:N~1 D lln RE" Cl
CL ~t.-\ Tl ( U M "n: 

Deg.ree s rD c g r.:t:..; D('" ~ r c ~ D eg fC:e\ 
o 34.6 26. 1 - 8..5 
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30 24 . 1 18.8 -5.3 
40 15.7 13,4 - 2.3 
50 5.0 7 . 1 2.1 
so 
70 
80 
90 

I - 7.7 
- 19.0 
- 24.9 
- 26. 1 

0.3 
I -5. 2
1_ - ~ . 2 

- &. 7 

. 
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8.0 
13.8 
16.7 
17,4 
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It is unnecessary to discu ss the effects 
upon living organisms of the equable 
tempe rature o f the ocean and of the 
mo de ra tion of clima te , for obvious ly 
we are he re confronted by a true 
insta nce of regula tion of the environ­
men t. 

T he high hea t capacity of wate r 
opera tes in still anothe r ma nner to 
regulate te mperatu re upon the land and 
at the sa me t ime to increase the mobil­
ity of the envi ro n ment of marine 
o rga nisms. Fo r d irect ly or indirectly it 
is invo lved in the formation an d 
d uratio n of ocean currents, especially 
the movement of wa ter in the de pths 
from the polar to the t ropical seas, and 
it determines the amo unt of hea t car­
ried by such currents . A simila r a nd 
even mor e important " functio n" is the 
direct promotion of winds, with the 
result ing di strib utio n of aq ueous vapo r 
throughout the atmosp he re, a primary 
facto r in the di ssemina tion of water by 
means of the ra infall. Here the essenti al 
th ing is the ex istence of a vast wa rm 
reservoir in the trop ics and of two 
similar co ld reservoir s at the poles. 
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Under these ci rcumstances the cir cula­
tion of wind s, bearing away wa ter 
vapor fro m the tropica l oceans , is 
inevitable , and the pr ocess is in tensified 
by the high spec ific hea t of water . 

T he liv ing organ ism irself is d irectly 
favo red by this sa me property of its 
principa l co nst it uent , becau se a given 
qu an tity o f heat prod uces as litt le 
change as possible in the temperat ure 
of it s body . Man is an exce llent case in 
point. An adult weighing 75 kilo grams 
(165 po unds) when a t rest prod uces 
da ily a bo ut 2400 grea t ca lories, whic h 
is an a moun t of hea t actua lly sufficient 
to raise th e temper a ture of his body 
more tha n 32° ce ntigrade. But if the 
heat capacity of his body corres po nded 
to that of most s ubsta nces , the sa me 
qua nt ity of hea t wo uld be sufficient to 
raise his tem perature between 100° and 
150°. In these co nditions the elimina ­
tio n of hea t wo uld become a ma tter of 
far greate r d iffi cu lty, a nd the accurate 
regulation of the temperat ure of the 
interior po rt ion of his body, especially 
during peri ods of grea t mu scular 
activi ty, well-nigh impossibl e. Extreme 
co nstancy of the body temperature is, 
of cou rse, a matter of vita l impor tan ce , 
at least fo r a ll highly organized beings, 
and it is har dly co nce ivable that it 
sho uld be otherwise . In the first place 

marked in fluen ce of cha nge of tem pe r­
ature upon chemica l rea ction is almost 
un iversal , and as a rul e an increase of 
100 centigrade in temperature will 
mo re than double the rat e of a chem ­
ica l cha nge . Second ly a ll living 
o rgani sms co ntai n bo th chemica l sub­
stances and p hysico-chemica l structu res 
or systems wh ich begi n to be a lter ed, 
a nd usually irr evers ibly alte red , at a 
tem perat ur e which is very lit tle ab ove 
that of the hu ma n body. I t is perh aps 
im agine ble tha t co nd it ions might be 
ot herwise in beings of a very d ifferent 
kind. but to -d ay every chemist well 
knows th a t i f he is to co ntro l a chemical 
p rocess, a lmost the firs t desidera tum 
is rigid regulatio n o f th e temperature 
at which the pro cess takes place. 

I t is therefo re incon tes ta ble t hat th e 
un usuall y high specific heat of water 
tends a utomatica lly and in most mar­
ked degree to regu late the tem pera lure 
o f the who le enviro nment , of both air 
and wate r, la nd and sea , and th at of the 
Iiving organism itse lf. Likewi se th e 
sa me pr ope rty favo rs the circulation of 
water by facilitatin g the prod ucti o n of 
winds, besides contributing to the for ­
ma tion of ocea n curr ents. Here is a str ik­
ing insta nce of na tura l fitn ess, which 
in like de gree is unattainable wi th any 
other substance except am monia . 
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HEAT EXCHANGE NEAR THE GROUND; COLD AIR 
FLOODS AN D COLD AIR DAMS 

Rudolf Geiger-i94i 

Reprinted by per rmssron of th e publisher from The clima te nea r the 
ground, translat ed by Melr oy N . Stewa rt a nd o the rs. Ca mbridge , Ma ss., 
Harvard University Press . Copyr ight 1950, 1957 by the Pres iden t a nd 
Fel lows of Har var d College. 

These excerpts are typical of the direction that the German me teoro logist 
Geiger brought to ecology- namely that the environment imm ediately 
associa ted with the organism, the microclimate, is the critical factor, not 
the gross, or macroclimat e typ ically measured. This distinction is extensively 
treated by J. N. Wolfe, R . T. Wareham and H. T. S cofi eld (/ 949. Mic ro­
climates and macroclimate of Neo toma, a small valley in central Ohio. 
Ohio Biological Survey Bullet in 41: / - 267). An excellen t application of the 
microclimate approach in ecology is that by John Cantlon (1953. Vegetation 
and microclimates on north ami south slopes of Cusker unk Mountain, Ne w 
Jersey . Ecological Monographs 23 : 24/ 270) . David Gares has written a 
concise, sophistica ted and ecologically oriented treatm ent ofenergy exchange 
(1962. Energy exchange in the biosphere. Ne w York, Harper and Row. ) 

suspended in th e atmosph ere (dust, 
MIDDAY HEAT EXCHANGE AT TIl E plankton ). T he radiati on does not suf­
GROLND SU RFACE fer a loss in th e true sense of th e word 
TH E INCOMING RADIATIONAL TYP E but only a deflect ion from its original 

At the upper limit of its at mos phere directi on . But because a porti on o f th e 
th e earth receives a vertical so la r radi a­ sca tte red rad iat ion goes back to uni­
tion amo unting to ab out 2 calo ries per versa l space a lso th is portion is elimi­
sq uare centimeter eac h minute. This nated with regard to th e terrestri al heat 
valu e is called " solar cons tant. " At excha nge. Reflecti ons from clouds and 
European latitudes normal incidence diffuse scatteri ng into universal space 
does not occ ur. There the horizo nta l mak e together 42 %. The reflecting 
surface receives at th e border o f th e power (a lbedo) of th e ea rth, th erefore, 
a tmosphe re o nly a portion of th e solar is 0.42; for the inh abitant of uni versal 
con stant. Wh en thi s rad iati on pene­ space the ea r th looks abo ut as br ight 
trates th e earth's atmosphere it suffers as Venu s does for our eyes. 
a series of losses. ... T he third loss is th e abso rptio n of 

A co nsidera ble portion of the enor­ rad iati on ca used by ozo ne, wa ter vapo r, 
mous incoming sun energy is reflected and carbonic ac id ; thi s is a true loss in 
by th e surface o f th e cloud s and is that th e ra dia tion energy is used to 
ineffective conce rni ng the heat eco no ­ increase the temperatu re of th e ab sorb­
my of air and gro und. As an ave rage ing gases a nd, therefore, is eliminated 
for the northern hemi sphere and th e from the insolati on eco no my. What 
yea r, this amo unt is 33 % of th e incom­ happen s with this po rt ion is no t dis­
ing ra dia tio n. In the at mosphere an­ cussed in thi s book. 
o ther po rti on of radi at ion is scatt ered Despite th e eno rmo us d ista nce the 
in a ll direct ions diffusely by th e air sun rays have to pass th rough from the 
molecules themselves and by substan ces limit of the a tmos phe re down to the 
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bottom of th e a tmos phere, a mighty 
radiat io n flux penet rates down to the 
earth's surface partly as direct sun 
radiati on , pa rtly a s sca ttered radi atio n 
from th e sky. T he two together repre­
sent the main portion of the so lar heat 
at th e dispo sal of the heat economy o f 
earth and air. Wherever thi s imm en se 
energy curre nt st rikes up on th e surface 
of the so lid ground the radi at ion 
cannot penetrat e th is obstacle. A por­
tion is reflected fro m th e surface. Mo st 
of it is abso rbed, cha nged into heat, 
and ser ves to raise the temperature of 
the ground . 

The ea rth's surface, th en, pla ys th e 
most imp ortant part in midday heat 
exch ange, but the layer of a ir next to 
the gro und is th at part o f th e atrnos­
phere whose temperature relationship s 
are most directly determined by the 
relationships of the surface itself. 
Obser vati ons of th is lowest layer of ai r 
ar e therefore indi spensable to st udi es 
of heat tran sfer. . .. 

The temperature conditions of the 
layer near the ground a re determined by 
the immense a mo unt o f heat which the 
sur face of th e ground abso rbs. In sum ­
mer, thi s surface is hea ted in o ur 
region up to 60°C, so metimes to 70° 
and g O~ . . . . T he temperature of th e 
surface wo uld be increased even much 
more if a heat loss- cau sed and main­
tained by th e temperature co nt ra sts­
did not take place upw ard s and down­
wards. . . . One portion of the heat is 
conducted from the surface to th e 
deep er layers of th e gro und . . . . The 
great er portion serves to heat th e air 
layer ne ar th e gro und and thus, in­
directly, to heat the atmosp here. Partly 
also here, heat co nd uctio n is effective, 
but. . .. it does not play a n impo rta nt 
role as fa r as qu antity is conc erned. 
Primarily, co nvect ion a nd radiati ve 
pseud o conducti on co me into con­
sideratio n.... 

F urthermore, the grou nd loses mu ch 
heat as a co nsequence of evaporatio n 

since the surface is deprived of 600 gca l 
if one gram of wate r eva po rat es; this 
is an amo unt of heat which would 
suffice to heat 6 g water fro m O°C to 
the boil ing point. 

F rom the significa nce o f the ea rth' s 
surface for heat exchange it ca n be 
co ncluded that the highest temperature 
at a bo ut no on is a t th e boundar y 
betw een grou nd and air ; starting from 
here, th e tempe rature decr eases up­
ward and downw ard . T his kind of 
temperature distribu t ion at noon tim e 
is ca lled " incoming Radiation Type." 
Th e real character of thi s type will be 
demon str ate d by an extreme exam ple. 

F ig. 2 gives the temperature distribu­
tion which J. G. Sinclair ob served a t 
th e Desert Lab orat o ry a t T ucso n on 
J une 21, 1915, at I PM. As we approac h 
th e ground from abo ve, the temper­
a ture rises co ntinuo us ly a nd a t an 
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F IG. 2. The incoming-radiation (insolation) type. 
(Tucson, 21 June 1915) 
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increasing ly rapid ra te. A t the surface 
th ere is a temperature discon tinuity 
betw een a ir and ear th. T he surface 
i tself possesses the highe st tempera ture , 
not measured here, but in a ny case fa r 
above 71.5", th e meas ureme nt a t a 
depth of 4 rnrn in the gro und . In the 
fir st 10 em o f earth the temper ature 
d ecreases with ex traordi nary ra pidity , 
so th at at a depth of 7 em it is al ready 
severa l degre es below the a ir tempera­
tu re. T he effect o f the tim e of day, th e 
tempo ra ry noon- time hea ting, extends 
to a depth of only about 10 em, as the 
break in the tempera tu re curve indi­
ca tes . In the lower ea rt h layers the 
tempera ture falls aga in slow ly, 

Extremely high midday tempera tures 
a re th erefore, as th e illustra tio n indi­
ca tes, limited to the air a nd so il layers 
immed iat ely bordering th e ea rth 's 
surface. Eve n under ou r mild cl imatic 
co nditio ns th e sa me hold s tru e , t ho ugh 
to a lesser exten t.. .. 

COLD AIR FLOODS AN D COL D 
AIR DAMS 

Fi g. 89 is a cro ss-secno n o f a "sin k 
hole, " a rock ke ttle shut in on a ll sides, 
resulting fr om SUbsidence. It is near 

of temperature measurem ent s on th e 
slopes of the sink hole a nd was abl e to 
dem onstrat e relatively very low night 
tem peratu res in th e kett le. Th e cro ss­
sectio n sho wn in Fig. 89 exaggera tes 
the a ltit ude somew hat. The tempera­
tures which we re tak en with an I\ ss­
mann aspira tio n ps ychrom eter before 
sunr ise on Jan . 21, 1930 arc entered at 
th e point s of observa tion . Simultan eous 
dat a on wind relati on ships a re given as 
well. Th e le ft side of th e illu str ation 
gives the section from no rtii-norrhe ast 
to the m iddle o f th e sink hole. On th e 
upper part o f the slope fo r some 70 ill 
do wn the tem peratures are from 1° to 
2° below zero. A s we de scend still 
furt her th e tempera ture drop s with 
ex trao rdina ry rapidity and o n th e floor 
o f th e ke ttle reaches - 28.8°C. The 
cold a ir fro m the slop es acc umulates 
there and ca nno t escape . The heavy 
fro st whic h formed in the lowest 40 ill 
was a visible evidence of thi s stra tifi­
ca tio n . 

In th e right hand half of F ig. 89 'is a 
cross -sec tion from the middle toward 
the west-so uthwest. Here th e sin k hole 
is int ersected by a sa ddle. Tempera­
tu res belo w fre ezing preva il up to the 

Rep rint ed by permi ssion of the au tho r and publisher from Problems of 
lake biology. Pub!. 1\"0. 10. Copyright 1939 by the American Associ ation 
for the Adva ncement of Science. 

THE UTILI ZATI ON OF SOLAR ENERGY BY AQUATIC 
ORGANISMS 

George L. Clarke­ 1939 

I II discussing the variation ill amount and nature of light with depth and 
ki nd of body of water, Clarke demo nstrates the modification of one environ­
mental f actor (light) by another (water) . ln the latter half of the paper, the 
regulatory effec t of light in limiting the distribution and photosyn thesis of 
organisms is emphasized. Dr. Clarke 's long association with the Woods 
H ole Oceanograph ic Institu tion (since 1931) provided the strong marine 
fla vor to his tex t (/954. Elements of ecology . New York, John Wiley & 
So ns, Inc.). 

. . .. Resear ch in thi s field fall s Fro m the biological p oint of view we 
roughly in to tw o parts, namely, (I) the need to kn ow not only the range of 
determinat ion of the amo unt and light intensity a t any point but a lso its 
nature o f the light ac tua lly present a t spectra l co mpositio n, its angular dis­
vari ou s depth s in all typ es of water tribution , and its di st ribution in time. 
bodies, and (2) the measurement of The so lar energy whi ch fall s up on a 
th e extent to which submerged o rga n­ bod y o f wat er is subjec t fir st of all to a 
ism s are able to utili ze th e light pre sent. "surface loss" which in the case of th e 
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rro. 89. Temperatura distribution in the Gstett­
neralm sink hole near Lunz on January 21, 1930. 
(After Wilhelm Schmid') 

Lunz in lo wer Au stri a and is ca lled the 
G stettneralm (1270 m abo ve sea level). 
Wilhelm Sc hmid t initiated there a 
g rea t biociimatic coope ra tive p roj ect 

height of thi s sadd le. In asmuch , how­
ever , as the co ld air ca n flow over the 
sadd le a t th is point , the tem perat ures 
above th e sadd le increase rapidl y. If we 
look across a t the left hal f of th e illu s­
trat ion we ca n recognize the effec t of 
th is overflow on that sid e of th e sink 
hole . 

The Gs te ttneralm a nd Schmidt 's 
measurem ent s ha ve a tta ined fame in 
that du rin g the well-known severe 
winter of 1928-29 th e lowest minimum 
temperatures of all middle Europ e 
were observe d there, - 48"C. A micro­
climatic phenomenon has here, as so 
ofte n elsewhere, taken the record away 
from the macroclim at e. It is sig nifican t, 
a lso , th at du rin g the foll owing winters 
as low as _ 51" was o bse rved a t the 
sa me place-s-an indication th at it is not 

so mu ch th e winter weather co nd it ions 
as a wh ole, as it is the local , temporary 
co nd itions which lead to such extrem e 
temperatu res. In the wo rk of W. 
Schmidt mention ed above, we see in 
pa r tic ula r the peculiarly co ncl us ive 
therm ogram from th e bo tto m o f th is 
sink hole . 

