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Summary

The dual function of appendage movement (food
acquisition, ventilation) proved to be the key to explaining
the peculiar oxyregulatory repertoire of the planktonic
filter feeder Daphnia magna Short-term hypoxic exposure
experiments with normoxia-acclimated animals under
varying food concentrations revealed a dichotomous
response pattern with a compensatory tachycardia under
food-free conditions and a ventilatory compensation
prevailing under food-rich conditions. Food-free,
normoxic conditions resulted in maximum appendage

beating rates ¢a) and half-maximum heart rates
(fH), which restricted the scope for oxyregulation
to the circulatory system. Food-rich conditions

(10 algal cellsml1), on the contrary, had a depressing
effect onfa whereasfH increased to 83% of the maximum.
In this physiological state,D. magnawas able to respond
to progressive hypoxia with a compensatory increase in
ventilation. A conceptual and mathematical model was
developed to analyse the efficiency of ventilatory and
circulatory adjustments in improving oxygen transport to

tissue. Model predictions showed that an increase in
perfusion rate was most effective under both food-free and

food-rich conditions in reducing the critical ambient
oxygen tension Po,crit) at which oxygen supply to the
tissue started to become impeded. By contrast, a
hypothetical increase in ventilation rate had almost no
effect onPo,crit under food-free conditions, indicating that
appendage movement is driven by nutritive rather than
respiratory requirements. However, the model predicted a
moderate reduction of Po,cit by hyperventilation under
food-rich conditions. Since the regulatory scope for an
adjustment in fH was found to be limited in D. magna
under these conditions, the increase in ventilation rate is
the means of choice for a fed animal to cope with short-
term, moderate reductions in ambient oxygen availability.
Under long-term and more severe hypoxic conditions,
however, the increase in the concentration and oxygen
affinity of haemoglobin represents the one and only
measure for improving the transport of oxygen from
environment to cells.
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Introduction

To cope with fluctuations in ambient oxygen tensionreduced oxygen availability when tRe,amphas fallen below
(Po,amr), oxyregulating water breathers must respond witithe normoxic values of 20—XPa prevailing normally at sea
appropriate adjustments of their ventilatory and circulatoryevel;, Grieshaber et al., 1994). The underlying physiological
systems. Systemic regulation enables these animals not omhechanisms that allow the animal to maintain oxygen uptake
to maintain their oxygen consumption rates in the face ofinder environmental hypoxia range from short-term
declining Po,amb but also to minimize the risk of oxidative adjustments at the systemic level (Paul et al., 1997; Pirow et
stress for the tissues and to reduce the energetic expenditueds 2001) to long-term changes in the concentration and
for pumping medium and blood wh&a,ambis high. Whether oxygen-binding characteristics of haemoglobin (Hb; Fox et al.,
a ventilatory or a circulatory adjustment is appropriate in d951; Kobayashi and Hoshi, 1982; Kobayashi et al., 1988; Zeis
given situation depends on the adjustability of the respectivet al., 2003a,b). Interestingly, the acute systemic responses to
system, the degree of interference with other vital bodyrogressive, moderate hypoxia seem to deviate from those of
functions and, perhaps most importantly, the efficiency of @ther oxyregulating water breathers. Whereas fish (Dejours,
ventilatory or circulatory change. 1981; Randall et al., 1997) or decapod crustaceans (McMahon

The planktonic crustaceddaphnia magndBranchiopoda; and Wilkens, 1975; Taylor, 1976; Dejours and Beekenkamp,
Cladocera), a euryoxic species with oxyregulatory capacities977; Herreid, 1980; Wheatly and Taylor, 1981) typically
(Kobayashi and Hoshi, 1984; Paul et al., 1997), exhibits acrease ventilation while keeping cardiac output (= heart rate
remarkable tolerance for environmental hypoxia (i.e. a state of stroke volume) more or less constant, the situation seems to
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be reversed iD. magna Recent studies (Paul et al., 1997;well as by the use of a conceptual and mathematical model,
Pirow et al., 2001) have shown that the heartbeat accelerat@hich made it possible to predict the efficiency of ventilatory
without notable changes in stroke volume (compensatorgnd circulatory adjustments in improving oxygen transport to
tachycardia) whereas the movements of the thoracitissue.
appendages, whose ventilatory function has been demonstrated
experimentally (Pirow et al., 1999a), remain almost constant. ,
It appears that hyperventilation is an inappropriate response for Materials and methods
D. magnato compensate for a reductionPa,amb Animals, experimental conditions and statistical analysis
This idea is in line with the fact th&. magnais able to Water fleas Daphnia magnaStraus) were reared under
increase the concentration of Hb in the haemolymph by mongormoxic conditions (80—95% air saturation, 19.5-21.5°C) as
than 10 times when exposed to chronic hypoxia (Kobayasliescribed previously (Pirow et al., 2001). Animals examined
and Hoshi, 1982). Both responses, the tachycardia and theder food-free (food-deprived group) and food-rich
elevation of Hb concentration, compensate for the reduction iconditions (food-provided group) had body lengths of
ambient oxygen availability by increasing the oxygen transpo2.76+0.17mm (mean 1s.0.; N=5) and 2.60+0.18 m (N=11),
capacity of the circulatory system (Pirow et al., 2001; Baumerespectively, with 0—8 parthenogenetic eggs or embryos in the
et al., 2002). This suggests that the circulatory system rathbrood chamber. The slight difference in the mean body length
than the ventilatory system is the limiting and controlling stepf both groups was not statistically significant (unpaired two-
of the oxygen transport cascade from environment to cell. Thailed t-test: t=—1.69, d.f.=14P=0.11). The lower number of
reason for the suggested absence of a ventilatory controllabilignimals in the food-deprived group was regarded to be
of the oxygen transport cascade could lie in the filter-feedingufficient for comparative purposes since similar experiments
mode of life. The rhythmical beating of the thoracichave already been done before (Paul et al., 1997; Pirow et al.,
appendages has not only a ventilatory function but also serv2f01).
an important non-respiratory need: food acquisition. The third In order to measure heafti and appendage beating rate
and fourth limb pairs are equipped with fine-meshed filte(fa), single animals were tethered by gluing their posterior
combs that enablBaphniato retain food particles suspended apical spine to a 1-cm-long synthetic brush-hair with adhesive
in the ambient medium (Fryer, 1991). Since food particles cathistoacryl; B. Braun Melsungen AG, Melsungen, Germany).
be highly diluted in the natural environment, the rate ofThe animal was positioned lateral-side-down with the opposite
medium flow required to assure an adequate nutrition coulside of the brush-hair and one of the large antennae glued onto
exceed the rate necessary to satisfy the oxygen demand of thecover slip. The cover slip with the tethered animal was
animal, as is supposed for other filter feeders such as spong&ansferred into a transparent perfusion chamber (Paul et al.,
lamellibranches and ascidians (Dejours, 1981). 1997) with the head orientated against the direction of the
The dual function of appendage movement presumablgnedium flow. The chamber was sealed and placed onto the
provides the key to explaining the peculiar oxyregulatorystage of an inverted video microscope (Zeiss Axiovert 100;
behaviour ofD. magna However, if nutritive requirements Carl Zeiss, Oberkochen, Germany). While keeping the animal
rather than respiratory needs drive appendage movement undeder infrared illumination (>780m), the frequency of the
conditions of limited food availability, what controls this periodic movements of the heart and the thoracic appendages
activity under excess food conditions? Several studies haweere automatically determined as described in detail elsewhere
shown that Daphnia spp. exhibits close to maximum (Pirow et al., 2001).
appendage beating rates when there is little or no food The experimental chamber was perfused with culture
available, whereas high food concentraticeB0¢ unicellular ~ medium (M4; Elendt and Bias, 1990) at a flow rate of
algaeml—Y) effect a pronounced deceleration of appendag8 ml min-L. During the experiments, the oxygen tension of the
movement (McMahon and Rigler, 1963; Burns, 1968; Portemedium was lowered gradually from normoxia KPa) to
et al., 1982). Since the latter effect is inevitably associated witbevere hypoxia (<1.6Pa) with a duration of five minutes for
a reduction in ventilatory power, and since the oxygen demarghch step. This time interval was sufficient for the animal to
increases as a consequence of the activation of digestia¢tain a new stable level 6f andfa (Paul et al., 1997; Pirow
processes (Lampert, 1986; Bohrer and Lampert, 1988) despié¢al., 2001). Different levels in oxygen tension were obtained
lower energetic expenditures for appendage movemety using two computer-driven peristaltic pumps (Gilson
(Philippova and Postnov, 1988), it is possible that theMinipuls 3; ABIMED, Langenfeld, Germany) that mix
oxyregulatory responses exhibited under these conditionsormoxic and anoxic media at different ratios (Freitag et al.,
deviate from those described so far (Paul et al., 1997; Pirow 2098). Both media were prepared by equilibration with air or
al., 2001). The aim of the present paper is to analyse theith a gas composed of 99.95% ldnd 0.05% C@ The
oxyregulatory repertoire dd. magnaand to provide a causal oxygen tension of the perfusion medium was measured behind
mechanistic explanation for its peculiar oxyregulatorythe experimental chamber using a polarographic electrode
behaviour. These issues were tackled by an experiment@NTW Oxi 92; Weilheim, Germany). In the experiment
approach, in which the systemic responses to declfPingny ~ with high food concentration, the unicellular green alga
were examined under food-free and food-rich conditions, aScenedesmus subspicatuas added to both reservoirs at a
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500 - Table 1.Results of the Tukey multiple comparison testing
A among the mean appendage beating ratgsand the mean
& 400- heart rates f{H) of the seven food levels
E Food level Mearfia Food level Mearf+
2 300- (cellsmid) (min~1) (cellsmlI-1) (min~1)
(O]
=3 w 1000000 91 1000 178%
2 100000 12 0 17
g 200'+ .............. 0 259 2200 195
§ 32000 26 100 212 ‘
T 100+ 1000 28 32000 246
3200 31 1000 264
oL, . . . . 10000 339 1000000 269
500 - All seven means dix andfH, respectively, were arranged in orde

