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INVESTICATION COF TRACHEAL RES¢IRATION II:
Oy GASEOUS DIFFLS;ON I THS TRACHEA

{Following is a translation of an article by August Xrogh,

-
~

of the Zoopnysiological Latoratory of Xopesnhagen, received
3 Sentehoer 1919, in the Cerman-language publication, Pflugers
rch. Ges. th51o;,. Vbl;1?9. 1920, pp. 95-120.]

[ Loy

j(*ote The first cOHVLnicatlon of this se;zes.'"On the Comnosmtzon ol the
Air-in the Tracheal System of Some Insacts.“ was puolished in Skand. Arch.
' Pnysiol.. vol. 29, 1913 )

We know that the tracheal s;s:en ol the insects consisis of cnitin-
coated tubes which start from a mumber of openings in Tne outer skin e
spiracles or stigmata -~ beconme vre.nly anilied ard t¢mainate in the

— .

various organs of the dodies wita very mumerous and extrerelj delicate rame’

ifications. According to the investigations of Cajsl, Holmzren and Wiel-.

owlejski (Note: CaJal Zeit sckr, wiss. Mikrosx, 7, 1890; Holmsren Festskr,

‘£, Lilgeborg Upsala, 1896; Wielowiejski, Zeiiscar. wiss. Zool., 37, 1882).

the thinnest branchlets of the chliinous tracheae become itransformsd 1nto

. a dense network of even finer air channels (estimated by Cajal at a maximum

of 0. 2/u in diameter) which penetrate the cells and envalop, Jor instance,
all ruscle fibrils, The chitinous tracheae with which we shall ocoupy oure
gelves exclusively in the following, usually are of circular cross sections
and ecuippad with & spiral rginforcing ridge -~ the spiral thread., This

structure as wall as the small dimensions in gensral of the trachede offer
& very considerable resistance to pressure so that a ralatively voluminous

‘mechanical ventilation of the tracheal system can hardly be producsd. On
- %he other hand, it is difficult to say how an incomplate compression of th
. tracheal system could .effect a ranewal of the air in the delicate terminal

branches and we must admit that a satisfactory expﬁanaticn of the respiri=-

‘ tory rechanism of the tracheata is so far lacking.

For example, Winterstein writes (Jote: Hnndoook of Comparative
Physielogy, Vol I, 2, Jena, 1912, pp. lll-L12) MAmong the greater rumber

-of tracheata, the rnncwul of the respiratory alr is effected by special
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~respirgzory wmotions....ws intend nere we*e-y %0 point out the c.i“ficut*.e.

mic‘z co*.'*om the understandin: of the mechanisn of an acdecuate rencwal of

" the air aven where such respirctory motions have been cosorved {insects), if

wo consider that, in spite of the *el:.::.ve..y perfected respiratory rechan. .
ism, in an o.‘,an of such @asily and. e\.'cens:.wly variablie volume as the mame
nalian lung, the air in the alveoli dillers both in its oxyzen as well as

in its carbon-dioxide coﬁten.. by several percent fron that of the e):terio*

- alr, i‘c then seems scarcsly conceivable how & sufficient renewal of the gas
_eontent can de accox*nhs'xed aven ‘cy very extensive respiratory motions in a -

syste... of thin and rela ively rigic tubss in which the thinnest terminations
are close to the border of taat dimension observavle under the microscops."’

Yoreover, in many tracheata, special *esoira tory motion cannot be

g ’Eemonstra ted and the widely held assumption that movements of Jocomotion,.

etc. ean effect sufficient ventilation is certainly not valid., We should
here also point out the closed tracheal systems in water insects equipped
with tracheal gills. Among most of them, no such mechanisms are known which
would be able to effect a gaseous exchange between the 'hrac‘zeal gills and

_ the remmder of 'hhe tracheal system. ' ‘ : . 7 N

‘Ihese difficulties me.uced e to consider a quantitive invasti(ration

aow much of a. gaseous exchange -aig"xt be acco*znlished by - smplgﬁ. gascous

' ai.ﬁﬁSion along the tracheae. From the beginnmg. it appeared to me as -

rather improbable that '-ufi‘icient ventilation could be produced in this
manner because I was awars from numercus gas-analytical experiences hiow -
slowly diffusion flow takes place, but I considered i'h nossiole that dif.

h ,msion might be an appreciabla auxiliary aid.

