
Haemoglobin (Hb) plays a vital role in many advanced
organisms in forming a constitutive part of their oxygen-
transport systems. Almost all vertebrates require a constantly
high concentration of this oxygen carrier in the circulatory fluid
(Prosser and Brown, 1961), and any lack or functional failure
would have lethal consequences. Within the invertebrates, Hb
occurs sporadically in various phyla (Terwilliger, 1980;
Vinogradov, 1985; Terwilliger, 1998), and the concentration
in the body fluids is usually lower than in vertebrates (Prosser
and Brown, 1961) and can vary greatly depending on
environmental conditions (Fox, 1955; Weber, 1980;
Terwilliger, 1998). The effects of the environment on the
control of Hb synthesis are especially pronounced in aquatic
invertebrates such as the Cladocera. These small-sized
crustaceans, which often represent the dominant constituent of
freshwater zooplankton communities (Brönmark and Hansson,
1998), show a strong induction of Hb synthesis in response
to environmental hypoxia (Fox et al., 1951; Fox, 1955;
Kobayashi and Hoshi, 1982). Although this response improves
the tolerance of hypoxic conditions (Fox et al., 1951), it can

also have other more ambivalent consequences. The costs and
benefits have to be taken into account as well as alternative
strategies to cope with hypoxia.

For example, evading oxygen-poor microhabitats (Sell,
1998) or enduring short-term periods of oxygen deficiency by
means of anaerobic metabolism (Usuki and Yamagushi, 1979;
Paul et al., 1998) represent two possible solutions that can
make the oxygen carrier dispensible. However, planktonic
filter feeders such as those of the genus Daphnia are highly
competitive species that can derive a significant ecological
advantage when attaining the physiological competence to
graze, for instance, in a nutrient-rich but oxygen-poor
metalimnion (Williamson et al., 1996; Sell, 1998) while
sustaining aerobic energy transformation. In addition, hypoxic
deep waters can also function as a refuge from predation
(Lampert, 1989; Lampert, 1993). Predator avoidance or access
to alternative food resources, combined with efficient fuel
utilization largely independent from fluctuations in oxygen
availability, promote survival, growth and reproduction and
result in higher fitness.
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To determine the contribution of haemoglobin (Hb) to
the hypoxia-tolerance of Daphnia magna, we exposed Hb-
poor and Hb-rich individuals (2.4–2.8 mm long) to a
stepwise decrease in ambient oxygen partial pressure
(PO∑amb) over a period of 51 min from normoxia
(20.56 kPa) to anoxia (<0.27 kPa) and looked for
differences in their physiological performance. The haem-
based concentrations of Hb in the haemolymph were
49µmol l−1 in Hb-poor and 337µmol l−1 in Hb-rich
animals, respectively. The experimental apparatus made
simultaneous measurement of appendage beating rate (fA),
NADH fluorescence intensity (INADH) of the appendage
muscles, heart rate (fH) and in vivo Hb oxygen-saturation
possible. In response to progressive, moderate hypoxia,
both groups showed pronounced tachycardia and a slight
decrease in fA. The fA and fH of Hb-rich animals were
generally 4–6 % lower than those of Hb-poor animals. In
addition, Hb-rich animals showed a significant decrease in
the PO∑amb at which the Hb in the heart region was half-
saturated and a striking reduction in the critical PO∑amb of

appendage-related variables. In Hb-poor animals, the
INADH signal indicated that the oxygen supply to the limb
muscle tissue started to become impeded at a critical
PO∑amb of 4.75 kPa, although the high level of fA was
largely maintained until 1.77 kPa. The obvious
discrepancy between these two critical PO∑amb values
suggested an anaerobic supplementation of energy
provision in the range 4.75–1.77 kPa. The fact that INADH

of Hb-rich animals did not rise until PO∑amb fell below 1.32
kPa strongly suggests that the extra Hb available to Hb-
rich animals ensured an adequate oxygen supply to the
limb muscle tissue in the PO∑amb range 4.75–1.32 kPa. This
finding illustrates the physiological benefit of Hb in
enabling the animal to sustain its aerobic metabolism as
the energetically most efficient mode of fuel utilization
under conditions of reduced oxygen availability.
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The benefits derived from Hb become, however, diminished
by two cost factors. The synthesis of Hb decreases the amount
of matter and energy that can be invested into growth and
reproduction (Fox et al., 1951; Green, 1955; Kobayashi, 1982;
Kobayashi and Hoshi, 1984). Moreover, an increased Hb
content in the haemolymph results in a reddish coloration and
can make these transparent animals more conspicuous to
visually foraging predators (Vinyard and O’Brien, 1975;
Confer et al., 1978; O’Brien, 1979). A ‘prophylactic’ elevation
of Hb concentration that imparts a higher tolerance towards
environmental hypoxia is therefore not always the optimum
solution in terms of ecological fitness.

These conflicting circumstances certainly explain the
interspecific, interclonal, inter- and intraindividual variability
in Hb concentration (Fox, 1948; Fox et al., 1949; Green, 1956;
Carvalho, 1984; Weider, 1985; Weider and Lampert, 1985) as
well as the sensitive environmental control of Hb expression.
For Daphnia magna, a euryoxic species that naturally occupies
eutrophic ponds and ditches (Flößner, 1972), Tokishita et al.
(Tokishita et al., 1997) reported a more than tenfold elevation
in levels of a Hb mRNA when animals were reared under
oxygen-poor conditions. Similarly, Kobayashi and Hoshi
(Kobayashi and Hoshi, 1982) found a 16-fold increase in the
haemolymph Hb concentration. This physiological adaptation,
however, is more complex than simply synthesizing more Hb.
Instead, the oxygen-affinity of Hb increases as a result of
an altered subunit composition of the multimeric protein
(Kobayashi et al., 1988), indicating that other Hb genes are
preferentially expressed under these conditions (Kimura et al.,
1999). Recent studies have revealed that at least four Hb genes
exist (Tokishita et al., 1997; Kimura et al., 1999; Hebert et al.,
1999) which code for different subunits and give rise to
multiple Hb species with different oxygen-binding affinities.
This remarkable flexibility in adjusting both the quantity and
quality of Hb raises the question of how Hb affects the
physiological performance of the organism.

The principal function of Hb is beyond doubt. As a carrier
that reversibly binds oxygen, Hb contributes to the transport of
oxygen in the haemolymph. This can be deduced from hypoxic
exposure experiments (Fox et al., 1951; Kring and O’Brien,
1976; Kobayashi and Gonoi, 1985), which have shown for
various daphniid species that an increased Hb concentration in
the haemolymph lowers the critical oxygen partial pressure
below which filtering activity, swimming behaviour, oxygen
consumption, reproduction and survivorship become severely
impeded. The impairment of filtering activity seems to be the
initial event that entails this spectrum of immediate and long-
term effects. This is not particularly surprising as the persistent
agitation of the thoracic limbs is of vital importance for both
filter feeding and gas exchange (Fryer, 1991; Pirow et al.,
1999a). The ability to sustain this activity under conditions of
reduced oxygen availability represents, therefore, a suitable
marker for the evaluation of the effects of Hb.

In the present study, we have attempted a detailed analysis
of the physiological role of Hb in the water flea Daphnia
magna. To determine the relative contribution of Hb to

the hypoxia-tolerance of the organism, we exposed
parthenogenetic Hb-poor and Hb-rich animals to a gradual
transition from normoxia to anoxia and looked for differences
in their physiological performance. Of the set of physiological
variables measured, limb-beating activity was considered to be
the key indicator for the evaluation of Hb-derived effects.
Monitoring heart rate and the NADH fluorescence intensity of
the appendage muscles, the latter as a marker of the tissue
oxygenation state (Chance, 1991), allowed us to determine
whether a low Hb concentration, and consequently a shortage
of oxygen in the haemolymph, was counteracted in Hb-poor
animals by circulatory adjustments or by processes of
anaerobic energy provision. Finally, the determination of Hb
concentration combined with an analysis of the in vivooxygen-
saturation of Hb made it possible to demonstrate the
relationship between the haemolymph oxygen content and the
ability to sustain limb-beating activity.

Materials and methods
Animals

Water fleas, Daphnia magna Straus, were originally
obtained from the Staatliches Umweltamt, Nordrhein-
Westfalen, Münster, Germany. The animals were kept in 2 l
glass beakers at room temperature (19–22 °C) under a 16 h:8 h
L:D photoperiod using daylight fluorescent lamps. The culture
medium (M4; Elendt and Bias, 1990) had a pH of
approximately 8.2 (19.3 °C), a salinity of 0.2 ‰ and a
conductivity of 810µS cm−1 (19.3 °C; LF 196, WTW,
Weilheim, Germany). The animals were fed with yeast and
algae (Scenedesmus subspicatus) once daily.