B of increasing magnitude, and the vertical lines beside them represen
non-significant sets of means (Sokal and Rohlf, 1995).

4001

3004, treatment levels (either food concentration or oxygen partial
+ """ pressure), differences in mean valués énd fa) of the

200 different treatments levels were assessed using a repeated-

measures analysis of variance (repeated-measures ANOVA,;
Zar, 1999). Statistical differences were considered significant
at P<0.05. In the case of a statistical significant difference,

multiple comparisons (Tukey test; Zar, 1999) among pairs of

1001

Appendage beatiig rate (mirrl)

0 (') 1'03 1(')4 1'05 1'06 means using an experimentwise error rate of 0.05 were
Algal concentraton (cells mi-1) pe_rformed to determine between which means differences
exist.
Fig. 1. Effect of increasing food concentrations on (A) appendage
beating rateff) and (B) heart ratefi) of D. magna(2.68+0.22mm General description of the conceptual model of oxygen
long) at normoxic conditions. Data are given as mean®.{N=4 transport

except for 5.810% cellsmi~t, where N=2). A repeated-measures  Animals with a body size in the millimetre range are
ANOVA  was  performed for all food levels except gistinguished from their larger counterparts by short transport
5.6x10%cellsmi™™. Neither the mearfa (F=49.9, groups df=6. gistances from the body surface to the central body regions.
rema!nder d.f.i18?<0.001) nor the mea (F.:28'8.’ groups d.f.=6, Since diffusive processes are effective for short distances only,
remainder d.f.=18P<0.001) were the same in animals on all seven_. . . .
food levels. The results of multiple comparisons among pairs owllllmmre's'zed _ar_llmals can re'Y to a _grez_iter extent on
means are shown in Table diffusion for providing peripheral tissues (i.e. tissues close to
the body surface) with oxygen directly from the ventilated or
non-ventilated ambient medium, whereas internal convection
final concentration of Flcellsml-L This concentration had is, in principle, only needed to deliver oxygen to the more
been reported to effect a depressiofiadh D. magna(Porter  centrally located tissues, which are too distant from the
et al., 1982), which was confirmed in a separate experimeperiphery to be sufficiently supplied by diffusion. Such a
(Fig. 1; Tablel). The algal stock solution was prepared bypathway deviates somewhat from that of the basic vertebrate
centrifuging the algae at 20945 min, 4°C) and resuspending model (Taylor and Weibel, 1981; Piiper, 1982; Weibel, 1984;
the algal pellet in filtered culture medium (cellulose acetat&helton, 1992), where the transport of oxygen from the
filter; pore size, 0.4pm). The concentration of algae in the environment to the cells is thought to occur along a linear
stock solution was determined using a Neubauer countingequence of alternating convection and diffusion steps
chamber. The stock solution was then appropriately diluted ar@entilatory convection, diffusion across the oxygen-
kept in complete darkness. permeable integument, circulatory convection, diffusion in the
All experiments were carried out at 20°C. Animals weretissue). The proposed model for the diffusive-convective
allowed to acclimate to the experimental conditions fom&®  oxygen transport inDaphnia magnaincorporates both a
before starting the experimefit.andfa were analysed for the ventilatory—circulatory transport of oxygen to the centrally
last minute of each step in oxygen tension. Data werkocated tissues as well as a diffusive supply of peripheral
expressed as meanssb., with N indicating the number of tissues directly from the respiratory medium (Pirow, 2003).
animals examined. For each experiment, in which multiple To keep the mathematical formulation of the oxygen transport
measurements were made on the same animal under variasscade as simple as possible, the complex body shdpe of
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cylindrical trunk is further assumed to be composed of a
peripheral tissue layer, a haemolymph space (trunk lacuna) and
a central tissue cylinder (FigB). The respiratory medium flows
through the space between the carapace and the trunk in a
posterior direction while oxygen is released both into the
carapace lacuna and the trunk. This design takes into account that
the feeding current ob. magnais an important pathway for
oxygen (Pirow et al., 1999a) and that the inner wall of the
carapace is a significant site of oxygen uptake (Pirow et al.,
1999b). Similar to the real situation, the medium flow and
haemolymph flow in the carapace lacuna are in concurrent
orientation to each other. Leaving the carapace lacuna, the
oxygen-rich haemolymph enters the haemolymph space of the
trunk and flows in an anterior direction while oxygen is released
into both tissue compartments. Reaching the anterior position,
oxygen-poor haemolymph then re-enters the carapace lacuna.
The circulation of haemolymph takes place in a single circuit that,
of course, is a simplification compared with the real situation,
where the haemolymph flow branches into subcircuits (Pirow et
al.,, 1999b). The oxygen partial pressure of the inspiratory and

expiratory medium is denoted By, andPex (kPa), respectively,
whereas that of the haemolymph entering and leaving the trunk
is denoted byPa andPy, respectively (Fig2B).

Model assumptions

The following simplifying assumptions are made in the
model. (1) Diffusion of oxygen in all compartments (tissue,
haemolymph and medium) and across compartment interfaces
is only in a radial direction. Axial diffusion is ignored in order
to reduce mathematical complexity. (2) Oxygen diffusion
across the tissue—medium and medium—haemolymph interfaces
is impeded by cuticular barriers of the same permeability. (3)
The outer wall of the carapace is assumed to be impermeable
to oxygen. (4) Axial convection occurs only in the haemolymph
Fig.2. (A) Dorsal view of the microcrustaceddaphnia magna and medium compartments. (5) Convective flows have velocity
showing the medium flow pattern (white arrows) and the circulatoryyrofiles that are uniform in respect to the radial axis. (6) The
pattern (black arrows). A dorsal piece of the left carapace Va|VPnixing of haemolymph leaving the lacunae at the bases of the
(chequered area) was removed (for details see Pirow et al., 19999%/Iindrical model as well as the re-entrance of the mixed
(B) Conceptual model for oxygen transporinmagnabased on a oo molvmph into destined lacunae is assumed to occur without
cylinder-within-a-tube arrangement. Medium flows through the

space between the carapace and the trunk in a posterior directiantlme delay. (7) Haemoglobin as the oxygen carrier in the

(open arrows) while oxygen is released both into the carapace lacu gemolymph is not considered In.(')rder to reduce mathematlcal
and the peripheral tissue layer of the trunk. This tissue layer €OMPlexity. (8) The volume-specific oxygen consumption rate
supplied with oxygen from the medium and from a truncallS @ssumed to be constant throughout the tissue compartments.
haemolymph space by diffusion (broken arrows). Oxygenated . . L .
haemolymph leaves the double-walled carapace and then enters thi/lathematical formulation and derivation of the numerical
truncal haemolymph space (solid arrows). While flowing in an solution

anterior direction, oxygen diffuses from this haemolymph space both Based on assumptions made in the previous section, the
into the coaxial tissue cylinder and the cortical tissue layer (bl’Okeﬂ)Howing general oxygen transport equation (Groebe and
arrows).Pin, Pe, inspiratory and expiratory oxygen partial pressures;Thews, 1992) accounts for radial diffusion with axial

respectivelyPa andPy, oxygen partial pressures of the haemolymph.qvection and oxygen consumption:
entering and leaving the trunk, respectively.