Even in midsummer tempera tures 
below freezing are reached in th e sink 
hole, a nd it is se lf-evident th at the plant 
world and th e anima l wo rld must 
ada p t th emselv es to these local condi ­
tion s. At th e bottom o f th e sink hole 
th e plant gro wth co nsi sts of only a few 
hardy grasse s and a few he rbaceous 
plants which ca n ma int ain th em selves 
under p ro tec tio n o f the snow cov er in 

winte r, while in midsummer they hurry 
through th eir growing season in a few 
weeks . As one asce nds th e side of th e 
sink hole , dw arf pin es appear first, then 
st unted sp ruces and snow roses. Farth er 
up the spruces becom e larger and are 
mingled with a lpine ro ses . A t th e upper 
rim of th e sink hole is a normal fore st. 
Th e rever sal of norm al temperature 
str at ification resulting from the fl ood 
of co ld ai r is thu s reflect ed in a reversed 
plant stra t ificatio n . Whereas the fo rest 
usuall y cea ses as we go up ward , it 
com es to an end here as we descend 
into th e sink ho le. Even in the anima l 
world there appears a simila r depen­
dence of kind and numher of kinds on 
the rela tive he igh t in the sink ho le. . . . 

-
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ocean may amou nt to as much as 60 
per cent in rough weather. Only abo ut 
3 to 9 per cent of thi s is ordinarily due 
to reflection (for so lar altitudes greater 
than 30°) and the remainder has been 
found to be cau sed by a greatly in­
creased rate of extinction in the upper­
most meter of water, . . . 

As the light passes from the sur face 
downward into the water, it is reduced 
in intensity according to the following 
equ ation: 

I - k L -10
= e 

where 10 is the initial intensit y, I is the 
final intensity, k is the extinction 
coefficient , L is th e thickness of the 
layer in meters, and e is 2.7. When this 
relationship between the reduction in the 
light and the thickness of water through 
which it has passed is expressed 
gra phically on a semiloga ritbrnic 
plot, a straight line is obtained (Fig. 1). 

PERCENTAGE OF SURFACE LIGHT 
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flO . !. Comparison of the rates of penetration of 
the yellow-green component of daylight into 
natural waters (Photometer sensitive to wave 
lengths 5000-6000 A). Curves show the relation 
between depth and illumination expressed as a 
percentage of the light 01 the surf ace. The curves 
represent the a verage value of the ex tinction co­
efficient for each series and no "surf ace loss" is 
included. 

THE PHYSICAL AND CHEl.fiCAL ENVIRONMENT 

The slope of th e line is determined by 
the value of the extinction coeffi cient, 
k, which is thus an index of transpar­
ency. The extinction coefficient varies 
widely in the different parts of the 
spectru m- even for pure water-and 
it s actual value depends upon the 
precise wavelength considered . In Fig. 
] the rate of absorption of red light by 
distilled water is seen to be very high, 
that for yellow light lower, and that for 
blue light ver y much lower. For exam­
ple , after tra ver sing 70 meters of di stil ­
led water blue light has suffe red o nly a 
slight reduction to 70 per cent of its 
initial value, whereas yellow light has 
been reduced to 6 per cent. In the case 
of red light a reduction to 6 per cent 
has already taken place after passing 
through less than 3 meters of water. 

Now the energy of the sun as it 
reaches the surface of a natural body 
of water is not equal in a ll parts of the 
spectrum. . . . We therefore st art with 
unequal quantities of energy at th e 
different wavelengths and these .a re 
absorbed at unequal rat es as the light 
penetrates into the water. The result is 
th at after passing through successive 
meters of water the spectra l composi­
tion of the light present becomes 
rapidly and profoundly altered. The 
infrared and red components a re 
reduced to small quantities within a 
very few meters and the ultraviolet , 
which was initially of small magnitude, 
SOOn drops to a minute fr action of the 
whole. As a consequence, after sunlight 
had traversed 100 meters of di stilled 
water nothing but the blue component 
with a little green and violet would 
remain, .. . 

In most natural waters the rate at 
which light penetrates is further de­
creased by the presence of varying 
amounts of suspended particles and 
dissolved material. The gre at diversity 
which results in the transparency of 
natural waters ma y be appreciated by 
comparing the curves of light penetra-

GEORGE L. CLARKE 

tion for certain typical lakes and 
oceanic areas in various parts of the 
world (Fig. 3). As will ap pear presently, 
only those measurements can be fairly 

PERCENTAGE OF INCIDENT LIGHT 
I 5 ~ 50 ~OL --=H=I I '~OM . 

~ 
(") 
A 

1 :J,..........,...-­ I / 1110 

20~ 
en 
en 

I I I I 1111130~ 

I I I / , , , 140 ~ 
::0 

I I 1/ 11"150~ 
~ ILoll'" "L...L...<:.V "Y'"" "'7; I , I 160 OJ 
(TI 
o 

, I I' I v I VII VI 170 

FIG . 3. Transmission of light by distilled water 
at 6 wave lengths within the visible spectrum , 
Curves show the percentage of incident light 
(logarithmic scale) which would remain after pass­
ing through the indicated thickness of water. 

compared whi ch were made within the 
same part of the spectrum. In the figure 
observations with photometers sen­
sitive to the yellow-green region 
(maximum 5500A) are presented. 
Sargasso water is seen to be nearly as 
transparent as distilled water in th is 
spectral region and light is reduced to 
1 per cent of its surface value at about 
100 meters. Beyond the edge of the 
continental shelf 100 miles or more 
from the co ast in both the Atlantic 
and the Pacific the transparency is such 
that the 1 per cent value is re ached a t 
about 50 meters. In coastal waters the 
same value occurs at between 30 a nd 15 
meters. Although there are a few 
inland lakes which are as clear as 
typical coastal waters, th e majority of 
them are more turbid . In Midge Lake, 
for example, the illumination has been 
reduced to 1 per cent of its surface 
value at 3 meters. The extreme range of 
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possible transparency in natural waters 
is thus very great. 

In the various natural waters we find 
th at the relative rates of absorption of 
different parts of tire spectrum are not 
the same as those characterizing distil­
led water. This situation is brought 
about by the fact that both the sus­
pended and the dissolved material 
present have a selective action on light 
beyond that of the water itself, and the 
nature of the selective effect varies 
widely from one body of water to 
a not her. As a result it becomes neces­
sary to measure separately the rate of 
penetration of each spectral region 
for each lake or oceanic area . . . . 

The distribution in time of the 
illumination at any point is controlled 
by changes in the length of day and by 
seasonal variation in transparency. The 
latter is of vital importance since it has 
been shown to be chiefly responsible 
for the tremendous differences in 
amount of light received daily by 
organisms at only moderate depths-as 
much as 10,000 X at 30 meters. The 
agents causing changes in transpar­
ency, however, are not adequately 
known and present another opportu­
nity for research . 

In dealing with the utilization of the 
light energy by aquatic animals and 
plants, separate consideration will be 
given to the major subdivisio ns of the 
solar spectrum to which the following 
magnitudes may be roughly assigned : 
Infrared , 41 per cent ; ultraviolet, 7 per 
cent; and visible, 52 per cent. .. . the 
infrared radiation is almost entirely 
absorbed in the uppermost meter. The 
chief importance of the infrared is, 
therefore, the rapid heating of the 
surface stratum. 

Ultraviolet light in large amounts is 
injurious to plankton and other 
organisms , but according to ZoBell and 
McEwen virtu ally no bactericidal 
rad iations penetrate sea water to as 
great a depth as 3 meters . The benefi­

100 
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cial effect s of ultraviolet in vitamin 
format ion a nd in other poorly under­
sto od ways ca ll for exact measure­
ments of its rate of pen et rati on. Yet 
serio us disagreement exists o n the ra te 
of a bso rpt ion of ultraviolet light even 
for distilled wate r ! 

. . . . Pr eviou sly it had been supposed 
that ultra violet was a bsorbed very 
rapidly by .p ure water itsel f, but the 
o bserva tions of James and Birge 
indicat e a mu ch lower absorption at 
least as far as 3600A. I t is essential to 
kn ow wheth er thi s low rate continues 
to hold for the shor ter, and more 
important, wavelengths or whether 
there is an abr up t upward turn. .. . 

Turning now to th e visible compo­
nent of the spect ru m, we find that 
many observat ions exist o n the degree 
of activity of fish and of plankton 
animals in rela tio n to its intensity. The 
information obtained, however , has 
not yet been adequa tely app lied to th e 
ecological rel at ion ships of the species 
concerned. A prom inent case in point 
is the diurnal migr ati on of plankton . 
Although research in thi s field ha s 
show n co ncl usively th at the dail y 
change in illum inat ion is primarily 
responsibl e for th e migration , the 
int ernal ph ysiological reac tio ns which 
co ntro l directi on and speed of swim­
ming are p oorl y understo od . . .. Even 
less clea r are the reasons why the 
verti cal migra tion of one species differs 
from th at of an other and why the 
behavior of the sa me species varies 
pr ofoundly from time to t ime and 
from place to pla ce . . .. 

The intensity of illuminati on con­
trol s photosynthesis and hence limit s 
th e depth of gro wth of both bottom­
livin g and pelagic plants. For example, 
th e lower limits for fixed plants in th e 
following oceanic areas arc: in Baltic, 
20 met er s ; o ff Iceland, 50 meter s ; and 
in Mediterranean , 130-1 60 meter s. In 
lakes th e lo wer limit s arc : Trout Lake, 
10-12 meters ; Crystal Lake, 15-20 

meters; and in C rater Lake, 12 meters. 
The maxim um abundance of ph yto­
pla nkton has been reported at the 
follow ing dept hs : off Syracuse, 50 
meters; off California , 25- 55 meters; 
a nd in north Eu ropea n wat ers, 10-30 
meters. At these de pths most of the 
radia nt energy pre sent is in the green o r 
blue, hut red light is most effec tive for 
ph ot osynthesis. Diato ms a nd o the r 
a lgae appear, however, to be able to 
use o ther par ts of the visihl e spe ct rum 
effectively. T he mech an ism which 
makes this possibl e requires elucida­
tion . 

Th e relative rates of ph ot osynthesis 
a t vari ous levels beneath th e surfa ce 
have been investigat ed by measuring 
th e oxy gen evo lved by ph ytoplankton 
pl aced in bottles a nd suspended at 
differ ent depths. Nca r the surface th e 
illumination has sometimes been fo und 
sufficiently str ong to inhibit ph otosyn­
thesis, although the exac t explan ati on 
for th is is wanting.. . . Below th e point 
of maximum photosynthesis th e -rate 
drop s off to a depth at which no ap­
pr eciahle rea ct ion takes place , but 
respiration cont inues a t all levels to 
which living cells may be distributed. 
The intensity of light at which ph ot o­
synthesis jus t balances respirat ion is 
termed th e compensa tio n intensity , the 
valu e of which has been rep orted in 
two recent inve stigations as 500 lux and 
350 lu x (or 0 .3 p er ce nt of noon sun­
light) respect ively. . . . Since the com­
pen sation int ensit y witl naturally vary 
from spe cies to spe cies, further deter­
mination s for types important ecolog i­
ca lly are ser iously needed: The depth 
at which the compensati on int ens ity is 
found , kn own as the co mpe nsa tion 
point , has been located (for short 
int ervals) in a number of cases: Sar­
gasso Sea, great er than 100 meters ; 
English Channel , 45 meters ; Gulf of 
Maine , 24-30 meters ; East Sound (W. 
coast of Ca nada) , 10-19 meters ; Trout 
Lake, Wis., 8-16 meters; Woods Hole 

Har bor, 7 meters. Th e dep th of the 
co mpensa t ion point over an average 24 
hour period is, however, th e significa nt 
value from the point of view of the 
co nt inued growth and ecol ogical role 
of each species. Marshall and Orr , 
working in th e Clyde Sea area, found 
that on thi s ba sis th e depth varied 
from 2 meters to 30 meters acco rding 
to the season. . .. 

It thu s appears that most of th e light 
incid ent on the surface of lakes or 

ocea nic area s is abso rbed by the water 
itself or by detritus and th at o nly a very 
sma ll part ca n be utili zed by plan ts or 
a nimals. \""e conclude that aquati c 
organisms a re existing under very 
unfavorabl e circ umstances in regard to 
the utili zati on of solar energy. It is for 
this reason that th e int ensity, amo u nt. 
and co mpos it ion of the light a re so 
frequ ently found to be limiting or 
highly significant factors in the aquatic 
.nvironmcnt. . . . 

FACT O RS EFFECTI NG VEGETATIONAL ZONATION ON 
COASTAL DUNES 

Henry J. Oosting and W. Dwight Billings-1942 

Reprinted by permission of the author and publisher from Eco logy 23 :131­
142,1942. 

Th is paper is an excellent example of procedure and interpretation in 
environmental analysis. The first portion considers several f actors which 
might determin e the distribu tion of plan ts on a local seale . Field measure­
ment s and observations are the basis fu r eliminating all but one of the 
various agents. Direct experimen tation is then used to corroborate that 
fac tor as being of major regu latory signi ficuncc in zona tion. In addit ion 
to the substantial investigations of both autho rs, Dr. Oosting is the author 
of a widely used text (1956. The study ofplant communities. San Francisco, 
Freeman and Co.). 

T he coast of N orth Carolina is outs" of the unc on solid ated soil. Once 
discontinuou sly par alleled by a ser ies init iated, the shifting of the sa nd may 
of narro w, usually elo nga te islands. not be checked naturally fo r years. 
T hese low-l ying sand " banks " ma y M an 's ac tivit ies have co nt ribu ted 
support a sclerophyllous forest in which mat er ially to th e de struction of co ver. 
live oak (Quercus virgi n iana L.) pre­ G raz ing has been particularly serious, 
domina tes and which includ es numer­ for it has ind irectl y transformed severa l 
ou s chara cterist ic spec ies of so ut hern of the ban ks int o almost ba rr en seas of 
affinit y.... shift ing sa nd. 

Becau se of the fulJ expo sure to T oday, graz ing bas been lar gely 
a lmost co nsta nt wind from th e ocean, discontinued and , on go vern me nt 
a slight di sturban ce of th e veget ati ve co nt ro lled ar eas particul arly, mu ch 
cover may result in extensive "blow time a nd effort ha ve been expended in 
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attempts to stabilize the shifting dunes . 
Miles of brush harriers have been 
constructed and thousands of acres 
have been planted with grasses . The 
success of these attempts cannot yet be 
evaluated. 

One of the mo st effective native 
sand-binding grasses is sea oats (Uniola 
paniculata L.) which is found in abun­
dance on these coastal dune areas. The 
importance of this species and its 
associates as natural stabilizers promp­
ted an investigation of the environ­
mental factors governing their distri­
bution . A portion of Bogue Bank near 
old Fort Macon at the entrance to 
Beaufort harbor, North Carolina, was 
chosen for intensive study. The area 
has been relatively undisturbed in 
recent years and illustrates all degrees 
of stability and vegetational develop­
ment. The exposed position of the 
bank subjects it to the full sweep of the 
ocean wind and the pounding surf. 

The ocean side of the bank is bor­
dered by a sand beach of varying width 
which terminates at a low (5-15 ft.) 
foredune . Behind this is an extensive 
depression sometimes covered with 
small dunes in all stages of develop­
men t and stability , sometimes blown 
out to a depth very near the water 
table. This area may be only 150 feet 
wide but is often 600 feet or more in 
width, and it terminates inland at a 
relatively high rear dune which may be 
40 feet high. The rear dune forms a 
ridge down the center of the bank and 
obviously affords shelter to the leeward , 
for here vegetation is much less dis­
turbed and woody species predominate, 
usually forming dense thickets whose 
tops rarely extend above the crest of 
the dune.... 

THE VEGETATION 

. .. Size and habit make Unio!a 
paniculata and Andropogon littoralis 
the most conspicuous plants on the 
area. They may grow intermixed but 

where one is relatively abundant the 
other is not important. One of the 
objectives of the transect mapping 
was to determine the relative abun­
dance of the two species in different 
po sitions on the dunes . The transect 
data .. . show that these two species far 
exceed all others in number and cover 
and that there are certain zonal con­
centrations which are probably general. 
Uniola exceeds Andropogon on the 
fored une (zones I and 1I) and on the 
crest of the rear dune (zone V). An­
dropogon is more abundant in the 
protected depression between the large 
dunes (zone lll) . On the windward 
slope of the rear dune (zone IV) either 
may predominate . On transect 1, 
Uniola is more important in this zone, 
but whenever the slope is fairly stable , 
as on transect 2, Andropogon pre­
dominates, especially on the lower 
portion bordering zone HI. ... 

THE ENVIRONMENT 

Soil factors . . . . It seemed plausible 
that soil moisture might be a factor in 
determining differences in vegetation. 
Field water content, therefore, was 
determined at three different times 
during the study. Duplicate samples 
were taken at depths of 10 cm . and 20 
em. at each of the 10 stations and also 
in the blowout area (zone Illa) .. .. 

There seem to be no significant dif­
ferences between the moisture contents 
at the various stations except for the 
obviously higher percentages recorded 
from the moist depression at station 
3A on transect l. usually there is some­
what more moisture at the 20 em. 
depth than at 10 cm. The lowest values 
are exhibited at the first and last sta­
tions on each transect. . .. 