Ten days before the start of the experiments, juvenile
parthenogenetic offspring 1.5–1.8 mm in length were allocated
to two groups and raised under normoxic (80–95 % air
saturation, 19.5–21.5 °C) and hypoxic (8–10 % air saturation,
21.0–23.0 °C) conditions, respectively. For hypoxic incubation,
batches of 25–30 animals were kept in 3 l preserving jars filled
with 2.5 l of medium containing an additional 20 mmol l−1 Fe2+.
The addition of extra ferrous iron has been reported to boost the
formation of haemoglobin under hypoxic conditions (Fox and
Phear, 1953; Kobayashi, 1981). The low oxygen partial
pressure was achieved by reducing the atmospheric pressure in
the residual air space of the preserving jar to 15.2 kPa using a
vacuum pump (PC 511, Vacuubrand, Wertheim, Germany).
The air saturation in the medium decreased gradually and
reached the final level 4 days after the start of the incubation.

Normoxic (Hb-poor) animals were reared under the light
conditions described above, whereas hypoxic (Hb-rich)
animals were kept under continuous, dimmed light conditions.
Dimmed light was empirically found to result in a stronger
reddish coloration of the animals, indicating a higher
haemoglobin concentration in the haemolymph. To exclude
interference with yeast haemoglobin, both groups were fed
only with algae (Scenedesmus subspicatus). Hypoxic animals
were fed to excess, thus ensuring that food availability did not
become an additional stress factor.
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General description of the microscopic arrangement

The apparatus consisted of an inverted microscope (Zeiss
Axiovert 100, Carl Zeiss, Oberkochen, Germany) equipped
with three detection systems for measuring Hb oxygen-
saturation, heart rate, appendage beating rate and NADH
fluorescence (as an indicator of the tissue oxygenation state)
(Fig. 1). The selection of appropriate filter sets, separating the
spectral windows required for epifluorescence and
transmission illumination, permitted the simultaneous, non-
interfering optical determination of all variables.

Measurement of haemoglobin oxygen-saturation

Light from a halogen lamp (50 W, Carl Zeiss, Oberkochen,
Germany) was spectrally filtered by a combination of two
coloured glass filters (VG 14 and OG 515; Schott, Mainz,
Germany) to accentuate the spectrum in the wavelength range

504–608 nm (one-tenth-maximum transmission bandwidth)
which encloses the α- and β-absorption bands of oxy-Hb and
the absorption band of deoxy-Hb (Antonini and Brunori,
1971). This filter combination blocked the spectrum below
500 nm, which otherwise would have influenced the
measurement of NADH fluorescence (see below). Guided via
a quartz fibre-optic light guide (diameter 550µm), the light was
focused onto the specimen plane to a spot size of
approximately 250µm in diameter. This light beam was used
to transilluminate the heart region perpendicular to the
animal’s median plane. The focal illumination ensured that
only the haemolymph in the heart and the pericardium was
used for the determination of Hb oxygen-saturation. The image
of the illumination spot was picked up by a second quartz fibre-
optic light guide (diameter 400µm) which transmitted the light
to an imaging spectrograph (SpectraPro-275I; Acton Research
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Fig. 1. Microscopic arrangement for the simultaneous measurement of haemoglobin (Hb) oxygen-saturation, heart rate, appendage beating rate
and NADH fluorescence. The heart region of the animal was transilluminated with green light in the wavelength range 504–608 nm. Light that
passed through this region was analysed spectrally to determine Hb oxygen-saturation. Using infrared transillumination at wavelengths above
780 nm, the periodic movements of the heart and the thoracic appendages were monitored by a light-sensitive CCD camera, and digital motion
analysis was used to calculate heart and appendage beating rate. For alignment purposes, a longpass filter (LP 520) in front of the sensitive
CCD camera attenuated, but did not completely block, the bright detection light beam used for Hb measurements. The central part of the animal
was epi-illuminated with ultraviolet light at 365 nm to excite the pyridine nucleotides in the tissues, and the fluorescence image in the
wavelength range 450–490 nm was collected by a light-sensitive SIT camera. The optical paths are visualized by different grey shadings.
Dashed lines indicate light reaching the respective detector without having effects on the respective measurement. BP, bandpass filter; BS,
beam splitter; DBS, dichroic beam splitter; f, focal length; Hal, halogen lamp; LG, light guide; LP, longpass filter; α and β, absorption bands of
oxy-Hb.
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Corporation, Acton, MA, USA) equipped with a 16-bit liquid-
nitrogen-cooled slow-scan CCD detector (576×384 pixels;
LN/CCD-576E, Princeton Instruments, Trenton, NJ, USA).
Using a grating with 300 grooves mm−1, intensity spectra were
taken in the wavelength range 490–640 nm with a pixel
dispersion of 0.261 nm pixel−1. An exposure time of 2 s was
chosen for spectrum acquisition, which was sufficiently long
in comparison with the heart beat cycle that periodic
fluctuations in transmittance caused by cardiac contractions did
not affect the measurement.

To convert intensity spectra I(λ) into absorption spectra
A(λ), a reference intensity spectrum I0(λ) was taken before the
start of the experiment by displacing the experimental chamber
slightly so that the animal inside was moved out of the
focal detection beam. A(λ) was calculated by taking
log10[I0(λ)]/[ I(λ)], reduced to that part of the spectrum
covering the wavelength range 520–588 nm with a wavelength
increment of 1 nm, and finally smoothed by a running average
using a window of 3 nm. Spectrum acquisition was carried out
automatically every 10 s using WinSpec software (Princeton
Instruments).

To determine Hb oxygen-saturation, a set of reference
spectra H(λ) required for spectral comparisons was generated
by a weighted summation of oxy-Hb and deoxy-Hb spectra
[Ho(λ), Hd(λ)]:

H(λ) =SHo(λ) + (1−S)Hd(λ) , (1)

where S is the oxygen-saturation coefficient. Ho(λ) and Hd(λ)
were measured separately for each individual and represented
essentially the two A(λ) collected under normoxic and anoxic
conditions, respectively (Fig. 2A). In total, 101 reference

spectra H(λ) corresponding to 101 different oxygen-saturation
levels of Hb was obtained by varying S from 0 to 1.00 in steps
of 0.01.

A detailed inspection of the absorption spectra A(λ) revealed
that a correction to A(λ) was required before any spectral
comparisons could be performed. This was achieved using the
following equation:

A′(λ) =cA(λ) +d , (2)

where A′(λ) represents the corrected form of A(λ) and the
regression coefficients c and d account for slight changes in
optical pathlength and light scattering, respectively, that
resulted from body movements of the animal during enhanced
beating activity of the large antennae (Fig. 2). Linear
regression analysis was then performed to match A′(λ) to each
of the 101 reference spectra H(λ). Hb oxygen-saturation was
derived from the reference spectrum H(λ) that yielded the best
correspondence with A′(λ).

Measurement of heart rate and appendage beating rate

Heart rate and appendage beating rate were measured by
digital motion analysis (Paul et al., 1997) using infrared
transillumination. As the lateral and the upper photo tube of
the microscope were occupied by the two other detection
systems, the eyepiece optics had to be removed and replaced
with a light-sensitive video camera (HL5-MK; Proxitronic,
Bensheim, Germany). The video signal was digitized by a
computer equipped with a real-time PCI frame grabber
(Meteor/RGB; Matrox, Quebec, Canada). The program
computed the frequency of the periodic movements by using
the fast Fourier transform algorithm (Press et al., 1992). Heart
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Fig. 2. (A) A sequence of absorption spectra A(λ) was obtained
from the heart region of haemoglobin (Hb)-rich (above) and Hb-
poor (below) animals during a normoxic/anoxic transition
experiment. While progressing from the oxygenated to the
deoxygenated state, Hb changed its absorbance characteristics, and
this can be followed by the disappearance of the maxima at 540
and 576 nm and by the appearance of a broad peak around 560 nm.
Note that, because of the difference in Hb concentration, the
spectra of the two groups are scaled differently. In addition, the
spectra have been displaced vertically by a constant factor to
demonstrate better the changes in absorbance. Because of the
lower Hb concentration, the spectra of Hb-poor animals appeared
to be tilted to the right, which indicates the presence of non-Hb
components with higher absorbances in the shorter wavelength
range. Moreover, the unequal spacing of spectra reflects
fluctuations in the optical properties of the body region analyzed,
which were caused by slight body movements of the animal. These
effects made it impossible to use reference spectra of purified Hb
solutions for the determination of Hb saturation. Instead, in vivo spectra, Ho(λ) and Hd(λ) for oxy-Hb and deoxy-Hb, respectively, obtained
under normoxic and anoxic conditions were used for spectral comparisons that permitted the determination of Hb oxygen-saturation and (B) the
calculation of corrected absorption spectra A′(λ) by applying equations 1 and 2 (see text for details).