Perpheral tissuelayer
Cuticle Haemolymph space ) Trunk
Certral tissuecylinder

oP 0p2p 10P0O oP
a —=Da —2+7—D— |G Seralipaniey WA (1)
magna (Fig. 2A) is reduced t'o a cylindrical .trunk, which is Dg% DEDDC?:TI DET E?DFDD DDDGQD G5 consumption
enveloped by a hollow cylinder representing the carapac Change  Ragial difusive Qtransport A2 Convective
(Fig. 2B). The carapace consists of an outer and an inner wall th (o Oz transport

both enclose a haemolymph space, the carapace lacuna. Tifes equation derives from Fick's second law of diffusion
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(Crank, 1975), extended by two terms for convective oxyge - - Nrad+ 0
transport and oxygen consumptidn. (kPa) is the oxygen . | | . . | | . i
partial pressure;, (s) andr (mm) are the time and the radial - - 8
coordinate, respectively, (nmol mnt3 kPa?) is the solubility £
coefficient for oxygen, and (nmols1 mnt3) represents the D I I A LA E
volume-specific oxygen consumption rate of pure tisfue. o | Pjyiz N - . i t©
(mm? sY) is the diffusion coefficient for oxygen wherehs . | | i . At . |- %
(mm) andv (mm s?) represent the axial coordinate and the 0.54 _ e _ ¥ ||
convective velocity, respectively. ' | Lo | L.

The solution of the partial differential equatibnis 4, D I D O I 0 -0
approximated by numerical methods, which requires dividing “Nacl -1 - 0
the whole cylindrical body into discrete volume elements. Thi h'; ’ Axi:al cocrd:inate ’ 0

cylindrical model of heighthp) and radiusrg) is divided in
the axial direction ifNax equal intervals of lengthhh and in
he radial direction iMNragt+1 intervals of lengti\r and O.
:ezp:gtiie(ljy e(IC:ti(;)3). 'I[?:g sutaediv?sisoa ;iel%usm tv%odd?f?g:ént and hqnow'cy."ndrical.VOIume elements of hgigﬂthl Wm.] ra.dial
kinds of coaxial volume elements: solid and hollow cyIinderSEXtenS'-ons being multiples -Of @& The numerical a-nalySIS aims to

. . e 4 determine the oxygen partial pressures for the discrete set of grid
As a consequence of this discretization, the radii of thygints (filled circles) representing the volume elements. The axial
compartment interfaces (e.gissue—haemolymph interface) and radial coordinates of the points gred(5)Ah andiAr, where the
have to be rounded to multiples &f. Since the whole indicesj andi are integers with=0, ..., Nax1 andi=0, ..., Nrag¢ The
cylindrical body is radially symmetrical, it is sufficient to oxygen partial pressurePj() of a representative volume element
further consider only that region of the median plane that i(white rectangle) is affected by diffusive (broken arrows) and
covered by 0.hpand 0..ro (Fig. 3). In this view, each volume convective (solid arrows) exchange processes with the adjacent
element is represented by a discrete grid point. The axial a,volume_elements. The hatched areas represent those fractions of the
radial coordinates of the grid points ajeQ(5)Ah and iAr, respective volume elements that are shifted to the left by convection
respectively, where the indicgandi are integers witf=0, 1 dur?ng the. 'Fime intervalt. The wh!te line on the left exemplifies the
o Nal ar;di:O, 1. ... Neag R radlgl position of a compartment interface that has to be rounded to a

By using the Taylor’s series technique (Faires and BurdelmumpIe ofAr.

1993; Crank, 1975) for solving Fick’s second law of diffusion,

the following explicit finite-difference solution of equatibn haemolymph compartment®£DH, V=VHT OF V=VHc, 0=0H,

is obtained for all grid points not coinciding with compartment 0) and in the medium compartmeR=Dw, V=vu, 0=,

mtle_rfaces.ilnd excludlng.the .central and outermost grid pomgc,zo). In these special cases, the solubility and diffusion
ati=0 andi=Nrag, respectively:

coefficients assume the specific values of the respective
DAt ) ) ) compartments (tissue &t, DT; haemolymph —au, Dg;
APji= 282 [(2i+1)Pyiva — 4iPji + (2 — 1) Pyia] + medium —am, Dm). Flow velocities of the haemolymph in the
@) carapace lacuna and in the trunk lacuna are denoteg:land
LN(P _p _)_ﬂ VHT, respectively.

A RITEMIT T After having derived the balance equations for the oxygen
fransport within the different compartments, it remains to
describe the oxygen transfer across compartment interfaces as
well as the changes in oxygen partial pressure at the central

Fig. 3. Subdivision of the cylindrical model of radiusand heightg
for numerical analysis. This subdivision yields coaxial cylindrical

This equation makes it possible to calculate the change

oxygen partial pressur@ij;) at the grid point referenced hy

i during the time interval\t. Pji represents the oxygen partial ; . . o

pressure at the representati]ve grid point at time poifhe and ou_termost grid p0|_nts. For the central grid p0|nt$=(@zl_

respective oxygen partial pressures of the neighbouring poinP?long'_ng _to . the . tissue compartment,. the following

at the radially inferior and superior positions Bre1 andPji+1 approximation is derived from Crank (1975):

(Fig. 3). Px,, relevant only in the case of axially directed DrAt ait

convection, represents the oxygen partial pressure of th APJ'.O:Afw (Pi1=Pjo) - o ()

neighbouring point at the upstream position. The oxygen partie

pressure of the downstream neighbouring point does not enwherePj o andPj,1 are the oxygen partial pressures at the grid

the convection term, because there is no gradient in the axjabints referenced bi=0 andi=1, respectively.

direction within the volume elements (axial diffusion is ignored). A somewhat more complicated mathematical formulation is

For grid points at the bases of the cylindrical modelH@&tand  required to calculate the changes in oxygen partial pressure at

j=Nax-1), Px,i is appropriately replaced [, Pa or Py. grid points located at compartment interfaces with an
From the general solution given in equatrihree special additional diffusion barrier (cuticle). In such a case, a grid

cases may be easily derived to describe the oxygen transppdint referenced by, i is characterized by two variable3

in the tissue compartmentd«{Dr, v=0, a=ar), in the and Pfi (kPa), which represent oxygen partial pressure at the
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inner and outer side of the infinitesimal thin diffusion barrier.

The following example gives the specific solution for the MediLm
tissue—medium interface with diffusion barrier: i
At [BiosDrOT
APi= Vi'a Ar
(Pj|i—l - PJLfl) + B|g(PJ(?| - PJL‘jl) —Viua 0,
0
At [BisosDmOM
APP; = O
' ViOGM 0 Ar (5)
0 Bi+0.5=21(i+0.5ArAh
(Pii+1—PP) + Big(P} — PPi) + Alvmoam(Py-1,i— P) O. AP = T(i+0.25/(Ar)?
D VO = A%Ah

The parameterBios5, Bi, Bi+o.s, A, V{' andV{ are explained

graphically in Fig4, whereasg (nmols1mnm2kPal)
represents the permeability of the cuticular diffusion barrier
The specific solution for the medium—haemolymph interfact
with diffusion barrier (i.e. the inner carapace wall) may be
obtained by appropriately adapting equatiérend 5.

Fig.4. Oxygen transfer across a compartment interface with

additional diffusion barrier (cuticle). The grid point referenced by the

indicesi and| is located on an infinitesimal thin diffusion barrier

separating the tissue from the medium compartment. This grid point

is characterized by two variableB]; and P};, which represent the

oxygen partial pressure at the inner and the outer side of the circular

For all compartment interfaces lacking an additionaliffusion barrier, respectively. To calculate the temporal changes in

diffusion barrier, only one variable is required to describe
oxygen partial pressure at that location. The following twc
examples show the specific solutions for the
tissue—haemolymph interface (equat®nand the outermost

Pii and P (see equations,5), the following geometrical
parameters are required: the cylindrical wall arBags, B and
Bi+o.5, the areas of the hollow-cylindrical basésand A?, and the
hollow-cylindrical volumes/}{ andV?. Three example equations for

grid points (ai=Nrad, equation7):

At
APj’i T —
Vot +VPau
LBi-o.sDTOT Bi+0.5DHOH
O PP+ — = —— (R =PFi)  (6)
O Ar Ar
O
+AVHTOH(Pj+1,i— Pji) —Via [,
O
At
APj,Nrad:T
Nrad (7)
I:BNrad—O.5DH u O
ST (Pj.Nrad—l_ Pj,Nrad) +A|\IradVHC(Pj—l,Nrad_ Pj.Nrad) B-

