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Abstract Animals that maintain near homeostatic ele-
mental ratios may get rid of excess ingested elements
from their food in different ways. C regulation was
studied in juveniles of Daphnia magna feeding on two
Selenastrum capricornutum cultures contrasting in P
content (400 and 80 C:P atomic ratios). Both cultures
were labelled with '“C in order to measure Daphnia
ingestion and assimilation rates. No significant difference
in ingestion rates was observed between P-low and P-rich
food, whereas the net assimilation of '“C was higher in
the treatment with P-rich algae. Some Daphnia were also
homogeneously labelled over 5 days on radioactive algae
to estimate respiration rates and excretion rates of
dissolved organic C (DOC). The respiration rate for
Daphnia fed with high C:P algae (38.7% of body C day™')
was significantly higher than for those feeding on low C:P
algae (25.3% of body C day™'). The DOC excretion rate
was also higher when animals were fed on P-low algae
(13.4% of body C day!) than on P-rich algae (5.7% of
body C day') . When corrected for respiratory losses,
total assimilation of C did not differ significantly between
treatments (around 60% of body C day™). Judging from
these experiments, D. magna can maintain its stoichio-
metric balance when feeding on unbalanced diets (high
C:P) primarily by disposing of excess dietary C via
respiration and excretion of DOC.
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Introduction

The highly variable nutrient stoichiometry in autotrophs
may be a challenge for grazers that have a tighter
elemental regulation. There is commonly a mismatch in
elemental ratios between requirements and supplies
(Hessen 1992; Urabe and Watanabe 1992; Elser et al.
2000). In daphniids, which commonly are the most
important grazers in lakes, P requirement for somatic
growth is high whereas freshwater algae are frequently P
deficient (Hessen 1992; Sterner 1993). Phytoplankton in
lakes often show very high C:P ratios in comparison with
consumer C:P ratios (Elser and Hassett 1994) and this
could lead to P limitation of daphniid growth and lower
food chain production (Sterner and Hessen 1994; Hessen
1997; Sterner et al. 1998; Hessen and Faafeng 2000). Two
parallel physiological adaptations which may be used by
animals to cope with this excess dietary C have been
suggested: (1) improvement of the assimilation of the
limiting element, and (2) reduced intake, storage or
disposal of the element in excess. There are three
potential physiological solutions to the problem of excess
C in a herbivore’s diet (Sterner and Hessen 1994). First,
P-rich animals could reduce the C assimilation efficiency
across the gut, while maintaining a high P assimilation
efficiency. Or, if assimilated, excess C may be stored
internally in C-rich compounds like lipids. Finally,
assimilated C may be disposed of through respiration or
extracellular release of organic C compounds.

The first hypothesis, a reduction of C assimilation
efficiency, was advocated in a study by DeMott et al.
(1998) on Daphnia magna. They fed animals with a
mixture of P-sufficient and P-deficient Scenedesmus, and
observed a decrease of 30% in C assimilation efficiency
while P assimilation efficiency remained constant when
the atomic food C:P ratio increased from 80 to 164. The
enzymatic responses at the basis of this regulation have
not been explored. The second hypothesis, storage of
excess C, does not seem to be very realistic in fast-
growing homeostatic organisms (i.e. during juvenile
development). Feeding zooplankters with P-enriched



seston did not alter the P:dry weight (DW) ratio of
Daphnia longispina and Bosmina coregoni (Andersen and
Hessen 1991). Still the use of adipose tissue for energy
storage is widespread among marine copepods (Bamstedt
1986), and also Daphnia may display visible stores of
internal lipids in the last juvenile instar and in adults
(Tessier and Goulden 1982; Goulden and Place 1990).
Yet, it is not clear how this would affect body C:P ratios.
Lipid accumulation in Daphnia could be a sign of a P-
deficient diet (Groeger et al. 1991; Sterner et al. 1992;
Sterner 1993). Still the rather tight homeostatic control in
Daphnia, unless dietary C:P is extremely high, suggests
that C storage is not very pronounced. DeMott et al.
(1998) observed marked declines in P:DW when feeding
D. magna with algae with very high C:P ratio (920).
These findings are probably more likely to originate from
a P deficiency in body tissue than from an accumulation
of C.

The third hypothesis has been less well explored. The
ability of zooplankters to modify their respiratory rate or
dissolved organic C (DOC) excretion rate when facing
low food quality can induce relevant impacts on second-
ary production and elemental C pathways in ecosystems
(Sterner 1997). More precisely, release of DOC vs. CO,
might have marked consequences on the transfer of algal
C to the microbial loop and the CO, balance of the
system. Release of DOC through grazing has been well
studied since Lampert’s (1978) seminal works (e.g.
Copping and Lorenzen 1980; Olsen et al. 1986; Richardot
et al. 2001) and seems to originate from three different
sources: (1) losses of organic substrates from prey during
handling and feeding (“sloppy feeding”), (2) leakage of
DOC from the faeces, and (3) actual secretion of DOC by
the animal. Studies on the impact of grazing on DOC and
bacterial uptake do not commonly distinguish between
these three sources, and the contribution of each source to
total flux is still unclear. Sloppy feeding cannot be
element specific. We can assume that in this process all
elements are lost in a proportion equivalent to that in the
original food. So sloppy feeding cannot be used as a
process for homeostatic regulation. Release from faeces is
linked to the regulation of assimilation efficiency. If less
C is assimilated from food during transfer in the gut, more
C will potentially be lost via faeces. Direct excretion of
DOC (Gardner and Paffenhofer 1982) could be an
interesting way for daphniids to get rid of previously
assimilated C-rich, P-poor macromolecules like proteins
(Elser et al. 1996), but this process has never been
quantitatively studied. Likewise, although suggested by
Plath and Boersma (2001), the ability of daphniids to
increase their respiration rates when feeding on C-rich
algae has never been studied directly. Thus Sterner’s
(1997) humorous remark: “the animal doing extra work in
its environment (swimming?) in order to maintain its
homeostasis” is still largely undebated, although studies
by Sterner himself (Sterner et al. 1993) indicate, in fact,
that strongly P-deprived animals become notoriously
sluggish. This response will depend not only on the access
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to P relative to C, but also on the absolute availability of P
for the animals.