Wavelength, λ (nm) Wavelength, λ (nm) 
520 540 560 580 520 540 560 580

C
or

re
ct

ed
 a

bs
or

ba
nc

e,
 A

′
 

 

0.45

0.50

0.55

0.60

C
or

re
ct

ed
 a

bs
or

ba
nc

e,
 A

′

0.5

0.7

0.9

1.1

Ho

Hd

Ho

Hd

A

A
bs

or
ba

nc
e,

 A

B

A
no

xi
a

N
or

m
ox

ia
A

no
xi

a
N

or
m

ox
ia

0.5

0.1



3429Benefits of haemoglobin in Daphnia magna

and appendage beating rate were determined every 2 s with a
nominal frequency resolution of 2.9 beats min−1. Intermittent
or non-periodic movements of the appendages were counted
manually by inspecting the video sequences recorded by an S-
VHS video recorder (AG-7355, Panasonic).

Measurement of NADH fluorescence

A computer-driven monochromatic illumination system
(T.I.L.L. Photonics, Planegg, Germany; 75 W xenon arc lamp,
spectral range 260–680 nm, spectral band width 13 nm,
response time <2 ms) was used for epifluorescence excitation.
The reflector slider of the microscope contained an excitation
bandpass filter with a transmittance wavelength of 365 nm, a
dichroic beamsplitter with a cut-off wavelength of 395 nm and
a long-pass emission filter with a cut-off wavelength of 420 nm
(filter set 02; Carl Zeiss). The spectral characteristics of the
dichroic mirror and the long-pass emission filter made it
possible to analyse Hb oxygen-saturation at the same time. The
fluorescence image was scanned by using a light-sensitive
silicon-intensified target (SIT) camera (C2400-8, Hamamatsu,
Japan; gamma 1.0) attached to the upper camera port of the
microscope. An additional bandpass filter (450–490 nm) in
front of the SIT camera was needed to prevent optical
interference with the Hb measurement.

Because of the weak NADH fluorescence emission, the
excitation light was concentrated on the central area of the
specimen plane, and the SIT camera operated at maximum
sensitivity. To improve the quality of the noisy video images,
video sequences of 75 images scaled down to a size of 192×144
pixels were digitally averaged by a computer equipped with a
real-time PCI frame grabber (Meteor/RGB). This image-
gathering operation was followed by a background subtraction
procedure. The excitation wavelength of 365 nm was selected

only during fluorescence image acquisition. Otherwise, the
wavelength was set to 680 nm and no light reached the
specimen, thus avoiding problems such as bleaching effects.
Image acquisition was performed every 15 s.

The focus and position of the animal were adjusted in such
a way that the muscle groups associated with the mandible and
the bases of the limbs contrasted with the blurred background
in the faint fluorescence images (Fig. 3). These images were
further analysed by calculating mean fluorescence intensities
from a rectangular image area comprising these structures.

Selection of animals and experimental conditions

For our experiments, we used females 2.4–2.8 mm long
containing 2–4 parthenogenetic embryos of developmental
stages 2–3 [see table 3 of (Green, 1956)] in the brood chamber.
Egg deposition occurs in D. magnaapproximately 30 min after
moulting, whereas stage 2 starts approximately 3 h later and
lasts 17 h (at 22 °C; Green, 1956). Stage 2 is characterized by
eggs that have markedly granular transparent edges and fat
cells that are still in the process of formation. The following
stage, lasting approximately 10 h, can be identified by headless
embryos with the egg membrane cast off. Since the mother and
her brood were in defined stages of the reproductive, moulting
and developmental cycles, possible sources of interindividual
variation affecting the physiological state of the mother [e.g.
heart rate (Meijering, 1958)] or the total rate of oxygen
consumption (Glazier, 1991) could be excluded. Before the
start of the experiments, the animals were transferred into
nutrient-free normoxic medium for 2–12 h. The selection of
fasting animals ensured that digestive processes did not affect
the rate of oxygen consumption (Lampert, 1986) and systemic
functions involved in oxygen transport.

The experiments were carried out at 20 °C in a special
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Fig. 3. Localization of NADH fluorescence
in Daphnia magna. To obtain satisfactory
fluorescence images, the excitation light was
concentrated on the central portion of the
animal. The body region in focus comprised
the mandible (Mand), the base of the large
antenna (A2M) and the bases of the thoracic
limbs (1–5). Switching from normoxia (A) to
anoxia (B) resulted in a strong increase in
fluorescence intensity, indicating an
accumulation of mitochondrial NADH. The
difference image (C) reveals that this
increase in intensity derived from various
groups of muscles associated with the
respective appendages (D).
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thermostatted perfusion chamber [see (Paul et al., 1997)] that
allowed microscopic observation of single animals. Animals
were tethered by gluing the apical spine to a resistance wire
(0.3 mm in diameter) attached to a plastic cube (4.5 mm side
length) with adhesive (histoacryl; B. Braun Melsungen AG,
Melsungen, Germany). The block with the tethered animal was
placed onto the glass bottom of the perfusion chamber, which
was then sealed by screwing the transparent screw top down
until the block was contacted. This ensured that the
chamber volume and flow velocity within the
chamber were constant. The animal was positioned
lateral-side-down in the chamber with its head
orientated against the flow of medium. The large
antennae were free to move, and the animal did not
contact the top and bottom of the chamber. The flow
rate of the medium was set to 5 ml min−1. The
chamber was initially perfused with air-saturated
medium, and the animal was allowed to acclimate to
these conditions for 30 min. During the experiment,
the animal was exposed to a controlled transition
from normoxia (20.56 kPa) to anoxia (<0.27 kPa) by
gradually decreasing the ambient oxygen partial
pressure of the medium according to the profile
shown in Fig. 4A (for technical aspects of the
modulation of oxygen partial pressure, see Freitag et
al., 1998). The profile consisted of 17 steps with a
duration of 3 min for each step. This time was
sufficient for the animal to attain a new level of Hb
oxygen-saturation, heart rate, appendage beating
rate and NADH fluorescence intensity (Fig. 4B–E).

Determination of haemolymph Hb concentration

Haemolymph samples were taken from Hb-poor
and Hb-rich individuals. The animals were transferred
to a microscope slide, and adhering water was gently
removed with filter paper. Using very fine spring
scissors (no. 15001-08; Fine Science Tools, North
Vancouver, Canada), the second antenna was
amputated proximally (Fritzsche, 1917) and the
oozing haemolymph was aspirated into a 2µl
capillary pipette (minicaps; Hirschmann Laborgeräte,
Eberstadt, Germany). Individual haemolymph
samples were transferred into a Fuchs–Rosenthal
counting chamber (0.02cm depth), and absorption
spectra were measured under oxygenated conditions
using water as reference and the arrangement
described in Fig. 1. We decided to use water instead
of Hb-free haemolymph as a reference since it seemed
to be impossible to obtain both whole haemolymph
and Hb-free haemolymph from the same individual.
This decision, however, made it necessary to consider
the spectral contribution of non-Hb components, and
this was achieved by some additional computations
elaborated in the Results section. The Hb
concentration was determined according to
Lambert–Beer’s law.

Data processing and statistical analyses
To relate Hb oxygen-saturation, heart rate, appendage

beating rate and fluorescence intensity to ambient oxygen
partial pressure, their temporal profiles (Fig. 4B–D) were
analysed to calculate mean values for each variable for the last
minute of each step change in oxygen partial pressure. Data
are expressed, unless stated otherwise, as mean values ±
standard deviation (S.D.), with N indicating the number of
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animals examined. Sigmoidal curves were generated by
nonlinear regression analysis using the Hill equation. Mean
regression lines were obtained by averaging the variables of
individual regression lines. Statistical differences in mean
values were assessed using the t-test after differences in
variance had been checked using the F-test. When variances
differed, the unequal-variance t-test was applied to assess the
difference between means. Statistical differences were
considered significant at P<0.05.