Of

- The processes of gaseous déiffusion can be ‘ill\.st'r..'ned by means of

. Fiz l. Aidsa tubo with a length of 1 o and a cross ssctional surface

of a ¢m2. In container B takes place a continuous pro-

A S ,) - - cess ‘consuming S com . oxygen per second., To simplify
. _J/ -~ natters, we shall tamporarily disregard the formation
Mgl : of caroon dioxide which takes placs simultanacusly in

the organisnm, The gaseous molecules all-move in a -
stra:\.ght line but continuously change their direction due to the numerous.
collisions of the molecules. If the oxygen molecules are distributed uni-
formly, the same number of oxygen molecules par unit time will pass through -
a given oross section of the tube in both direction; diffusion is in equi-
libriun. However, if we assume that oxygen is consumed at B, the squilie-

~ briunm becomes unbalanced and & lesser number of oxygen molooules will move

from B to A than from A %o B; oxygen will diffuse into B. This diffusion
will take place as much more quickly as tho nurber of oxygen molecules in
B decreases and there will finally oteur in 3 a state of equilibriunm in
which the consmumption of oxyzen is pracisely equalized by diffusion. The
oxygon pressure in the atmosphere shall be assumed to be py and p in B

{p and P oxprusod by ata.ndud atmospheric pressure as unit. We then have

.thL
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i.e. the inflow of oxyzen ser seoond is provorilonel to the differantial

pressure {(o-pv) and e cross ssouion &, inversely propcr’:.:‘-.onal 0 the . :
lengin of the tute 1, and also prosoriional To & consiant a waich is eq.zal @
<0 0.13 for oxyrca and standard temperature at the selected units. o

ID we xnow Ihe veliume of inflow S per seco..“ and if we measure a ar.d
1, %he diflereontial ovressurs D-p3 *'.ecassa*y for difiusion can Ye calculated
Srom the formuia. Such calcula lO..o wara carried out by me for several
{racheal systems on T.'ze basis of the ngcessary measuren ents, in order to
determine 1o whati extont J...hls:.on mll e a“ema..e o supoly oxygeﬁ or not,

Similar consid *at;ons are applicabls to 'che discharge of .cardon
dioxide. A specific investigation for the prodlem of this gas is super-
fluous. The circumstances are so similar that it follows necessarily that
the discharge of carvon dioxide by dz.f:x.szxon is possible if we have demon-

‘strated the possib:.li..y e;. sunplyq.rg oxygen in this manner.

xhe neeessary measuremen.s -aré as follows:

1. The oxygen: consu.mnt or of an insect (S) can be easily de..em.ned

ygmy nicroresbirometric ‘method: (Note: Krogh in Abderhalden's Handb., Vol

L3

In-nany cases, we can restrict ourselves to an approximate estimate on -
« . the ba.sis of #.he gaseous nmetaoolism of other forms.

2. " The uetemmation of the trachezl d.mensio*xs ara more dif“icult
and cannot be ascertained absolutely. We need to determine the average
length (1) of all tracheal branches calculated beginning with the spiracles.
These lengths are very differant and the very last terminations or ramifi.
cations can be neither perceived nor measursd. We also nsed to know the

_ total oross section of all tracheze (a) at different distances from the

épiracles. This task can also obviocusly be solved only approximataly.

Tne first measuremehts were carrisd out on spacinmens (pressrved in
ethyl alcohol) d¥f one of the southern european myriapoda (Scutigera.) in
which the tracheal systan nas a particularly simple structure. The insect
is provided with seven non-paired stigmata in the dorsal center line. Each
stigma leads to an air cavity in which terminate acconding to Haase (Jota:
?aasa furnished very good and exact illustrations of the tracheal lungs.
Unfortunately, however, irdications of dimenslons are totaily absent as is
often the case in ..oo;.oa*_oal publications so thaat the illustrations cannot
bo used for measuremenis), about 600 relatively short traches which ramify
d*chotonously saveral times. I measured the average length of the traches
as 0.55 (5.5 % lO‘zem) and the average dizmeter of the individual 2rachul N
wrunks as 0,015 mm, The oross sectional surface then is 1.7 x 10°
Z proved to ny satisfaction that the sum of the cross sections of the
branchelots is approximately equal to that of the trunk., The probable
oxygen consunption can be estimated as apyroxim goly 350 on3 pes kilogran
pex hour which give's us a consurption of 3 x 1077 om3 per animal and per
second if the weight is assumed as 0.3 g. We then have

3310 = 00 pmpy LEERXIDIE,
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and conscguently m =Dy = 0.0C13 or 0.13 por cent oI one atmospacre.

) The c:..'.c....a...-o.. shows that an oxygen percenisge of 20, 8 in the i..ner
endings ol itae tracheal tudes in co*nar:.son‘ to 20,93 per cant in the ex-

- terior atmosphere will permit an oxygen dilfusion through the trachez ade=

guate Jor he ..o:':ra.- rec\.-renerts of {he insect. Respiratory motions are
therefore enviraly S uperfinous. : ' :

: Sutsequently & similar calculatvion was carried out for mealworns !
{larvas of '.‘an brio). Gaseous metabolism for the: has been determined seve
eril times and may be assumed for an animal with a weight of 0.3 grams as

3 x.10%5 cm3 per sacond. Simple disection shows that the tracheal systenm

- gonsists nr:.ncznally of small 'fro..tps of, -on the avorage, four tracheal tubes

: ta.z'tn.n_, from the stigmata. The tolal rumber of primary tracheae is about

80 and the diameter varies between 50 and 70 /® (with 2 mean of 60 /4).