Observation of a visible spray of salt 
water from the surf suggested the 
possibility that wind-deposited salt on 
the surface of the soil might be rain­
leached into the soil increasing the 
osmotic concentration of the soil 

solution. Absorption of water, trans­
piration rates, and water requirements 
have all been sho wn to be reduced as 
the salt content of the soil increases . . .. 
If concentrations of salts in the dune 
sand are sufficiently different at differ­
ent stations, this might serve as a 
selective factor in determining the 
distribution of dune plants. 

Soil samples of one hundred grams 
each were taken at the transect stations 
from the upper to em . and the second 
10 em. Each sample was soaked in 
200 m!. of distilled water for one hour 
and then 50 mI. portions of the water 
were titrated and salt calculated as 
NaCI. The highest salt content found 
was 1.81 mg. per 100 gm . of soil, which 
is only 0.0018 per cent of dry weight. 
There seems to be no reason to suppose 
that such minute quantities of salt 
could chemically or osmotically affect 
the growth or distribution of plants on 
the dunes. 

Considering the amount of salt 
spray carried over the dunes, it is 
obvious that leaching must be very 
rapid to maintain the low salt con­
centrations at root depths. A pos sibil­
ity also exists that the dune plants may 
absorb some of this soil salt. Our 
limited data indicate a variation from 
day to day in the salt content of the 
soil and that the concentration at 20 
ern. is rather consistently less than at 
10 em. (2 to 40 per cent). There is 
likewise variation from station to 
station which is paralleled on the two 
transects. The windward side of the 
fored une has the highest concentra­
tions, the crest of the foredune the next 
highest. This is as might be anticipated 
in terms of wind-borne salt spray. The 
crest of the rear dune, which yields the 
third highest salt spray catches, is 
lowest in soil salts (0.94 mg. per 100 
grn, of soil) ... . 

Soil pH throughout the dunes area 
ranges from 7.4 to 7.9. Usually there 
is a greater amount of shell material in 

samples with the higher values. No 
consistent differences between stations 
or depths are apparent. .. . 

Surface soil temperatures of 125-1270 

F. are not uncommon in the early 
afternoon sometime after the sun has 
reached its peak but at the same time 
air temperatures do not exceed 95­
1000 F. 

Soil temperatures at 4 and 10 inches 
likewise respond to fluctuations of 
atmospheric temperature, but the 
magnitude of variation is much less 
than at the surface and the lag is 
greater. Highest temperatures recorded 
at a depth of four inches are 95" F. at 
2 :00 P. M. and at the same time 890 F . 
at ten inches. ... 

No soil temperature variations were 
noted which can be interpreted as 
factors in the zonal distribution of a 
species.. .. 

ATMOSPHERIC FACTORS 

Hourly determinations of air tem­
perature taken simultaneously at all 
stations during a day show much 
variation, with no apparent correla­
tions with zones or topography. . .. 

. . . Evaporation is consistently 
somewhat higher at stations on tran­
sect 2 than at those on transect l. At 
all stations, evaporation rates are 
three to four times as great by day as 
by night. 

The greatest overall loss on both 
transects is at station 5 atop the rear 
dune, and the loss at station 2 on the 
foredune is almost as great. This 
suggests a possible correlation with the 
distribution of Uniola, for the species 
has its best development at or near 
these stations. The [east evaporation 
takes place at station 3 sheltered by the 
foredune. Losses on the windward side 
of the foredune and rear dune (stations 
I and 4) are all of about the same 
magnitude. 

By day the greatest evaporation is 
on the foredune (station 2) followed in 
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decreasing order by sta tions 5, 4, 3 and 
least of all on the windward sid e of th e 
foredune (stati on I) . The night rates o f 
loss indicate a quite different pattern , 
for sta tion 5 has the highest va lues 
foll owed by sta tio ns I, 2, 3, and 4. T he 
greater daytime eva po ra tion in th e 
expo sed situa tion s ma y contribute to 
the presence of Uniola and th e abse nce 
of Andropogon in such places. . . . 

. .. On these dunes, the relat ive 
humidity decreases from the foredune 
inl and to the top of the rear dune . On 
transect I, the humidity is invari abl y 
lower on the beach th an on th e fore­
dune but the reverse is true on tr an sect 
2. 

The data sugges t no stro ng rela­
tionship between th e di stribution of 
vegetation and rela tive h urnid ity on 
the dunes. 

Both evapo ratio n and relative 
humidity are pr ofoundly influenced by 
th e more or less con stant wind from 
th e direction of th e sea. Other fact or s 
being equal , places in the lee of shelt er­
ing dunes will lose less water by eva­
poration th an exp osed position s in 
front of or on the cres ts of dunes.. . . 

That the effect of thi s wind on dune 
vegetational zon ati on is not co nfined 
to its evaporational influence is clearly 
sho wn by the results obtained with the 
sa lt spra y traps described ab ove. The 
amo u nt of salt sp ray and the distance 
it is transported a re largely determined 
by wind. The total NaCI intercepted by 
5 traps on a tr an sect fo r a ny single run 
ranged fr om 29 mg . on a calm da y to 
121 mg . on a windy day when breakers 
were rolling. Ag ain , the relative amount 
o f sp ray str iki ng a t a sta tion varies 
from day to day, and thi s too dep end s 
upon wind velocity. 

Regardless of weather and the 
am ount of salt tran sported by th e 
wind, the sa lt catch values fo r the 
windward side of the foredun e (station 
I) arc always 40 to 50 per cent of the 
total salt intercepted on the transect 

during an expos ure of the tr aps. Then, 
ord ina rily, the cr est of the for edune is 
exposed to th e next highest a mo unt of 
spray and , surprisingly, the crest of the 
rear dun e receives the next high est 
am ount. Successively, the leew ard side 
of the foredune receive s relatively mu ch 
less and th e hase of the rear d un e th e 
very least (on ly a bo ut 15 per cent of 
the total). 

Appar ently much of the sa lt sp ray is 
dr opped on th e for cdune as th e wind 
rises from th e wa ter. Then as it passes 
over the depression behind th e fo re­
dune, there is no obstr uctio n until th e 
rear c1 une is reached . Som e of th e 
sp ray is lost bet ween the two dunes, 
perhaps by gr avit y. H owe ver , it would 
appea r that th e real force of th e wind 
is defle cted upwa rd by the for edune 
a nd its first o bstr uctio n thereaft er is 
the crest of th e rear dune. 

Here , th en , is a facto r which shows 
some correlat ion with the di stribution 
of the two major dune sp ecies. Unio la 
is in variably found in areas o f grea test 
expo sure, whether the soil be sta ble or 
not. Androp ogon pred ominat es o n 
pr otected a reas a nd on th e sea ward 
slope o f the rear dune but not o n its 
crest. Assumin g th at salt spray is the 
factor limiting or controllin g the tw o 
species, one may suppo se th at th e lower 
portion o f the windward slo pe of the 
rear dune co nsiste nt ly receives a 
minimum of sa lt sp ray (as a t sta tio n 4) 
a nd that only the crest of the dune is 
subject ed to the he avy spray co nte nt of 
the wind risin g from the foredune. . .. 

PH YTO MFTER ST UD IEs 

In table V a summary is presented of 
the rel ati ve responses of the th ree grass 
species du rin g the ph yt orneter tre at­
ments . Detail ed observations were 
made a t the time of transpl anting 
(A ugust I), and again 12 da ys afte r 
treatment was begun, 8 days later, and 
finally wh en th e experiment was 
terminated (September 1). The symbols 

used in the table indicate the conditi on 
of the pl ants rel ative to th at of the last 
preceding 0 bser vati on .. . . 

T he phytorn eter expe rime nts suggest 
severa l genera liza t io ns. Androp og on 
a nd Uni ola ar e relati vely unaffected by 
low so il moisture over consid erabl e 
peri od s of tim e but , becau se of a 
prob able lower moisture requirement , 
Unio la is capabl e of longer survi val 
under extreme condition s. Under 
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co mpa rab le low moisture condition s 
Sp artina will die be fore th e other two 
species show much indi cation of suf­
fering. Androp ogon cannot live fo r 
lon g when sa lt wat er is added to the 
soil but Uni ola is much less a ffected . 
Dail y watering is less favorable to a ll 
three spec ies than wat ering on alt ernat e 
days. Pr obably better growth is pos­
sible under wid er interval s of waterin g. 
Salt spray is ser io usly injurious to 
Androp ogon , affects Unio la o nly 
slightly, if at all , a nd has no effect on 
Spartina. 

DISC USSION AND CONC LUSIONS 

The tr ansect dat a serve to corrob­
ora te the zonal di stribution of th e 
major spec ies on the Ft. Macon dune 
area and to sho w the rel ation ship of 
th ese zones to top ographic features. 

Such a di stribution is usuall y exp lain­
a ble on the basis of exposur e, soi l, 
temperature, or moisture relation shi ps. 
Here , however , th e usual fact or s do 
not seem to co ntro l the s it ua tio n. T he 
so il is uniform or nearl y so , so il moi s­
ture does not seem to var y cha racter­
istica lly for tb e zones nor sufficiently 
to have any stro ng influence. Tem­
pera ture of th e soil and a ir va ries 
widely a nd incon sistently. Rel at ive 
humidity and evapora tion rates are 
gr eat est a t th e crests of the fore and 
rear dunes . Non e of these factors 
seems to be strongly correlated with 
the di stribu tion of the dominant 
species. 

Th e phytorneter stud ies sho w that 
Uni ola and Andropogou requ ire ver y 
little moi stu re to survive and , in fact , 
do better under low soil m oisture 
co ndi tio ns th an wh en watered daily. 
Thu s, the deep depression s are left to 
more rnesophytic species. If th e depr es­
sio ns are peri odicall y flooded with sa lt 
water Spartina patens is dominant. If 
moist with seep age water, th e low 
pl aces are pred om inantl y occupied by 
Fimbristylis castanea. The ph ytometer 
experiments further sho w th at the 
wat er requ irem ent of Uniola is less 
th an th at o f Andropogcn . This ma y be 
a fact or co nt ributing to the pred omi­
nan ce of Uniola on the crests of the 
dunes wh ere evapora tion is gre atest 
a nd ma y partiall y explain its succes s as 
a pioneer dune former in dry and 
shifting sa nd . However , the relative 
tolerance of th e two species to sa lt 
spra y is such th at Andropogon dies 
under exposures which sca rce ly a ffec t 
Uni ola. Appar entl y, the general distri­
bution of the two species on the dunes 
is largely controlled by th e extent of 
exposure o f th e habitat to wind-borne 
spray. . . . 



FURTHER STUDIES IN PHOTOPERIODISM, 
THE RESPONSE OF THE PLANT TO RELATIVE 
LENGTH OF DAY AND NIGHT 

W. W. Garner and H. A . Allard-1923 

Reprinted from Journal of Agricultural Research 23: 871-920.1923. 

The regulatory action of an environmental factor is perhaps no better 
illustrated than in plant photoperiodism, the study of which was pioneered 
by Garner. The response of organisms to periodic environmental oscillations 
(tides, lunar changes, etc.,) has yielded an ex tensive literature and consider­
able polemic. The opposing viewpoints concerning the operation of these 
"biological clocks" are ably summarized by F. A. Brown (/959. Living 
clocks. Scien ce 130: /535-/544) and C. S. Pittendrigh (/958. Perspectives 
in the study of biological clocks. Perspectives in marine biology. Berkeley, 
University of California Press , pp . 239-268). 

In an earlier paper considerable data 
were presented tending to show that 
the length of day exercises a remark­
able regulatory action in initiating or 
inhibiting sexual reproduction in plants. 
In a number of species studied it was 
found that ordinarily the plant can 
attain the flowering and fruiting stages 
only when the length of day falls 
within certain limits, so that in such 
cases flowering and fruiting occur only 
at certain seasons of the year. In this 
respect some species and varieties 
respond to relatively long days while 
others respond to short days. More­
over , some plants are much more 
sensitive to change in length of day 
than are others. In the absence of the 
particular day length favorable to 
sexual reprod uction vegetative devel­
opment may continue for a more or 
less indefinite period , thus frequently 
leading to the phenomenon of gigan­
tism. It was discovered , also, that 
exposure to a daily light period inter­
mediate between that favorable only 
to vegetative development. on the one 
hand, and that favoring only flowering 
and fruiting on the other hand, tends 
to cause both forms of activity to 
progress simultaneously. This com­

bined form of activity constitutes what 
is commonly known as the "everflower­
ing" or "everbearing" behavior. It was 
suggested that probably the seasonal 
range in length of day is an important 
factor in the natural distribution of 
plants and that in agricultural practise 
the correct time for planting many 
crop plants may be largely conditioned 
by the prevailing length of day. To 
designate the response of the plant to 
length of day the term "photoper­
iodism" was suggested . ... 

LONG -DAY AND SHORT-DAY PLANTS 

AND THE CRITI CAL LENGTH Of DAY 

fOR FLOWERING 

. . . the plants studied tend to ar­
range themselves into two groups. One 
of these groups consists of species that 
are caused to flower by the action of 
short days while the other includes 
those species that are forced into 
flowering through the action of long 
days. For convenience the first named 
group are spoken of as short-day plants 
while the second group are designated 
as long-day plants. At first sight it 
would seem that these two groups of 
plants are diametrically opposed in 
their response to length of day, but 
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detailed study of the two groups 
indicates that the difference is one of 
degree rather than of kind . In fact , 
classification into the two groups is 
more or less arbitrary. In the case of 
such plants as Cosmos and Bidens , 
flowering is inhibited by a daily light 
exposure much in excess of 12 hours' 
duration, while vegetative development 
promptly gives way to flowering when 
the light period is reduced to 12 hours 
or less . These plants will flower even 
when receiving only a few hours of 
light daily; in other words , it is not 
possible to reduce the light duration 
sufficiently to prevent flowering without 
killing the plants. On the other hand, 
Solidago and Hibiscus are readily 
prevented from flowering by red ucing 
the light period to something less than 
12 hours, although under these condi­
tions they may continue to live and 
may even continue development in 
certain directions. These plants are not 
inhibited from flowering by increasing 
the light duration beyond the normal. 
The important point is that the inhibi­
tion of flowering in the first case by a 
long light period is not of the same sort 
as the inhibiting effect of a short light 
period in the second case; that is, the 
inhibition in the two cases results in 
different alternative forms of vegetative 
activity, as will be shown in later 
paragraphs. There are, moreover, 
plants which may be said to occupy an 
intermediate position in that it is 
possible to have a day length too long 
as well as one too short to induce 
flowering . Mikania scandens L., briefly 
discussed in our former paper, is an 
example of this type . In the wild state 
Mikania regularly flowers in late July 
and through August, and if kept in 
the greenhouse through the winter it 
also usually flowers very sparsely in 
the spring. Seedlings from a planting 
made December 10 were unable to 
flower under the inf uence of the length­
ened daily light period in the electrically 
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illuminated greenhouse, while similar 
plants in the control greenhouse 
flowered at the usual time in August of 
the following summer. On the other 
hand, this species was unable to flower 
through the summer or fall under day 
lengths of 5, [0, and 13 hours' duration. 
The Biloxi variety of soybeans (Soja 
max (L,) Piper), discussed in detail in 
the former paper, occupies a position 
slightly below the intermediate position 
of Mikania in response to day length. 
In this case flowering is readily inhibited 
by a day length in excess of 13 hours . 
On the other hand , with very short day 
lengths only a very few cleistogamous 
flowers and fewer seed are developed 
but the reproductive phases apparently 
can not be entirely suppressed.... 

Not only do plants differ markedly 
as to the particular length of day most 
favorable for flowering but they also 
differ widely as to the narrowness of 
the range in day length which will 
permit of flowering. Experiments with 
Mikania, referred to above, indicate 
that under ordinary conditions this 
plant will readily flower only under a 
day length ranging but little beyond an 
hour on either side of 14 1/2 hours, 
which is approximately the optimum 
for flowering. Buckwheat flowers readi­
ly under a daily illumination period 
ranging at least from 5 hours up to 18 
or 20 hours and probably even under 
contin uous illumination, notwithstand­
ing the fact that the extent of vegeta­
tive development and life duration are 
profoundly affected by this range in 
the length of the light period . While 
there is a certain degree of antagonism 
or incompatibility between the vege­
tative and reprod uctive phases of 
activity, the two obviously are not 
necessarily affected to the same degree 
by a given change in duration of the 
light period. - Viola papilionacea Pursh 
will flower under all lengths of day 
met with in temperate regions except 
for a short period in midwinter. In the 
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broadest sense (he plant will flower 
co ntinuo usly lo r abo ut 10 month s of 
the yea r, a co nspicuo us example of 
eve rbloo ming. During th e summer 
months, however , only th e clcisto ­
ga mo us type of flower is see n whil e in 
sp ring a nd fall only th e sho wy blue , 
chas mogamo us blossom s dev elo p . 
By ma inta ining a light period eq ui­
valent to the lon g sum mer days the 
cleistogam ou s flower ing co ntinues 
ind efinit ely and, simila rly, a cons i­
derably sho rte r light per iod will main­
ta in th e open type o f flower ing in­
definitely, th us illustrat ing a na rr ower 
type of eve rbloo ming. In this cas e th e 
who le effect of the ra nge in len gth of 
day fro m Fe brua ry to th e summe r 
so lstice is merely to change th e typ e of 
blossom (involving cha nge in rel ati ve 
fert ility) . 