In this study we attempted, by use of tracer experi-
ments, to reveal the impact of a food-quality deficiency
on ingestion, C assimilation, respiration and DOC excre-
tion rates in Daphnia magna Straus.

Materials and methods
Algae

The green alga Selenastrum capricornutum Printz was grown in the
same continuous culture system as described by Hessen et al.
(2002). Cultures were run in COMBO medium (Kilham et al. 1998)
with a dilution rate of 0.4 day™' under two P regimes: 50 uM (P
saturation) and 2.5 uM (P limitation). Both received a nominal light
intensity of 70 gmol quanta m? s™!, These two regimes, referred to
respectively as high quality (HQ) and low quality (LQ) treatments,
supplied algae with C:P ratios nearing respectively 80 and 400
(atomic values). Selenastrum cultures were allowed to grow for
2 weeks before the start of labelling and experiments with Daphnia,
in order to obtain a stable level of cell numbers, cell volumes and
particulate C, N and P. For Daphnia incubations and labelling, the
algae were labelled with 7.3 MBq NaH!'“CO; 1'! for a 2-day period
in batch cultures. Medium and radioactive substrate were replaced
twice a day at the same dilution rate that algae underwent in the
continuous system. This procedure provided saturating, uniform
algal labelling with algal C:P ratios similar to those observed in the
algae taken directly from the continuous cultures (data not shown).
High specific radioactivities were obtained (ca. 25,000 and
15,000 dpm ug™' C, respectively for P-rich and P-poor Selenastrum
cultures). Algae from all cultures, i.e. from all P treatments and
from continuous or batch cultures, were diluted to standardized
particulate C concentrations of about 4 mg 1" before being fed to
the Daphnia cultures.

Daphnia cultures and experimental conditions

The zooplankters D. magna were taken from a non-monoclonal
laboratory culture. They have been grown on S. capricornutum for
>5 years. For our experiments, all neonates produced by several
mothers in <24 h were isolated and fed with P-rich algae in
saturating concentrations. All experiments were performed at 20°C
and subdivided into two treatments: animals fed HQ- or LQ-
Selenastrum cells.

Ingestion experiment

Fifteen beakers per treatment were filled with 25 ml LQ- or HQ-
unlabelled algae at 4 mg C 1"\ This concentration is far above the
incipient limiting level for D. magna (Lampert 1987). Five 6-day-
old Daphnia were gently transferred to each beaker and acclima-
tized to food concentration and quality. After 1 h, unlabelled algae
were replaced by labelled algae with the corresponding qualities.
After 0, 1, 3, 6 and 10 min, three beakers per treatment were filtered
and all Daphnia were carefully rinsed in cold medium before being
transferred to scintillation vials for liquid scintillation counting.
Five millilitres from each beaker was sampled for counting food
radioactivity. The mass-specific amount of ingested C was
calculated for each beaker by the following equation:

— AZOO
SANW

where /=mass-specific amount of ingested C (% of body C),
Ajoo=activity in daphniids (dpm), SA=specific activity in algae
(dpm pug' C), N=number of valid Daphnia in the beaker
(individuals; ind), W=mean body weight of a 6-day-old Daphnia
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(ug C ind'). The mass-specific ingestion rate of Daphnia was
calculated for each treatment by a linear least-squares regression of
mass-specific amounts of ingested C against feeding time on
labelled algae.

Assimilation experiment

Four beakers per treatment were filled with 50 ml LQ- or HQ-
labelled algae. Ten 6-day-old Daphnia were gently transferred to
each beaker. After 1 h and 3 h, two beakers per treatment were
filtered and the animals were well rinsed, harvested in groups of
two to six, and their radioactivity measured. Samples of water were
taken at the start and at the end of each incubation for counting C
and radioactivity in algae. The net C assimilation rate was
calculated for each Daphnia activity count by:

A, 1

where net pg;=net C assimilation rate (% of body C hh, A,=activity
in Daphnia after x hours (dpm), N=number of harvested Daphnia
(ind), DT=estimated C mass in digestive tract (% of body C),
t=time (1 or 3 h). The y-intercept of a linear least-squares regression
of all values of SAAW 100(% of body C) versus time of incubation
was considered as a good approximation of DT. As a part of the
freshly assimilated C is already respired during the incubations, we
need to correct the net assimilation values for '“C losses before
estimation of total assimilation rates (Lampert 1977). We used
respiration rates calculated from the respiration experiment (see
below) to estimate the losses. So, the total C assimilation rate is
expressed as:

TA,
Por =~ (2)
where pgj=total C assimilation rate (% of body C h™), TA=total
assimilated C after x hours (% of body C), with:

Ay
TA, = (SAN 7 lOO—DTC) (1+Ly) (3)

where DT =corrected C mass in digestive tract (% of body C), L=
estimated relative losses by respiration of freshly assimilated '*C
after x hours (no units), defined by Eq. 6 (see below). DT, was
estimated by calculating the y-intercept of a linear least-squares
regression of all values of TA| and TAj3 versus time. As knowledge
of DT, is needed to calculate TA,, and vice versa, both values were
successively processed until stabilisation to the third decimal was
reached.