- Ramification is vory voluminous but could not be followed in detail. I

arsitrarely assumed that the tolal cross scction does not change during
ramification and alsc estimated the averagze length as 3 m rg. T therefore
found . R aouxao'xxo-t and consequently p=p> = 0,022 or 2.2
3% W0 =038 (=P 557" """\ por cont of one atmasphere. Conse-
quently, dii‘;"usion is here also entirely adequate for the renewal of the
air in the tracheae and rasnira‘aory motions ara -uperfluous.

It is .vident that, in 'bhe cases cited and esnecially for Tenebrio,
the numerical results can be claimed to have only a very limited accuracy.

‘I therefore attempted to find a mothod which would permit more accurate

rneasurements. The objective was an easily understandabla preparation of the

- entire tracheal system, combined with a type of stain which would clearly

demonstrate even the thinnest ramifications of the t*acheae and pernit mea- .
surerant of thelr lumina. I obtained very good praparations by injection

of the entire tracheal system with a coagulating fat stained as intensively
as possible by alkanet or “Sudan' and subsequent decomposition of the tissues’
through poptohydrocnlor:‘.c scid, e details of methodolozy have besn de-
seriboed elsevhers (Y Krogh, Injoction preparation of the tracheal sys-
ten of inseots, Vi \add Dansk naturh., Forening 68, 1917). Fig. 2 shows

. 'k - such & preparation or the larvae of Cossus, [Fig. 2 not reproductable. ]

I prepared a number of such nroparations and utilized scme of then
for measurcnent of tracheze. 'An examination of the nreparatiou shown will
indicate that complote measursment of all branches of the trashes would re~
qQuire :m oxtramoly large expenditure of effort. I therafora simplified the
task. I inisially doterminad by inspection of the preparation to be nmeasured
that the traghsal ranifications starting from the varicus spiracles were not
sssensially different”fronm each othor and that therefors soxe of them could -
be seloctod as typloal for measurement. From these, the tracheal trunks

were then removed individually by means of a small pair of sciuors. phud
undtr & ricroscops and mmrod.
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occurs throuzh ramificatiorn,
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It was
L wng trang is usually slightly larger than
ol the oranchies. 4s prool, I am 1isting tae
figures ave nmicromes
rmigroscone).
(D4) wita %

21

I

TABLE T %

Branches .
{3 D. .
D d ,

- - s g e

er readings with tha obiec ive 4, (Zeiss binocular
I simoly comparcd the square of -the dizmeter of the‘tsunk
8 Sum ol the square ol the diameters of the branches (d%)

exteni a changa of +the %total cross

noted that the ¢ross soction
the sum of the eross section
following measurements. The

‘o

———

16
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«wto
XX
L2 -4
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118
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The difference vatween D% and E;dz

nd we ars thorsfore justified in measurins
cheal trunk at only one level.
first remification. For each trachesl trnlk,

ments wars made by means of the objsctive P
one graduation = 0,082 mm for F55 and one g

I =ade tho following neasurenents on a

spirscles are not included in caleulation.,

average length of the branches caloulated from the spiracle.

with a live weight of 3.4 grams., The longitudinal tyunks

is relatively insignificant (74)
g Vhe cross section of each tra-
In the principal measurexments and as far as

possibls, I measured the cross sections not at the trunks but only after the

there was also determined the

These meamire«
« The micromster resdings are -
wation = 0,0485 nm for 2.

ligniperda
_oonnoetm' the

larve of (fouus
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!‘b.ou wmrc:wm mdica.o that tho total cron nction ot tht

~ trachea from the varicus spiracles is approximately the sazs. Por the first

‘spiracle, however, the oross ssction is definitely larger ard Yo. 2 and Yo.

: 3alcomwtohavoasn¢hﬂylmcrcrouucuonmmmm. -

order not to assuxs the conditions of diffusion as too favorsble, I there-

fore caleulated with the mumber 200 (instesd of 220) for all 18 spirccies
.

and zoreover czlwalated the average length as 90 units (instead o 73). As.

:>absolu m«u.!thm&mmtmunmnm m "
0.3 ma (0.37>.mummumme:mm-6.1m (6.7)::4»-
ﬂuamohpath-? (60).‘ AU

 For oontrel, I o mmet’w’maew,?. Cams,
Mmumm. w4 found the weight %o Ve 7 ap. The fal

L2




injected nac & sooeilis welisht of azous 0.9. -o*‘ev.er. if wa considar that
whe enitinous wallis ars included in <the weishs, we may cociimate "the voluzme
as adout 7 mm3. Caloulation of co-.. n3 Jron ':.:a ”ove nadsurenants nroduces
for the thres Spiraclos 3 X U.3% X 7.4 = 7.8 =23 (3 x 0.37 x 6.0 = 6.7).
Concordarce is .aa"i.si‘ac.o*y.. .