Results
Haemolymph Hb concentrations

Absorption spectra were measured from haemolymph
samples obtained from single Hb-rich and Hb-poor individuals
(Fig. 5A). The choice of water instead of Hb-free haemolymph
as a reference made it possible that components other than
haemoglobin could contribute to the absorption spectrum.
Particularly at low Hb concentrations, this could offset the
contribution to the spectrum of Hb. Neglecting this effect
would lead to an overestimation of Hb concentration when
applying Lambert–Beer’s law. The following two equations
were therefore used to account for the spectral contribution of
non-Hb components:

Ar(λ) =CrHo(λ) +b , (3)

Ap(λ) =CpHo(λ) +b , (4)

where Ar(λ) and Ap(λ) are the haemolymph absorption spectra
of Hb-rich and Hb-poor animals, respectively, Ho(λ) is the
absorption spectrum of oxygenated Hb, and Cr and Cp are the
respective relative measures of Hb concentration. The variable
b, reflecting the contribution of non-Hb components to the
absorption spectra, was assumed to be wavelength-
independent and to have the same value for Hb-rich and Hb-
poor animals. Provided that there are no differences in the

absorbance characteristics of Hb in the two groups, equations
3 and 4 can be combined into the following equation:

Ar(λ) =k1Ap(λ) +k0 , (5)
where

and
k0=b(1−k1) . (7)

Plotting Ar(λ) against Ap(λ) revealed a linear relationship
for the wavelength range 550–588 nm (Fig. 5B), which is to
be expected if the two spectra are identical except for
differences arising from additive and multiplicative factors
(see equation 5). Data pairs belonging to the lower
wavelength range 549–520 nm, however, deviated from this
straight line, indicating that non-Hb components made a
wavelength-dependent contribution to the absorption spectra.
Linear regression analysis was therefore performed in the
wavelength range 550–588 nm, for which the assumption of
a wavelength-independent value of b holds, yielding values
of −0.0526 for k0 and 7.015 for k1 (r2=0.993, N=39 data
points). As k1 reflects the ratio of Hb concentration between
Hb-rich and Hb-poor animals, it becomes obvious that the Hb
concentration of Hb-rich animals was seven times that of Hb-
poor animals.

The contribution of non-Hb components to the absorption
spectrum (b) was 0.0087. Subtracting this value from the
absorbances at 576 nm (Hb-rich, 0.1085±0.0152; Hb-poor,
0.0231±0.0051; mean ±S.E.M., N=5 each) permitted the
calculation of absolute Hb concentrations by applying
Lambert–Beer’s law. Using the millimolar extinction
coefficient ε576of 14.8 mmol l−1cm−1 for D. magnaHb (Hoshi
and Kobayashi, 1971) and an optical pathlength of 0.02 cm
(counting chamber), the haem-based Hb concentrations of Hb-
rich and Hb-poor D. magnawere 337.2±51.4µmol l−1 and
48.6±17.2µmol l−1, respectively.

(6)k1=
Cr

Cp

Fig. 5. (A) Absorption spectra Ar(λ) and
Ap(λ) of haemolymph samples obtained
from haemoglobin (Hb)-rich and Hb-
poor animals (N=5 each), respectively,
were measured under oxygenated
conditions in a counting chamber with
an optical pathlength of 0.02 cm using
water as a reference. The absorption
maxima at 540 nm and 576 nm indicate
the presence of Hb in both haemolymph
samples. Data are given as means ±
S.E.M. (B) Plotting Ar(λ) against Ap(λ)
showed that data pairs within the wavelength range 550–588 nm fall on a straight line (Ar=k1Ap+k0, with k0=−0.0526 and k1=7.015, r2=0.993,
N=39). Data pairs in the lower wavelength range deviated from this line, indicating that components other than haemoglobin contributed to the
absorbance of the haemolymph sample in a wavelength-dependent manner.
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Systemic responses to hypoxia
The tolerance of oxygen deficiency was tested in Hb-rich

and Hb-poor Daphnia magnaby gradually lowering the
oxygen partial pressure of the ambient medium (PO∑amb) while
(i) appendage beating rate, (ii) NADH fluorescence intensity,
(iii) heart rate and (iv) Hb oxygen-saturation were measured
simultaneously (Fig. 6A–H).

The appendage beating rate fA of Hb-poor and Hb-rich
animals decreased slightly (1.59 versus 1.28 min−1kPa−1)
when PO∑amb was lowered from 20.5 to 4.0 kPa (Fig. 6A,B).
Within this range, the mean fA of Hb-poor animals was always
higher, on average by 10 beats min−1, than that of Hb-rich

animals. The two fA profiles appeared to be aligned parallel
to each other until the reduction in PO∑amb below 2.95 kPa
induced diverging changes in fA (Fig. 7). In Hb-poor animals,
mean fA started to increase and reached a maximum at 2 kPa
before it dropped significantly below 1.77 kPa (Fig. 6A). The
elevation in fA around 2 kPa occurred in all six individuals. In
Hb-rich animals, mean fA decreased slightly at first but then
appeared to plateau until PO∑amb dropped below 0.89 kPa
(Fig. 6B). This intermediate plateau, however, did not reflect
a uniform response of the Hb-rich animals but concealed a
greater variability in individual fA. When PO∑amb approached
anoxic values (<0.27 kPa), the fA of Hb-poor animals was
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Fig. 6. Responses of appendage
beating rate, NADH fluorescence
intensity, heart rate and haemoglobin
(Hb) oxygen-saturation of normoxia-
acclimated Hb-poor (left) and
hypoxia-acclimated Hb-rich Daphnia
magna(right) to decreasing ambient
oxygen partial pressures (PO∑amb).
Each data point represents the mean
± S.D. (N=6). Solid lines represent
either plateaus in the physiological
data or mean regression lines
obtained by averaging the variables
of individual regression lines.
Dashed lines and the respective
values represent critical PO∑amb

values, marking the significant
decrease in appendage beating rate,
the intersection of two solid lines or
the PO∑amb at which 50 % of the Hb
was saturated. The only exception
concerns the critical PO∑amb in C
(see Fig. 7). NADH fluorescence
intensity was trend-corrected (see
Fig. 4E) and normalized to 100 %.
Sigmoidal curves were generated by
nonlinear regression analysis using
the Hill equation, which yielded the
PO∑amb at which 50 % of Hb was
saturated, and the Hill coefficient n
as a measure of sigmoidity (r2>0.990
for both curves). The two arrows on
the abscissa indicate the PO∑amb at
which the animals were reared.
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significantly lower than that of Hb-rich animals (Hb-poor
28.60±24.95 min−1, N=5; Hb-rich 63.33±19.62 min−1, N=6;
unpaired two-tailed t-test: t=−2.59, d.f.=9, P=0.03).

The fluorescence emitted from the proximate parts of the
appendage muscles always showed a linear decline in intensity
which, at a certain low level of PO∑amb, was superimposed by
the hypoxia-induced increase in NADH (Fig. 4E). To consider
only these hypoxia-induced changes in fluorescence intensity,
a trend correction was applied to the data (Fig. 4E).

During normoxia and moderate hypoxia (20–5 kPa), there
was no change in the trend-corrected NADH fluorescence
intensity (INADH) in either group (Fig. 6C,D). A reduction in
PO∑amb below 4.75 kPa induced significantly divergent
responses in INADH of Hb-poor and Hb-rich animals (Fig. 7).
The INADH of Hb-poor animals rose with increasing negative
slope before finally attaining a constant slope of
−18.03±1.85 % kPa−1 (N=6) (Fig. 6C). This final linear
increase in INADH also occurred in Hb-rich animals (Fig. 6D),
and the slopes (−18.45±3.02 % kPa−1 for Hb-rich animals,
N=6) were not statistically different (unpaired two-tailed t-test:
t=0.29, d.f.=10, P=0.78), indicating a similar strength of
response in ∆INADH to progressive severe hypoxia. However,
before entering the final steep part of the profile, INADH of Hb-
rich animals appeared to settle to a constant level rather than

rising overproportionately as it did in the Hb-poor animals
(Fig. 7). The final steep increase did not occur until PO∑ambhad
reached the critical level of 1.32 kPa, a value obtained by
calculating the intersection of the regression line and the 100 %
intensity level (Fig. 6D). As a consequence of this ‘delayed’
response, Hb-rich animals attained a significantly lower
maximum level of INADH than Hb-poor animals
(120.33±3.91 % versus141.38±0.99 %, N=6 each; unpaired
two-tailed t-test: t=12.79, d.f.=5.65, P<0.01). In summary,
within the PO∑ambrange 4.75–1.32 kPa, a stabilization of INADH

seemed to occur in Hb-rich animals, whereas the INADH of Hb-
poor animals rose steadily.

