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Abstract

Stoichiometry and growth rate variation are related aspects of the ecology and evolution of consumer-resource
interactions. In zooplankton, these concepts have been explored primarily in a few species of Daphnia. We used
growth bioassays and changes in animal P content to quantify the sensitivity of four herbivorous cladoceran
species to algal resources representing a gradient in C : P ratios ranging from 140 to 1,000, offered at both low and
high food levels. Supplements of phosphate, Synechococcus, or P-sufficient algae were used to test for P, energy,
and fatty acid limitation. Phosphorus assimilation was estimated by isotope techniques (32P) to test the hypothesis
of digestion resistance in P-limited algae. The cladoceran species differed in sensitivity to P deficiency at both low
and high food levels, although sensitivity was less at low food. The P content of the two Daphnia species changed
substantially along the C : P ratio gradient, contradicting the notion of strict homeostasis, whereas the two other
cladoceran species showed tight P homeostasis. Consistent with stoichiometric theory, the two species with the
highest P content were also more sensitive to P deficiency. Growth rate was related to P content across the four
species at the high food level and at low C : P ratios, supporting the growth rate hypothesis. The addition of
supplements to P deficient algae improved animal’s growth rates, showing both P and energy limitation, but no
evidence for fatty acid limitation. Lower assimilation efficiency for P-deficient algae suggests that digestion
resistance can be a factor in the food quality of P-deficient resources.

Ecological stoichiometry deals with ‘‘the balance of
energy and multiple chemical elements in ecological
interactions’’ (Elser 2000). Several studies have shown that
the C : N : P ratios of primary producers varies markedly in
terrestrial, marine, and freshwater ecosystems, whereas
herbivores show much less variation in elemental compo-
sition (Sterner and Hessen 1994; Elser et al. 2000a; Sterner
2000). According to the dominant paradigm, P is the main
limiting element in freshwater systems, and seston C : P
ratios suggestive of P limitation of herbivores (Sterner and
Hessen 1994; Sterner 1997; Sterner and Elser 2002) are
commonly found in lakes (Elser et al. 2000a; but see Brett et
al. 2000). However, growing evidence suggests that
herbivores are often limited by energy, even when seston
is deficient in P as a result of the development of digestion-
resistant phytoplankton (DeMott and Tessier 2002; De-
Mott et al. 2004a; Ferrão-Filho et al. 2005).

Two assumptions form the basis of stoichiometric
theory: first, that consumers display tight elemental
homeostasis (Sterner and Hessen 1994; Anderson and
Hessen 1995; Sterner 1997), and second, that elemental
limitation should occur only when food is above the
threshold food concentration for growth (Sterner 1997).
The logical explanation for the second assumption is that,
at very low food levels, C requirements for growth are
insufficient, and thus N and P are unnecessary for biomass
construction; hence, C will be used only as energy for
maintenance (Sterner and Hessen 1994; Sterner 1997). This
model also assumes that P-deficient diets lead to consumer
P excretion rate approaching zero and P assimilation
efficiency approaching 100%. Thus, the only ways to
maintain strict element homeostasis in P-deficient diets is to
either excrete the excess C or to reduce C assimilation and
to maximize the assimilation of phosphorus. However,
DeMott et al. (1998) showed experimentally that the
premise of both zero P excretion and 100% P assimilation
efficiency were not satisfied, although they found that C
assimilation efficiency was reduced in P-deficient diets.

By using experimental data from other authors, Ander-
son et al. (2005) modeled the effects of continued P
excretion when consumers feed on P-deficient resources.
They suggested that Daphnia could alter the balance of
nutrients (C, N, and P) in their body by a ‘‘postabsorptive’’
process in the gut as a means of releasing the substrates in
excess and reach relative element homeostasis. They also
showed that this ‘‘stoichiometrically regulated release’’ is
possible even in low food levels. Although this is still an
area of controversy, some evidence shows that animals
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might also balance C by increasing their respiration rates
(Sterner 1997; Darchambeau et al. 2003; Anderson et al.
2005).

The growth rate hypothesis (GRH), which states that P
content is directly coupled to high demands for P-rich
ribosomal RNA in fast-growing organisms, has been
suggested as an adaptive explanation for variation in the
P content in consumer taxa (reviewed by Elser et al. 2000b).
According to the GRH, organisms with high P demands
should possess the highest growth rates under P-rich food
conditions, but should also be more sensitive to resource P
limitation. The prediction is that, across taxa, maximum
growth rates should increase with P content (Elser et al.
2003). However, this relationship may disappear or even
reverse under P limitation.

Although several studies have examined the conse-
quences of dietary P deficiency at moderate to high food
levels, few studies have examined P limitation in cladocer-
ans at low food levels (Sterner and Robinson 1994;
Boersma and Kreutzer 2002; Acharya et al. 2004). Further,
these studies have all focused on a single genus, Daphnia,
which has also restricted testing of the GRH. We sought to
test the effects of P-deficient algae at both low and high
food levels on the growth rate, P content, and P
assimilation efficiency of four cladoceran species differing
in body size and phylogenetic relatedness. We performed
growth bioassays and manipulated the dietary P content of
the food, creating a C : P ratio gradient, and analyzed
cladoceran sensitivity to P limitation by means of a re-
gression technique (Tessier and Woodruff 2002). We also
used a supplementation approach (DeMott 1998) to study
the response of cladocerans to supplements of phosphate,
Synechococcus (a P-rich cyanobacterium but poor in
essential fatty acids and sterols; Brett and Müller-Navarra
1997; Von Elert 2002) and P-sufficient green alga.