The balance equations derived for all grid points were Us%spectively

calculating these parameters are given, flow velocity in the
medium compartmengji-1, Pjs1, Pf_lvi, oxygen partial pressures of
the neighbouring grid pointgsh andAr, distance between two grid
points in axial and radial direction.

the geometrical extensions and functional properties of the
model is a tricky step in the modelling process, especially when
parameter values are not precisely known or when the
geometrical model deviates in some respects from structural
or physical reality. Since model parameters can depend on
each other, we defined key parameters from which derived
parameters were calculated according to functional
relationships (Tabl@). Following this approach, the radial
extensions of all compartments were derived taking the
following assumptions into account. (1) Volunvg &nd height

(ho) of the cylindrical model are 1.X@m3 and 2.5mm,

and refer to a Zrim-long D. magna with

to calculate (1) the oxygen partial pressure distribution within,y 'b-o0d in the brood chamber (Kobayashi, 1983).\(2)

the model and (2) the total oxygen consumption rate as &mprises the tissue and haemolymph compartments. (3) The
function ofPo,amb Solutions were obtained by initially setting tisg e fraction of V is 0.4 (Kobayashi, 1983). (4) The flow

the oxygen partial pressure of all grid points to zeroRntb

cross-sectional ared\y) penetrated perpendicularly by the

Poamb The numerical calculation was started and continueghadium flow is 0.4nme. (5) The thicknessAk) of the

until quasi steady-state conditionsj<10-6kPa for all grid
points) were reached. Fat, a value equal to or smaller than

carapace lacuna is 0.@2m. (6) The fraction of total tissué)(
allocated to the central tissue cylinder is 0.25. (7) The radial

0.005s was chosen, which proved to be adequate to allow th§ciance Ar) between two grid points is 0.0@&m.

model system to approach steady-state conditions.

Selection of parameter values

Whereas the first three assumptions are easy to
comprehend, points 4—7 require a brief justification. The value
for Am was derived from an experimental study (Pirow et al.,

The selection of reasonable parameter values determinid®99a; value not explicitly stated there). The value fwr



Oxyregulatory mechanisms aphnia magna 689

Table 2.Values and units of parameters used in the model

Symbol Value Unit Description
Key (primary) parameters
\% 1.12 mn? Body volume (haemolymph and tissue compartments)
ho 2.5 mm Height of the cylindrical model
Awm 0.4 mn? Flow cross-sectional area of the medium flow
AX 0.02 mm Thickness of the carapace lacuna
¢ 0.4 Tissue fraction of body volume
C 0.25 Fraction of total tissue in the central tissue cylinder
ao 0.0058 nmok-! mnT3 Volume-specific @ consumption rate (whole body)
\y 0.8333 mm st Medium flow rate
(oY 0.0311 mn st Perfusion rate
oM 0.0137 nmomnt3 kPat Solubility coefficient for Q in water
OH 0.0123 nmomnt3 kPal Solubility coefficient for Q in haemolymph
oT 0.0147 nmomnr3 kPal Solubility coefficient for Q in tissue
Dwm 0.0020 mm st Diffusion coefficient for Q in water
Du 0.0015 mm st Diffusion coefficient for @ in haemolymph
Dt 0.0010 mm st Diffusion coefficient for Q in tissue
g 0.0010 nmok-t mnr2 kPal Permeability of the cuticular diffusion barrier
Ar 0.005 mm Radial distance between two grid points
Ah 0.1 mm Axial distance between two grid points
At <0.005 S Time interval for numerical calculation
Derived (secondary) parameters
0.120 mm Radius of the central tissue cylinder
0.280 mm Outer radius of the truncal haemolymph space
0.350 mm Outer radius of the peripheral tissue layer
0.500 mm Outer radius of the medium lacuna
ro 0.520 mm Outer radius of the carapace lacuna
a 0.015 nmolst mnr3 Volume-specific @ consumption rate (pure tissue)
VM 2.09 mms1 Flow velocity of the medium in the medium lacuna
VHC 0.13 mms1 Flow velocity of the haemolymph in the carapace lacuna
VHT 0.96 mms1 Flow velocity of the haemolymph in the trunk lacuna

Data refer to a 2.B0m-long, fastind®. magnawithout embryos in the brood chamber at food-free, normoxic conditions and to 20°C.

represents a rough estimate since the thickness of tlobtained from stroke volume (Baumer et al., 2002) fand
haemolymph space varies across the carapace (Dahm, 197257 min~1; present study).

Schultz and Kennedy, 1977; Fryer, 1991). The value of 0.25 The solubility of oxygen in watew) was obtained from
assigned t@ is exactly that fraction of a solid cylinder that is Gnaiger and Forstner (1983), taking the salinity of 0.2%o. of the
encircled by half of the cylinder radius. This choice ensuredulture medium into account. The solubility of oxygen in
that there is a sufficiently great sink for oxygen in the centrahaemolymph ¢n) was assumed to be that of human plasma
region of the model as would be the case if haemolymph an&8-85g proteinl—1; Christophorides et al., 1969). Values
tissue were more homogeneously distributed within the trunkeported for the oxygen solubility in tissuet] vary in the
The value forAr was chosen to divide the thin hemolymph range of 0.0097-0.0169mol mnr3kPal (Grote, 1967; Grote
compartment of the carapace lacuna into four intervals. Thend Thews, 1962; Mahler et al., 1985; Thews, 1960). For the
influence of these somewhat arbitrarily chosen parametg@resent model, a value of 0.01dihol mn3 kPalwas chosen
values on model behaviour is assessed by a sensitivity analy$is the tissue compartment.
in the Results. Values reported for the diffusion coefficient for oxygen in
The remaining parameters describing the functionalvater Owm) vary in the range of 0.0017-0.0086 st
properties of the model refer to 20°C and ardrB-long (Bartels, 1971; Gertz and Loeschke, 1954; Goldstick and
animal in the fasting state. The convective flow velocitigs ( Fatt, 1970; Grote, 1967; Grote and Thews, 1962; Hayduk and
VHC, VHT) Were derived by dividing the medium flow rate Laudie, 1974; Himmelblau, 1964; St-Denis and Fell, 1971).
(mm3 s or the perfusion rat®y (mm3 s2) by the respective  For the present model, a value of 0.002®° s~ was chosen.
flow cross-sectional area (Rouse, 1978; evg=Viu/Am). Viu A variety of data also exist for the diffusion coefficient for
was calculated frorfa (360min—1; present study) according to oxygen in tissueljT; corrected to 20°C if necessary), such
functional relationships (Pirow et al., 1999a), whe@asvas as 0.0008-0.002@m? s™1 for vertebrate skeletal or heart
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Fig.5. Responses in (A,C) heart rate) (@nd (B,D) appendage beating re) (to decreasing ambient oxygen tensions at food-free conditions
(left; N=5) and food-rich conditions (right; 1@lgalcellsmi~1; N=11 except for 0.8Pa, wheré\=4). Data are given as means.&. A repeated-
measures ANOVA was performed for all data. At food-free conditions, the imé&n25.6, groups d.f.=9, remainder d.f.=860.001) and the
meanfH (F=48.0, groups d.f.=6, remainder d.f.=86,0.001) were not the same in animals on all 10 oxygen levels. At food-rich conditions, the
meanfa (F=3.1, groups d.f.=9, remainder d.f.=38;0.025) and the medn (F=15.4, groups d.f.=9, remainder d.f.=36;0.001) were not the
same in animals on all 10 oxygen levels. The results of multiple comparisons among pairs of means are show8, . Tables

muscle tissue (Bentley et al., 1993; Ellsworth and Pittman(X) of 96 ug for a 2.5mm-longD. magnawith no brood in the
1984; Grote and Thews, 1962; Homer et al., 1984; Mahler dtrood chamber (Kobayashi, 1983).
al., 1985), 0.0015m? s for rat lung tissue (Grote, 1967)
and 0.0012nm? s71 for rat grey matter (Thews, 1960). For
the present model, a value of 0.0016? s~ was chosen for Results
the tissue compartment. For haemolymph, we assumed a  Circulatory and ventilatory responses to hypoxia
diffusion coefficient to be 75% of that in water, because Exposing normoxia-acclimated. magna to food-free
similar relationships (70-85%) were reported for bothconditions with a gradual decline in ambient oxygen tension
bovine serum (Gertz and Loeschke, 1954; Yoshida anfPo,amn resulted in a statistically significant increase in heart
Ohshima, 1966) and an 8.5% solution of bovine serumate (+) from 257+16min-1 (N=5) at normoxia (20.8Pa)
albumin (Kreuzer, 1950). The permeability of theto a maximum of 412+3@in~1 at 3.2kPa, followed by a
cuticular diffusion barrier ) was calculated by dividing deceleration of heart beat below RRBa (Fig.5A; Table3).
Krogh's diffusion coefficient for oxygen in chitin Appendage beating rat&) remained constant at a high level
(1.2710%nmolstcnritorry; Krogh, 1919) by the of 321-364min~! in the range ofPo,amb from 20.2kPa to
thickness of the cuticle, for which a value of 0.90h was 2.3kPa but decreased significantly with a further reduction in
assumed (Pirow et al., 1999b). Po,amb (Fig. 5B; Table3).