-
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Jetermination of gaseous matacolisn in a larva of Cossus with a live
waight of 3.5 g and the habit of slow erawling, indicatad an oxyzen consunme
piion of 320 em3 sor iz an zour or 3.4 z (adout 3 x 10=¥ cx3) par socond
and per animal and we then have: 6.1 x 102 67x)

- - =018
1 2-p-. = 0,02 (0.105) or 2% (3. sp);xzo-‘ 018 p.),—-—-—(“w_, 3% 0™ =0i8p=p) ==,
: of one aimosshere.

AN er‘.'.i*ely analogous series of measurements on a larva of lLasiocaxpa
with a weigat of 3.9 E showed sorewnat greater variations between the indi-
vidual ’airacles. £ d€ varied betwean 20§ and 252. On the average, we
|  found 230 = 0.39 mx2 for each spiracle and the average lengih was 6.6 mm.

Calculation showed the necessary differential oxyzen pressure o be 1.7% of
one atmosphere.

O Yo have to disregard in these measuremants and caloulations that the
oxygen absorption takes place only partially and probably only to an axe
trezely ninor degroe in the chitincis trachesze (Yote: As deterzined by me,
Journal of Physiology, Vol 52, 1919), critin is 5ot very permeadle to oXy=
gen. The coafficient of diffusion is only 0.013 wzersas it is 0.34 for
water and 0.115 for the conneciive tissua of vortesrates. The largest
anount of sdsorption undoudbtedly taikss place in ths tor=ingl network of the
tracheas nentioned gbove, Consequently, the oxyge: has %o fiow a further
distance into the lattor. The differential prossurs Tequired for this is
probably very mmall since the distances involved are very smill and sonstie
tuted by very numercus, even thouzh very aarrow, coanactions but cannot be
calculated at all at this time. An eventuzl mechariocal respiration oculd

vorkmdwmmuthoenlyposubmtym mbaooauﬁorod.__
The vesults mmvosu;aumumwuwumm

investizated takes place only by diffusion. For Nirther control, however,
.- &'have directly dexonstrated tho dirs:sion of the air in the ¢~wchess di-

&

7 loast approxizately to the messu w.naammumoamum
- gi_.m‘_tqrbzh.“*. sl

o These aperizents were carried out oa larvas of Cossus under sther
m The insect beoozos coxpletely Selaxsd but shows & ' '

(U aboct norzal magnitude, sbont 200 omd per kg an- on "
that ais volume of oxygen is capsbls of flowing in by diffusion. Such an .

‘4n any event not affect any Tenewal of the air in <he Srachesl terainal nete |

: :aéi.mtth‘m--o:mm in the entire trachesl mu:otthotom--r

Tty in speclal experizents and found that its magnitude corresponds at

e g MMI
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URRANSS &5 ShoWn in Fize 3. avound zll of the spiracias of the top row,
o e e e .:;:.:.- 3%in was well rrsased wiih vase-
- - ';5-_,—-—-"";"‘;;_‘:_';-“-“'__,?‘3—':1 iline. Over tze graator raxdar of the

e 2 son o Srrte - SrOmSbsrSem i, 1 spiracles, =i 93’ 1ls of eollodium
| o TR A LA U ISk o volune of 8220 x3 wore ine
&E;, : . et verted but small tubes of a length
e ) . 00 1 ez, a1S0 made frox collodiux,

Mg 3 were placed over soxe of the.spiracles.

: ho en‘;im prevaration was p:.aced in a flat glass éish into which ?
. wasor was filled caranﬂ iy until only the opening of the tudes romained free.

Casaous =otzbolisn can than take olaca oaly tarouzh the spiracles equipped
with <ae tuves and the oxyzen zust diffuse from thess into the longitudiral
tracheal Lrunks. Gradually an equilibriux will be established and the za.s
prossures in the bells must adjust in accordance with the conditicns of dif-
: fusion and the oxygen consurption in the various segments. Aftar a suitable
' 1 . interval, the bells were therefore removed successively and their content

/ deterained by xicro-gis analysis.

' u.ummmmmmmm ‘
, 1. Ltmotc»ms: muht3.§:.mnehloplaouh:tddo :
all othors covered with bells. Placed under water at lax.mw 2:40;
»spaun.xo.ummz.%cozmnzo

: 2. Saxe insect: tube o spiracle z-phcodundorumbzn. anse
ws:oo.»mmsmwz.&{cozmnasoz -

3. Same insest: tube oa spmclo 2; piaced under water 3:25.

(m, 3), Mmm%or 3:00.»