Respiration/excretion experiment

One-day-old Daphnia were fed with “C labelled P-rich Selenas-
trum. This procedure made it possible to obtain a perfectly stable
specific activity in animals after only 4 days (data not shown). Six-
day-old labelled Daphnia were gently rinsed and incubated in
groups of five in beakers filled with 10 ml HQ- or LQ-unlabelled
algal suspensions. Five beakers were used per treatment. All
incubations were made in the dark to avoid re-incorporation of
14CO, by algae. One Daphnia was collected with 2 ml suspension
from each beaker after 10, 20, 30, 60 and 120 min. Daphnia
radioactivity, total dissolved '*C and DO'*C were measured. We
made use of the expected increases in both *CO, and DO'*C in the
beakers so as to estimate, respectively, respiration and DOC
excretion rates. '*CO, and DO™C data were first expressed in
percentage of initial radioactivity in the Daphnia, and as animals
were homogeneously labelled then in percentage of body C.

p01

P12
e
-

p21
P1o

Fig. 1 Two-compartment model for tracer kinetics in Daphnia
(modified from Lampert and Gabriel 1984). py; C assimilation rate,
P12 transfer rate of C from metabolic to structural pool, p,; transfer
rate of C from structural to metabolic pool, pj¢ respiration rate, S
relative size of structural pool, s quantity of radioactive tracer in
structural pool, M relative size of metabolic pool, m quantity of
radioactive tracer in metabolic pool

Analytical protocols
Radioactivity counting

Animals were dissolved in 1 ml of tissue solubilizer (Soluene-350,
Packard), and were dried overnight at 60°C. The water samples for
counting specific activity in algae were filtered on GF/F Whatman
filters. Filters were well rinsed with 0.1 N HCI before counting.
Radioactivity in filtered water was measured with or without
addition of 25 ul ml"! of 1 N HCL. The acidified water was gently
shaken overnight before counting. The radioactivity in filtered
water without acid was due to total dissolved '“C while the
radioactivity in acidified water resulted from DO'C. The differ-
ence between both is a measure of '*CO,. All scintillation vials
were filled with 10 ml of an environmentally friendly liquid
scintillation cocktail (Ultima Gold, Packard) and were counted for
radioactivity with a Packard scintillation counter. Quenching was
corrected by a procedure using an internal standard.

Elemental analyses

Algal cells were collected on acid-washed and pre-ignited GF/F
Whatman filters. Six-day-old Daphnia, reared in parallel to those
used in experiments, were placed in tin capsules and dried (60°C,
24 h). Particulate C in both algae and Daphnia was analysed on a
Carlo-Erba CHN 1106 elemental analyser. Total P was analysed by
a modified procedure with peroxi-disulphate digestion followed by
spectrophotometric determination of phosphate (Hessen et al.
2002).

Tracer kinetic modelling

The results of the respiration experiment, i.e. the increase in '“CO,
in water or the corresponding decrease in Daphnia’s body
radioactivity due to respiration, were fitted with an adjustment of
Lampert and Gabriel’s (1984) model. The resulting respiration rates
were used to estimate the relative losses of freshly assimilated
labelled C in the assimilation experiment. The physiological model
of Lampert and Gabriel (1984), presented in Fig. 1, is based on the
assumption that the kinetics of the C tracer in small zooplankton is
well described by a two-compartment model consisting of a small
metabolic pool with a fast turnover rate and a large structural pool
with a slow turnover rate (Conover and Francis 1973; Lampert
1975).
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Table 1 Presentation of sym-

bols used in the two-compart- Symbols

Descriptions

Units

ment model for tracer kinetics M

Relative size of metabolic pool

% of total body C

in Daphnia S Relative size of structural pool % of total body C

m Quantity of radioactive tracer in metabolic pool dpm

s Quantity of radioactive tracer in structural pool dpm

Po1 C assimilation rate % of total body ¢ h!

P12 Transfer rate of C from metabolic to structural pool % of total body C h’!

P21 Transfer rate of C from structural to metabolic pool % of total body C h'!

P10 Respiration rate % of total body C h!

t Time h

mo Quantity of radioactive tracer in metabolic pool at start of dpm
respiration/excretion experiment

50 Quantity of radioactive tracer in structural pool at start of dpm
respiration/excretion experiment

(m +s)o Quantity of radioactive tracer in total body at start of dpm
respiration/excretion experiment

w Body weight of aDaphnia ug C

SA Specific activity in algae dpm ug! C

Modelling of kinetics in the respiration experiment

We first used this model to develop equations for calculating the
variations of radioactivity over time in homogeneously labelled
Daphnia feeding on unlabelled algae (as was the case in the
respiration experiment). The entire demonstration of the model is
presented in Appendix A. All symbols are explained in Table 1.