T h us, beginning with th e eq ua to ria l 
length o f day of l 2 hou rs as the stand­
a rd , it may be said th at a gro up of 
plants normally wit! flower un der any 
ran ge downward to less th an 6 hours, 
while ano ther g ro up will flower und er 
any range up ward to at least 18 hours 
and pr obabl y up to co ntinuo us il­
luminati on . Other plants will flower 
o nly with in a co m parat ively na rr ow 
ra nge on either side of th e 12-hour 
sta nda rd . Still others are ca pa ble of 
flow ering throu gh out th ese ranges, 
their respon se being qu antit ative rather 
th an qu al itative in characte r. . . . 

SPRING FLOWERING AND FALL 

FLOWE RING 

The fac ts brou ght ou t in th e preced­
ing di scussion of th e relation bet ween 
lon g-day a nd short-day pla nts and th e 
bal an ce between th e vege ta t ive and th e 
reproducti ve types o f activi ty throw 
light on th e relati on ships existing 
bet ween spring-flowering and fa ll­
flower ing pla nts. As is well kn own , 
man y plants norm ally flower only 
du ring th e sp r ing, while many others 
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regul arl y flower only in th e fa ll. T her e 
a re a number of plant s, however, 
whi ch flower in both spring a nd fall, 
a lthough usually th ere is a mar ked 
difference in the exte nt of the flowerin g 
during the two seas ons. F ina lly, th ere 
is a large group of plants which blos­
som in midsummer and a sma ller 
group which und er favor abl e cond i­
tion s flower in winter. It is well kn own 
th at in a very large nurn ber of peren­
nial s th e flower bu ds a re organized 
during th e sum mer or ea rly fall of the 
yea r preced ing th at in whi ch th e blos­
soms finally ope n, so th at, in consider­
ing th e effects of ligh t duratio n, it is 
necessa ry to avoid co nfusing the 
ac tio n o n the laying down of pr imor­
dia and that on the final unfol din g of 
the blossom . 

Bro adl y spea king, in cool temperat e 
regions sho rt-day plants will flower 
chiefly in th e fa ll ra ther th an in th e 
spring bec ause of th e lag in tem pera­
ture rise in spring as co m pa red with 
th e lengthening of th e day. In ·other 
words, in spring th e day lengt h is likely 
to becom e too lon g for flowerin g of 
sho rt -day plants befor e the te mpera ­
ture ha s risen sufficie ntly to permit 
plants to becom e act ive. Thi s is tru e 
more pa rticul arl y of the ann ua ls and 
th ose herb aceou s perennial s which 
re quire co nsidera ble vegeta tive deve l­
opment as an a ntecedent to flowering. 
That plants o f th ese types which regu­
larl y flower in th e fall will ac tua lly 
flower in th e spring when the obstacle 
of Jow temperatu re is removed has 
been dem on strat ed in a num ber of 
cases. As a specific illu st rat ion Pekin g 
soy bea ns ger mina ting in the greenho use 
M arch 31 showed firs t o pe n bl ossom s 
on M ay 12, or 42 days a fter a ppea rance 
abo ve ground , whi le a second lot 
germinating Apri l 13, ju st two week s 
lat er than the first planting, d id not 
sho w op en blossom s till July 16, 90 
days a fter ger mina t io n. Plantings o f th e 
Biloxi soy bea ns made o n the sa me 
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da tes failed to flower till Sep tem ber , 
since th e day length was al ready above 
the critica l for flower ing in thi s va r iety . 
The Biloxi quickl y flowers, however , if 
planted in winte r or early spri ng in th e 
g reenho use . Indi rectly, th e man y ex­
periments alrea dy described in whic h 
va rio us plants have bee n for ced into 
flowerin g out of season by sho rte ning 
th e light period or inhibited fro m 
flo werin g in the normal seas o n b y 
increas ing the light pe rio d furn ish 
pr oof o f thi s relati on sh ip of sp ring a nd 
fall flower ing in th e sho rt-d ay pl a nts. 
As th e cri t ical light pe riod for floweri ng 
beco mes lon ger th e chances for sp ring 
flowe ring of the species a re increased 
till finally spring flowerin g merges with 
summer flowering in th ose species 
which ar e intermedi at e bet ween the 
more typi cal sho rt -day a nd lon g-day 
plants. A gain , sparse flowering in 
spring is to be loo ked for in th ose of 
th e sho rt-day plants which are able to 
flow er at a ll, for th e reason th at th e 
cha nge in day length is toward th e 
op tim um for vege tat ive activity and 
away fr om the op timum for flowering. 
I t is under th ese co ndi t ions, a lso, th at 
various m odificati on s and abnor ma li­
t ies in flow erin g a nd fruiting, quanti­
tative as well as qu alitative, a rc most 
lik ely 10 occu r. On the oth er hand, the 
short-day plants as a whole will have 
th eir energies thrown int o flo wer ing 
and fr u iting mor e o r less qu an titati vely, 
as it were, throu gh the cha nge in da y 
len gt h in the fall when th e cha nge is 
away from th e o ptim um for vege tat ive 
act ivity and towar d th e opt im um fo r 
se xual reproduction. On e import an t 
q ual ifica tion III ust be made to thi s 
principle , nam ely , th at it hold s good 
only so long as t he day len gth does not 
becom e too sho rt for th e flowering 
and fruit ing pr ocesses. 

Th e long-day p la nts , o n th e ot he r 
hand , thro ugh lat e spring and ea rly 
summer a re subjected to a chan ging 

day len gt h which is app roaching th e 
opti ma l for sex ua l repro du ct ion , hence 
it is to be expected th at th ese p lan ts 
woul d flower a nd fruit a bundant ly 
d uring thi s per iod . A large pr op ortion 
of spring flowering plants co nsists of 
woody and herbaceous per ennial s in 
which th e flower prim ordia a re o rga n­
ized du ring the summer preceding the 
spring in wh ich the blossom s unfold. 
In this case it see ms probable tha t the 
opti mal da y length fo r flower de velop­
ment fo llowi ng th e summer so lstic e 
passes by before th e embryo nic flower 
buds have mad e mu ch progress in th eir 
develo pm en t and the d irccti on of the 
change in day length throu gh lat e 
summer a nd th e fall is away from thi s 
opt imu m for flowe rin g and fruitin g and 
toward or through th e opt im um fo r 
vegetat ive ac tivit y. Under the se con d i­
tions fur ther development o f th e flower 
b uds would be attended with difficulty 
so th at th eir gro wth would be slo w. if 
the onset of co ld wea the r is delayed, 
some species ma y flower in the fall 
instead o f in the normal spring season. 
In so me. and p ro ba bly in most in­
sta nces, however , flow er ing: would be 
inhi bited by th e short d ays of lat e fa ll 
a nd winter. O n the o the r hand, th e 
co ld weath er of winter may exe rcise a 
distin ctl y helpful influence on th e 
co mplet ion of th e flowering process by 
esta blishing a fa vorabl e balan ce of 
inco me ov er o utgo . Consequ ently, th e 
ea rlines s of flowerin g in the sp ring will 
depend lar gely o n how soon th e temper­
a ture rises to th e po int where develop ­
men t can ac tively proceed . The neces­
sary int ern al co nd it io ns for flowerin g 
hav ing been established , it rem ain s 
for rise in temperature in spr ing to 
speed up th e unfo ldi ng of th e blossom s. 
Nevert he less, th e increa sin g len gth of 
th e da y in th e spring und oubtedl y 
rem ains a facto r, pa rti cularly in th ose 
species whic h do not un fol d th eir 
blossom s till sp r ing is well adva nce d . ... 
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The adaptation to an environmen tal variable, in this instance temperature, 
and the ecological significance of this compensation is one of the points 
developed by Bullock in this paper. This aspect of ecological physiology 
provides ye t another dimension to the concept of tolerance and suggests 
caution in the assessment of the role of any given f actor ill the ecology of 
any given group. 

. . . I t is generally ass umed th at 
po ik ilotherms opera te a t [o wer rates in 
co lde r hab itats and seasons. It is th e 
purpose of this ar ticle to ca ll a ttent ion 
to evidence, old and new, suppo rti ng 
th e t hesis th at many cold-blooded 
a nimal s are, on the cont ra ry, relatively 
independent of tem per atu re, within 
limits, in na ture . This is to say th at 
these species tend to ma int ain a certa in 
level of me ta bo lism a nd other cha rac ­
te rs measured as rat es, co mp ensa ting 
for differ en t te mpe ra tu res by homo­
eostatic mechani sms of variou s kind s. 

T he ph enom ena of temper ature 
races and of acc lima tion are fam iliar 
to genetic ists and ph ysiolog ists, but 
the numer ou s indicatio ns in th e 
literature th at these are pr ob abl y 
op erat ing in eco logy o n a gra nd sca le 
have bee n overlooked to such a degree 
th at sta nda rd tr eat ises o n eco logy may 
co ntain no reference to co mpe nsa tory 
differences in metabolism or act ivity in 
different habitats or season s. Usua lly 
there is mention ed o nly the pheno­
men on o f ch ange in tolerance to ex­
tr emes, e.g. winter hard iness. Since the 
common exam ples of the latter phe­
nomenon are species unabl e to main­
tain full activity in winter, th e impres­
sion is reinfo rced th at co ld- bloo ded 
forms are vict ims of the environmenta l 
temperature. Man y species, perh ap s 
whole hab itat gro ups, may fail cha rac ­
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teristically to show com pen sat or y 
adap ta tion o f rates of ac tivity or 
metab olism ove r a large pa rt of the 
range o f temperatures to whic h they 
are expose d natura lly. But it will be 
show n below, a fte r reviewing so me of 
the facts alr ead y known , that a grea t 
variety o f anima ls do sho w co mpe nsa ­
tion normally, ther eby affect ing the ir 
ecologic, geographic and seasona l sta tus 
- and conseq uently evo lution-s-ro a 
major degree.... 

II. TIl E I'A CT OF COMP ENSATION 

.. . Moore firs t showed that severa l 
species of the genus R ona could be 
arra nged in a series such tha t the mor e 
northern-ran ging breed ea r lier a t a 
given latitude, develop faster, have 
lower tem per ature coe fficients ( Q 10) 
a nd lim its of heat tolerance. What is 
mor e pertinent in the present co nnex­
ion , he tat er showed th at the same is 
true of lat itudinally sepa rated pop ula­
tions o f one wide-ran ging species, R. 
pipiens. More steno topic species like 
R . catesbeiana and R . clamitans do not 
show such physiolog ical differenti ati on 
am ong their pop ula tions. M oor e's 
dat a sho w clearl y the importance of 
making comparison s o nly in the 
ph ysiological tem perature ran ge or of 
otherwise avoiding the ex tre mes where 
excessive heat or co ld grea tly cha nge 
th e rate-tempera tur e curve . Simil arly, 
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Volpe found certa in species o f toa ds 
(Bufo [owleri and B. americanusy which 
show geo graphic tempera tur e adap ta­
tion at least in th e lower portion o f the 
ph ysiological temperature ran ge.... 

In thi s lab or at or y a series of st udies 
has been directed toward the ph ysio­
logical ecology o f tem perature adapta ­
tion , a nd three o f them bear upon the 
latitudinal co mparison with in a species. 
Roberts found co mpe nsato ry d iffer­
ences in the sta nda rd met ab olism 
betw een populations of a shore cra b, 
Pachygrapsus crassipes, from different 
points o n th e coas t. Rao reported the 
sa me with respect to the rate o f ciliary 
pumping o f water in a m ussel, Myt ilus 
californianus, from Pu get Sound to 
Los Angeles. T hese cases, in co ntras t 
to mo st earlier ones, wer e co ntro lled as 
to weight , which has a large effect. 
M oreover, in M ytilus size has a d if­
ferent effect in th e differ ent po p ula­
tion s-less in th e cold-ad apted , more 
in the warm-ad apted- so that northern 
anima ls can grow bigger witho ut the 
activity per gram being depr essed too 
far. Dehnel has found in three species 
o f gastrop od s (Tha is emar ginata, 
Crepidula nummaria, L acuna car inatai 
th at larvae growing within ca ps ules on 
their own yolk, in samples a t Sitka , 
Al aska, gro w from two to nin e times 
fas ter than in sa mp les in so uthern 
California at an y given temperature, 
bet ween 10 and 16°C. 

I n short , adap ta tio n of metab ol ism 
a nd other rate fun ct ions to lat itud e, as 
thou gh it were compe nsat ion for 
temperature, is widespread , within and 
bet ween species. 

(2) M icrogeographic phys iological 
differen ces within the species. The dis­
cover y of p recisely similar differences 
between individuals sepa ra ted by less 
than a metre deser ves a sepa ra te 
headin g. This was discovered recentl y 
in a student project o n intert idal 
invertebrates by James, co nfirmed by 
Wemple, and has been report ed in 

a preliminary not e by Segal , R ao & 
Jam es. Limpets (Acmaea lim a/ula) have 
a consistently fas ter heart beat in 
sa mples taken from lower intertida l 
levels th an from high er levels. Th e 
species ran ges vertically less than 1.5 m. 
but ind ividual s prob ably do not move 
o utside o f a territor y extending only a 
frac tio n o f thi s di stance in height, 
ove r co nsiderable perio ds. The signi­
ficant param eter o f the int ertidal 
d ifference appears to be temperature ; 
the higher tide specimens ac t as th ou gh 
adap ted to high er average temperatures 
which is pr ob abl e in thi s locality. 
Transpl antati on of limpet s in the field 
indica tes tha t co mplete acclima t ion is 
possible in a few wee ks . N ot o nly heart 
ra te but a lso cond it ion of go na ds 
reflects the int ertidal positi on and is 
reversible within a month. Myt ilus 
edulis and M . catiforn ianus both show 
similar vertica l d iffer entiati on , in 
pumping rat e a nd in shell/ body ratio. 
1n a certai n cas e, 75 cm. ver tically is 
equ ivalent to abo u t 330 miles latitudi­
nally in the pu m ping-ra te co mpe nsa ­
tion o f M . californian us of 20 g. so ft 
pa r ts a t 16°C ., as bet ween th e given 
geog ra phic localit ies.. . . 

(a) Distrib utio n and typ es of adap ta ­
tion. Th e distribution (of temperature 
com pe nsa tio n) amo ng species is ap­
par en tly wide but far from uni versal. 
But th is sta teme nt ca n apply only to 
a given measure of the tend ency. I t is 
qu ite uncert a in whether there is 
co mplete absence o f regulat or y ada pta ­
tio n in a ny organism, that is, passive 
submission to th e rol e of ' Spielba ll 
der Umge bung .' 

Th e kn own instances ar e widely 
sca ttere d amo ng th e gr oups o f animal s 
and plants. Th ere is co nsidera ble 
ev idence that terr estrial and possibly 
fres h-wa te r forms are relati vely poor er 
in insta nces or in the degree o f com­
pe nsa tio n tha n marine poi kilo therms. 
Interestin gly a nd inev ita bly, the ter­
restr ial for ms are the ones which 



43 42 

exhibit par exce llence winter ha rd ine ss 
(accl imation of tol erance) , long kno wn 
and studied but on ly recently ana lysed 
m etabolicall y by Scholander, H agg, 
Hock & Irving. H owever, seve ra l cases 
ha ve been cit ed above amo ng insect s, 
p ulmon ates, and amphibians, as well 
as fre sh-water fish, of metabolic adap­
tation to temperature by one or another 
measurem ent so th at a generali zation 
lik e that ahove mu st at the lea st be 
qualified. I feel confi de nt in predicting 
that reptiles will al so yield exam ples of 
physiologi cal adaptat ion , although as 
Prof. R . B. Cowles has pointed out to 
me, these animal s acco mplish in part 
the same result behaviou rally by 
co nt ro lling their microclimate, e .g. 
sunning and shading them selve s, and 
thi s may be in lieu of some physio­
logical ad aptation . 

We may recognize va rio us types of 
anim als on the basis of thi s tendency, 
at lea st for a given physiological 
character. There are the non-acclimat­
ing, the partially- , cornplctely- , over- , 
and reverse-acclimating ca ses. Prcch t 
has formalized these as types IV, Ill , 
11, [ and Y, respectively. There ar c only 
a few cases of types I and V. We may 
distingu ish slow- and fast-acclimating 
in stances (m easured in days) and as a 
separa te group those in which 'im­
med iate' co mpensa tio n or 't empera­
ture-independence' is manifest (meas­
ured in minutes). Th ere appear to 
be species in which various genotypes 
exist, each ad apted to a cer ta in tem­
perature but un able to acclimate, and 
o thers in which ad aptation is pheno­
typic, that is, the genotype perm its a 
wide range of acclimation . T he fact s 
at hand do not allow a simple state­
ment a s to the greater importance o f 
the OTIC or tb e other a mong eury­
thermal species . . . . 