Material and methods

Culture of animals—Four cladocerans species were
cultured in the laboratory with P-free zooplankton artificial
medium (ZAM; Tollrian 1993) to minimize changes in
resource P content during the experiments. A hybrid clone
of Daphnia pulex-pulicaria (hereafter D. pulex) was
obtained from cultures maintained at the W. K. Kellogg
Biological Station, Michigan State University, and all other
clones (Ceriodaphnia richardi, Daphnia ambigua, and Moina
micrura) were obtained from the cultures maintained at
Universidade de São Paulo, which originated from the
shallow, mesotrophic Lake Monte Alegre (São Paulo,
Brazil). All clones were fed 0.5 mg C L21 of Ankistrodes-
mus falcatus, a high-quality green alga (molar C : P ,137).

Growth bioassays—Two kinds of experiments were
performed in order to quantify the ability of the four
species to grow when fed P-limited and digestion-resistant
foods. First, juveniles (,24 h) were grown in food
treatments representing a gradient of C : P ratios created
by mixing P-sufficient algae (C : P , 140) and P-deficient
algae (C : P , 1,000). For culturing P-deficient algae, about
5 mL of a P-sufficient A. falcatus culture were inoculated in

100 mL of MBL medium lacking phosphate (as in DeMott
2003). This culture was grown for 5–7 d at continuous light
on a shaker (,1 rpm). Mixing P-sufficient and P-deficient
algae in the proportions of 1 : 0, 1 : 1, 1 : 5, and 0 : 1, we
obtained C : P ratios of 140, 250, 450, and 1,000, re-
spectively. These growth bioassays were conducted in two
food levels, low food (0.1 mg C L21) and high food (1.0 mg
C L21), in order to measure how P limitation is affected by
food level. Although the lower food level is above the
threshold food concentrations for growth, energy limita-
tion should be strong and might be expected to ameliorate
P limitation.

In the second experiment, juveniles of each species were
subjected to the following treatments: P-deficient green
algae (P2Ank); P2Ank supplemented with 0.5 mmol L21 of
KH2PO4 (phosphate; +PO4); P2Ank supplemented with
Synechococcus (+Syn), a cyanobacterium rich in P but poor
in EFA; and P2Ank supplemented with 0.5 mmol L21

phosphate and P-sufficient green algae (+PO4 + P+Ank). In
the second and fourth treatments, we incubated P2Ank
with added phosphate for 30 min before the start of the
experiments. P-deficient algae have been shown to uptake
nearly all phosphate at the experimental concentration
within 15 min (Plath and Boersma 2001). In all treatments,
food totalled 0.5 mg C L21, and food mixtures with two
different carbon sources were always offered in the
proportion of 1:1 (by mass).

Samples were collected from the food sources for
measurement of C, N (Carlo-Elba C : H : N analyzer), and
P (persulfate digestion followed by molybdate reaction).
We calculated specific growth rate for each treatment and
contrasts (differentials) between particular treatments as in
DeMott et al. (2001). The growth rate differentials of the
+PO4 and +Syn treatments compared with the P2Ank
treatment (control) each provided a test of P limitation.
The contrast between +Syn and +PO4 treatments served as
a negative control for limitation in essential fatty acids. The
contrast between +PO4 + P+Ank and +Syn treatments tests
whether animals can improve growth further even if
satiated with P but with additional essential fatty acids
provided by P+Ank. If so, this would indicate a limitation
in fatty acids or energy. It is important to note that
Synechococcus and P-sufficient green algae are both readily
assimilated sources of carbon (energy), and thus any
improvement in growth with these supplements relative to
+PO4 treatment may indicate energy limitation as a result
of digestion resistance in the P-deficient food.

Both experiments were conducted at 20uC, and started
with 5 to 10 neonate animals ,24 h old placed in beakers
with 150 mL of algae suspensions in ZAM. There were two
replicate beakers per treatment, and food was replaced
every day. A random subsample of 10–30 neonates were
harvested to get initial weights and assigned to P analysis.
Juvenile growth rates were calculated according to the
following equation: g 5 (lnWt 2 lnWo)/t, where Wo and Wt

are the dry weights of juveniles at the beginning and after t
days (t 5 2 d for Moina, 3 d for Ceriodaphnia, and 4 d for
D. ambigua and D. pulex). The last juvenile instar in Moina
occurs very early (by day 3), while in most Daphnia species,
it takes 4 or 5 d at this temperature. Thus, our experiments
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were designed to finish before the first adult instar. Animals
were dried at 55uC before weighing on a microbalance
(Cahn, model C-31, Thermo Electron Corporation, Wal-
tham, Massachusetts) to the nearest 0.1 mg. After weighing,
animals were transferred to 10 mL volumetric flasks, ashed
at 550uC, and analyzed for P as in DeMott et al. (1998).