The response of heart rate fH followed a three-phase
pattern (Fig. 6E,F), initiated by a linear increase when the
PO∑ambstarted to decline, followed by a plateau, and then by a
steep decrease when PO∑amb approached anoxic values. Hb-
poor animals showed a stronger increase in fH that was
reflected by the steeper slopefH/∆PO∑amb (Hb-poor,
−11.82±1.84 min−1kPa−1; Hb-rich, −9.05±2.20 min−1kPa−1,
N=6 each; unpaired two-tailed t-test: t=−2.36, d.f.=10,
P=0.04). They attained a somewhat higher plateau in fH
(363.79±21.62 min−1) which, however, was not statistically
different from that of Hb-rich animals (341.72±5.74 min−1;
unpaired two-tailed t-test: t=2.42, d.f.=5.70, P=0.05). Hb-poor
animals entered this plateau at a higher PO∑amb than Hb-rich
animals (10.72±2.04 kPa versus8.57±1.07 kPa; unpaired two-
tailed t-test: t=2.29, d.f.=10, P=0.04). However, the PO∑ambthat
caused the abrupt decline in fH was not statistically higher
in Hb-poor (1.31±0.21 kPa) than in Hb-rich animals
(1.17±0.06 kPa; unpaired two-tailed t-test: t=1.60, d.f.=5.73,
P=0.16). During anoxia (<0.27 kPa), fH of Hb-poor animals
was significantly lower than that of Hb-rich animals
(174.90±38.98 min−1 versus 237.87±13.90 min−1; unpaired
two-tailed t-test: t=−3.73, d.f.=6.25, P<0.01).

In both groups, Hb was fully saturated in the heart region
during incipient hypoxia but, with further reduction in PO∑amb,
it decreased earlier in Hb-poor than in Hb-rich animals
(Fig. 6G,H). The relationships between Hb oxygen-saturation
and PO∑amb could be conveniently described by sigmoid Hill
curves (r2>0.990 for all individual regression lines). The half-
oxygen-saturation P50 was significantly higher in Hb-poor than
in Hb-rich animals (2.89±0.15 kPa versus1.63±0.10 kPa, N=6
each; unpaired two-tailed t-test: t=17.45, d.f.=10, P<0.01). In
addition, the Hill coefficient n, as a measure of sigmoidity, was
also significantly different (Hb-poor, 2.73±0.45 kPa; Hb-rich,
3.90±0.37 kPa, N=6 each; unpaired two-tailed t-test: t=−4.89,
d.f.=10, P<0.01), indicating that the in vivo saturation curves
of Hb-poor and Hb-rich animals deviated from each other in
position and shape.

Discussion
The Cladocera have evolved a variety of strategies and

adaptations to cope with the selective pressures exerted by a
variable aquatic environment (Fryer, 1991; Fryer, 1996). In
those species that rise to the challenge of environmental
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Fig. 7. Detailed representation of the data of Fig. 6A–D. The
appendage beating rate (fA) profiles (dotted lines) of haemoglobin
(Hb)-poor and Hb-rich animals appeared to be aligned parallel to each
other until the reduction in ambient oxygen partial pressure (PO∑amb)
from 3.3 to 2.6 kPa (mean 2.95 kPa) induced significantly diverging
changes in fA (Hb-poor, ∆fA=+10.23±12.70 min−1; Hb-rich, ∆fA=
−6.19±5.06 min−1; unpaired two-tailed t-test: t=2.94, d.f.=10, P=0.01;
means ±S.D., N=6). Similar diverging changes were initiated in
NADH fluorescence intensity INADH (solid lines) when the PO∑amb

was reduced from 5.3 to 4.2 kPa (mean 4.75 kPa) (Hb-poor ∆INADH=
+1.30±0.80 min−1 versus Hb-rich ∆INADH=+0.42±0.44 min−1;
unpaired two-tailed t-test: t=2.36, d.f.=10, P=0.04; means ±S.D.,
N=6). This divergence in INADH extended over the PO∑ambrange from
4.75 to 1.32 kPa (shaded area), where INADH of Hb-rich animals
appeared to stabilize at 103 %, whereas that of Hb-poor animals rose
from 104 to 123 %. Note that, in Hb-poor animals, the increase in fA
at 2 kPa coincided with the increase in INADH. Arrows indicate
significantly diverging responses in the respective variables. The
standard deviations of the curves have been omitted for clarity.
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oxygen deficiency, the increase in Hb concentration reflects
such an adaptive process. This change has immediate
consequences for physiological performance and can have far-
reaching effects on the ecological fitness of the organism. The
present study was carried out to determine the physiological
role of Hb and to obtain a more profound understanding of the
importance of Hb in the Cladocera.

Differences in Hb concentration

Hypoxic pre-incubation (8–10 % air saturation,
21.0–23.0 °C) of juvenile Daphnia magnaover a period of 10
days resulted in a sevenfold elevation of Hb concentration in
the haemolymph, which lay within the range of increase
described for D. magnaand other related species (Fox et
al., 1951; Chandler, 1954; Kobayashi, 1982; Kobayashi and
Hoshi, 1982; Carvalho, 1984; Kobayashi and Nezu, 1986). A
comparison of absolute values instead of relative differences
is not always possible, because many data are given as dry-
mass-specific Hb concentrations (Table 1) or as relative
measures (Hb index method) (Fox, 1948; Green, 1956;
Carvalho, 1984). Kobayashi and Hoshi (Kobayashi and Hoshi,
1982) reported Hb concentrations varying from 1 g l−1 for Hb-
poor D. magnakept under normoxic/hyperoxic conditions to
16 g l−1 for Hb-rich animals kept at approximately 8 % air
saturation. Using the calculated molecular mass of 36 kDa for
a two-domain subunit (Tokishita et al., 1997; Kimura et al.,
1999), these figures translate into haem-based concentrations
of 55 and 888µmol l−1, respectively. The lower value
corresponds well with the 49µmol l−1 of our Hb-poor,
normoxic animals. The Hb concentration of our Hb-rich,
hypoxic animals was 337µmol l−1, which represents 40 % of
the maximum value found by Kobayashi and Hoshi
(Kobayashi and Hoshi, 1982). Responses to almost the same
level of hypoxia could be affected by various factors including
temperature, the duration of hypoxic incubation (Kring and

O’Brien, 1976; Carvalho, 1984; Kobayashi et al., 1990b), food
availability, moulting, reproduction and maternal influences
(Dresel, 1948; Fox et al., 1949; Green, 1956; Kobayashi et al.,
1990a). In addition, Weider and Lampert (Weider and
Lampert, 1985) have shown that Daphnia clones can differ
considerably in their ability to synthesize Hb.

Selection of animals and the experimental regimen

Some general remarks are necessary to address the
comparability of data on the hypoxia-tolerance of D. magna
before an interpretation of our experimental results is given in
the following sections. Several laboratory studies have shown
that filtering and respiration rates of Hb-poor D. magnaand
the closely related D. pulexhave already started to decline at
critical oxygen concentrations of 1.3–3.0 mg O2l−1 (Kring and
O’Brien, 1976; Heisey and Porter, 1977; Kobayashi and Hoshi,
1984). In our Hb-poor D. magna, we found that appendage
beating rate did not decrease until PO∑amb had reached
1.77 kPa, which corresponded to 0.77 mg O2l−1.

It appears that our Hb-poor animals exhibited a higher
tolerance for environmental oxygen deficiency which,
however, can be attributed to the stringent selection of
experimental animals and the specific experimental regimen
that was designed to reveal Hb-derived effects. First, animals
entering the experiment were in a defined low metabolic state,
fasting, and with not more than four early embryos in the brood
chamber [see (Lampert, 1986; Bohrer and Lampert, 1988;
Glazier, 1991)]. Second, these animals were within the first
half of their moulting cycle and, thus, the formation of the new
cuticle under the old one had not progressed far enough to
become relevant as an additional diffusive barrier for oxygen.
Third, animals were positioned in the experimental chamber in
the middle of the water column and were continuously
perfused with fresh medium, thus preventing localized oxygen
depletion around the animal. Fourth, the experimental
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Table 1.Properties of the haemoglobin of Daphnia magna at 20 °C

P50 Description of 
(kPa) n the animals Hb concentration Reference

Purified Hb solutionsa

0.51–0.71 1.2–1.3 Pale 20–30 mg g–1dry mass 3
0.47 Pink 0.15–0.20 mg g–1wet mass 1
0.23 1.6 Hb-rich 8–12 g l–1 haemolymph 4
0.15–0.21 1.5–1.6 Red 75–120 mg g–1dry mass 3

In vivo
4.67b Hb-poor 25 mg g–1dry mass 5
2.89 Hb-poor 49µmol l–1 haemolymph 6
2.67b Pink 2
2.00b Hb-rich 84 mg g–1dry mass 5
1.63 Hb-rich 337µmol l–1 haemolymph 6

Hb, haemoglobin.
1Sugano and Hoshi, 1971; 2Hoshi and Yahagi, 1975; 3Kobayashi et al., 1988; 4Kobayashi et al., 1990a; 5Kobayashi and Tanaka, 1991; 6the

present study.
a0.1 mol l−1 phosphate buffer (pH 7.4) and, when explicitly stated in the respective paper, at 0 % CO2.
bAnimals 2.8 mm long.
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temperature in the studies of Kring and O’Brien (Kring and
O’Brien, 1976) and Heisey and Porter (Heisey and Porter,
1977) was 2–4 °C higher than in our experiments. An increase
in temperature is known to shift the critical oxygen
concentration towards higher values (Herreid, 1980). Finally,
the exposure to ‘critical’ oxygen levels (<3 mg O2l−1) lasted no
longer than 30 min. It seems likely that, for energetic reasons,
our Hb-poor animals would not be able to sustain their
high appendage beating rates under chronic exposure to
0.77 mg O2l−1. The NADH fluorescence signal of the limb
muscles indicated a limitation to oxygen supply and an
activation of anaerobic energy provision at 2.07 mg O2l−1 (4.75
kPa; see below).