(b) Mechanisms Gild levels. . . . 
Consideration of these differences a lso 
sug gests the probabilit y that th e sep­
ar at e regulatory p rocesses a rc not 
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always proportional so as to pre serve 
the balance of the organism . Thus we 
have seen deh ydrogenase activity 
a lte red with out concomitant change 
in catalase. We may propose that it is 
the factor of balanced alteration which 
is the cr ucial one limiting the extent of 
acclimation in a species and its fre­
quency among species. On e might ask , 
if a winter-adapted animal can me­
tabolize faster than a summer-adapted 
one, at sum mer temperature, then why 
d oes it instead normall y slow down, 
when it could be feeding , reproduc ing 
and dominat ing its habitat faster? The 
simplest answer appea rs to be balance; 
som ething is not proceeding as fast as 
oxyg en con sumption, so that the whol e 
machine is unable to keep up the high 
rate. Indeed , it is tempting to speculate 
that the hazards of balance, or th e 
proportional change in various me­
ch ani srn s, concea l the an swer to the 
general biological question : Why are 
not eurytherrnal species more common 
o r why ar e not most species dis tributed 
more widely th an th ey are? But we 
must not mistake thi s facile statemen t 
for a fact ; th e actual fact o f a n imbal­
ance which is sufficient to be elTective 
in nature in limiting acclimated indi­
viduals must first be demon strated . .. . 

(c) Significance in ecology Gild evo lu­
lion. The extent or adequacy of the 
compensatory change varies greatly. 
Although fro gs and cunners (Tautogol­
abrus adspersusy exhibit seas onal ac­
clima tion , it is not enough to prevent 
them, at least in some typical habitats, 
from being nearly immobilized in 
winter. This is not to say , how ever, 
that the ph ysiological c ha nges are 
withou t significa nce. 

II is easier to recognize the signi­
fica nce in those cases whe re the degr ee 
of adap ta tio n is enough to ins ure 
almost or quite as high a rate in the o ne 
habitat or season as in the other. It is 
d itl icult to es timat e the completeness 
of comp ensa tio n based all the hah itat 
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temperatures because the latter are 
difficult to specify, excep t in certain 
cases such as the Arctic and tropical 
oceans. Without further work we 
cannot assume that the monthly 
average , daily average or any given 
measure short of the complete curve of 
temperature against time, is biologically 
appropriate, since we do not know 
how the o rganism weights equal 
departures from the average in the two 
directions or for different leng th s of 
time. 

One approach which offers some 
advantages is to plot an accl imated 
R-T curve (each point being the rate 
after acclimation to that temperature) 
superimposed on the same ordina tes 
with the usu al, acutely measured curve. 
The latter will typically be st eeper, 
departing in both directions-above 
the acclim ated at high temperatures 
and below it a t low temperatures 
(Fig. 5)-at least when th e anim al 
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H G . 5. Hypothetical R-T curves sho wing the re­
lation be/ween the usual, acutely m easured, 
temperature (f i ,'c/oll cold-adap ted and all warm ­
ada pted individuals and th e pos sibl): m ore natural 
cur ve when temperat ure is changed slowly or 
time f or acc lim a tion is a vailable at e very tem per­
at u r«, 

acutely measured is one used to a 
non-extreme temperature . Perfect 
acclimation would th en be shown by a 
hori zo nta l, accli ma ted R-T slo pe and 
would obtain over a definite , lim ited 
tem peratu re ra nge. We possess data 
sufficient only for a few points on the 

acclim ated R-T curve in any of the 
ca ses discussed above. Fry & Hart 
pre sent an acclimated R-T curve of 
goldfish activity, showing a mod erate 
degree of compensation . 

This acclima ted R-T curve sho uld 
be of great biological interest as a 
means of comparing species in an 
ecologically significant way. The curve 
can in particular be expected to show 
not only a slope indicating the degre e 
of sensitivity to temperature but a 
length indicating temperature range 
and a shape at the end s indicating th e 
sharpness o f geogra phic or ecol ogical 
limits. This sha rpness of transition 
from physiologi cal to lethal tempera­
tures might well be typically more 
abrupt th an has been indicated by 
considering only the acutely measu red 
R-Tcurve. 

The acclimated curves will also show 
wheth er there is proportionally more 
compen satory change in adapting to 
low temperatures than to high . This is 
the result which Rao & Bull ock 
believe to be most common though not 
at all universal, as shown by a higher 
Q", in general for com pa ra ble portions 
o f the warm-acclimated curve than for 
the cold-acclimated curve (i.e. portions 
o f equal rates or ordinate levels) . It is 
as though either cur ve were derived 
from the other, not by simpl e displace­
ment (lateral or vertical or a combina­
tion) but by pivoting around a point 
o ff-scale to the right . 

It is to be hop ed that studies will be 
forthcom ing permitting the plotting 
of acclimated R-T curves . But even 
now the la rge num ber of cases that 
have been cited in which adaptat ion 
ha s been demonstrated at two or a few 
places, season s or accl imation tem­
peratures permit the ge neral conclusion 
that the phenomenon of compensatory 
regulation mu st 'be of gre at importance 
in exte nd ing the ecological , geographic 
and seas onal limit s of the spe cies . . . . 



THE METHOD OF TRIAL AND ERROR IN THE BEHAVIOR 
OF LOWER ORGANISMS 

Herbert S. Jennings-s-L'Xjq 

Reprinted from Contributions to the stud y of behavior in lower organisms. 
Carnegie Institution of Washington Publication 16, 1904. 

The chief response of lower organisms to changes in environmental fa ctors, 
i.e., stimuli, was, according 10 Jennings, the me/hod of trial and error. This 
adaptive behavioral response was in marked opposition 10 the nonadaptive 
tropistic concept advanced chiefly by Jacques Loeb (see p. 47) . The consider­
able polemic elicited by adherents of each hypothesis subsequent ly lessened 
as the incompleteness of each became apparent and their complementarity 
was realized. 

. . . [Trial and error] has been found 
by Lloyd Morgan, Thorndike, and 
others to play a large part in the 
development of intelligence in higher 
animals. Intelligent action arises as 
follows : The animal works by the 
method of trial and error till it has 
come upon the proper method of 
performing an action . Thereafter it 
begins with the proper way, not per­
forming the trials anew each time. 
Thus intelligent action has its basis in 
the method of "trial and error," but 
does not abide indefinitely in that 
method . 

Behavior having the essential features 
of the method of "trial and error" is 
widespread among the lower and 
lowest organisms, though it does not 
pass in them so immediately to intel­
ligent action. But like the dog bringing 
the stick through the fence the first 
time, they try all ways, till one shows 
itself practica ble . 

This is the general plan of behavior 
among the lowest organisms under the 
action of the stimuli which pour upon 
them from the surroundings. On 
receiving a stimulus that induces a 
motor reaction, they try going ahead 
in various directions. When the direc­
tion followed leads to a new stimulus, 
they try another, till one is found which 
does not lead to effective stimulation. 

This method of trial and error is 
especially well developed in free-swim­
ming single-cell organisms-the flagel­
late and ciliate infusoria-and in higher 
animals living under similar conditions, 
as in the Rotifera. In these creatures 
the structure and the method of 
locomotion and reaction are such as to 
seem cunningly devised for permitting 
behavior on the plan of trial and 
error in the simplest and yet most 
effective way. 

These organisms, as they swim 
through the water, typically revolve 
on the long axis, and at the same 
time swerve toward one side, which is 
structurally marked . This side we will 
call X. Thus the path becomes a spiraL 
The organism is, therefore, even in its 
usual course, successively directed 
toward many different points in space. 
It has opportunity to try successively 
many directions though still progress­
ing along a definite line which forms 
the axis of the spiral. At the same 
time the motion of the cilia by which 
it swims is pulling toward the head or 
mouth a tittle of the water from a 
slight distance in advance. The organ­
ism is, as it were , continually taking 
"samples" of the water in front of it. 
This is easily seen when a cloud of 
India ink is added to the water contain­
ing many such organisms. 

HERBERT S. JENNINGS 

At times the sample of water thus 
obtained is of such a nature as to act 
as a stimulus for a motor reaction. It 
is hotter or colder than usual, or 
contains some strong chemical in 
solution, perhaps. Thereupon the 
organism reacts in a very definite way. 
At first it usually stops or swims 
backward a short distance, then it 
swings its anterior end far/her than 
usual toward the same side X to which 
it is a/ready swerving. Thus its path is 
changed. After this it begins to swim 
forward again. The amount of backing 
and of swerving toward the side X is 
greater when the stimulus is more 
intense. 

This method of reaction seems very 
set and simple when considered by 
itself. It is almost like that of a muscle 
which reacts by the same contraction 
to all effective stimuli. The behavior of 
these an imals seems, then, of the very 
simplest character. To practically all 
strong stirn uli they react in a single 
definite way. 

But if we look closely at this simple 
method of reacting, we find it, after 
all, marvelously effective . The organ­
ism, as we have seen , is revolving on 
its long axis. When, as a consequence 
of stimulation, it swings its anterior 
end toward the side X, this movement 
is combined with the revolution on the 
long axis . As a consequence, the 
anterior end is swung about in a wide 
circle; the organism tries successively 
many widely differing directions. From 
each of these directions, as we have 
seen, a sample of water is brought to 
the sensitive anterior end or mouth. 
Thus the reaction in itself consists in 
trying the water in many different 
directions . As long as the water coming 
from these various directions evinces 
the qualities which caused the reaction 
--the greater heat or cold or the che­
mical-the reaction, with its swinging 
to one side , continues. When a direc­
tion is reached from which the water 
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no longer shows these qualities, there 
is no further cause for reaction; the 
strong swerving toward the side X 
ceases, and the organism swims for­
ward in the direction toward which it 
is now pointed. It has thus avoided 
tbe region where the conditions were 
such as to produce stimulation. . . . 

. . . Not until recently, it must be 
confessed , has the real significance of 
this type of behavior been fully per­
ceived. The results seemed to a large 
degree negative; the reaction method 
clearly did not agree with the prevail­
ing tropism theory, nor with any 
other of the commonly held theories 
as to the reactions of lower organisms. 
Just what the organism did was, in­
deed, fairly clear, but the plan of it all, 
the general relations involved in all 
the details, was not clear. This was 
partly due, perhaps, to overemphasis 
o f certain phases of the reaction and 
to a tendency to consider other fea­
tures unimportant. The behavior under 
stimuli is a unit; eacb factor must be 
considered in connection with all the 
others; then the general method run­
ning through it all becomes strikingly 
evident. .. . 

In general terms we find that through 
this reaction by trial and error the 
organisms are kept in conditions 
favorable to their existence, and 
prevented from entering unfavorable 
regions. Through it they keep out of 
hot and cold regions and collect in 
regions of moderate temperature. 
Through it they tend to keep out of 
strong or injurious chemicals and out 
of regions where the osmotic pressure 
is much above or below that to which 
they are accustomed. Through it they 
gather in regions containing small 
amounts of certain chemicals, not 
leaving them for regions where there 
is either more or less of these chemicals. 
When oxygen is needed they collect 
through this reaction in regions con­
taining oxygen; when the oxygen 
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pr essure is high , they do not react with 
reference to oxygen, o r through thi s 
reacti on th ey avoid region s co ntaining 
mu ch oxy gen . Through thi s reaction 
o rga nisms which co nta in chloro p hyll, 
and therefore need light , ga ther in 
light ed regi on s o r move tow ard the 
source of light; th rough the sa me 
reaction the same organisms avo id 
very powerful ligh t. In all th ese C(l SCS, 
when th ere is erro r th e orga nis m goes 
back and tr ies a new directi on , or a 
whole series of new direction s. . . . 

Examinati on shows that e rro r from 
the sta ndpoint of thi s beh avior is as a 
rule error a lso from the sta ndpo int o f 
th e genera l interests of the o rganism, 
co nside r ing as th e interests of th e 
o rga nism th e performance or its nor­
mal functio ns, the preservat ion or its 
existence, a nd th e production of 
posterity. In general th e o rga nis m 
react s as e rro r to th ose things which 
ar e injuriou s to it , while in th ose 
cond itio ns which are beneficial it 
continues its norm al activities . There 
are som e exceptions to thi s, but in a 
general view it is clearly evident, 
Th ere is no co mmo n thread running 
through a ll the different agents which 
con stitute "error" in the reactions, 
save this o ne, that th ey are error fr om 
the sta ndpo int of th e general interests 
of the organism.... 

Thi s method of tri al a nd error, which 
forms the most essential feature of th e 
beh avior of th ese lower o rga nisms , is 
in complete con tras t with the tropi sm 
sch em a , whi ch has long been supposed 
to express the essentia l ch aracteristi cs 
of their beh avior. The tro p ism was 
conceived as a fixed way of acting, 
forced upon the organi sm by the direct 
action of external agents up on it s 
mot or organs. Each class of external 
agents had its corr espondi ng tr opi sm; 
und er its ac tio n the organism per­
formed certain fo rced movem ents, 
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usually resulting in its taking up a 
rigid posit ion with referen ce to the 
directi on fr om which th e stimulus 
ca me. Wh eth er it then moved toward 
or away from the so urce o f stim ulus 
was dete rmined by acc ide nta l condi­
tion s, and played no essential part in 
the reacti on . There was no tri al of the 
condition s ; no indication o f any thing 
like what we ca ll ch oice in th e high er 
orga nisms ; the beh avior was ste reo ­
typed . D oubtless s uch methods of 
react ion do exis t. In the reaction s of 
infu soria to the ele ctric Curr en t (an 
agent with which they ne ver come int o 
rel ati on in nature), there are cert ain 
features which fit th e tropi sm sc hema , 
and in the instinct s th e "Triebe"-of 
anima ls th ere ar c features of thi s 
stereoty ped cha rac ter . Th e behavior of 
animal s is woven of element s of th e 
most di ver se kind . But ce rta inly in 
the lower orga nisms which we have 
ta ken chi efly into co nsidera tion th e 
behavior is not typically of the stereo­
typed character expressed in the tro­
p ism schema. The method of trial and 
error is flexible ; indeed, pl asticity is its 
essential char acteristic. Working in th e 
lowest orga nisms with very simple 
factor s, it is nev er theless ca pa ble of 
dev elopment; it lead s upward. The 
trop ism lead s nowhere; it is a fixed , 
final thing, like a crys ta l. T he meth od 
of trial and error o n the o the r hand 
has been ca lled the " metho d of intel­
ligence" (Ll oyd M organ) ; it inv olves 
in a lmos t eve ry mov ement a n activity 
such as we ca ll ch oice in higher orga n­
isms. With the acqui rement of a f iner 
per ception of differences th e o rgan ism 
acting on the method of tri al a nd er ro r 
rises a t once to a higher grade in be­
havior. Combining thi s with the de vel­
opment of sense organs a nd the dif­
fer entia tion of mot or appar atus, tbe 
path of adva nce ment is wide ope n 
before it. . . . 

FORCE I) MOVEi'\fENTS , TROPISMS AND ANIMAL 
'ONOlJCT 

Jacques Loeb­ 1918 

Repr inted by pe rmission of Ihe publisher from Forced movement s, tro­
pism s, and a nimal con duc t . Plu ladelphia , J. B. Lippincott Co ., PP. 13-1 8, 
1918. 

10 Loeb. lire reaction of an animal to a stimulus is a "forced 
IIWI'e/lJ('IIl " owing to diff erences i n tension of symmetrical muscles, This 
concept of behavior conflicted with that of Jennings' "tr ial and error" 
hypothesis (st'e p . 44 for added comment) . 

INTROD UCTION 

T he ana lysis of th e mech anism of 
vo lunta ry and instinc tive acti on s of 
a nimals which we pro pose to undertake 
in thi s vo lume is based o n the ass ump­
tio n tha t all the se mo tio ns a re deter­
mined by intern al or ex terna l forces. 
Our task is facilita ted by the fact that 
the overwhelming majority of or gan­
ism s have a bila terall y sym met rica l 
stru cture, i.e., their bod y is like our 
own, divided into a right an d left half. 

T he significance of this symmetr ica l 
str uct ure lies in th e fac t that the mor­
phological p la ne of symmetry of an 
a nima l is a lso its p lane o f' symmetry in 
phy siologica l o r dynamical respect, 
inasmuch as under normal co nd itions 
the tensi o n in sym metrica l muscl es is 
the same, and inasm uch as the chemica l 
co nstirut ion and the velocity o f chemica l 
reactions are the sa me for symmetrical 
elements of the su rface o f th e bod y, 
e.g., the sense organs. 