The kinetic of total Daphnia radioactivity, m+s, as a function of
time is described by:

Appendix B. The model was used to estimate the relative losses by
respiration of freshly assimilated '*C after x hours, L,:

X

J pﬁom,dt

0
Li=—— 6
iy (6)
with:

m, = ayexp(Ai1) + apexp(Ayt) + pﬁjofoo W M SA
p1a/M p12ay /M p12ay /M
— ) (14 P/ _ Pna 124 P12P01
m+s = aj exp(A1) < +/11 +p21/S) S —aﬁpﬂ/sexp(/llt) +—12+p21/sexp(/lzt) + S10m 150 W S SA
M a = —(a + -2 WMSA)
+ ay exp(Aat) (1 Pl 12/ ) @ 2 P10
A’2+p21/S _ P01 wMSAl1 711+p21/5 12+p21/s
. @ = 5100 P21/5 A%
with: 21
a =my—a A1 and A, are as defined above.
o /11+p21/s _ 12+p21/5
a = I:Ws m:| 7o
M ==5(pia/M + py /S + pio/M) “'%\/(Plz/M + par /S + pro/ M)’ =4piopy1 /MS
T = —3(p1a/M + py /S + pio/M) — 3 \/(Plz/M + pa1 /S + pio/ M)’ ~4piopy1 /MS

Thus, Eq. 4 is based on seven parameters: M, S, my, So, P10, P21
and pjp. M and S are assumed to be absolutely invariant, and well
estimated by Lampert and Gabriel (1984), equalling 1.6 and 98.4,
respectively. mg and s, are measured at the start of the experiment:

my=(m+s)yM and sp=(m+s),S

The three remaining parameters, pjo, p21 and pjp, are connected
by (Lampert and Gabriel 1984):

P2 (Po1 — Pr0) + P21 (5)

M+S
After substitution of pj; in Eq. 4 by Eq. 5, and as the C
assimilation rate, pgy, is estimated from the assimilation experiment,
we are left in Eq. 4 (m+s) with two unknowns, pj¢ and p,, that were
estimated by fitting experimental data from the respiration experi-
ment with Eq. 4. The experimentally observed values for (m+s) were
obtained by subtracting respired '“CO, (in dpm) from (m-+s),.

Modelling of kinetics in the assimilation experiment

The same model was again used to develop equations for calculating
the variations of radioactivity over time in each pool of unlabelled
Daphnia feeding on labelled algae (as was the case in the assimilation
experiment). The entire demonstration of the model is presented in

Repeated estimation of the rates

In Eq. 6 the respiration rate po is used for evaluating respiratory
losses L, (needed for a correct estimation of the total C assimilation
rate po, see Egs. 2 and 3) while at the same time the determination
of py is required for the fitting of Eq. 4 and then estimation of pj.
Therefore, an iterative process was computed. Firstly, the data set
of the assimilation experiment was used for estimating py; by Egs. 2
and 3 but without correction for respired C. Secondly, the data set
of the respiration experiment and the value found for py; were used
for estimating pjo and p;; by Eq. 4, and p;, by Eq. 5. The values
found were then inserted in Eq. 6 to obtain the relative quantity of
freshly assimilated C, L,, that had already been respired. This was
then re-used for estimating po;, and so forth. The iterative process
was pursued until stabilisation at the third decimal of all values.

DOC excretion modelling

In order to estimate DOC excretion rates from labelled Daphnia
feeding on unlabelled algae, we have applied a model describing
the kinetics of DO'*C accumulation in water during incubations. As
there was no time lag during transfer from labelling culture to
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unlabelled algae except for 30 s of washing in COMBO medium,
the digestive tracts of animals were most probably initially filled
with labelled algae. As a consequence, DO'*C entering the water
during incubations could be from two sources: release in a
dissolved form of organic '“C from digestive tracts or faeces, and
actual secretion of metabolised organic C-rich compounds from
labelled body tissues. As gut passage time of D. magna is about
10 min, and knowing the extremely rapid diffusion of dissolved
compounds from zooplankton faeces (90% in <1 s for this kind of
faeces; Jumars et al. 1989), we used the accumulation of DO'"C
only during the 20-min to 2-h interval as the basis for our model,
assuming that this was primarily accounted for by metabolised
DOC. Accumulation of DO'C in water over time was matched by
a saturation curve with a positive non-zero intercept on the y-axis.
This intercept, F, corresponds to the quantity of unassimilated
organic '*C leaked from digestive tracts or faeces. The curvature
parameter, ppoc, corresponds to the actual excretion rate of DOC
from body tissues, and the saturation level, D, must be equal to the
size of the kinetically homogeneous metabolic pool from which
organic C is excreted. As Daphnia labelling was identical for all
animals irrespective of the treatment they underwent during the
excretion experiment, we can postulate that F' was similar between
treatments. Data from both treatments were thus used simulta-
neously for estimating F, whilst excretion rates and D were
assumed to be treatment specific. Data were fitted by:

_PDOC-HQ,
DOCe =F +aDyg |1 —e PHQ

_PDOC-LQ,
+(1—a)DLQ<1—e brq ) (7)

where DOCe=total excreted DO'C after time ¢ for both treatments
(% of total body C), F=quantity of unassimilated organic '“C
leaked from digestive tracts or faeces (% of total body C),
a=dummy variable, coded 0 for LQ data and 1 for HQ data (no
units), Dyg=size of metabolic pool source of organic C excretion in
HQ treatment (% of total body C), Dyg=size of metabolic pool
source of organic C excretion in LQ treatment (% of total body C),
ppoc-n=DOC excretion rate in HQ treatment (% of total body C h°
b, ppoc-1.o=DOC excretion rate in LQ treatment (% of total body C
h™'), ¢ in hours. We did not apply a multiple-compartment model for
DOC kinetics, as we did for CO; kinetics, because the published
background literature is still insufficient. Thus, this one-compart-
ment model does not take into account any transfer during
incubations of organic labelled compounds from another pool to D.