The volume-specific oxygen consumption rate of pure tissue At  high food concentration (2@&lgalcellsml-1),
(@) was derived by dividing the volume-specific oxygenprogressive hypoxia induced responsesfinand fa that
consumption rate of the whole animad)(by the tissue fraction deviated from those observed under food-free conditions.
of body volume ¢). The value foag was obtained by dividing During the initial normoxic conditions, food-provided animals
the respiration rateYf of 23.6nmol Oz animat? h-1 by body  had a highefn (344+62,N=11; Fig.5C) than those without
volume §). Y was calculated according to the allometricfood (257+16N=5). In response to the progressive reduction
equationy=0.3087X0-95(Glazier, 1991) using a dry body mass in Po,amb animals of both groups developed a tachycardia that
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Table 3.Results of multiple comparisons (Tukey test) among Table 4.Results of the Tukey multiple comparison testing
the mean appendage beating rateg &nd the mean heart among the mean appendage beating ratgsand the mean

rates (H) of the ten oxygen tensiorfotamy at food-free heart rates fH) of the 10 oxygen tensiorRofamt) at food-
conditions rich conditions (18 algal cellsmi-1)
Po,amb Meanfa Po,amb MeanfH Po,amb Meanfa Po,amb MeanfH
(kPa) (mirrh) (kPa) (mirrh) (kPa) (mirrY) (kPa) (mirry)
0.7 230 20.9 25 20.9 264 20.9 34
1.1 258 19.6 28% 9.5 265 19.6 35§
2.3 321 0.7 318 ‘ 12.4 267 1.3 36
3.9 332 15.5 350 19.6 272 2.0 39
6.0 356 1.1 357 15.3 277 15.3 39
11.8 35 11.8 382 6.8 285 12.4 40
8.8 360 8.8 399 1.3 291 9.5 40
15.5 36 2.3 407 4.5 308 3.0 41
20.9 36 6.0 410 2.0 316 6.8 41
19.6 36 3.9 412 3.0 326 4.5 41

All 10 sample means dh andfH, respectively, were arranged by = Means were ranked in ascending order. Vertical lines indicate
order of magnitude. In the case of statistically non-significannonsignificant sets of means.
differences between two means, a single vertical line was drawn
the right of the appropriate sample means.

300min~1 were hardly able to further elevate thefix
(Fig. 6B).

was more pronounced in the food-deprived group. The larger
scope for circulatory adjustment in the food-deprived group Efficiency of systemic adjustments predicted by the model
resulted from a lower initialH, because the maximufa at To estimate the efficiency of ventilatory and circulatory
~4 kPa was almost the same in both groups (412B31vs  adjustments in improving oxygen transport to tissue, we
416+31min1). The increase in the medn of the food- examined the behaviour of the conceptual model gBy.and
provided group from 34#in-1 at normoxia (20.%Pa) to  determined the critical ambient oxygen tensi®u,gi) at
395-416min~1 at hypoxia (15.3-2.RPa) was statistically which the rate of oxygen consumption decreased to 99% of the
significant (Tablet). maximum (Fig.7A). The data that were initially entered into

ForPo,ambvalues higher than I8Pa, theéa of food-provided the model referred to a fasting 2rén-longD. magnaexposed
animals was always lower, on average byr88-1, than that to food-free, normoxic conditions at 20°C (TaB)e For this
of animals without food. The depressing effect of the high fooghhysiological state, the numerical evaluation yieldéRbarit
concentration on the normoxie was, however, not as great of 10.1kPa. At this Poxrit, the oxygen partial pressure
as expected from the food modulation experiment (cf.38y. distribution in the medium lacuna and the carapace lacuna
and Fig.1B). As in the food-deprived group, the reduction ofrevealed an almost complete equilibration of medium and
Po,ambhad no effect on thia of food-provided animals in the haemolymph at the posterior part of the model (&jg.The
range from 20.%Pa to 6.&Pa (Fig.5D; Table4). However, depression in oxygen consumption rate resulted from the
below 8kPa, both groups showed diverging changes in meaformation of an anoxic corner in the anterior part of the central
fa. Whereas thda of food-provided animals started to rise tissue cylinder. The convective contribution of the circulatory
significantly from 265+48nin-1 at 9.5kPa to 326x4min~1at  system to total oxygen supply above Brgerit was 32% (grey-
3.0kPa (Tabl&t), that of the food-deprived group declined shaded area in FigA). A hypothetical doubling of medium
non-significantly from 360+5tin-?! at 8.8kPa to flow rate {1) had almost no effect on thy,crit under these
321+76min~1 at 2.3kPa (Table3). conditions (Fig7A). ThePo.crit decreased only by Ck3Pa. By

Comparing the shape of individual response curvesHfor contrast, a doubling of perfusion ratedq caused a
andfa with that of the respective mean response curves showsronounced reduction &o,crit to 7.9kPa.
in Fig.5A-D, there was always a good correspondence To assess the efficiency of systemic adjustments for a fed
between individual and mean curves except for fthef  animal exposed to food-rich, normoxic conditions, new
the food-provided animals. This group showed largeparameter values characterizing this changed physiological
interindividual variations in the initial, normoxia ranging state were entered into the model. This state is characterized
from 153min~! to 356min~l and, as a consequence, by an increased metabolic rate (Lampert, 1986; Bohrer and
nonuniform responses to decliningo,amb (Fig. 6A). All Lampert, 1988), a reducéd and an elevatefth (cf. Figs1, 3).
animals that had attained an initial, normofaclower than  The volume-specific, whole-body oxygen consumption rate
260min~1 exhibited a pronounced hypoxia-induced increasdag) was assumed to be 50% higher than that of the fasting state
in limb beating activity whereas those with a rate higher thafsee Discussion). In additiokyy was halved an@4 was set
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Fig. 6. (A) Individual responsesNE1l) in
appendage beating ratea;( solid and
broken lines) to decreasing ambient
oxygen tensions at high food concentration
(10° algalcellsmlY). The profiles were
shifted vertically for clarity. Eight of 11
animals showed a hyperventilatory
response (solid lines). The dotted lines
indicate the two reference points, the initial
normoxic level at 2kPa and the hypoxic
level of 3kPa, which were used to assess
the hypoxia-induced changes irA.
(B) Magnitude of hypoxia-induced
o changes infa in relation to the initialfa
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which was more than twice as large as
the decrease determined for the fasting
state. Nevertheless, the changeGa

was still most effective, because the

to 135% of the rate of the fasting state, thus assuming that theubling of Qx caused a reduction &o,crit by 3.CkPa.
observed relative changesfmandfH translate into the same
relative changes in the respective flow rates. For thisy andQu, a sensitivity analysis was performed using the data

physiological state, the model yieldedPa,cit of 14.3kPa
(Fig. 7B). A doubling ofW reduced thePo.crit by 0.7kPa,

Oxygen consumption rate (%)

Ambient oxygen tensionkPa)
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To assess the effect of changes in key parameters other than

from Table2 (referring to the fasting state and food-free
normoxic conditions). The value of each individual key
parameter was then either decreased to 50% or increased to
200% of its initial value (all others being equal) and the
percentage change Ro.rit was evaluated (Fi@). Of all the
geometrical parameters testdd, (Am, AX, &), the sensitivity

was highest fohg (height of the cylindrical model) and fér

which defines the allocation of tissue to the two tissue
compartments. Variations in the radial and axial grid intervals
(Ar, Ah) caused only minor changes (<1%) Ra.rit. The

Fig. 7. Model predictions revealing the efficiency of ventilatory and
circulatory adjustments. Solid curves show the predicted
dependencies of the oxygen consumption rate (X024@mmolh-1)

upon ambient oxygen tension for the fasting state/food-free
conditions (A) and fed state/food-rich conditions (B). Both states
differ from each other in the volume-specific oxygen consumption
rate @), perfusion rate @) and ventilation rate\fy). Qu and Vi
represent normoxic values. Vertical lines mark the critical ambient
oxygen tensionsRp.crit) at which the rates of oxygen consumption
decreased to 99% of the maximum. BelBwsicrit, the central tissue
cylinder experiences an inadequate supply with oxygen. The
overproportional decline in oxygen consumption rate in A and B
below 4kPa and &Pa (bold arrows), respectively, indicates the
incipient impediment of oxygen provision to the peripheral tissue
layer. Horizontal arrows indicate the reductions Ra.crit by
hypothetically doubling eithe€y or V. The grey shaded areas
reflect the amounts of oxygen transported by the circulatory system;
the remaining white areas below the solid curves are those amounts
diffusing from the respiratory medium directly into the peripheral
tissue layer.