Normally th e process es ind ucing 
loco motio n a rc equal in both halves 
of the cen tra l nerv o us system. and th e 
tensio n of the symmetrica l mu scle s 
bei ng eq ua l. the an imal moves in as 
straig ht a line as th e imperfecti ons of 
its locomotor appa ra tus permit. If, 
however , the ve locity of ch emical 
reaction s in one side of the bod y, e.g., 
in one eye of an insect , is increased , 
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the physiol ogical sym metry of both 
sides of the brain and as a con sequence 
th e equ alit y of tension of the sym­
metrical m uscles no longer exi st. The 
muscles co nnec ted with the more 
st ro ngly illumin ated eye arc thrown 
into a stro nge r tension, a nd if now 
impul ses for loc omotion originate in 
the central nervou s sys tem, they will 
no longer prod lice an cq ual re sponse 
in the symme t rica l muscles, but a 
stro nger one in the mu scles turning the 
head a nd body of the anima l to the 
so urce o f light. The animal will thus be 
co mpe lled to change the direction of 
its moti on and to turn to the so urce o f 
light. As soon as the pl an e of sym­
metry goes through the so urce of light , 
both eyes receive aga in equal illumina­
tion , the ten sion (or tonus) o f sym­
metrical mu scles bec omes equ al again, 
and the impulses for locomoti on will 
now produce equal ac tivity in th e 
symme tr ica l mu scle s. As a con sequence , 
the anima l will move in a stra igh t line 
to th e so urce of light until some oth er 
as ym me trica l disturban ce once more 
change s the direction of moti on . 

W ha t ha s been sta ted for light hold s 
tru e a lso if light is repl aced by an y 
o ther form of energy. M oti on s ca used 
by light or o the r agencies appear to the 
layman as expression s of will and 
purpose on the part of the anima l, 
whereas in reality th e a nima l is forced 
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to go where carried by its leg s. For the 
conduct of a nimals consists of forced 
movements, 

The term forced mo vements is bor­
rowed from brain physiol ogy , wh ere 
it de sign at es th e fact th at ce rta in 
a nimals are no longer a ble to mov e in 
a straight line when certain parts o f the 
br ain are injured , but a re compelled to 
deviate constan tly toward one side, 
whi ch is (according to the species a nd 
th e location of the injury in th e br a in) 
either the side o f the injury o r th e 
o pposite side . T he expla na tio n of th ese 
forced movements is that 011 acco unt of 
th e one -side d injury o f th e brain th e 
tension o f the symmetrica l mu scles is 
no lon ger the sa me. As a co nseq uence, 
th e impulses for locom oti on which are 
equal fo r symmetrica l mu scles will 
ca use great er co ntraction in certa in 
muscle s of o ne side o f the bod y than in 
the symmetrical mu scles o f th e o ther 
side, and th e a nima l will no lon ger 
move in a straig ht line. The only 
difference between the forced move­
ments induced by un equal illuminat ion 
o f the two eyes and by injury to th e 
brain is th at in the latter cas e th e 
forced movements may last for days or 
throughout th e whole life, whil e in th e 
fo rmer case the y last o nly as long as 
the illumin a tion o n th e two sid es of th e 
bod y is unequal. If we bring a bo ut a 
permanent difference in illumination in 
th e eyes , e.g ., hy black ening one eye in 
ce r tain insect s, we can als o bring a bo ut 
permanent circus mot ion s. This shows 
th at animal conduct may be justl y 
designa ted as consisting o f forced 
mov em ents. 

The ide a that th e morphological a nd 
phy siological sy mmetry cond ition s in 
an anima l a re the key to the und er ­
sta nd ing of a nima l co nd uct d emanded 
th at the sa me principle sho uld explai n 
th e co nd uct o f plants , since plants a lso 
possess a sym metrica l structure. T he 
writer was nb lc to sho w th at sessile 
animals behave toward light exactly as 

do sess ile plants ; and motile anima ls 
like mot ile plants, Th e forced o rienta­
tion s o f plants by o utside so urces of 
en ergy had been called tropism s ; a nd 
the th eory of a nimal conduct based on 
th e sy mmetri ca l structure o f their body 
was, th erefore, design at ed as the 
tropism theory of animal conduct. . . . 

Alth ough th e tropism th eory of 
anima l co nd uct was 0 ffered thirt y 
yea rs ago its accepta nce was delayed 
by vari ou s circums ta nces . In th e first 
place, th e maj ority o f th e o lde r genera­
tion of biologist s did not real ize that 
not o nly th e method s of th e ph ysicist 
are need ed but a lso th e physicist' s 
general viewpo in t co nce rning the natu re 
o f scientific expla na tion. In many 
cases th e pr oblem o f a nimal co nduct 
is tre at ed in a way which correspo nds 
more to the view poin t o f th e in tro ­
spec tive psycho log ist th an to th at o f 
the ph ysicist. T he a ttemp ts to explai n 
anima l conduct in terms o f " trial a nd 
erro r" o r o f vague "p hys io log ica l 
sta tes" may se rve as exampl es..Non e of 
the se a tte mp ts have led or can lead to 
any exact qu antitative exp er iments in 
the sense o f th e ph ysicist. Other biol­
ogists hav e sti ll more o penly ado p ted 
an anthro po mo rp hic method o f ex­
pl an at ion. I f ple asure and pa in or 
curiosity p laya ro le in human conduct , 
wh y sh ould it be o the rwise in a nima l 
conduct? T he answer to thi s objectio n 
is th at typic al forced movem ent s when 
produced in human beings, as , e.g., in 
Men iere's d isease o r when a ga lvan ic 
current goes thro ugh th e brain , a re not 
accom pa nied by sensa tions of pleasure 
or pain , and th ere is no reaso n to 
a ttr ibute th e circus movem ents of an 
animal , a fter lesion o f th e br ain or 
wh en o ne eye is blackened , to curiosi ty 
or thrill s of delight. An eq ua lly forcible 
a nswe r lies in th e fact th at plan ts sho w 
the sa mc tropisms as animal s, and it 
see ms so mew ha t a rbi t ra ry to ass ume 
that the bend ing o f a plant to th e 
win dow or th e motion o f swarms po res 

o f a lga: to the wind ow side o f a vessel 
a re acco m pa n ied o r determined by 
curios ity or by se nsa tio ns o f jo y o r 
sa tisfactio n. And fina lly, since we 
kn ow nothing o f th e sentiments and 
sensa tio ns of lower an imals, a nd a re 
still less ab le to measu re them. th ere is 
a t present no place fo r them in science. 

T he seco nd d ifficulty was created by 
th e fac t th at th e Ari stotelian viewp oin t 
still pr evail s to so me ex tent in bi ology, 
nam ely, that an animal moves onl y for 
a purpo se , eith er to sec k food o r to 
see k its mate o r to und ert a ke so me thing 
else co nnected with the preservation o f 

th e individual o r the race. Th e Ari sto­
telian s had exp la ined th e processes in 
the inanima te wo rld in the sa me teleol­
og ica l wa y. Science began whe n G al ilee 
o verthrew this A ris to te lia n mo de o f 
th ou ght and introduced the method o f 
qu antitati ve ex pe riments whi ch lead s 
to ma themati cal la ws free from th e 
metaph ysical co nce ptio n of pu rpose. 
T he a na lysis of a nima l condu ct o nly 
becom es scient ific in so far as it d rops 
t he q uestion of purpose and redu ces 
the reaction s o f a ni ma ls to qua ntita tive 
laws. This has been auernp ted by th e 
tr op ism th eo ry of animal co nduct. . . . 

INSTINer. WITH ORIGINAL 0 8SERVATIONS O N \, OUN<; 
A!'1 l\ f ALS 

Douglas A. Spalding-1872 

Reprinted by permission of the pub lisher from British Jo urnal of An imal 
Behavior 2 : 2- 11, 1954. Th is is a reprint of the original which appea red in 
Ma cMill an 's Magazine in 1872. 

III spite 0/ its diffuseness of style and freque nt philosophical overtones , 
Spalding 's paper is a classir ill the stud)' 0/ inst inctive behavior . II is re­
mar ka ble / or its approach, techniques antl insights, An overriding theoreti cal 
f ramework 0/ inst inctive behavior came later in the 11'0rk 0/ Loren: (see p . 53) 
b il l one finds there much which isfirst described here. 

T he only theory of instinct, o f th e 
nature o f a n exp la na tio n, is th at p ut 
fo rwa rd by Me. Herbert Spencer as 
pa rt o f his philosophy of evolutio n ; 
but , as a theory, it is o nly beg inning 
to be understo od a nd app recia ted 
among scientific men ; while so me 
emi nent thinkers qu est ion the realit y 
o f th e ph enomena to be expl a ined. 
Professor Bain , o ur o ther psych ologist, 
a nd his able foll owin g o f tr ain ed 
di scipl es , simply d iscred it the a lleged 
fact s of instinct. Unfo rtuna te ly, how­

ever, instead o f puttin g th e matter to 
th e test o r observa tio n and expe riment, 
th ey hav e co nten ted themselves with 
c rit icisi ng the few accide nta l obse rva ­
tion s that have been record ed, and 
wit h argu ing agai ns t the probabilit y of 
instin ct ive k nowledge. . . . T he positi on 
of psych ologists o f the too purely 
a na lyt ica l school , however, is no t that 
th e fact s of instinct are inexpli cable : 
bu t tha t th ey a re inc red ible.. . . And 
it is he ld . tha t a ll t he sup posed ex­
a mp les o f instinct may be-for any­
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th in g th at has ye t been o bserved to th e 
con tra ry- no th ing more tha n cases of 
rapid learn ing, im itat io n , o r instruc ­
tion . 

Thus it wo uld appea r th at with 
rega rd to inst inc t we h ave ye t to asce r­
tain the fac ts. With a view to th is end, 
I ha ve made man y o bserva tions and 
experiments , mostl y on chicken. The 
qu estion of insti nct, as op posed to 
ac q uisitio n, has bee n d iscu ssed c hie fly 
in co n nect io n wi th the percept ion s of 
d istance a nd d irect ion by th e eye a nd 
th e ear. A ga inst th e insti nctive cha rac­
te r of these per cep tion s it is a rgued, 
th at as d ista nce means m o vem ent , 
locom ot ion, th e very esse nce of the 
idea is suc h as canno t be ta ken in by 
th e eye or ear; th at what th e varyin g 
sensa tio ns and feel ings of sight a nd 
hearin g co rrrespo nd to , m ust be go t a t 
by mo vin g o ver the ground- s-by ex ­
peri ence. On th e o the r hand , it is 
a lleged th at , th ou gh as regard s man the 
prol onged helplessness of infa ncy 
sta nds in the way of th e obse rve r , we 
ha ve on ly to look a t the yo ung of t he 
lower a nima ls to see that as a mat ter o f 
fact th ey do no t require to go throu gh 
th e pr ocess of learning th e mea ning of 
th eir sensatio ns in rela tion to ex te rnal 
things ; th at chickens, fo r example, r un 
a bo ut, pick up c rum bs, a nd fo llow t ile 
ca ll of th eir mo ther immedia tely on 
lea vin g th e shel l. f or p ut t ing t his 
matter to th e tes t of exper ime nt, 
chickens, therefore, a re most suit a ble 
a nd co nvenie n t subjects. I ha ve o b­
se rve d a nd ex pe rime nted on more th an 
fift y chickens, taking th em fro m und er 
th e hen wh ile ye t in th e eggs. But of 
th ese , n ot one on eme rg ing fro m th e 
she ll was in a co nditio n to manifest an 
ac q ua intance wit h the qu aliti es of t he 
o ute r wo rld . On lea vin g the shell th ey 
are wet and helpl ess ; they st ruggle 
wit h their legs, wings, a nd necks, but 
are un able to stand o r ho ld up th eir 
heads . Soon, h owever , th ey may be 
dist inct ly seen and felt p ress ing agai nst 
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and endea vo uring to keep in co ntac t 
with a ny wa rm o bject. T hey adva nce 
very rapidly. I ha ve seen them hold up 
th eir head s we ll, pec k at o bjects, and 
alternpt to dress t hei r wings whe n 
o nly bet ween fou r a nd live hours old . 
But there is no d ifficulty in co ncei ving 
that, wit h g rea t spo n ta ne ity a nd a 
stro ng power o f associa tio n, much 
might be learned in fo u r or five hours. 
Profe ssor Bain is of o pinio n, fro m 
observa tio ns of his o wn on a newly 
d ropped lamb, thai "a po wer that the 
crea ture d id no1 at a ll possess natu rall y, 
go t itsel f mat u red as a n acq uisit ion in 
a few hours." Ac co rdingly. in the 
absence o f precautio ns, the t ime that 
mu st ela pse before c hicken s ha ve 
acq uired en ough con tro l ov er th eir 
mu scles to e na ble t he m to give evi­
dence as to th eir ins tinc t ive power of 
interpreting wha t they see a nd hear, 
wo uld su ffice to let in the co nten tio n 
th at the eye an d the ear ma y ha ve ha d 
o ppo rtuni ties of being ed uca ted . T o 
o bvia te th is o bjectio n wit h respect to 
the eye, I ha d recourse to th e foll o wing 
expedient . T a king egg s j ust whe n th 
littl e priso ners had begun to brea k 
th eir way o ut, I removed a piece of the 
shell, a nd befo re th ey had o pened 
t heir eyes d rew o ver the ir head s litt le 
hoods, which , being fu rnished with a n 
e las t ic thread a t th e lo wer cnd , li lte d 
close round th eir necks . The ma teria l 
of these hoods was in so me cases 
such as to keep the wea rers in tota l 
darkness ; in ot her insta nces it was 
semi- t ransparent. So me of them were 
close a t the upper en d , ot hers had a 
sma ll apertu re bou nd wit h a n c la st ic 
thread , which held tight ro u nd the base 
o f the bil l. In th is state of blin d ness­
th e blindness was ver y man ifest- I 
al lowe d the m to rem ain fro m o ne to 
three days. T he co ndi tions un der \\ hic h 
these little victims o r human c ur iosity 
Were first permitted to see tile ligh t 
were then ca refu lly prepared . fre­
quently th e inter est ing littl e subject 
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was un hooded o n th e ce nt re of a ta ble 
co vered with a large sheet o f whi te 
paper, o n whieh a few sma ll insect s, 
dead a nd a live, had been placed . 
From th at instan t every mov em ent, 
wi th the date t he reo f, a s sho wn by 
th e watch, was put o n reco rd. Ne ver in 
th e co lum ns of a C o urt J o urna l were 
th e d oin gs o f the most ro ya l perso nage 
noted wit h suc h fa ith ful accu ra cy . 
T his exper ime nt was pe rfo rmed o n 
twenty se para te c hickens a t d ifferen t 
times , with the fo llow ing results. A l­
most invaria bly th ey seemed a littl e 
stunned by the light, remained mo ­
tio nless for seve ra l minutes. a nd 
co n tinue d for so me time less act ive 
th an he fo re t hey were unhooded. T heir 
behavi our, ho wever , was in eve ry ca se 
conclusive against the theo ry th at 1he 
pe rcep tio ns uf di sta nce and di rect ion 
by th e eye a rc the resu lt of ex perience , 
o f as socia t io ns formed in the h ist ory 
o f each ind ividual life . . . . 

It wo uld be o ut of p lace here to 
a tte m pt to ind ica te the fu ll psycho l­
ogical bearing of these fac ts. But th is 
much m ay be affirmed, thut they pu t 
o ut o f co u rt a ll th ose who a rc pr epared 
only to a rgue against the ins tinc tive 
percep tion by the eye o f the prim ary 
q ua lities o f t he ex tern a l worl d . W hen 
st rip ped o f a ll superflous learni ng, the 
a rg ument aga inst th is a nd every ot her 
a lleged case o f insti nctive kno wled ge 
is sim ply that it is unscien tific to as-

line an instinct when it is possible 
tha t t he kno wledge in quest io n may 
have bee n acquired in t he o rd ina ry way. 
B Ul the exper ime nts that have been 
recounted a rc evidence tha t p rio r to 
sxpcricnce chicke ns behave as if they 
a lready possessed a n acq ua inta nce with 
the es tab lished order o f na ture. A 
hungr y ch ic k tha t never ta sted food is 
a ble, on seeing a fly or a sp ide r fo r the 
firs t tim e, to b ring in to acuon m uscl es 
tha t were never so exercised before , 
a nd to per fo rm u series o f dehca tell' 
adjusted m ovemen ts tha t end in th e 

ca p ture o f the ins ect. T h is 1 assert as 
th e res ult of ca reful o bserva t io n and 
experimen t ; lind it cannot be ans wered 
b UI by o bserva ti on a nd expe rimen t at 
least a s extensive. It is no dou b t com­
m on for sc ientific m en to d iscred it 
new fac ts, for no o ther reason than 
that they d o n01 fit with theories tha t 
have bee n ra ised o n too narrow founda­
t ion s. . . . 