Results

Ingestion

The incorporation of labelled algae was linear for the
three first samples (up to 6 min) (Fig. 2). Judging from the
increased variability of the 10-min sample, and also from
the reduced rate of increase, some animals had a gut
passage time <10 min, and thus the 10-min set was
excluded from the regression on ingestion values. Inges-
tion rates did not differ between treatments (two-tailed
test for parallelism, P>0.60; Fig. 3A).

Assimilation
The net assimilation rates were calculated by Eq. 1

(Fig. 4A). These rates differed significantly between
treatments (two-tailed #-test, P<0.001). We used respira-
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Fig. 2 Incorporation of '“C by unlabelled Daphnia feeding on
labelled algae. Each value represents one beaker with five Daphnia.
Calculated ingestion rates are presented in Fig. 3A
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Fig. 3A-E Synthesis of estimated rates in Daphnia. A Ingestion
rate, B total assimilation (Assimil.) rate, C respiration rate, D
dissolved organic C (DOC) excretion rate, E growth rate. Vertical
bars represent 1 SE. Respiration and DOC excretion rates were
statistically higher in the low quality treatment, while growth rate
was lower (one-tailed t-test, *P<0.05, **P<0.025, ***P<0.001)
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Fig. 4A, B Assimilation rates of '“C by unlabelled Daphnia
feeding on labelled algae. Vertical bars represent 1 SE. A Net
assimilation rates are calculated without correction of incorporation
values for '“C losses by respiration. They are highly significantly
different between treatments (two-tailed #-test, P<0.001). B Total
assimilation rates are calculated after correction for respiratory
losses. They are not significantly different between treatments
(P>0.50)

tion rates calculated from the respiration experiment (see
below) to estimate losses by respiration of freshly
assimilated '*C during assimilation incubations. Equa-
tion 6 yielded respiratory losses of '“C equal to 19.6% and
29.1% of net assimilated '*C after respectively 1 and 3 h
of incubation for the HQ treatment, and 41.7 and 78.9%
for the LQ treatment. After correcting net assimilated '“C
data for respiration losses (see Egs. 2 and 3), the
difference in total C assimilation rate between HQ and
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Fig. 5 Respiration of '*CO, by labelled Daphnia feeding on
unlabelled algae. Vertical bars represent £1 SE. Lines are adjusted
by modelling, not by regressions. Calculated respiration rates are
presented in Fig. 3C

Table 2 Results of the assimilation and respiration/excretion
experiments of Daphnia magna feeding on both Selenastrum
capricornutum cultures of varying phosphorus quality. Algal C:P
ratio was equal to 80 and 400, respectively in high quality (HQ) and
low quality (LQ) treatments. C assimilation rates (py;), respiration
rates (po), transfer rates of C from structural to metabolic pools
(p21), transfer rates of C from metabolic to structural pool gplz) and
DOC excretion rates (ppoc) are in % of body C individual'h™'. The
quantity of unassimilated organic '“C leaked from digestive tracts
or faeces (F) and sizes of metabolic pool source of organic C
excretion (Dyq and Dy q) are in % of body C individual™'. Data are
means+1 SE. Values are obtained by either direct measurement
(M), indirect calculation (C) or fitting with experimental observa-
tions (F)

HQ food LQ food

Respiration

Po1 2.56x0.10 2.47+0.10 M
P10 1.05+0.07 1.61£0.10 F
P21 1.58+0.41 0.56+0.23 F
P12 3.06+0.42 1.41£0.26 C
Excretion

F 0.38+0.09 F
PpOC 0.24+0.23 0.56+0.23 F
Dyq and Diq 6.94+165 10.0£65.1 F

LQ treatments became insignificant (P>0.50, Fig. 4B).
Thus, gross C assimilation efficiencies (69.3% and
68.0%, respectively, for LQ and HQ treatments) were
similar between treatments.

Respiration

Higher accumulations of '*CO, were found in the beakers
where Daphnia were fed with LQ food compared with the
HQ treatment (Fig. 5). This suggests a higher respiration
rate for Daphnia fed with low-P algae. Our data gave
close fits with the two-compartment model (*=0.90 and
0.95, respectively, for LQ and HQ treatments). Fitting
data allowed us to estimate p;p and p,; for both
treatments, and then p;, was calculated by Eq. 5 (Table 2).
The estimated respiration rate (p;o) for the LQ treatment
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Fig. 6 Excretion of DO'“C by labelled Daphnia feeding on
unlabelled algae. Vertical bars represent =1 SE. Lines are adjusted
by modelling, not by regressions. Values at time=10 min are
plotted, but were not used for modelling. Calculated DOC excretion
rates are presented in Fig. 3D

was higher than the one in the HQ treatment (one-tailed #-
test, P<0.001, Fig. 3C). However, the transfer rate
between metabolic and structural pools (pj;) and the
inverse flux (p,;) were both much lower in the LQ than in
the HQ treatment (P<0.001 for p,, P<0.025 for py). It is
worth mentioning that, after 10 min of incubation, the
amount of '*CO, released by Daphnia was already higher
in the LQ treatment than in the HQ treatment (P<0.025).