The meaning of the NADH fluorescence signal

The measurement of NADH fluorescence has become the
optical method of choice for assessing cellular redox state in
tissue (Chance, 1991). Irrespective of the relative contributions
of mitochondrial and cytoplasmatic NAD(P)H to total
fluorescence intensity, it is the increase in signal intensity
during an aerobic/anaerobic transition that can primarily be
related to the accumulation of mitochondrial NADH
(Wakita et al., 1995; Paul et al., 2000). We therefore
used this variable as an indicator for oxygen deficiency
in the limb muscle tissue of Daphnia magna.

Below an ambient oxygen partial pressure (PO∑amb)
of 4.75 kPa, the NADH fluorescence intensity (INADH)
of Hb-poor animals started to rise in a manner that
clearly deviated from that in Hb-rich animals. In the
latter, INADH appeared to be stabilized within the range
4.75–1.32 kPa, and it did not rise until PO∑amb fell
below 1.32 kPa. Taking into account the fact that Hb
concentration was seven times higher in Hb-rich
animals than in Hb-poor animals, it is very likely that
the extra Hb was responsible for the stabilization of
INADH. Hb can achieve such a stabilizing effect
because of its nonlinear oxygen-binding characteristics
that make it possible to reduce the drop in oxygen
partial pressure (PO∑) needed to liberate a given
proportion of total oxygen (Jones, 1972). This PO∑

buffering occurs when Hb is progressively unloaded
along the steepest and physiologically relevant part of
its oxygen equilibrium curve. Since information on
oxygen equilibrium curves is available for purified
solutions of D. magnaHb (Table 1), it is, in principle,
possible to predict the PO∑ in the vicinity of the limb
muscle tissue for that PO∑amb range within which our
Hb-rich animals had a physiological advantage over
Hb-poor animals. For example, from the data obtained
from Hb-rich (red) animals (Table 1) (Kobayashi et al.,
1988; Kobayashi et al., 1990a), it can be calculated that
approximately 80 % of bound oxygen is released from
Hb when the PO∑ declines from 0.90 to 0.05 kPa, a
range that includes the steepest part of the oxygen
equilibrium curve. Provided that these in vitro oxygen-
binding characteristics also hold in vivo in the

haemolymph of Hb-rich D. magna, it is conceivable that PO∑

in the vicinity of the limb muscle tissue declined within the
range 0.90–0.05 kPa when the PO∑ambwas reduced from 4.75
to 1.32 kPa.

A comparison of our tissue-specific data on INADH with
those for whole-animal responses [body lactate content, the
rate of oxygen consumption (Usuki and Yamagushi, 1979;
Kobayashi and Hoshi, 1984)] revealed interesting
correspondences. In both Hb-poor and Hb-rich animals, the
increase in INADH coincides with a drop in oxygen
consumption and a rise in body lactate levels (Fig. 8). Lactate
is probably the main end-product of anaerobic metabolic
pathways in D. magna(Paul et al., 1998). The close correlation
between these variables strongly suggests that the increase in
INADH signalled not only the incipient impairment of the
oxygen supply to the limb muscles but also the activation of
anaerobic energy provision. The fact that the INADH of both
groups had started to increase while limb beating activity still
remained at a high level indicates that a proportion of the
energy required was provided by mechanisms of anaerobic
energy transformation.

Ambient oxygen partial pressure (kPa)
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Fig. 8. Comparison of tissue-specific (solid line, NADH fluorescence
intensity of the limb muscles; this study) and whole-animal (dotted line,
lactate content; dashed line, rate of oxygen consumption) responses of
haemoglobin (Hb)-poor (A) and Hb-rich Daphnia magna(B) to different
ambient oxygen partial pressures (PO∑amb). Lactate determination was
performed using animals 1.7–2.0 mm long incubated at different values of
PO∑amb for 1 h at 22 °C (Usuki and Yamagushi, 1979). The rate of oxygen
consumption (dashed line) was measured in animals 2.5 mm long at 20 °C
using a closed respirometry system (Kobayashi and Hoshi, 1984).
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Interpretation of in vivo saturation curves
Hb oxygen-saturation was measured in the circulatory

system of Daphnia magnawhile exposing the animal to a
progressive reduction in PO∑amb. To describe the relationship
between in vivoHb oxygen-saturation and PO∑amb, we propose
using the term in vivo ‘saturation curve’ to avoid confusion
with the ‘oxygen equilibrium curve’. The latter term is
employed in physiology to describe the functional relationship
between Hb oxygen-saturation and the oxygen partial pressure
in the immediate environment of the Hb molecule, e.g.
(Randall et al., 1997).

Relating in vivo Hb oxygen-saturation to PO∑amb, which
essentially represents the oxygen partial pressure in the remote
environment of the Hb molecule, has important consequences
for the interpretation of the data. In contrast to the oxygen
equilibrium curve, which reflects the intrinsic oxygen-binding
properties of Hb, the in vivo saturation curve is additionally
affected by the measurement position, by the Hb concentration,
by the rate of oxygen consumption and by the performance
characteristics of the circulatory and ventilatory systems
(Fig. 9). The in vivo saturation curve of a defined haemolymph
region can therefore be considered as a functional response curve
that integrates the molecular properties of Hb with
the systemic characteristics of the organism.

In the present study, the in vivosaturation curve
was measured in the heart region which, with
respect to the model shown in Fig. 9A, can be
regarded as a proximate position downstream of
the respiratory gas exchanger. At this position,
freshly oxygenated haemolymph from the
carapace lacuna becomes mixed with less well-
oxygenated haemolymph from the dorsal lacuna
of the trunk (Pirow et al., 1999b) before it is
pumped into the body to provide oxygen to the
tissues. This makes the heart region a suitable
location to estimate, for example, the total amount
of oxygen transported into the body.

The in vivo saturation curves of Hb-poor and
Hb-rich animals showed that Hb remained almost
fully saturated at progressive moderate hypoxia
(PO∑amb>10 kPa) but that saturation started to
decline with a further reduction in PO∑amb. Half-
oxygen-saturation was reached at 2.89 kPa in Hb-
poor animals and at 1.63 kPa in Hb-rich animals,
respectively. These values are approximately
20–40 % lower than those given by Kobayashi and
Tanaka (Kobayashi and Tanaka, 1991; Table 1),
and we attribute this to differences in the
experimental conditions (e.g. flow rate) and in the
characteristics of the animals (body size, the rate
of oxygen consumption).

A comparison of the in vivosaturation curve with
the corresponding oxygen equilibrium curve reveals
interesting information concerning the difference in
oxygen partial pressure that existed between the
ambient medium and the heart region of the animal.

This can conveniently be achieved for the half-saturation level
by calculating the difference between the corresponding oxygen
partial pressures. For example, purified Hb solutions obtained
from Hb-poor D. magnashowed half-saturation at approximately
0.61kPa (Kobayashi et al., 1988; Table 1). Subtracting this value
from 2.89kPa, which was the PO∑amb at which Hb in the heart
region was 50% saturated, yields a difference of 2.28kPa. For
Hb-rich animals (Table 1), this calculation yields a difference of
1.44kPa. It is possible that these two values slightly overestimate
the real differences because whole-blood samples of D. magna
seem to have a somewhat lower oxygen-affinity than purified Hb
solutions (B. Becher, personal communication). Nevertheless, the
fact that this value for Hb-rich animals was approximately 40%
lower than that for Hb-poor animals clearly illustrates that
hypoxic acclimation enables D. magnato mitigate the decrease
in oxygen partial pressure between the ambient medium and the
haemolymph in the cardiac region.