M&
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»izaily loozor than tho corresponiing extere

Tho first Shrec exporimsnts ware nads soialy Jor orlentation and ine
Gicate Thal thore is undoubledly zaseous Sifiusion throuzh tho longziwdine
al Tracheal tounks whica is, Zowever, insulficient for the zaseous metabol-
ism of tho insect i it must take place over ionz distances (Yoia: Ve inow
Sror. the invastizations of 8. Adler (Skand. arex. Paysiol. Yol 335, 1917)
carricd out in =Yy ladoratory that o diffarensial oxyzen pressure of adout
§3 vetweon the aimosphore and the sissuas of the larvac of Cossus is ra-
quired for the inflow of the wolums of oxygzen necessary for normal gaseous
zatabolism. IS we therefors find less than §7 oxyzen in one of ihe bells,
a lack of oxygen xust havs occurred in the respestive sazment.).

Sxperine  s0. & zakas 1t possidble o carry ocut al least an aporoxe
imate comparison betwsan calculatod and ciserved magnitude of diffusion.
I7 ve assume, for exazple, that a voiurma of oxyzan adeguate for two seg-
zeats or 1/5 of the insect zust pess from spiracle § tharouzh the truak %o
spiracle 5 and if we caloulate the differentisl oxypon pressure required,
ve thcaﬁ.ndp-pl!-s.# if we sssume ihe patk of diffusion as 8 mi. Anae.
lysis showed 6.8%. For spiracle 1, the gaseous nmetabolisz osn be estimated
as 1/3 of the entire insect and the path of diffusion &s 20 mm S0 that we

 then find that p-p; = 8,78 wheress snalysis produced §.4%. Concordance is

sstisfactory and 1P is therefore dexonstrated also experimantally that
gaseous difiusion alone is sufficient to cover the oxygzen requirements of
tae larvae. , .

o I then -;zw..e to invesiigate in dotall the quostion wnother rose
pirgtory movecant or other =ass zovexzents of inia tracieal alir actually do

-ooour in the larvas of Cossus. After soze [utiles experizaats, investigae

The roar oxé of & lawva of Cossus

ric by messs o a szmall, saort wire. The
sle 9 to ths 2ast ring was wall greassd -

8 s=all glass Tube was pressed g3alinst this spirecls by

B neans of 2 nlara 48 chown in Pig. &, this zlass wbe s connected by s
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ce a consiant deersase of ths occiuded wvolume of zir waich was due ode :
_ v.ocsl,,r 10 ine oxy:soan consumpilon of :".c inscet. Throush :‘*:*ﬁ“..l xovements

of the Lody.k a ninor vmr.:.;a:- n ol The o _c:*.e.u’ syseten nmiznd hove been
produccd. Tho -a..'.er generally amounted o only 2 rmm3. With very crorge-
tic movenanits of the body, semevwhal r'res...e“ vantilation was preducad. For

exasiple, I rocorxdel at ono dimo during a2 meriod of abLout 3 airutes agproxie- .

mately 10 ¥respiralions' whichk varied oe?.z:ecr 5and 9 3. As explainad
above, such- movomantis a.re of no s..:;n Ticance for the "awa. ol ths air
the more delicate dranchleis of the tracheac. The entire tracheal volune
car"xoe e sxra.l.lar than SO zn3 according <o the meam rex:en'.:a. ‘

| THVESTX CATIONS OX NWMPHS OF ATSCHNA

4dccording to the resulis of the inves*i'-at:o ;s o ouer t cheal sys-

tams, it is probable .uparen»lj that the transport of gas from the. ‘racheal
g£ills to the other paris of the bedy takes nlaca oy dilfiusion also in
closed systems which was confirmed through the investigations on 1'.:“\ ohs

of Acschna. With a nymph of a weight of 2bout 1 g, I carriad out measura-

. ments of the tracheae. Two longitudinal main tracheae originate froz each
1l +1 dichotomous..y vanifying root tracheae which start 'Prom ihs tracheal ]
gills, . The total length of the root trachea is about-5 mm and the diameter

‘of .each main’ root .0, 5 mm, - The total cross section for each main trachea
is-therefore 22 X 0.161 /4 = 0.46 mn3.. The main tracheas themselves

" have an elliptical cross sectidn with diameters of 0.66 and O. 98 mi.- "‘he:

6ross. section therefore is 0.50 mm2. The length is 40 mm. Two smaller

, lo*zgituda.nsl “trunks (diameter 0.5 mm, cross ssctional surface 0.2 mm2) sup-
" ply the Intestine. If we assuma. the gaseous matebolism of the insect at.

"300 em3 Op per kz an hour and Surther assume that 1/3 of the oxygen mist

flow from the rear to the front end by way of the 40 mm lo*zg main tracreae,

| we then find the best required differential amen p"essure Pp = 6 2% of

“one atmo sphere .