Oxyregulatory mechanisms baphnia magna 693

12 60 -
% 10 N 401
g AN 201
> AR
ARRINN 0 =
4 AR =
s AR
— 6 R HHIte <« 201
g N O _40-
Q. Ak ki -40
g ikt S M AW & & g arDr
< & Geometrical parameters
o 8 60,
e 0
8 404
20 1
O T | —
—20
—40° , :
am Dwm Vm OH DH QH
Fig. 8. Oxygen partial pressure distribution in the median plane o L ” L I !
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(Poscri) of 10.1kPa (see FigrA). The upper-case letters along the g 9 gsensitivity analysis showing the effect of individual
radial axis mark the different compartments, and the vertical line

e h g ] parameter changes on the critical ambient oxygen tenBioarif).
indicate the compartment |nterface§ (A, cgntral tissue cyllnd.el-l-he initial state refers to the fasting state (T@)levith aPoyrit Of

B, truncal haemolymph space; C, peripheral tissue layer; D, mediuly 4 1 pa (A100%). The value of each parameter (listed by its
lacuna; E, carapace lacuna). Note the formation of the anoxic corn

X ‘ ; symbol along the horizontal axis) was decreased to 50% (white) and
in the central tissue cylinder.

increased to 200% (grey) of its initial value (TaB)ewhile keeping
all other parameters unchanged.

permeability of the cuticular diffusion barriag) (did not prove

to be a limiting factor of the oxygen transport cascade, wheredige with the previous results (Paul et al., 1997; Pirow et al.,

changes in the diffusing properties of oxygen in tissuely)  2001).

had a great influence &o,crit. Of all the parameters affecting A reversed response pattern occurred when the animals
the convective and diffusive transport of oxygen in the mediurhad access to food in high concentration. Exposure to food-

and haemolymph compartments, the solubility coefficient forich conditions (1Balgalcellsml-1) instead of food-free
oxygen in haemolymphog) had the greatest impact Bacrit

conditions resulted in a lower mean initfal (265min-1 vs
(Fig. 9).

360min~Y) and a higher mean initiaft (344min~1 vs
257min~Y). In this physiological state, with an individual
lower than 260nin~1, D. magnawas able to respond to a
Discussion

reduction in Po,amb with a compensatory increase in
The present study revealed that the oxyregulating speciegntilation. The fact that four out of 11 individuals withfan

Daphnia magnaexhibits a greater flexibility in adjusting above 30Gmin~! failed to show this hyperventilatory response
systemic functions involved in oxygen transport than hasuggests that other unknown factors counteracted the
previously been assumed (Paul et al., 1997; Pirow et al., 200Hepressing effect of high food concentrations fan The

Not only the circulatory system but also the ventilatory systerhypoxia-induced tachycardia was less pronounced under food-
proved to be sensitively tuned to ambient oxygen tensiorich conditions than under food-free conditions because of
(Po,amb). The extent, however, to which the convectivethe higher initialfH. These findings clearly demonstrate that
performance of each system could be increased durinthe scope for a short-term improvement of oxygen transport
progressive hypoxia depended on the initial circulatory anghifted from the circulatory to the ventilatory system. The

ventilatory states, which in turn were largely affected by foodxyregulatory repertoire of the millimetre-sizédl magna
availability and the nutritional state of the animal. consequently includes a systemic response pattern that is
Under food-free conditions, the moderate reduction ircomparable to that of large-sized, physiologically advanced

Po,amb did not influence appendage beating rdtg, (which  water breathers such as fish (Dejours, 1981; Randall et al.,
was used as a measure of ventilatory performance. Heart rdt®97) or decapod crustaceans (Wheatly and Taylor, 1981).
(fH), on the contrary, increased by 61%, indicating a large The decelerating effect of high food concentrationsron
regulatory scope in the circulatory system under thesbas been known for quite some time (McMahon and Rigler,
conditions. This cardio-ventilatory response pattern was ii963; Burns, 1968; Porter et al., 1982). Above a critical food
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concentration of 1algalcellsml-1 (Porter et al., 1982), the conditions might result from biomechanical or energetic
amount of food retained by the filter combs of the thoraciconstraints such as the hydrodynamic resistance of the filter
appendages exceeds the amount that the animal is able to ingasnbs and the energetic costs of pumping medium. But even
and/or digest (Rigler, 1961). The decreasdaimeduces the if such constraints would not exist, it is questionable whether
imbalance between food supply (the amount of food initiallyan enhancement of ventilatory activity would have any
retained) and demand. However, the reductionfAnis  beneficial effect, for example, in enabling the animal to sustain
obviously not sufficient to remove this imbalance completelyjts rate of oxygen uptake at a far low@o,amb An
since a higher rate of rejection movements of theexperimental test to answer this question is hardly possible.
postabdominal claw is required to remove superfluous fooHowever, since a large amount of physiological information is
particles from the filter apparatus (Porter et al., 1982). Froravailable for D. magna this question can be approached
the energetic point of view, one would expect a further reducettheoretically by the use of a conceptual model.
or intermittent appendage activity, which would make Conceptual models have proven to be a valuable complement
additional rejection movements unnecessary. However, taking experimental approaches and have made it possible to
the dual function of appendage movement into account, it ianalyse, for example, the transfer characteristics and transport
likely that the actualfa exhibited under these conditions limitations of the different gas exchange organs of vertebrates
represents a compromise between the need to reduce energ@iiper and Scheid, 1975). Contrary to the situation in
expenditures for food collection and the need to satisfy theertebrates, the millimetre-sizedd. magna lacks an
increased oxygen requirements of the fed animal. arrangement in which the circulatory system links distinct sites
Lampert (1986) as well as Bohrer and Lampert (1988) havior respiratory gas exchange and tissue gas transfer (Taylor and
shown that the respiratory rate (carbon loss per time interval)/eibel, 1981; Piiper, 1982; Weibel, 1984; Shelton, 1992). The
of well-fed D. magnais more than twice the rate of starving whole integument oD. magnais, in principle, permeable to
animals. Taking the change in the respiratory quotient from O./espiratory gases, and the oxygen is moved from the body
(starved) to 1.15 (well-fed; Lampert and Bohrer, 1984) intcsurface to the tissues by diffusion and convection as well. We
account, this elevation in respiratory rate corresponds to a 1.have therefore devised a conceptual model that takes a direct
fold increase in oxygen consumption rate. The higher oxygediffusive supply of oxygen to the peripheral tisswés the
demand arises from the digestion and biochemical processiagnbient medium and a convective supply to the centrally
of food (Bohrer and Lampert, 1988; Philippova and Postnovpcated tissuesia the circulatory system into account.
1988) and the tissues involved in this physiological task; i.e. the The predictions made by this model gave support to the
digestive tract and the fat cells as a storage site of reserve magpothesis raised in the Introduction that the circulatory system
are, to a great extent, located in the central part of the trun&the limiting step of the oxygen transport cascad® imagna
rather than in the peripheral body region. This is important tdhe model analysis showed that an increase in perfusion rate
note because centrally located tissues are more dependent onas most effective both under food-free (fasting state) and
convective supply of oxygerathe circulatory system than are food-rich (fed state) conditions in reducing the critical ambient
those in the periphery of the body, which can rely to a great@xygen tensionRo.crit) at which oxygen supply to the tissue
extent on a direct diffusive provision of oxygen from thestarted to become impeded. By contrast, an increase in
ambient medium. Since the open circulatory systeBaphnia  ventilation rate had almost no effect Bo,crit under food-free
spp. lacks any arteries and capillaries, there is no possibility ebnditions but a moderate effect under food-rich conditions.
redirecting a greater share of blood flow to these metabolicallgince the regulatory scope for an adjustment in heart rate was
activated tissues, and an improvement of local oxygen suppfgund to be limited ilD. magnaunder food-rich conditions, the
can only be achieved by an increase in total perfusion rate. Thiscrease in ventilation rate is the means of choice for a fed
could explain why the initial, normoxifi of food-provided animal to cope with short-term, moderate hypoxia. The
animals was 34% higher than that of starving animals. Besidésmprovement of oxygen supply in the animal by enhancing
this explanation, a circulatory compensation for the reductiomentilatory flow may also include the reduction of fluid and
in external convection cannot be excluded. In the fooddiffusive boundary layers, an aspect that was not considered in
modulation experiment (Fig), we observed in two of four the present model. Under chronic and more severe hypoxic
animals a complete stop of appendage movement fanih.5 conditions, however, the increase in the concentration and
after the food concentration had been changed frofntd0 oxygen affinity of Hb represents the one and only measure for
O algalcellsml-1. This behavioural change, which occurredimproving the transport of oxygen from environment to cells.
under normoxic conditions, was immediately followed by a In the present model, Hb was not considered as the
sharp increase ifu by 20-24%, andH remained at this high haemolymph oxygen carrier in order to reduce mathematical
level until the animals resumed limb beating activity. complexity. This might explain why the critical ambient oxygen
The experimental findings of the present study suggest thabncentration of 3..ngO2 -1 (Poit=7.9kPa), which was
a circulatory adjustment is the most effective measure giredicted for the fasting state with doubled perfusion rate
hypoxia adaptation in the planktonic filter feeBermagnaat  (Fig. 7A), was higher than the critical oxygen concentrations of
least under low food concentrations wheiis at a maximum. 1.3-3.0mg Oz I reported for filtering and respiration rates of
The apparent inability to further increase under these Hb-poorD. magnaandD. pulex(Kring and O'Brien, 1976;
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Heisey and Porter, 1977; Kobayashi and Hoshi, 1984). The higb4
sensitivity of the model to changes in the solubility coefficientr
for oxygen in the haemolympl) indicates that Hb can have ro
a pronounced effect oRourit, since it enhances both the
convective and diffusive transport of oxygen in thet
haemolymph. The implementation of Hb-mediated oxygerwv
transport is the next step when extending the model, which wi¥
then allow us to provide a causal mechanistic explanatiomc
for the expression of specific Hb-related characteristics
(concentration, oxygen affinity, cooperativity) in animals of avqt
given anatomical disposition and physiological constitution