Physiological consequences of haemoglobin in Daphnia
magna

In Daphnia, the persistent and steady movement of the
thoracic appendages plays an important role in both food
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Fig. 9. The in vivo saturation curve describes the relationship between haemoglobin
(Hb) oxygen-saturation, measured in the circulatory system of an animal, and the
oxygen partial pressure of the ambient medium (PO∑amb). The shape and position of
the in vivo saturation curve are highly variable because they depend not only on the
intrinsic oxygen-binding properties of Hb but also on the respective position in the
circulatory system, on the haemolymph concentration of Hb and on the systemic and
metabolic characteristics of the animal. A simple model of the circulatory system
(A) demonstrates the positional effect and the influence of Hb concentration.
Oxygenated haemolymph leaves the respiratory organ and enters the tissue
compartment where, at the proximate position, the in vivo saturation curve is
measured (solid lines in B and C). Because oxygen is released from Hb and
transferred to the metabolizing tissue, the in vivo saturation curve measured at the
distant position appears to be shifted to the right (dotted lines). This rightward shift
is more pronounced at lower (B) than at higher (C) Hb concentrations.
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acquisition and gas exchange (Fryer, 1991; Pirow et al.,
1999a). The vital importance of this activity renders this
behaviour suitable for analysing the effects of Hb on the
physiological performance of the organism. As expected from
studies focusing on filtering and respiration rates (Kring and
O’Brien, 1976; Kobayashi and Hoshi, 1984), Hb-poor and Hb-
rich D. magnaclearly differed in their ability to sustain the
high pumping activity of the thoracic limbs when exposed to
a progressive reduction in PO∑amb. Initially, at moderate
hypoxia, the appendage beating rate (fA) of both groups
decreased slightly, but still remained at a high level. Reducing
PO∑amb below 2.95 kPa induced diverging changes in fA, a
transient increase in Hb-poor animals, which can be interpreted
as hyperventilation, and a slight decline to a somewhat lower
plateau in Hb-rich animals. The high level of fA for both groups
was abruptly reduced when approaching severe hypoxia, at
which point fA decreased rapidly. In Hb-poor animals, limb
movements began to be impeded at 1.77 kPa, whereas Hb-rich
animals were able to sustain their limb beating activity until
PO∑amb reached a critical level of 0.89 kPa.

A profound mechanistic explanation for these differences
can only be achieved when taking into account the impact of
Hb on the oxygen-transport characteristics of the circulatory
system, as it is in this compartment that Hb exerts its function.
This required not only knowledge of Hb concentration and the
in vivosaturation curve but also information on perfusion rate.
Heart rate has proved to be an adequate relative measure that
reflects any changes in perfusion rate because stroke volume,
which in addition to heart rate determines perfusion rate, was
found not to vary greatly when D. magnawere exposed to
hypoxic conditions (Paul et al., 1997; for anoxia-induced
variations in stroke volume, see Paul et al., 1998).

Marked changes in heart rate occurred at moderate (>9 kPa)
and severe (<1.3 kPa) hypoxia. Reducing PO∑amb from 20 to
9 kPa caused a progressive tachycardia that was slightly less

pronounced in Hb-rich than in Hb-poor animals, causing a 6 %
higher maximum heart rate in Hb-poor animals. This result,
although not statistically significant, could be interpreted
as compensation for a lower concentration of Hb and,
consequently, for a lower oxygen-carrying capacity of the
haemolymph. Alternatively, Hb-rich animals could be
prevented from attaining the same maximum heart rate because
their higher Hb concentration increased haemolymph viscosity
and, thereby, the mechanical load on the heart. The fact that
tachycardia developed in both groups within almost the same
range of PO∑ambwas an unexpected result because a sevenfold
higher Hb concentration should allow Hb-rich animals to
activate circulatory compensations at a far lower value of
PO∑amb. Nevertheless, it is interesting to note that, in both
groups, the INADH of the limb muscles did not increase as long
as a reduction in PO∑ambwas countered by an increase in heart
rate. This observation strongly points to the functional
importance of tachycardia in maintaining oxygen delivery to
the tissues by increasing tissue perfusion.

The heart rate of both groups settled at a plateau level when
PO∑ambdropped below 9 kPa. This plateau was broken below
the critical PO∑amb of 1.31 kPa (Hb-poor) and 1.17 kPa (Hb-
rich), and heart rate decreased rapidly, probably indicating a
progressive impairment of aerobic energy provision in the
heart muscle. Although slightly lower in Hb-rich animals, the
critical PO∑ambvalues of the two groups were not significantly
different. This was in contrast to the substantial differences
found in fA and INADH of the limb muscles, whose critical
PO∑ambvalues were significantly lower in Hb-rich than in Hb-
poor animals. A possible reason for this discrepancy could lie
in the positions of the respective heart and limb muscle
tissues within the circulatory system. The heart is located in
a more proximate position downstream of the main
respiratory gas exchanger (i.e. the inner walls of the carapace;
Fryer, 1991; Pirow et al., 1999b), and it receives freshly

Fig. 10. Knowing their dependencies on ambient
oxygen partial pressure (PO∑amb) made it possible to
correlate limb beating activity with haemolymph
oxygen concentration ([O2]). In haemoglobin (Hb)-
rich animals, the physiological effect of a sevenfold
higher Hb concentration manifested itself in the
range of PO∑ambfrom 4.75 to 1.32 kPa, within which
the extra Hb could still provide enough oxygen to
sustain aerobic energy provision in the highly active
limb muscles. Within almost the same range of
PO∑amb, Hb-poor animals were also able to maintain
a high limb beating activity, but energy provision
was already supported by anaerobic mechanisms
(see Fig. 8). Note that, in the two groups, anaerobic
energy provision was initiated at different levels of
[O2] (horizontal arrows). The open circles indicate the PO∑amb and the corresponding [O2] that caused an impairment of cardiac activity. The
breadth of the graphs reflects the range of uncertainty in determining the proportion of [O2] that is physically dissolved in the haemolymph. The
red arrow indicates the PO∑ambat which Hb-rich animals were raised.
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oxygenated haemolymph (Fig. 9A). Along its way from the
heart to the limbs, the haemolymph releases oxygen to other
tissues, and the amount of oxygen that remains available to
the proximate parts of the limb muscles, which originate on
fibrous endoskeletal structures of the trunk (Binder, 1932;
Fryer, 1991), is consequently lower. Hb can, if present at high
concentrations, buffer this release of oxygen, and this could
explain why different Hb concentrations have a clear effect
on the critical PO∑amb of appendage-related variables but
almost none on the critical PO∑amb of heart rate.

In summary, Hb-rich and Hb-poor animals showed only
slight deviations in their circulatory properties such as
maximum heart rate and critical PO∑amb. Compared with the
pronounced differences in Hb concentration, the differences in
perfusion-related variables appear to be of marginal relevance
in explaining the clear differences in limb beating activity.

Choosing the heart region as the location for obtaining the
in vivo saturation curve of Hb represented a compromise.
Ideally, such a measurement would be made at two locations
in the circulatory system, i.e. immediately downstream of the
gas exchanger and at the target tissue. This would provide
information on how much oxygen enters the system and how
much of this oxygen remains available to the tissue. However,
in spite of the remarkable transparency of D. magna, which
generally allows the application of optical techniques, the
oxygen-saturation of Hb could be successfully determined only
in peripheral haemolymph regions of the animal (Pirow et al.,
1999b), but not in the vicinity of the more centrally located
tissues, including the proximate parts of the appendage
muscles. The heart region permitted the determination of Hb
oxygen-saturation by microspectroscopy and represented the
most suitable location for estimating the amount of oxygen
transported into the body.

The total amount of oxygen (M
.
O∑) (nmol h−1) that the heart

transports per hour into the body can be calculated according
to the Fick principle of convection (Piiper et al., 1971):

M
.
O∑=Q

.
[O2] , (8)

where Q
.

(µl h−1) represents the perfusion rate and [O2]
(µmol l−1) is the oxygen concentration of the haemolymph in
the heart region. In the haemolymph, oxygen is physically
dissolved and chemically bound to haemoglobin. The
following equation permits the calculation of [O2] with respect
to the ambient oxygen partial pressure PO∑amb (kPa):

[O2](PO∑amb) =αHLPO∑int +CHaemS(PO∑amb) , (9)

where αHL is the physical solubility of oxygen in the
haemolymph [12.33µmol l−1kPa−1 for human plasma with
58–85 g protein l−1 at 20 °C (Christoforides et al., 1969)], PO∑int

is the oxygen partial pressure in the haemolymph (kPa), CHaem

is the haem-based Hb concentration (µmol l−1) and S(PO∑amb)
reflects the in vivo saturation curve of Hb.