DOC excretion

As for release of '*CO,, accumulations of DO'"C in
beakers differed significantly (two-tailed t-test, e.g.
P<0.05 for 1-h data and P<0.001 for 3-h data) indicating
a higher DOC excretion rate for Daphnia feeding on P-
deficient algae (Fig. 6). The y-variance of these data was
well explained by the model of Eq. 7 (*=0.78 and 0.73,
respectively, for LQ and HQ treatments). Results of
modelling are presented in Table 2. The estimated
excretion rate of DOC was higher in the LQ treatment
than in the HQ treatment (one-tailed r-test, P<0.025,
Fig. 3D).

Discussion

The offered food “quality” in our experiments represented
a C:P ratio (by atoms) of 80 and 400. Food concentrations
were kept above the incipient limiting level. Using
Sterner’s (1997) model, we calculated the food C:P
threshold for the onset of P limitation in the consumer.
When using our ingestion, assimilation and respiration
data, an atomic C:P ratio in D. magna of 80 (Vrede et al.
1999) and a P assimilation efficiency of 0.8 (DeMott et al.
1998), we obtained food C:P thresholds between 120 and
160. Thus, while a C:P of 400 is well below the applied
maximum of ca. 1,500 that may be observed in S.
capricornutum under severe P deficiency (Hessen et al.
2002), our LQ treatment should nevertheless represent
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food quality causing P limitation and thus C in excess.
Inversely, the food C:P ratio in the HQ treatment (80) was
well below these limits and thus growth of Daphnia in
this case was not limited by P. All experiments were made
with animals grown on P-saturated food in order to obtain
equally fit animals, and thus to highlight the immediate
effects of dietary P depletion on digestion and respiration
traits. Resource depression is a common seasonal process
in nature (see e.g. Sterner 1998).

Ingestion and assimilation

Filtration and C ingestion rates measured in our short-
term incubations (<10 min) were not affected by food
quality. These observations agree with results from short-
term experiments with the rotifer Brachionus rubens
(Rothhaupt 1995) and D. magna (DeMott et al. 1998). Yet
some studies have shown apparently reduced algal
clearance rates in long-term (20 h-2 day) incubations of
daphniids feeding on P-limited chlorophytes (Van Donk
and Hessen 1993; Sterner et al. 1993; Sterner and Smith
1993). So far these results do not really offer the
possibility to draw conclusions about the regulation of
ingestion rates because, as already pointed out by Sterner
and Hessen (1994), these data were influenced by the gut
passage of intact algal cells as observed for extremely P-
limited algae (C:P>1,000) in batch culture (Van Donk and
Hessen 1993). Experiments using semicontinuous cul-
tures or chemostats have been unable to verify this effect
(DeMott et al. 1998; Hessen et al. 2002).

In our tested range of algal C:P ratios (80—400), we
failed to observe any difference in total C assimilation
rate and C assimilation efficiency between treatments in
D. magna, in contrast with DeMott et al. (1998). In
experiments with Scenedesmus as food they observed a
constant decrease in C assimilation efficiency (from 0.92
to 0.50) when food C:P increased from 80 to 475 (see
their Fig. 7). This could in part be attributed to differing
algal species. Moreover our estimated assimilation rates
were based on ingestion of labelled food during a 3-h
period corrected for C losses due to respiration during
incubations. By contrast, the rates measured by DeMott et
al. (1998) were not corrected for respiratory losses of C
from the metabolic pool during their 40-min incubations.
As we observed an increased respiration rate in the LQ
treatment, the reduced accumulation (net assimilation) of
labelled C in the LQ treatment relative to the HQ one
would also be due to an immediate loss of label from the
metabolic pool. If the increased respiration rate is not
corrected for, this will cause underestimation of assim-
ilation rates when food C:P increases. This alone could
explain the differences in assimilation rates that DeMott
et al. (1998) observed between food of contrasting C:P
ratios. Also the rapid decline of the apparent assimilation
rates observed in their experiment after only 30 min of
feeding with P-deficient algae could be explained by
rapid increases in respiration rate, as observed in our
experiment after only 10 min.

Respiration

The two-compartment model (Lampert and Gabriel 1984)
described satisfactorily the kinetics of the radioactive C
tracer in Daphnia (see Fig. 5). The CO, excretion rate we
measured for P-saturated algae (HQ treatment) is very
similar to that observed by Lampert and Bohrer (1984) in
the same species at high algal biomass, i.e. 25.3% and
23.5%, respectively, of total body C day™'. A deficiency
of P in the diet (LQ treatment) led to a higher respiration
rate (38.7% of total body C day') and to an important
decrease in transfer rates between metabolic and struc-
tural pools. Thus, when food becomes P-limited, more C
is lost through respiration, and less C is allocated to the
body structure. This important decrease in transfer rate
between metabolic and structural pools could explain the
reported lower growth rates when herbivores feed on
mineral-deficient food (see e.g. Sterner et al. 1993;
Hessen et al. 2002). We do not know whether this
represents a transient situation, however. We transferred
animals from labelled HQ food to unlabelled LQ food,
and thus a full metabolic adjustment to LQ food may not
have occurred. It is not clear how this increased
respiration (and thus extra gain of energy and ATP)
may affect the animals in the long run.