perfusion rate (mfs1)

radial coordinate (mm)

radius of the cylindrical model, outer radius of
the carapace lacuna (mm)

time (s)

flow velocity (mms™)

volume of the cylindrical model (m#

flow velocity of the haemolymph in the
carapace lacuna (msat)

flow velocity of the haemolymph in the trunk
lacuna (mns1)

volume of hollow cylinders (m#A)

flow velocity of the medium (mnT$

medium flow rate (mrhs?)

dry body mass|@Q)

respiration rate (nmanimat? h-1)

distance between two grid points in axial
direction (mm)

change inPj; during At (kPa)

distance between two grid points in radial
direction (mm)

time interval (s)

thickness of the carapace lacuna (mm)

solubility coefficient for oxygen
(nmol mnT3 kPal)

solubility coefficient for oxygen in
haemolymph (nmamnr3 kPa?)

solubility coefficient for oxygen in medium
(nmol mnT3 kPal)

solubility coefficient for oxygen in tissue
(nmol mnT3 kPal)

tissue fraction of body volume

fraction of total tissue allocated to the central
tissue cylinder

References

Bartels, H. (1971). Biological Handbooks. Respiration and Circulation
(Table14, p. 22). Bethesda, MD: Federation of the American Societies of

Experimental Biology.

Baumer, C., Pirow, R. and Paul, R. J(2002). Circulatory oxygen transport
in the water fledaphnia magnaJ. Comp. Physiol. B72, 275-285.

Bentley, T. B., Meng, H. and Pittman, R. N.(1993). Temperature
dependence of oxygen diffusion and consumption in mammalian striated
muscle.Am. J. Physiol264, H1825-H1830.

Bohrer, R. N. and Lampert, W. (1988). Simultaneous measurement of the
effect of food concentration on assimilation and respiratioDaphnia
magnasStraus.Funct. Ecol.2, 463-471.

Burns, C. W. (1968). Direct observations of mechanisms regulating feeding

oxygen partial pressure at the outer side of an behavior ofDaphnia in Lakewaterint. Revue Ges. Hydrobid3, 83-100.

Christophorides, C., Laasberg, L. H. and Hedley-Whyte, J1969). Effect of
temperature on solubility of n human plasmal. Appl. Physiol26, 56-60.

oxygen partlal pressure at the inner side of aQ’:rank, J. (1975).The Mathematics of Diffusio®xford: Oxford University

Dahm, E. (1977). Morphologische Untersuchungen an Cladoceren unter
besonderer Beriicksichtigung der Ultrastruktur des Cardwent. Jb. Anat.
97, 68-126.

Dejours, P. (1981). Principles of Comparative Respiratory Physiology
Amsterdam, New York, Oxford: Elsevier/North-Holland Biomedical Press.

Dejours, P. and Beekenkamp, H(1977). Crayfish respiration as a function

under different environmental conditions. VH VP
VM
Y
List of symbols X
a volume-specific oxygen consumption rate of Y
pure tissue (nma- mnT3) Ah
ao volume-specific oxygen consumption rate of
the whole body (nma1 mnT3) APj;
A AP area of hollow-cylindrical bases (mdn Ar
Am flow cross-sectional area perpendicular to
medium flow (mm) At
Bi-0.5, Bi, Bi+o.5 cylindrical wall areas (mg) AX
D diffusion coefficient for oxygen (m#s1) a
Dn diffusion coefficient for oxygen in
haemolymph (mris™) OH
Dwm diffusion coefficient for oxygen in medium
(mnm? s oM
Dt diffusion coefficient for oxygen in tissue
(mnm? s oT
fa appendage beating rate (min
fH heart rate (mimh) b
g permeability of the cuticular diffusion barrier &
(nmols T mmr2kPa?)
h axial coordinate (mm)
ho height of the cylindrical model (mm)
i,j, K indices of grid points
Nax number of grid points in axial direction
Nradt+1 number of grid points in radial direction
P oxygen partial pressure (kPa)
Pa oxygen partial pressure of the haemolymph
entering the trunk lacuna (kPa)
Pex oxygen partial pressure of the expiratory
medium (kPa)
Pi oxygen partial pressure at the grid point
referenced by, j (kPa)
infinitesimal thin diffusion barrier (kPa)
: infinitesimal thin diffusion barrier (kPa) Press.
Pin oxygen partial pressure of the inspiratory
medium (kPa)
Po,amb ambient oxygen tension (kPa)
Poscrit critical ambient oxygen tension (kPa)
Py oxygen partial pressure of the haemolymph

leaving the trunk lacuna (kPa)

of water oxygenatiorRespir. Physiol30, 241-251.
Elendt, B.-P. and Bias, W.-R.(1990). Trace nutrient deficiency baphnia



696 R. Pirow and I. Buchen

magnacultured in standard medium for toxicity testing. Effects of the

optimization of culture conditions on life history parameter® ofmagna
Wat. Res. Biol24, 1157-1167.

Ellsworth, M. L. and Pittman, R. N. (1984). Heterogeneity of oxygen
diffusion through hamster striated musckes. J. Physiol246 H161-H167.

Faires, J. D. and Burden, R. L.(1993).Numerical MethodsBoston: PWS
Publishing Company.

Fox, H. M., Gilchrist, B. M. and Phear, E. A.(1951). Functions of
haemoglobin irDaphnia Proc. R. Soc. B38 514-528.

Freitag, J. F., Steeger, H.-U., Storz, U. C. and Paul, R. @L998). Sublethal
impairment of respiratory control in plaicBléuronectes platesydarvae

diffusion, solubility, and consumption of oxygen in frog skeletal muscle,
with application to muscle energy balandeGen. Physiol86, 105-134.

McMahon, B. and Wilkens, J.(1975). Respiratory and circulatory responses
to hypoxia in the lobstddomarus americanus). Exp. Biol.62, 637-655.

McMahon, J. W. and Rigler, F. H. (1963). Mechanisms regulating the
feeding rate oDaphnia magnétraus.Can. J. Zool41, 321-332.

Paul, R. J., Colmorgen, M., Huller, S., Tyroller, F. and Zinkler, D.(1997).
Circulation and respiratory control in millimetre-sized anim&saghnia
magna Folsomia candidpastudied by optical method3. Comp. Physiol. B
167, 399-408.

Philippova, T. and Postnov, A. L.(1988). The effect of food quantity on

induced by UV-B radiation, determined using a novel biocybernetical feeding and metabolic expenditure in Cladocéra.Rev. Ges. Hydrobiol.

approachMar. Biol. 132 1-8.