1r n 0 W it be take n as esta blished th a t 
in the pe rcep tions or th e eye an d the 
ea r. chicke ns a t least ma nifes t a n 
insti nctive kno wledge of t he rela tion s 
a nd q ualities o f ex te rnal things. the 
p opu lar belief t hat th e specia l kn owl­
edge , t he pec uliar art a nd skill, s 
ma rked in the va rio us species o f an i­
mals, co m e to t hem most ly without 
the labo ur o f ac q uisition , is a t o nce 
freed fro m nil antecede nt impro ba bility, 
I n the WRy of di rect evi dence . the litt le 
tha t I have bee n a ble to observe in 
this wide field goes to p rove th a t the 
cur rent notions are in accordance with 
fac t. We ha ve seen that ch ickens fo l­
lo w the ca ll o f their mo ther before 
th ey have had a ny opport un ity o f 
associat ing thn t so und with p leasu ra b le 
fee lings ; an d o ne o r two ob serv a tio ns, 
which m ust be take n for wha t they arc 
worth. s uppo rt the general o pinion 
t hat I hey have an eq ually in sti nct ive 
dread of their mo re dead ly ene mies . 
When twelve days o ld o ne o f my little 
nroteges, whi le running abo ut beside 
me, gave the pec uliar chi rr whereby 
they anno unce the app roach u f dange r. 
I lo oked up . an d behold a sparrow­
hawk was ho vering a t a great he ight 
over head . Having subseq uent ly 
procu red a young hawk, a b le to ta ke 
o nly shor t fl ights , I mad e it tly o ver a 
le n with her first brood , t hen about 

a week old . In t he twin kling o f an eye 
most o f the ch ickens we re lud among 

ru ss a nd bu shes. . . . 
A few man ifestati ons o f inst inct still 

re ma in to be briefl y spo ken of. Ch ick­
en" as soo n as they are a b le to wa lk 
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wiII fo llo w a ny mo vin g obj ect. And . laws of a ssocia tio n ex p lai n o u r int el­ EIROLLBE\VEGUNG DER GRAUGANS. I. 
whe n guided by sig ht al o ne, th ey seem 
to ha ve no more disp ositi on to fo llo w 
a hen than to fo llo w a duck, or a 
human being. Unreflect ing o n-loo ke rs. 
whe n they saw chickens a da y old 
running a fter me . a nd o lder o nes 
fo llowing m e mil es a nd a nswe ring to 
m y wh istle, im agined that I must hnve 
so me occult power over rhe creat ur es. 
whereas I simply a llo wed them to 
foll ow me fro m the first. T here is the 
in stiuct to follow : a nd , as we have seen , 
th eir ea r prio r to experience attaches 
them to the right o bject. T he advan­
tage o f th is a rra nge me nt is o bvio u s. 
Bu t in st inct s a re no t co nferred o n a ny 
principle of supplying a nim a ls with 
a r ts very esse ntia l to t hem , a nd which 
th ey co uld not very well learn for 
th em selves. I f th ere is a ny th ing th at 
experie nce wo uld be sun: to teach 
chicke ns, it wo uld be to ta ke care 
wh en th ey had go t a p iece of foo d no t 
to let t heir fello ws take it fro m th em , 
a nd fro m the very firs t they may be 
see n to r un o ff with a wo rm, p ur sued 
by all t hei r companions, Aut t h is has 
been so sta mped in th eir nature tha t. 
when th ey have neve r seen o ne o f 
their k ind, nor eve r bee n di sturbed in 
the enjoyme nt of a mo rsel. th ey never­
t heless, wh en the)' ge t so m et h ing 
larger tha n can be swa llowed a t o nce , 
tu rn ro un d a nd ru n o ff wi th it. . . . 

T he o nly theory in ex pla natio n of 
the pheno me na of in stin ct th at has an 
a ir of science a bo ut it , is M r. Spencer's 
doctrine o f Inherited Acq uisit io n. T he 

lectual opera tio ns, a nd ena bl e us to 
under sta nd ho w all o ur kno wledge may 
be der ived fro m experie nce . A ch icken 
COmes o n a bee, a nd . imagi ning it has 
fou nd a dai nty m orsel, seizes the insect, 
bu t is stung, a nd suffers badl y. Hen ce­
fo rth bees a re a vo id ed; th ey ca n be 
neither see n nor heard wi tho ut a 
shudde r o f fear. N o w, if we ca n real ize 
how such a n association as thi s-how 
th at one indi vid ual lea rn s by exper­
ience m ay, in a ny degree , be transmit­
ted to the pr ogeny o f tha t ind ivid ual-­
we have a key to th e mystery o f inst inct. 
Instincr in the prcscn t ge nera t ion is 
th e p ro duct of th e accu mu la ted ex­
periences o f past ge nera tio ns. T he 
plau sibilit y of thi s hyp othesis. how­
eve r, is no t ap preci a ted by th e m aj ority 
o f even th e cd ucut ed p ortion of t he 
co m m unity. But the reaso n is not fa r 
to see k. Educated men, even m a te riali sts 
- t hei r own pos it ive sta te me nts to th e 
contra ry no twithsta nd ing-have no t ye t 
q uite escaped fro m th e habit of 
regard ing m ind as in de pe nde nt of 
bod ily o rga niza tio n. He nce it is, tha t 
while familia r with the idea o f p hysica l 
pecula rities pass ing by inherita nce 
fro m o ne ge nera t ion to a no ther, th ey 
find it d ifficu lt to con ceive how any­
t hing so impalpa ble as fea r a t the sig ht 
of a bee sho uld be tra nsm itt ed in t he 
sa me way. Obviously, t his d ifficu lty is 
not co ns iste nt with a tho rou gh belie f in 
th e intima te a nd invaria ble depen­
dence o f all k inds of men tal fac ts on 
lervo us orga n iza tion .. . . 

A. TOPOTA X1S 

M ost as pec ts of th e process whic 
we have, wit h A. K iihn, ca lled ta xis­
a nd sp ecifica lly topo tnxis-e-co nta in side 
by side with d ire ctional reaction a lso 
rigid instin ct pa tt erns under going 
co mp ulsive moti on fo rm ulae, a bove 
all that o f loc omo tion . N ever theless, 
the essentia l cr iterion of topot axis 

m a ins so me sing ularl y specifi c mo­
tio n (the turning of a n a n imal's e nti re 
body or of o ne o f its part s, a s for 
example, it s eyes o r head ) d irected a nd 
with its intensity det erm ined by o u ts ide 
stimul i.. .. 

T he turning m otion, c ha ra cteris tic 
of a ny kind o f taxis in t he widest 
sen se of th at wo rd , a nd wh ich o rients 
the a ni ma l withi n its space , W:.lS call e 
" rela ted or ienta tio n tu rn ing" (or len­
tierte Bezugswendungs by K. Btihle r. 
The very a mple term co m prises a ny 
cha nge in posture rela ting a n o rga nism 
to t he spa tia l da ta or its en vir o nment . 
It thus in cludes [he sim plest turning 
" to wa rd " o r "away-fro m" us we ll as any 
spa tial reaction res ultin g fro m cogni­
za nce o f o uts ide st im uli thro ugh h igh ly 
co m plex men tal a chieve ments. . . . 

, . . Wit ho ut get t ing invo lved in th e 
p urely ideo lo gical q uest io n o f whe ther 
an a n ima l is subject, act ively stee ring 
itsel f accord ing 10 suc h s t im uli, o r 

5.'l 

o bject, passively directed by the m, we 
can sta te t ha t \\I C ha ve here o bjective 
evidence of the cst a bli shrn ent, th rou gh 

u ts ide stimuli, of purposeful activity 
xpcd ien t in l ite p reserva tio n of th e 

species. In the simpl es t a nd best an a­
lyzed cases, th is p ro cess is m ost eer­
tainly o ne of reflex act ivity in the true 
sense o f that term . But even in orien ta ­
tion reactio n , br o ught a bo ut by so ­
ca lled h igher men ta l p roc esses, th e 
act ivity of the ce ntra l nervous sys tem 
is essentia lly a nswering to , a nd utilizing 
extern a l s t imu li, alit] thus, at least i 
'unct ion, reflex-like as a ph en omenon. 

B. INSTI N CT AC fl VITY 

In stinct a ctivit ies, too , sho w rela­
tio nshi ps to reflexes, na mely in the 
fact tha t, like them. th ey arc b rought 
II bo ut by specific o utside stirnul i. C loser 
sc rutiny , however, rev ea ls tha t merely 
th e t rigge r mecha nism and n ot th e 
u rt her develo p ment o f a fo rma l 

act ivity i ~ truly o ne o f reflex. T he tota l 
fo rm or H once initiated activ ity seems 
to be indep enden t no t o nly o f extern a l 
s tim uli but even al to gether o f th e 
rccep to ra l eq uipm ent of the a n imal. 
Instinct ac tivities a re no t, like a ny 
for m o f taxis , ' nati ve reacti o n norms, 

ut rather nat ive m otio n norm s. 
Impro ba ble tho ugh it see ms upon 

firs t gla nce, there are a nu m ber of 
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weighty reasons for the ass umpt ion 
that the who le series of well-coordi­
narcd, high ly expedient. species-preserv­
ing ac tivities or a n animal sho uld he 
bro ught abou t, like the doi ngs of a 

betic. without invo lvement of 
rece ptors (in other words, that they 
should not be a string of re flexes). By 
liminating in various organisms all 

receptors of the cen lral nervou s system, 
E. von Holst has succeeded in bringing 
to tally convincing evidence that in it 
are lodged st imulus-producing, rhyth­

o-nutomaric processes to uched off 
thro ugh impulses coordina ted already 
in the central nervous system and 
passed on as :l series-a nd in per fect 
species-preserving form-to the an i­
mal' s muscular system withou t t he a id 
of the periphera l syste m or its re­
ceptors. . . . 

. . . If il seems 11 bit pr emature today 
o equate a ltoge ther the motion a uto­

marisms investigated by von Holst to 
instinct ac tivities, it must he stated 
with all possible emphasis that two 0 

the most importa nt phenomena which 
clea rly o utline instinctive behavior an d 
which offer (0 any oth er kind o f ex­
planation well-nigh insurm ountable 
dillicu llies, do a llow themselves a ll 

easy berth within the ass umption of 
such rhythmo-autornatic stimulus 

reduction a nd the central coord ina­
tion of impulses. These two pheno mena 
a re the lowering of the threshold of 
trigger stim uli and the thus facilita ted 
oidance of an instinct action in a 

situa tion where not even the physico­
rnechanica l conditions of its species­
preserving: purpose ar c met. 

Even where the instinct activity is 
triggered by an unconditioned reflex, 
which wo uld normally react onIy to a 
certa in, often highly specific combina­
tion of outside stimuli, we see, oc­
casiona lly quite closely, tha t the fo rm 
o f lite result ing mot ion is independent 
of tha I of the stimuli br inging it about. 
If the latter fuil to appear for a ny tim 
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on ger than nor mal to condi tions in 
the accus tomed span of t ime, then 
very soon, diminuation will occur in 
the selectivity o f that pa rticula r instinct 
act ivity ; the an imal will now, in a 
similar pau ern, respond a lso to othe 
stimulus situations merely resembling 
the tru ly adequate one previously 
known; the resem blance of the now 
activating stimuli to the ones previously 
alone effective, need be the less eviden t 
the longer the reaction "stoppage" 
lasts. In cases where the kind of st imuli 
tr iggering a specific instinct activity 
ma kes a quantitat ive evaluation pos­
sible a t all, we lind tha t with the ill­
cr eased d uration of the rest period the 
th reshold valu e of the necessa ry 
st imulus inte nsity goes in to co ntinual 
decline. Since bo th ph enomena are 
evidently foun ded upo n the same 
pr ocess in the centra l nervou s system, 
I have [p revio usly] incor porated bot h 
under the concept " threshold lowering" 
tSchwellerniedrigung y. Now in man y, if 
not even fundamenta lly in all instinct 
activities. the threshold value ca n 
literally reac h the zero point where , 
upon a shorter or lon ger sto ppage 
period , the Whole series of motions is 
executed to perfection without ap­
p reciab le influence of a ny outside 
stimuli. T his we eall " idling reaction" 
t Leerlaufreak I ion). Threshold-lowe ring 
and Leerlaufreak tion speak dou bly in 
favor of the premise of rhythmo-auto­
marie stim ulus production and cen tral 
coordina tion of impulses. 

The thr eshold-l owering phenomenon 
suggests the idea of an inn er accumula­
tion of a reaction-specific incentiv 
vo n Ho lst expects this to be enzyme 
iErregungsstoff t activity- which is 
being co ntinually pro d uced by the 
cen tra l nervous system and which 
increases to the higher po tent ial the 
longer the deten tion (which the actual 
executio n of a particu lar instinct 
activity would bring) fa ils to come 
ab out. The higher the attained tension, 
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t he more intense the instinct activity 
when finally launched IInJ 1he mor e 
difficult then for the superio r instance , 
which is the central nervo us syste m, to 
stem the instinct activity and keep it 
fro m breaking fort h at the "wrong 
time." T hese ideas, as presented here 
in gross simplification, were developed 
ea rlier and in ignorance of vo n Holst's 
find ings. . . . 

For a ll these rea sons it seems j usti­
ned HJ raise to t he status of wor king 
hypot hesis o ur assumption that , 
through coordina tion of single acts, 
instin ct activity is independen t of each 
and all receptors and that it is not to 
be influenced by them. T his may he lin 
ovcrly cru de simplifi ca tio n of facts 
and may mea n to the concept of in­
stinct activity an uncommon na rrowi 
down, esp ecially since we arc aware 
thro ugh von Holst's investigations tha t 
an impulse sent out by cent ra lly co­
ordinated automatism can be super­
seded by the reflex cont raction of even 
one muscle. . . . 

SU~I MARY AND RESU LTS 

We invest igated the question, III 

what wayan instinct activity (in the 
sense of recep tor-independent, cen­
trally coo rdi nated mo tio n pr ocesses) 
might be co-functioning with o ne or 
mo re receptor-guided, to potact ic acts 
and , in the united effect, pro duce in an 
anima l species-preserving , purposive 
behavior. In the activity series by 
which the grey goose resto res to the 
nest an egg that has ro lled away from 
it, taxis as "veil as inst inct pa tterns are 
invo lved, whether simultaneo usly or 
in seq uence. As an initi atin g or ienta ­
tion reaction, the directional stretching 
of the neck sets up the stimu lus situa­
t ion in which instinct ac tivity is trig­
gered and simultaneously, the topo­
gra phic placement created which is the 
prerequisite of the species-preserving 
functio ning of its course, a typica l case 
therefore of "appetence behavior" in 

Cra ig's manner of th inking . The now 
init iated instinct activity is n bending 

own and inwa rd of neck and head by 
hich mot ion the egg, lying close 

rguinst the lower surface of the bea k, 
is shoved toward the nest . Beginning 
with the fi rst mom ent of this motion 
ser ies and lasting a ll the way to its 
com pletion , this pr ocess runs entirely 
in the sagittal plane, with an add itional 
orieru ation reaction par ticipating in 
the genera l process. By thigmotac tica lly 
d irected lateral motion. the egg is held 
in balance and kep t to its direction a t 
the underside of the shoving beak. 

Ou r assumption that the moti on 
within t he sagitta l plane should be a 
pure instinct activity is founded upon 
the following facts as found : 1. It 
shows the phenomeno n of the Leer­
laufreok tion, characteri stic of receptor­
independent instinct acts . 2. The form 
of the motion remains co nt inually the 
sa me. We did not succeed in obta ining 
marked , recepto r-directed adjustments 
to physically changed environmental 
factor s. Ne ither the details of the pat h 
over which the egg was 10 be rolled, 
nor the shape of the object to he ro lled 
produ ced apprec iable va riety in motion 
activities. Wherever .... uriat ions were 
sought by force (as for example by 
oversized objects) the motio n jammed 
and was broken off. 3. The power 

ehind the sagittal movement is, within 
the nar rowest confines, found to be 
constant. Even if the object-produced 
touch stimuli create a small tonus 
effect upon the muscle that executes 
the moti on , this effect seems, never­
theless, a lways to be the sa me regard­
less of the different weights o f objects 
involved. The mot ion th us sto ps up on 
even the slightest overweighting of the 
object. 4. T he activity shows the rcac­
tion-specific fa tigue factor Which, in 
contra st to taxis, is the mar k of in­
stinct ac tivity. 

T he ass umpt ion thnt, contrary to 
the mo tions occurring in the sagittal 
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plan e, the la tera l mo tions givi ng 
ba la nce sho uld be stimulus-dirccred 
orien ta t ion reac tions is fo unded upon 
the fo llowing fad s : 1. La tera l moti on s 
do no t occ ur when, devo id of a n 
object, the sag itta l ones con tinue in a n 
idling p ro cess, 2, La tera l mo tions d o 
not come nbou t with objects that do 
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no t a llow a straying fro m th eir path. 
3. Object s whose d iversio n OCcur s in a 
way diflcrern from that no rmally 
happening to the goose egg show a 
per fect adj ustment o r the lateral mo­
tion to the mo tion peculiarities of the 
obj ect in qu est ion, . , . 

DISCRIMINATION OF STItEA1'\1 ODORS DY FI SH ES AND 
ITS RELATION TO PARE]'''''''''' STR EAM BEHAVIOn 

A rthur D. Hasler and Wa J. Wisby·_ ·1951 

Reprinted by permission o f the sen io r au tho r an d pub lisher from the 
American Naturalist 85 : 223- 238, 1951. 