Plath and Boersma (2001) observed highly increased
appendage beat rates of D. magna feeding on P-deficient
algae in comparison with when feeding on algae richer in
P. The authors suggested that the predicted resulting
increase in filtration rate, an energy (thus C) costly
process, offers a mechanistic explanation of the observed
relative homeostasis of the animal. Our data confirm that
the increase in the respiration rate is a process used by this
species when facing a dietary nutrient deficiency, but they
offer no identification of the energy expending process.
We measured the filtration rate only during the first
10 min after the transfer to the LQ food and observed no
difference with the one for HQ algae, whereas the
respiration rates were estimated over a period of 2 h. Of
course, we do not know how the filtration rate may have
evolved after the first 10 min. But the fact that already
after 10 min the respiration rate in the treatment with LQ
algae was higher than in the one with HQ food suggests
that filtration is certainly not the only energy expending
process which increases in the case of dietary nutrient
deficiency.

Our observation of increased respiration rate in a
crustacean zooplankter when feeding on mineral-deficient
algae supports data on heterotrophic bacteria. Both
theoretical and experimental studies have demonstrated
higher individual respiration rates and lower gross growth
efficiencies in marine bacteria when substrate C:N ratios
increase (Harder and Dijkhuizen 1983; Billen 1984;
Lancelot and Billen 1985; Goldman et al. 1987; Hopkin-
son et al. 1989). Similar trends were more recently
observed for freshwater bacteria with increasing substrate
C:P and C:N ratios (Cimbleris and Kalff 1998; Biddanda
et al. 2001). Higher seston C:N or C:P ratios indicate
lower substrate availability for bacteria, which generates



heavier costs of biosyntheses and increases catabolism of
C compounds (Goldman et al. 1987; Cimbleris and Kalff
1998). These effects could thus be a general property for
heterotrophs facing an unbalanced diet with high C:P or
C:N. Note that the same principle may hold for photo-
respiration observed in green algae and C-3 higher plants
when improving high light levels. Although resorting to a
completely different biochemical pathway, this extracel-
lular release of CO, can also be described as a process
preserved through evolution allowing organisms to
maintain cellular homeostasis in case of high energy
input (see e.g. Salisbury and Ross 1992; Reynolds 1997).

DOC excretion

To our knowledge, this is the first time that excretion rates
of DOC directly released from body tissues have been
estimated in crustacean zooplankton. In the literature,
impacts of grazing on DOC stocks and bacterial uptake
have often been mentioned (e.g. Hygum et al. 1997). Due
to methodological constraints, however, the mechanisms
of DOC release have rarely been investigated (Park et al.
1997, Strom et al. 1997). In experiments where animals
are fed with labelled algae, the release of DOC from
different sources (sloppy feeding, egestion of unassimi-
lated compounds and release from faeces) has rarely been
considered, and direct DOC excretion is rarely taken into
account.

Nevertheless we can try to compare the DOC excretion
rates we estimated with those of three previously
published studies: Lampert (1978) and Olsen et al.
(1986) who both estimated DOC release by using
radiotracers, and Strom et al. (1997) who simply
measured the quantity of released DOC with or without
grazers. We indirectly estimated Daphnia pulex DOC
excretion rates in Lampert’s experiments (Lampert 1978)
by calculating the mean difference between his second
(long-term, 3 h) and his first (short-term, 15 min) series of
incubations (see his Table 1). This difference is an
indirect measurement of the fraction of the ingested food
released as DOC by any process but that of sloppy
feeding. It was found to be equal to 4.7% of ingested C.
Olsen et al. (1986) found DO'C release rates in the same
order of magnitude (5% of ingested C) for D. magna
feeding on unlabelled Scenedesmus acutus after 1 h of
labelling. In our experiment, we estimated a very similar
DOC excretion rate of 6.1% of ingested C when animals
were fed on P-saturated algae (HQ treatment). We
observed that Daphnia, when shifted to a diet of P-
deficient algae, increased its DOC excretion rate to 15.6%
of ingested C (LQ treatment). This rather high rate is still
within the range of previous studies. Strom et al. (1997)
estimated Calanus pacificus DOC production due to
direct excretion to be between 16 and 21% of ingested C.
As for the respiration estimates above, it should also be
remarked upon here that the high rate of DOC excretion
observed in the LQ treatment could partly be a transient
situation since animals were transferred from HQ food to

343

LQ food. Hence while the general difference between HQ
and LQ treatments stands, the absolute rate in the LQ
treatment should be treated with some caution.

The DOC excretion rate in D. magna was more than
twice as high when it fed on LQ algae (high C:P ratio)
than on P-rich algae. Thus, to regulate excess C in their
diet, daphniids could greatly enhance the metabolization
of stored or structural compounds assimilated before
changes in the quality of food took place. It means that
daphniids, depending on food quality, could be able to
regulate their disposal of C-rich compounds through DOC
excretion. Biochemical description of these excreted
organic compounds as a function of food C:P ratio would
be of great interest in the understanding of zooplankton
grazing impact on bacterial productivity (Rosenstock and
Simon 2001; Richardot et al. 2001).

Impact on growth rate and C flux

We calculated growth rate for both treatments as the
difference between assimilation rate and loss rates
(respiration and DOC excretion) (Fig. 3E). The observed
differences in loss rates between treatments resulted in a
fourfold reduction of Daphnia growth rate when feeding
on LQ food (one-tailed t-test, P<0.05). Although this
reduction supports the general finding that growth of
Daphnia may be limited by low P in the food, the
reduction of growth is more severe than reported in
previous studies (e.g. Sterner 1993, Urabe et al. 1997,
DeMott et al. 1998, Hessen et al. 2002). Growth rates
cited in the literature are often obtained after long-term (at
least a few days) incubations of animals, whereas in our
study we calculated instantaneous rates obtained without
prior acclimatization to food quality (with the exception
of 1 h acclimatization for assimilation rates). Although
different algae could yield different growth rates both
under high and low C:P, it may also emphasize the
phenotypic capacity of Daphnia to gradually implement
other physiological mechanisms, like increased assimila-
tion efficiency for P relative to C, in order to tackle
dietary deficiency.