£alculation s?ows ..ln.t gaseoas diffusion 'bhrough he tracheal’ s,/stem '
is adequate for the supply of oXygen of the tissues. ‘However, the necessary-
pressure differential is so- great that we may expect-an. anoreciable increase

of the metabolism to produce lack of oxygen in some tissues-and it becomes
avident that a relatively miner drop of the oxygen pressure in the sur=

rounding water must lead to lack of oxygen. According o the experiments e

of Wallengren (Lunds Universitets Arsskrift N.F. Afd. 2,710), emergency

. surfaco respiration s‘:.a.rts in the larvao o; Aeschna when the o:qrgen pressuré

of the water drous +o 7-8 e

I nave made an attamot to co"ztrol the calculated differential oxygen

pressure betwsan the i‘ro'xt ead and roar end of the main tracheas by axperi-

naatation., Tho axporiment was carried out by suddenly and as rapidly as
poosible pinohing a nymph of Aeschna tightly in the middls by means of a
clip. The front end and the rear end of the trunk were then cut off and

the air in the two main tracheae of the two parts was simultaneously transe

ferred into two instruments for mioro-analysis and anslysed with the
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waica arrees well with Che calculaticn made Jor the Two ends of the main

':‘:.:-o..g.': ssac.:'.l EXLOYinents, i hove HrTovel o ;:ysﬂ' ':::a. mochanical
%

Transpore of gas does nou occur in ihe closed trachaal sysftem of Aesehn
‘Since valve-like srmanzoments ave absens, v—~--‘~=..o could 3 ‘o*o..z.ce.. o'zly
oy cc.:orcs ing ceriain part vs o the .trachezl §'ce~. and éisurisuiing tkair

conteni 1o the remainder of ihe trachoge (\o‘.‘.:.. e Xnow That ara‘.:o:.:.c.lly

. a‘e.':orgt.as.’,e ané easily compressitle sarcs do ot exist and ventilation of
_tais tyse would evenitudlly remain very meo...nle.e) Sueh. compression would

be rarifested in an increase of pressure and & decrsass ol woltme of the

entire vsi.em. If wo enclose an insect in a closed container of waiter as
shown in Fig. 5. all variations of wolume in tha .nsect should be manilasted

. . , . »..roz.g"z corrasponding displace-

5? ~ % pents of ti-e water :.*.aniact.s., .
f 8 o “ _ Such dispiacement aciually does
scenr, It is sync’xrono.xs with

R bt hanmant-g

““he respiratory motions ventilae -

pig F R © " ting the terminal intestine-and -

" ‘ "*ac..ea.:. 0‘11...-: and each exnz.*a-

- S

ovserve compression up te 0. 25 3. - The expir .:.';..’.o.‘s 2are produced ..aroagh

_ co:m*essim by the entzre 2odomen and xust produce & uniforn -increase of
_ pressure in tne entire body., This increase of pressure results im a minor

compression of all iracheae and is consecuently of no sd.gni.:.c...nce for the
transport oi‘ gas within the system. “Even if the compressions were sharply:

‘localized, they could have no Sa.{’,"."ai&. icance for ven‘:...la.*oio“x oi' 'che uracaeal

....art beca..se oi‘ heir minor cﬂ.a.*a.c r.

‘If we ‘examine in detail t:.e circam stances of respiraiion in closad

_ systc:.-,s equipped with tracheal gills, we come 1o the conclusion that this
- unction necessarily recuires ':.‘ne trachade to be equippad with rigid, none

ela.s tic walls capable of sustaining nigh pressurs wir.‘::out collapse. The
tracheal system meinteins an intspsive exchange of gaseous diffusion with
the surrounding water through the tracheal gills. “If tho tracheal walls

) ,ti"' causes a decrea.se of volu-ze of ‘.:‘ne tracheal con ert normaily by 0.1 ma3 .
" in insects with-a we.;gh of 0.8 = 1 & With very sirons exp*ﬁ*xons. we -

were slastic, then the iracheal air would be subject to the pressure deter- -

S ;;.‘.,..ec by the atmospheric prassure and the column of water above the insect,

.

- a-depth of 1 n, t...;.. would ‘oe,“ i‘or exa.l.ple. 1.1 atmosphers.” The total

pressure of the gas dissolved in the water is only e*ccep.ionally (especially ‘

with dundant plant e.s..inila ion) higher than ons atmosphers, but often ap-

- praciably lowor because of oxyzon consumpiion. Under such circumstances,

as I pointed out repaatedly for analogous ¢ases (Krogh Skand. Arch, Physiol.
Vol 20 1908) and is slso stresssd by Winterstein (Kandb, d. va.gl. Paysiol.
Vol I, 2, p. 17), there would take place a contimous decrease of the gas

" volume in the trachoae until they would finally entirely collapse due to
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i tae va.::::*.w Jormad., 0.1.;! LT the prossurc can be sucsorted by the tracheal
walls so that tho. occ'! ded mass of air can bo diluted to such an extant thad
an ec.:;ll‘a 2 of diffusion with the gases dissolved in the '.'l:’.u.r Yecomas .
es..aa.v.s:: , can & e tracheze can‘:.;n:;ou"ly sarva res‘:ﬁ a.o“y PUTPOSES.