73, 601-615.

Fryer, G. (1991). Functional morphology and the adaptive radiation of thePiiper, J. (1982). Respiratory gas exchange at lungs, gills and tissues:

Daphniidae (Branchiopoda: Anomopodahil. Trans. R. Soc. Lond. 31,
1-99.

Gertz, K. H. and Loeschke, H. H. (1954). Bestimmung der

mechanisms and adjustmenisExp. Biol.100, 5-22.
Piiper, J. and Scheid, P.(1975). Gas transport efficacy of gills, lungs and
skin: theory and experimental daRespir. Physiol23, 209-221.

Diffusionskoeffizienten von b Oz, N2, und He in Wasser und Blutserum Pirow, R. (2003). The contribution of haemoglobin to oxygen transport in the

bei konstant gehaltener Konvektiah. Naturforsch9b, 1-9.

microcrustacea®aphnia magna- a conceptual approachdv. Exp. Med.

Glazier, D. S. (1991). Separating the respiration rates of embryos and Biol. 510, 101-107.

brooding females dbaphnia magnaimplications for the cost of brooding
and the allometry of metabolic ratdmnol. Oceanogr36, 354-362.

Gnaiger, E. and Forstner, H.(1983).Polarographic Oxygen Sensoierlin,
Heidelberg, New York: Springer Verlag.

Goldstick, T. K. and Fatt, I. (1970). Diffusion of oxygen in solutions of blood
proteins.Chem. Eng. Progr. Symfer.66, 101-113.

Grieshaber, M. K., Hardewig, I., Kreuzer, U. and Portner, H.-O.(1994).
Physiological and metabolic responses to hypoxia in invertebrdtes.
Physiol. Pharmacol125, 63-147.

Pirow, R., Baumer, C. and Paul, R. J(2001). Benefits of haemoglobin in
the cladoceran crustaceBaphnia magnaJ. Exp. Biol.204, 3425-3441.

Pirow, R., Wollinger, F. and Paul, R. J.(1999a). Importance of the feeding
current for oxygen uptake in the water fl@aphnia magnaJ. Exp. Biol.
202, 553-562.

Pirow, R., Wollinger, F. and Paul, R. J(1999b). The sites of respiratory gas
exchange in the planktonic crustacdaaphnia magnaanin vivo study
employing blood haemoglobin as an internal oxygen préb&xp. Biol.
202 3089-3099.

Groebe, K. and Thews, G.(1992). Basic mechanisms of diffusive and Porter, K. G., Gerritsen, J. and Orcutt, J. D. (1982). The effect of food

diffusion-related oxygen transport in biological systems: a reVAel. Exp.
Med. Biol.317, 21-33.

concentration on swimming patterns, feeding behavior, assimilation, and
respiration byDaphnia Limnol. Oceanogr27, 935-949.

Grote, J. (1967). Die Sauerstoffdiffusionskonstanten im Lungengewebe undRandall, D., Burggren, W. and French, K. (1997). Eckert Animal

Wasser und ihre Temperaturabhangigkeitiigers Arch. Gesamte Physiol.
324, 245-254.

Grote, J. and Thews, G. (1962). Die Bedingungen fur die
Sauerstoffversorgung des Herzmuskelgewelbdkigers Arch. Gesamte
Physiol.276, 142-165.

Hayduk, W. and Laudie, H. (1974). Prediction of diffusion coefficients for
nonelectrolytes in dilute aqueous solutiohsi. Inst. Chem. Eng. 20, 611-
615.

Heisey, D. and Porter, K. G.(1977). The effect of ambient oxygen
concentration on filtering rate and respiration rateDafphnia galeata
mendotaeand Daphnia magnaLimnol. Oceanogr22, 839-845.

Herreid, C. F. (1980). Hypoxia in invertebrate€omp. Biochem. Physiol. A
67, 311-320.

Himmelblau, D. M. (1964). Diffusion of dissolved gases in liquidshem.
Rev.64, 527-550.

Homer, L. D., Shelton, J. B., Dorsey, C. H. and Williams, T. J(1984).
Anisotropic diffusion of oxygen in slices of rat musén. J. Physiol246,
R107-R113.

Kobayashi, M. (1983). Estimation of the haemolymph volumeDaphnia
magnaby haemoglobin determinatioBomp. Biochem. Physiol. 76, 803-
805.

Kobayashi, M. and Hoshi, T.(1982). Relationship between the haemoglobin
concentration oDaphnia magnaand the ambient oxygen concentration.

Comp. Biochem. Physiol. 22, 247-249.

Kobayashi, M. and Hoshi, T.(1984). Analysis of respiratory role of
haemoglobin irDaphnia magnaZool. Sci.1, 523-532.

Kobayashi, M., Fujiki, M. and Suzuki, T. (1988). Variation in and oxygen-
binding properties obaphnia magnaemoglobin.Physiol. Zool 61, 415-
419.

Physiology: Mechanisms and AdaptatioNew York: W. H. Freeman and
Company.

Rigler, F. H. (1961). The relation between the concentration of food and
feeding rate oDaphnia magnétraus.Can. J. Zool39, 857-868.

Rouse, H. (1978). Elementary Mechanics of FluidsNew York: Dover
Publications, Inc.

Schultz, T. W. and Kennedy, J. R(1977). Analyses of the integument and
muscle attachment iPaphnia pulex(Cladocera: Crustacea). Submicr.
Cytol. 9, 37-51.

Shelton, G.(1992). Model applications in respiratory physiology Qrygen
Transport in Biological Systemsol. 51, SEB Seminar Serieged. S.
Egginton and H. F. Ross), pp. 1-44. Cambridge: Cambridge University Press.

Sokal, R. R. and Rohlf, F. J(1995).Biometry New York: W. H. Freeman
and Company.

St-Denis, C. E. and Fell, C. J. D.1971). Diffusivity of oxygen in wateCan.

J. Chem. Eng49, 885.

Taylor, A. (1976). The respiratory response&£afcinus maenasl. Exp. Biol.
65, 309-322.

Taylor, C. R. and Weibel, E. R(1981). Design of the mammalian respiratory
system. |. Problem and strate@espir. Physiol44, 1-10.

Thews, G. (1960). Ein Verfahren zur Bestimmung des»-O
Diffusionskoefficienten,  der  ©lLeitfahigkeit und des ©
Loslichkeitskoeffizienten im Gehirngewelfefligers Arch271, 227-244.

Weibel, E. R.(1984). The Pathway for OxygerCambridge, MA: Harvard
University Press.

Wheatly, M. G. and Taylor, E. W.(1981). The effect of progressive hypoxia
on heart rate, ventilation, respiratory gas exchange and acid-base status in
the crayfishAustropotamobius pallipes. Exp. Biol.92, 125-141.

Yoshida, F. and Ohshima, N(1966). Diffusivity of oxygen in blood serum.

Kreuzer, F. (1950). Uber die Diffusion von Sauerstoff in Serumeiweislésungen J. Appl. Physiol21, 915-919.

verschiedener Konzentrationétielv. Physiol. Acta, 505-516.
Kring, R. L. and O'Brien, W. J. (1976). Effect of varying oxygen
concentrations on the filtering rate@&phnia pulexEcology57, 808-814.

Zar, J. H. (1999).Biostatistical AnalysisUpper Saddle River, NJ: Prentice
Hall.
Zeis, B., Becher, B., Goldmann, T., Clark, R., Volimer, E., Bolke, B.,

Krogh, A. (1919). The rate of diffusion of gases through animal tissue, with Bredebusch, I., Lamkemeyer, T., Pinkhaus, O., Pirow, R. and Paul, R.

some remarks on the coefficient of invasidnPhysiol.52, 391-408.

Lampert, W. (1986). Response of the respiratory rat®aphnia magnao
changing food condition®ecologia (Berlin)70, 495-501.

Lampert, W. and Bohrer, R. (1984). Effect of food availability on the
respiratory quotient ddaphnia magnaComp. Biochem. Physiol. 78, 221-
223.

Mabhler, M., Louy, C., Homsher, E. and Peskoff, A(1985). Reappraisal of

J. (2003a). Differential haemoglobin gene expression in the crustacean
Daphnia magnaxposed to different oxygen partial pressuBisl. Chem.
384, 1133-1145.

Zeis, B., Becher, B., Lamkemeyer, T., Rolf, S., Pirow, R. and Paul, R. J.
(2003b). The process of hypoxic inductionBEphnia magndemoglobin:
subunit composition and functional properti€emp. Biochem. Physiol. B
134, 243-252.