Orientation, cspccialiy a.~· i f QCC/fr.\ in homiol{ and migrator)' beha vior, has 
offered considerable chnllenge to tn» student o fan imal beha vior and pr o vided 
ampl« opportunity Ior j ar-ranging spe culation, A wide variety of f orces 
(g rm 'ila/ ioll, rotation) and agents (SUJI. s tars) and processes (sOUlld emis sion, 
color discrim ination) have been proposed as hom ing st imuli j ar d/1Jcrent 
groups ofanimals. In rills paper, olfaction is identified as heinKof sig nificance 
ill the recoe nition put tern of fish. 

The role o f sensory mech anisms in 
o rien ta tio n o f fishe s, especially in 
relation to h oming, remains a mystery 
notwith standing many effo rts to solve 
this problem . It is the object of thi s 
paper to point up again th e p ossibility 
that the sense of smell may play an 
important part in directing fishes to 
their home wa ters. The pr imitive 
character o f thi s senso ry sys tem, its 
evo lutiona ry con stancy, its extreme 
sensitivity in co mpar iso n to othe r 
receptor processes, and it s capacity to 
serve as a mcmory-evoking mechanism , 
a ll point to a working hypo thesis- tha t 
ol facto ry stimuli ma y be factors in th e 
homing o f migrating fish es.... 

In the ab ove o bservatio ns . it could 
not be clea rly proved th at fishe s o rien t 

on the ba sis o f olfaction ; nor ha s the 
idea been prop osed th at th e hom e 
water ca rr ies a di stincti ve odo r wh ich 
through di scrimination and memory 
may serve as a directin g guide to the 
fish es in orienting toward and reaching 
its original habitat. T he chief o bjective 
o f our experiments was to determine 
whether streams d o hav e character istic 
odors an d if fishes can dis criminate 
between them, and wh eth er they can 
retain in memory habits o f orienta t ion 
lea rned with respect to th ese odo rs. 

It ma y be desirable, at thi s point, to 
define clearly the requirements of an 
odo r wh ich is to serve as a "sign-po st" 
for returning sa lmo n. Fi rst of all, it 
must rema in rela tively co nstant in a ny 
one strea m over a period of years 
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beca use an interval of three to five 
yea rs may elapse between orig ina 
learning of the o lfacto ry co ntro lle 
reaction and its reinstateme nt, upon 
return to th e vicin ity of the home 
wa te r to spa wn. .. . 

The second co nd ition which must be 
p laced upon the odo r is tha t it m ust 
have significa nce on ly to those retu rn­
in g migrants which had been condi­
tioned to it during their fre shwater 
soj ourn ; while being neutral to all 
others for it wou ld seem tha t a ny odor, 
or substa nc e. which was an a tt ra cta nt 
or repellent would induce sa lmo n to 
enter a stream or tributary irr espective 
of whethe r or no t they were nati ve to 
the stream . 

There is yet ano ther restriction whi ch 
must be placed upon a homing od or. 
It mu st remain detectable even though 
the stream be ch anged severe ly in 
chemical and physical characteristics, 
for salmon will continue to attempt to 
return to a strea m even though that 
stream may have been serio usly pol­
luted , or gutted by Hoods, during the 
time the sa lmon were at. sea . . .. 

It was the immed iate intent of thi s 
experiment to determi ne if it were 
possible to obtai n an o lfacto ry di s­
crimination between Otter Creek and 
H oney Creek by th e blun tnose minn ow. 
I'he minn ows wer e tra ined in such a 
manner that they learned to associate 
the odor of one o f the st reams with 
fo od and the od or of the other with 
punishment. 

The equipment used by the a utho rs 
(in] 1949 and 1950 was su itable for 
co nduc tin g this series of training test s. 
It consisted of severa l seven gallo n 
aquaria , each with a siphon-a irl ift cir­
cul ation system installed in both ends. 
Water was siphoned from the aqua­
rium , returned by air pressure , and 
di sch arged into a 6-in ch funnel whi ch 
wa s suspended ab ove the tank . The 
funnel was connec ted to a glass tube 
which lay ac ross the end of the aquari­
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um. Pe rfora tions in t he tube d irec ted 
the incom ing water acr oss t he bou orn 
of the aq ua rium. Water from th e jet on 
o ne sid e flowed on ly a bo ut ha lfway 
across, beca use there it met th e s tream 
from the o ther end, and bo th were 
deflected upward . This produced two 
curren ts or convectio n cell s, each of 
which invo lved one half o f the ta n k. 
Wat er sa mples conta ining th e odors 
Were introduced int o the aquarium by 
means o f a sep aratory funnel , which 
wa s co nnected to the siphon tube after 
it left the tan k. 

An objection to tile two-electrode 
p unishment system, as de scribed by 
the authors (I.e. ), was overco me by 
introducin g a third electrode. For­
merl y, it wa s difficult to pun ish a fish 
which entered the end zo ne morc than 
two to four centimeters ab ove the 
electrodes. Also , a fish between the 
elect rodes was ap t to be injured, as a 
shock wa s administered. With a third 
electrode, located about two inches 
a bove the one in the corner, it was 
possible to punish , without injuring, 
any fish en tering the end zo ne below 
the level of the new electrode. T hus, a 
regio n (2 " >< 2" x 6 ") bounded on the 
bottom by the two electrodes on the 
floor of t.he aqua rium wa s des ignated 
as the " end zone," that is, the place 
where th e fish were fed or punished by 
electr ic shock (2 .3 vo lts; 20 milliam­
peres) depending on which odor was 
be ing introduced . Al so, higher voltages 
could he used without adversely af­
fccting the fish , thereby impressin g th e 
training to the negative odo r. 

The fish were rewarded by introdu­
cing food, pressed on perforated cel­
luloid s trips , into th e end zone. Sin ce, 
in thi s method of training, hunger is 
the principal motivating force, tests 
were timed at those interva ls whe n 
hunger motivation was at it s greatest. 
An a tt em pt was made to test at dif­
ferent times each day, and to feed no 
more than was necessary for the well­
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bei ng of the experimental a nima ls. 
Th e fish were fed very heavily every 
sixth day, and tests omit ted on the 
seventh, because a mere subsistence 
d iet s uch as th is would , in time, have 
harmed the m. . . . 

Fis hes of two aq ua ria received po si­
tive tr aining to wate r o f Otter C reek , 
t ha t is , fish were fed immed iately a fter 
t he tes t, an d nega tive tra ining to wa ter 
of Ho ney C ree k, t ha t is, fish were 
p un ished by a light electric al cu rr ent 
if they en tered the en d zone during 
tile t ime th is wa te r was being intro­
d uced . T wo o ther aqua ria were tra ined 
10 the same two od ors. but with op­
posi te me an ings ; Honey C reek wa s 
the positive odo r; Ott er C reek , t ile 
negat ive . If tra ining were acco mplished 
th e fi sh sho u ld event ua lly associa te 
food with the positive SCen t, an d 
th ere fore en ter the end zon e. T h 
nega tive scent would be as socia ted 
with punishme nt and the fish sho uld 
Slay o ut o f th e end zo ne. 

It sho uld he p ointed up that t he fish 
were fa tigued to th e nat ura l odors of 
he aq uarium so that introduction of 

a n un fa mil ia r wa ter was immediat ely 
d etect ed if in a percep ti ble co nce ntra­
tion. In ord er to ass ure <J forceful 
stim ulus the creek wa te r was diluted 
only by one-ha lf when it was pu t int o 
the separa tory funnel. A minimal 
delecta ble concentration was not 
es ta blished . , . , 

A t the o utset the fishes sho wed 
na tura l un lea rn ed o rienta tivc re sp on ses 
for th e odo r of either creek, t ha t is, 
they en tered the end zone more o fte n 
during the introduction of t he odo r on 
either the nega tive o r the posit ive lest 
than d ur ing the pretest. No t until later 
in the tr a ining seq uence did th ey 
discrimi na te between them. 

... The minnows learned eq uall y 
well irr espective of whether O tte r 
Creek (draining qu artzite wa te rshed) 
was posit ive o r negative. A noticeabl e 
degree of discr imination was acco mp li­
she d in a m onth of training. . . . 

THE PHYSICA L AN D CH EMIC IIL EN VIROl" MEl"T 

After reaching the d iscrim inati on 
level. . . trai ning was continued for 
two more mo nths in o rder to a tta in th e 
maximum level o f di scrimination , o r 
the pl ateau in the learning curve, 

RET ENT ION OF L F.:\ R~I SG 

, . . An a tte mpt was ., . mad e to 
determ ine the len gth of retention of 
d iscrimina tion in the hlunt nose min­
now. Da ily tr aining was sto pped and 
odo rs were presented weekly, with ou t 
re wnrd or puni shm ent. After six weeks 
the fish were confusing the two odors 
so comp lete ly it was appa ren t tha t 
d iscrimina tio n no longer exis ted . 

T hat thi s method of tes ting does not 
prudu ce a clea r-cut meas ure of ac tua l 
retention is we ll known to psycho lo­
gists. Th e proced ure fo llowed involves 
d etra ining throu gh re pented testin g, 
and th rou gh int er ference hab its set up 
by rou tine da ily feedi ng bet ween tests, 
Th at is, an anima l whi ch has been 
tr ained to associa te food with a n odo r, 
will be subjected to th e reve rse of, thi s 
tr ainin g pro cess if fed with ou t p rio r 
introduction o f th e odor. Th us, th e 
minnows, during th ese tests , were 
ac tua lly being d etrai ned , a nd the results 
of the test s ca n only be co ns ide red to 
be an a bso lute minimum indicati on of 
true ret ention, 

It should be k ept in mind th at th e 
life span o f the blun tn ose minnow is 
on ly two yea rs. H ence, training was 
started a t th e senile stage, whereas 
sa lmon would be conditioned to th e 
stream odor while yo ung . . . . 

SEASONAL INF LUENCE ON 

CHARACTER OF ODOR 

. , . T o tes t th e p ossibil ity of 
seasona l cha nges in odor, sa mp les 
were co llected d uring winter and pre­
sen ted to fish th at had been tr ain ed to 
wate r from the sa me strea ms which 
had been co llec ted in summe r. The 
fish resp on ded equa lly well to thi s 
wa ter , indicat ing th at th e odo r charac­
teristics recognized by the fish in 
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the se two str ea ms d id not lose the ir 
ident ity with th e change in season . 

EVIDENCE OF OLFACTO RY DETEC ­

TION OF STREAM ODORS 

To determine if th ese differences in 
wa ter are pe rce ived by tissu es o f th e 
fish 's nose, th e o lfacto ry caps ules of 
t ra ined fishes were des troye d by hea t 
ca uter y. A fte r the wound had heal ed , 
these fish were aga in tested with t he 
tr aining odo rs . There was no resp on se ; 
nor d id th ey part icipa te in th e react ion 
when p laced in an aq ua r ium with 
normal , tra ined minn ows. It ca ll thus 
be seen th at a reaction to th e subs ta nce 
is depe nde nt on th e o lfactory sys te m 
and o n individual per ception of the 
odo r, and is not a "fo llow th e leader" 
phen om en on. 

Th at th e la tte r is true ca n also b e 
shown by p lacing a blinded , but o ther­
wise normal , fish , which has rece ived 
posit ive training to o ne odo r a nd 
negati ve trainin g to th e othe r , in an 
aq uarium with fishes which h ave re­
ce ived t he reverse tra ining. When one 
of th e training odo rs is th en introdu ced 
int o the aq ua rium, th e odd fish exhi bits 
a response which is the opposite o f 
tha t being demon strat ed by t he resid en t 
fishes . 

NATU RE OF THE ODOR 

W ith th is pr oof th at the olfacto ry 
receptors were s tim ula ted by a prop­
erty of th e creek wat er, it was logical 
to wond er wh at th e subs ta nce was. . .. 

D ifferences in to ta l o rga nic nitrogen 
o f the two st rea ms were q uite marked. 
Sin ce most odoro us co mpo unds are 
o rga nic in nature , it seems quite lik ely 
tha t th e eleme nts de tected by the 
minnows may be locat ed in t his frac ­
tion . .. . 

SIGN IFICANCE AND AP PLl CATl ON 

Most of the ev ide nce for th e relia­
bility o f paren t strea m beh avior in 
fishes is found in the lit er a ture on th e 
sa lmo n. When i t was decided to in itiate 
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a se ries of experi me nts to at temp t to 
d iscove r the mech anism behind parent 
strea m b ehavior, th ere fore, th ey were 
design ed to lead eve n tua lly to a series 
o f act ua l test s in the field with sa lmon. 

In th is resear ch , one maj or barrier 
to th e hypothesis th a t fish o rien t to 
thei r hom e strea ms , has been explored . 
Th at is , it was shown th at so me st reams , 
at least, have odo r characte ristics 
whic h ca n serve to produce persis ting 
d ifferential respon ses in certai n fish es. 
Furtherm or e, the results of gene rali­
zatio n tests indicat e strongly tha t the 
odors of strea ms a re ar om ati c sub­
sta nces pr esen t in th e vo la tile organic 
frac tio n, H owever . o ur evidenc e fo r 
olfac to ry di scri min ati on of st rea m 
wa ter by fishes does no t co ns tit ute 
pr oof that pa rent strea m beh avior is 
not a lso co ntro lled by o the r facto rs. ... 

One of th e cha rac ter istics which a 
strea m must ha ve to fulfill the co ndi­
tion s o f o ur th esis is th at the SUbsta nce, 
to wh ich th e fish es a re resp onding on 
th eir return journ ey, must remain 
detecta ble even tho ugh the strea m be 
cha nged seve rely in chemica l and 
p hys ica l cha racter istics. Salm on 
co nt inue to return regardless of pollu­
lion, flood s, a nd changes in weathe r. 
The se th ings do a lter th e material s in 
the strea m, but on th e basis of ou r 
eviden ce it appears th at a ro matics 
derived from th e vege ta t ion and soils 
of the watersh ed lend a di stincti ve odor 
whic h ca n be pe rce ive d, learned a nd 
recognized aga in a fte r a pr ot ract ed 
peri od of non-exp osure. The a ro ma tic 
charac te ristic of a wat er sh ed , filtering 
into th e strea m, might be surmised to 
rema in co nsta nt over lon g p eriod s. 

Addit iona l co lla tera l indicat ion s of 
the imp ortan ce of th e sense of smell in 
the life of a fish co mes fro m a large 
series o f studies by vo n Frisch and 
his st ude nts. Th eir results a t tes t th e 
extre me sensi tivity o f the fish nose to 
natural substa nces, for the y sh ow that 
fish have been found ca pa ble of re­
cog nizing one ano ther by scent , a nd 
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that they may be a larmed at extremely 
dilute ema nations (Sch reckstoff') from 
injured fish skin. It wo uld seem too 
th at th e ac uity o f the sense of smell in 
fishes is o f simil ar sensitivity as that of 
dogs a nd insects whe re but a few 
m olecul es stim ula te the end orga n. In 
contrast, th e co mmon chemica l sense 
and the ability to discriminate tem­
pe ra ture differen ces a re crude senses 
when co mpared with th e olfac to ry 
syste m. 

Techniq ues have been developed 
whereby it is now poss ible to hatch 
and maintain sa lmon through th e 
fingerling stage in aq ua ria a t Mad ison . 
Prelim inary res ults from a set of 
experim ents currently in progress in­
dicat e th at th e o lfac to ry sys tem of 

THE PHY SICAL AND CHEMICAL ENVIRONMENT 

salmon is very ac ute, a nd th at they 
ca n discrimina te between st rea m odo rs. 

A set of field expe rime nts mu st a lso 
be und ertak en to furn ish final pro of of 
th e hypothesis herein co nta ined . Of 
a number o f possibl e meth od s of 
solutio n, o ne promises to be of some 
practical va lue. Th e hyp othesis co uld 
be tested by expo sing sa lmo n to a 
co nsta nt, a rtificia l odo r throu gh th e 
fingerl ing stage a nd th en determini ng 
if th e fish co nd itioned in a hatch ery 
co uld be decoyed to a neigh boring 
st rea m upon return fro m th e sea . 
Should thi s be the case , it wo uld aid 
in sa lvaging the declinin g sa lmo n runs 
where new dam s may o bstruct passage 
to th eir parent strea ms.. .. 

THE STUD r POPULATIONS 

Discrete populations of a species are suffic iently unit-lik e in their 
characteristics and responses to pert/lit their being objec tified. Amo ng 
the many f acets of a population, ecologists are concerned with aspects 
of their growth (natality , mortalit y , growth fo rm, etc .), regulation 
(fluctuations, oscillations, dispersal, etc.) , and inter- and intraspecific 
interactions (cooperation, competition, etc .i . 

Since its incept ion, this f ield has had a st rong mathematical orien­
tation in for mulat ing and testing descriptive and predictive models. 
Mu ch of its empirical and theoretical development has had an animal 
f ocus based on data derived largely f rom laboratory populations of 
relat ively few diverse kin ds of organisms . The original anthropocentric 
orientation given the fi eld continues, fo r in spite of the more esoteric 
and academic aspects ofpopulation ecology , the implications regarding 
the human population are not easily avoided. 
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