o . , -t Bearmin: . We may assume that cokpplete eou;h‘ori\.m ol difiusion be-
' . - comes esiadiished for the nitrozen which does not take pars in the metabolic
i B ‘ procosses. I therafore the nitrogen perseniage in the tracheal air is 903
F B and the prossure of the nitrozen dissolved in water ?9,-» of o.‘o atnosphrere,
, the total Ap*es..ara in tne Iracnez cax bs deterxined by the following simple.
3 . calenlation: 90 x =7§, x = 0.83 a.*'v-oso eve. IS the insect is 2t a-depth
3 of 1 meler, then 'hra hydrostatic nressx.*-e is 1, l atmosphere and the pressure
sapported by the tracheal walls is 1.1 - 0.88 =0.22 aimosphere. - O‘avzo'..sly.
tha tracheas are so...ema compressed by this pressurs b\.u s"xould "101‘. collaose.

+

S | have a. 'cemated to-expose a nymp"x of ieschna ryinn' cond ..‘.ons
-3 . of gaseo‘..s oii‘?“.xsion and have measurced the correspon .ci.‘g variations o

i IR ‘volume of the tracheal system. In the mstmmen»ation shown in Fig. 5. ETER . S
o enclosed a nymph of Aeschna in water saturated with atmospheric air and then. o -}
“replaced the water ds rapidly as nossiola oy. water with a total prassire of - L
n;ssol\red sasses of-only-0.5 atrasyhere. N Flushing with four volumes.of - B
- wyter was: terminated after two .minutes -and the meriscus was adjusted in ...he R T
. field of the'microscope equipped with an ocular JZicrometer. I then observed- = | X
during ‘the subsequent mimites the displacement of the meniscus. Zach grade
uation of the micrometer corrasponded to 2 variation of volume of 0.24 nm3. . o
In one o:;porimn.. Tor example ‘we obtamed tne fol.owmg reauir.gs. . R

Interval After |.  lariation in
- Start of cha.nging Raadings Jolume, in mB
Water, An ) 'm'bes T

F W - ’ ’ : T
g b RN o ) : e b . L . i
3 - Y P L ’ X T - - -
~ T ] \i#s'
2 13 <0 |
g i ‘l‘ouh '.'.6‘ :

R Soveral expormsnts of a similar ‘cype p*oduced very similar valuos o

RS _-and indicate tha% a) squilibrium of diffuision becomes established in & few

iR ‘f_ ~ ninutes betwean t“acheaa and water as 1s to De expected in consideration of
S ~the enormous surface-of the tracheal gills and that b) a pressure differen-

1 1o 4 .. tlal of about-0.5 atmosphare produces only a very minor oonpressﬁ.on (a maxe

L 4 oo imem of z;...s mn3 if we take into consideration the variation of volume dur

S SR the rirst xew rinutas wn....oh cannot be moasured) of the tracheal systen. S

The mcpo*..mnts with Aeschna therefore all show that mechenical ven- . ;:
tilation coes riot tale place or is possible within the tratheae and that I
tho tx-ampon or oxyzon taku pl&co oxclusivoly by gasoous du‘msion.;
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oy douss that the theory of in
1o %o 2il Sracheala. For a2 1z
prarenily the only nmeo .,..od o: ™

caed, “o* other forms, ;aseox... d'-z-
ilation of cort ..a:.n iracasae or tra-
restor detail in 2 sudsequent cam’:r;uni-
‘ b ine and very fine oranchlets of the tra-
‘chea tekes place re:{cluts:.vely Sy diffusion waereas mechanical ro..m.*at.‘.ch is

ori tract trunis or special M"air sacs.®

'\:s;o.. is c-M_re:‘.
*

gacal ¢ c:l S

Insects depending e.*c"uﬂv °3, on d&iffusion are mainly the Arachnides,
:-')o\. 2, most of the inscet larvae and prozasly 21l mipagd. As far as the

.....a;*o»: are concerned, it -is proo..ol\. but not’ y..... coni‘lmed oy investization
vhat re:o:.ra‘cov rotions are absent in many small forms (Sote: ‘the compre~ °

hénsion of the system of a2ir renewal is conlronted by particular difficul-

ties in the very 1 ng lezs of some Jorms. ® Hansen (Ttomol. Hed., Vol &,

1893) cemonstrated that the extremely long legs of ph‘.la.n'r:.ées are eo.:...oned

‘with two stifmata along the tibia. In grasshogpers, I demonstrated (Skand )
_Areh, Pkysio..., Vol 29, 1913) that a rapid-and extensive renewal o the a.i.r

in the lung and legs is possible. Whether mechanical respiration 'hakes

o “p ace he“e re'na"as ‘an-open questzon Toxr 'che *za veing.).