In conclusion, our data suggest that increased respira-
tion and increased release of C-rich compounds may be
important mechanisms for metazoans to regulate excess C
in food in order to maintain a rather rigid (though not
totally homeostatic) control of elemental composition. In
systems with temporal algal limitation by P, the expected
increases in respiration and DOC excretion by herbivo-
rous zooplankton could probably increase CO, output to
the atmosphere, decrease zooplanktivorous fish produc-
tion and favour the planktonic microbial loop. Since
mineral limitation also seems to be a general phenomenon
in marine and particularly terrestrial ecosystems (Elser
and Hassett 1994; Elser et al. 2000), these regulation
processes may potentially have great impacts on fluxes of
C both on ecosystem and global scales.
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Appendix A

Demonstration of equations modelling evolution over
time of total radioactivity in homogeneously labelled
Daphnia feeding on unlabelled algae

The kinetics of the tracer in each pool is described by a
system of two differential equations (see Table 1 for
explanation of symbols):

dm) _ pat . _ P12, _ PlO
{dtSs mMm—m

dis) _ P12, _ P21
a —mMm—5 S

We know that this kind of differential system has a
solution of the type:

{ m = aexp(41)

s = bexp (ljt) (8)

In using this type of solution in the system, we found:
{ Naexp(At) = [— (%) a+ p%b} exp(2;t)
Abexp(At) = (’%a - p%b) exp(A;t)

In simplifying this by exp(4;j), we found algebraic
equations for a and b:

{ —(xj +—”12jj’10) a+%2b=0 o)
Ara— (4 +53)b=0

This system will give a non-trivial solution only if the
next determinant

_(lj+p121;p10 Ple
a2 — (% + %)
= ,1? + (p12/M + pa1 /S + p1o/M) A + piopa /MS =0

is equal to 0. This gives a quadratic equation in A; with
two solutions:

1
A= —E(Plz/M+P21/S+P10/M)

1
+E\/(Plz/MJFP21/5+1710/1"1)2_4010,021/MS (10)

and

1
Ay = —E(Plz/M+P21/S+P10/M)

1
_5\/(Plz/M+P21/S+P|0/M)2_4P10P21/MS (11)

We then rewrite the equations in system 8 (Eq. 8) under
their decomposed form:

{ m = ay exp(Ai1) + az exp(Aat) (12)

s = by exp(Ait) + by exp(Aat)

We then rewrite the second equation in system 9 (Eq. 9)
with decomposition of 4; into 1, and A:

P12 ( P21) - _ pna/M
—a— (M+—= )b =0 b =—""—
TR 1+ 1 | 2+ par/S
and

P12 ( P21) . . poax/M
—Zay— (M +—=—)bh=0& by = —"—
u e 2t ) b2 2 T + o /S

If we insert these two equations into system 12 (Eq. 12),
we obtain a new system of two linear equations with two
variables a; and a»:

m = ay exp(Mt) + az exp(Aat)

_ pipai /M pi2ay /M
T ate /S 12+p21/sexp(),2t)

P /M
= m-+ s = a;exp(At 14+—
rexp(hi) ( 3 +/021/5)

pi/M
A2 +P21/S> (13)

Under initial conditions, system 13 (Eq. 13) becomes:

exp(A11) +

+ az exp(,1) (1 +

my=a)+a, = a =my—a
_ ppai/M  pppa/M
M1 /S datpar /S
Thus,
_ P12 _mo—ap a
S0 ="y <,11+p21/S+12+921/S>
A S Ay + S
<:>az_[1‘|'/321/ B } 2+ P/
12/M 2,1 - lz

Appendix B

Demonstration of equations modelling evolution over
time of radioactivity in unlabelled Daphnia feeding on
labelled algae

The kinetics of the tracer in each pool is described by (see
Table 1 for explanation of symbols):

T wMMmTSS

Let us define

m;=o0;+a (15)
and

ss=u+pB (16)

that we insert in the system of differential equations:
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We can now determine o et § which nullify the non-
homogeneous terms:

(p12;;/310) a— 2B =10l sA

100
P12 o, P21 3
a—5pB=0

_ _Po1
L J o= mom W v 54
_ _P12P01
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Both equations of system 17 (Eq. 17) become homoge-
neous:

do) _ _ (Pr2tp10) = | poy
%__TO+T”
dw) _ P12 , _ P21
@ — M9 s U

As for the problem defined in Appendix A, we know that
the solution of this linear differential system is a linear
combination:

{ 0 = ay exp(1it) + a; exp(Aat) (18)

where, as in Appendix A, b, and b, are defined,
p12a1 /M _ pnay/M
a+p /S T e[S and 4y
and A,, respectively, by Eqgs. 10 and 11.

Under initial conditions, my=0 and 5¢=0.

The insertion of Egs. 15 and 16 into system 18 (Eq. 18)
gives:

{a:a1+a2<:>a1 =—(ax+a)

u; = by exp(41t) + by exp(,t)

respectively, by b; = and b,

—ﬂ =by+ by
Thus,

B m 7(112“1’06) an
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