Values of CHaem for Hb-poor and Hb-rich animals were
48.6 and 337.2µmol l−1, respectively, whereas S(PO∑amb) was
derived from the sigmoidal regression lines (Fig. 6G,H). The
only unknown in equation 9 is PO∑int, because it could not be

measured in the present study. It is, in principle, possible to
derive this variable from a comparison of the in vivosaturation
curve with the corresponding oxygen equilibrium curve.
Because of the uncertainty about what the corresponding
oxygen equilibrium curve actually is, we thought it reasonable
and safe to assume that PO∑int lay within the range from PO∑amb

to PO∑amb−3 kPa. This assumption is in line with the results of
a recent study (C. Bäumer, personal communication) in which
the oxygen partial pressure of the haemolymph was directly
measured in the heart region of similar-sized Hb-poor and Hb-
rich Daphnia magnausing an oxygen-sensitive dye. In the case
of PO∑amb<3 kPa, PO∑int was assumed to lie within the range
from PO∑amb to 0 kPa. This approximation was only of minor
consequence for the estimation of [O2] compared with the
effects of the differences in the concentration and the in vivo
saturation curve of Hb (Fig. 10).

Comparing [O2] with appendage-related variables revealed
interesting relationships (Fig. 10). The INADH signal indicated
that, in Hb-poor animals, oxygen provision to the limb muscles
became impeded at a critical PO∑ambof 4.75 kPa. At this level,
Fig. 10 provides a haemolymph [O2] in the heart region of
79±18µmol l−1 (mean ± range of uncertainty, see Fig. 10). In
Hb-rich animals, the same critical state occurred at 1.32 kPa,
which corresponded to a [O2] of 111±8µmol l−1 (mean ± range
of uncertainty, see Fig. 10). This value was 42 % higher than
that of Hb-poor animals. To appreciate the difference in the
magnitude of the calculated [O2], we entered the data into
equation 8 to determine the total amount of oxygen (M

.
O∑) that

the heart had transported per hour into the body at the
respective critical PO∑amb. The perfusion rate was obtained by
multiplying heart rate by stroke volume, which was quantified
according to the following procedure. On the basis of video
sequences of our experimental animals, we determined the
median-plane cross-sectional areas of the heart at maximum
contraction (systole) and dilation (diastole). At the critical
PO∑amb, the diastolic areas were 0.106 mm2 (Hb-poor) and
0.097 mm2 (Hb-rich), whereas the systolic areas were
0.065 mm2 (Hb-poor) and 0.054 mm2 (Hb-rich). Taking these
values and the area/volume relationships provided by Bäumer
et al. (C. Bäumer , R. Pirow and R. J. Paul, in preparation), the
diastolic and systolic heart volumes could be calculated, and
the difference between them yielded the stroke volume. For
Hb-poor and Hb-rich animals, we obtained values of 14.1 and
14.0 nl, respectively. Using these stroke volumes, the
maximum heart rates of Hb-poor and Hb-rich animals (363.79
and 341.72 min−1) translated into perfusion rates of 307.8 and
287.0µl h−1, respectively. Taking these perfusion rates and the
two estimates for the haemolymph [O2] in the heart region (79
and 111µmol l−1) at the critical PO∑amb (4.75 and 1.32 kPa),
equation 8 yielded M

.
O∑ values of 24 nmol h−1 (Hb-poor) and

32 nmol h−1 (Hb-rich), respectively.
To test how these values relate to the respiration rate of D.

magna, we calculated respiration rate Y (nmol O2animal−1h−1)
according to the equation Y=0.3087X0.95 (Glazier, 1991),
where X is the dry body mass (µg). This equation was obtained
from animals whose brood had been removed from the brood

R. Pirow, C. Bäumer and R. J. Paul
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chamber prior to the respiration measurement. This point is
important insofar as eggs and early embryos, although having
quite low respiration rates in comparison with the brooding
mother, can make a significant contribution to total body mass
(Glazier, 1991). On the basis of the carapace lengths of our
experimental animals (2.20±0.16 mm, N=12), it was possible
to calculate a dry mass of 117µg using the carapace length/dry
mass relationship [see (Kawabata and Urabe, 1998)] for female
D. magnawithout eggs or embryos in the brood chamber. On
the basis of this dry mass estimate, we obtained a respiration
rate of 28 nmol O2animal−1h−1.

Comparing this reference value with M
.
O∑ revealed important

information concerning the oxygen-transport capacity of the
circulatory system of our experimental animals. At the critical
PO∑amb of 4.75 kPa, the hearts of Hb-poor animals transported
a total of approximately 24 nmol O2h−1 into the body, a value
somewhat lower than the estimated respiration rate. In contrast,
Hb-rich animals were able to transport 32 nmol O2h−1 at the
far lower critical PO∑amb of 1.32 kPa. This value was higher
than the value of Hb-poor animals and also higher than the
estimated respiration rate of 28 nmol O2animal−1h−1. In spite
of the fact that not all the oxygen entering the body can be
utilized and that this residual amount of unused oxygen is
certainly greater in Hb-rich animals because of the higher
oxygen-binding affinity of Hb, it is nevertheless very likely
that the circulatory system of Hb-rich animals transported a
greater proportion of oxygen respired than that of Hb-poor
animals.

This assumption gains support when taking the differences
in the critical PO∑ambinto account. At the higher critical PO∑amb

of 4.75 kPa, Hb-poor animals can rely to a greater extent on
diffusion for providing peripheral body tissues with oxygen
directly from the ambient medium. This mode of oxygen
transport is relevant to, for example, the epithelial tissue and
the distal parts of the appendage muscles. Only the more
centrally located body tissues, which are too distant from the
periphery to be adequately supplied by diffusion, require a
convective provision of oxygen, which is achieved by
haemolymph circulation. At the far lower critical PO∑amb of
1.32 kPa, the driving force for diffusion, and consequently the
penetration depth of oxygen into the body, is considerably
reduced. Therefore, Hb-rich animals have to rely to a greater
extent on a convective supply of oxygen to the tissues, which
is ensured by the Hb-mediated increase in the oxygen-transport
capacity of the circulatory system.

In conclusion, the possession of a particular Hb
concentration in the water flea Daphnia magnacan be regarded
as a trade-off between a desirable high tolerance for hypoxia
and an equally desirable low cost of protein synthesis
combined with a low visibility to predators. The synthesis of
Hb seems to be useful only under conditions of reduced oxygen
availability, because Hb then makes a substantial contribution
to convective oxygen transport in the haemolymph, which can
offset any disadvantages. In the present study, a sevenfold
increase in haemolymph Hb concentration was found to effect
a reduction in critical PO∑amb from 4.75 to 1.32 kPa. These

critical PO∑amb values, at which the INADH signal indicated an
impairment of the oxygen supply to the limb muscles, agreed
with results for oxygen consumption and lactate production
(Kobayashi and Hoshi, 1984; Usuki and Yamagushi, 1979).
During chronic exposure to hypoxia (e.g. <2 kPa), the
physiological benefit of Hb can therefore translate into a
significant ecological advantage since it enables the organism
to sustain its aerobic metabolism as the energetically most
efficient mode of fuel utilization.

For future experiments, it would be interesting to determine
how other cladoceran species make use of Hb and how they
differ in the physiological properties they have evolved as a
consequence of their adaptive radiation into a wide range of
marine and freshwater habitats from polar to tropical regions
(Hebert et al., 1999).

List of symbols
A(λ) absorption spectrum
A′(λ) corrected absorption spectrum
Ap(λ), Ar(λ) absorption spectra of Hb-poor and Hb-rich

animals
b absorption-related coefficient (non-Hb

components)
c, d regression coefficients
CHaem haem-based Hb concentration (µmol l−1)
Cp, Cr relative Hb concentration of Hb-poor and 

Hb-rich animals
fA appendage beating rate (min−1)
fH heart rate (min−1)
H(λ) Hb absorption spectra of unknown oxygen-

saturation
Ho(λ), Hd(λ) absorption spectra of oxy-Hb and deoxy-Hb
I(λ) intensity spectrum
I0(λ) reference intensity spectrum
INADH NADH fluorescence intensity
k0, k1 regression coefficients
M
.
O∑ rate of oxygen transport (nmol h−1)

n Hill coefficient
[O2] oxygen concentration in the haemolymph

(µmol l−1)
PO∑ oxygen partial pressure (kPa)
PO∑amb ambient oxygen partial pressure (kPa)
PO∑int oxygen partial pressure in the haemolymph

(kPa)
P50 oxygen partial pressure at which Hb is half-

saturated (kPa)
Q
.

perfusion rate (µl h−1)
S oxygen-saturation coefficient
S(PO∑amb) in vivo saturation curve of Hb
X dry body mass (µg)
Y respiration rate (nmol O2animal−1h−1)
α,β absorption bands of oxy-Hb
αHL physical solubility for oxygen in the

haemolymph (µmol l−1kPa−1)
λ wavelength (nm)
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