It cm e easily den on.;tratc\. 'tne.t the nethod of *esn* tion t"; rough
gaseous d:.*‘i‘u.aion in a tracneal sys.em istrivuted over the e'x"i > dody is
closaly related to the size of the insects and r..n*esen..s only foo small
forms an ideal or posoib e respiratory mechanism. If ws based ourselves,
for example, on ona of the l.;.rvae 1nvestiga'ce\. and examined the conditions

-which would prevail if the insect in its linear dimensions was ten times
“as large {600 instesd of 60 mm lo.. g), the insect would then also have to

~ have tracheae 10 times longa* and, with a correspoending tqnfcld enlarge- ‘

‘nen'c of ‘the diameter of the main +trunks and the number of the fine branche

ets. the total cross section of all .racheae wou..d be- enlarged 100 times
ol emzc R, .

Sires diffusion mcréas;s pio*or‘bional %o 'bhe cross-saction and is

u ] i..Vei'sely proportional to the average length, it could be increased only

10 times, i.a. Proportional to “he linear dimansion. However, the weight
o. the insect would increase 1000 timas (prono*t*mal to the third powsr
2 the linear dinensions) or'to 3.4 kg wheroas the gaseous metavolism .
would perhaps have to inerease not 1000 % -:xes out certainly much more than
100 tirmes, lat us say 300 times. For such an insect, gas dilfusion would
be complotely .n&dacuate. In order %o procuea the same result as the trge
cheal systen of vie small inseets, the total cross-seotion of all tracheas
would then have 1o be enlarged not 100 times but about 3000 times (to 180
n2) whieh is anatomically searcely possible. The entire tracheal volume

would the-z be inoreased Irom abéut l. &% oi‘ the volunme of the insect to
about 50,:. ‘




Trote sonsidersiicns and caleulaiiéns indicsate ba “h that respiration -
-3 A raseous diffusion in tho Urachess is possidle oaly i relatively small _
. forns such a3 are reoprosanted by the tow living trachcata-without excepiion
=1 (Zots: Amonz Dossile dnscets, \.‘..erc ars found some fov:s ‘ar sx.roascmg
AT ..ge;..o'.r-.u.w.m in size. Trhe larzost.wers, as far as I know, the libellule-
RS R 1ike *xc;ancusac of tho.carbon period. These fowiis had o lenpth of avout -
30 ex ar.d were dvout 3 com wide ac:'os.; the thorax so thai they can only be
Ci o8 0 considered as rather small animals in relaiion o o..:‘.e* ¢lasses of animals,
‘A’ni.'.:als of ".'.‘z'.:.s size may still have been abtle 1o breathe tnro.:gh ':..acae..e.
provided that the larger trunks were mechanically ventilated and the gas-
eous motadolism not 1095 larze. The larvae and nymphae of such insects cane
- not, howaver, have been able to breathe, like the prasent Asschrnidae,
througn ucr:n..ral ..r«cheal gills in an entirely ciosed trachaal system. In
orde* to. transport the required oxyzen. quaniity by diffusion toward the ‘
head, the tracheae would then have td be wider thin their bodily cross- P
" section. I believe it to be prodable that they had an open tracheal sys- :
tem and mechanical respiration) as well as that the conditions for gaseous
diffusion become still nmore favorable when the dimensions are even smaller
. than 4n the cases investigated. Larvas up to a weight of 5 g can, as we
m. have shown, rely on diffusion: ‘oemse their metabolisn is not very inten-
J sive. In fully developed insects, oxygen ghsorption up to 20,000 em3 per .

(a L’l

o
*
-

-

.l

sufficient even if they only weigh 0.1 ¢ (e.g., bees) However, the largest ‘

g = I '_mnber of insects’are smaller and diffusion is then adequate, for all eire.
J cumstances, without my meohanical ventilation of ‘the trachesl system.
[T " CONCLUSION

o \‘5 A formila is postulated for calculating, Srom the total cross-seetion
; a.nd the average length of the trachsas of an insect, the differsntial pres-
_ Sure which is just suffic.*.ent - gover 'o:qrgen consumptian by gaseous difs

' mm. v

. Measurements or the tracheal systoms of som large insect lame S
show a. di:tororgbm pressure of avout 2% and diffusion therefors is ontiroly
mttioiont explain the. trmsport of gas in the tracheae.

: Gas dimasim in the longitnd:‘.nal trachesl trunks has been directly
- demonstrated in large larvas o Cossus and was measured; the absence of
- aotual respl ratory motion was also denonistrated.

It was demonstrated, by neans of larvae of Assohna, that the transe
port of gas is alse oxclus:\.voly supplied by diffusion alom in clossd syse-
Lans equ.nped with tracheal gills., In such forms, the trachese must be
cupeble of supporting high pressure w:.thont conapu in oxder to fulfill
whedr function. v

. The gomul nw&ﬁcanco of gasecus diffusion or tmhul rnpm-
tion is discussed and th. clou relations betveen bodily #ise ml of2iodency

kg per hadr-has been observed. For such animals, &iffusion alone 18 not  : ‘
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