Phosphorus assimilation experiment—To test the hypoth-
esis that digestion resistance contributes to poor growth in
P-deficient algae, two assimilation experiments were
performed with P-sufficient and P-deficient algae (A.
falcatus) by using the 32P isotope method described in
DeMott and Tessier (2002). A total of 100 mL of algae
culture was labeled with 100 mL 32P-phosphate
(2 mCu mL21) and placed on a shaker (1 rpm) with
continuous light the day before the experiment. We mixed
1.0 mL of labeled algae with 100 mL of unlabeled food and
fed this to two to 3-d-old animals. There were four replicate
beakers for each cladoceran species in each treatment, each
beaker containing about 10 to 30 animals, depending on
the size of the cladoceran species. Both experiments were
conducted with phosphate-free ZAM to avoid contamina-
tion with sources of P other than food particles. In these
experiments, either P-sufficient (C : P 5 140) or P-deficient
(C : P 5 1,000) labeled algae was used at one food level
(1.0 mg C L21). Each feeding trial started with the animals
placed in a beaker with labeled algae. After 8 min of
feeding, all animals were transferred to a beaker with ZAM
without food and half of them to scintillation vials and
rinsed with distilled water 3 times to remove any
radioactive particles transferred together with the feeding
solution. These animals were processed to estimate
clearance rates. The other half was transferred to unlabeled
alga (1.0 mg C L21) and allowed to clear their guts for
40 min. Assimilation efficiency was estimated from the
ratio of the 40 min : 8 min net clearance rates (DeMott et
al. 1998).

Radioactivity in the feeding solutions was estimated by
filtering 2 mL through a 0.2-mm Nuclepore filter. Both the
animals and the filters were digested in 0.5 mL of tissue
solubilizer (TS-2, Research Products International, Mount
Prospect, Illinois). Scintillation vials were filled with 10 mL
fluor (Ecolume, ICN Radiochemicals, Irvine, California)
and radioactivity was counted in a scintillation counter
(Wallac 1409; Perkin-Elmer, Wellesley, Massachusetts).

Data analysis—Regression analyses were performed in
order to estimate the dependence of juvenile growth rate on
the C : P ratio of the food for each cladoceran species and
each food level separately. The slope of the Model I
regression (Systat, version 9; SPSS, Chicago, Ilinois) was
used as a measure of species sensitivity (sensu Tessier and
Woodruff 2002) to the C : P gradient. An ANCOVA was
used to examine the relationship between growth rate and P
content of the cladoceran species (as predicted by the
GRH) and to test whether this relationship was affected by
food level and C : P ratio (as categorical factors). One-way
ANOVA was performed to detect differences in P contents
of animals in both growth bioassays. ANOVA was also
used to test for the effects of species and food P content on

the assimilation efficiency of phosphorus. We used the
homeostasis coefficient eta (G) to quantify changes in
Daphnia P content relative to changes in resource P content
(Sterner and Elser 2002). G is calculated by regressing the
log of %P of animals versus the log of algal %P. G is the
inverse of the slope of the linear regression and approaches
infinity for perfect homeostasis and approaches 1.0 when
a consumer’s element content varies in direct proportion to
the element content of its food.

Results

Both food level (F1,32 5 315.88; p , 0.0001) and C : P
ratio (F3,32 5 221.42; p , 0.0001) had significant effects on
growth rate, and there was also a significant interaction
between these two aspects of food (F3,32 5 16.27; p ,
0.0001). Animals showed negative responses proportional
to the C : P ratio gradient at both low and high food levels
(Fig. 1A,B). However, sensitivity was much greater in high
food levels (Table 1). Sensitivity of the animals to the C : P
gradient also varied among the species at both food levels
(Table 1), but D. ambigua and Moina were always the most
sensitive.

There was a significant effect of species (F3,32 5 181.61; p
, 0.0001), food level (F1,32 5 6.13; p , 0.0187), and algal
C : P ratio (F3,32 5 38.88; p , 0.0001) on the P content of
cladocerans, and also a significant interaction between food
level and C : P ratio (F3,32 5 4.58; p , 0.0089). Among the
species, D. ambigua and Moina had the highest P content
regardless of C : P ratio or food level. Hence, the two
species with the greatest sensitivity of growth to P
deficiency were also the two species with the highest P
content. In general, the P contents of the animals declined
from the beginning to the end of the growth period and
reached lower values when resources were more P deficient
(i.e., at high resource C : P ratios; Fig. 1C,D). Ceriodaphnia
in both food levels and Moina in the low food level were
exceptions to this trend. Consequently, the homeostasis
coefficient (G) for P varied greatly among species, with
Ceriodaphnia and Moina having the highest G values and
D. ambigua and D. pulex having much lower values
(Table 2). Animals showed a tendency toward higher H
coefficients at low food levels, and this matches the lower
sensitivity of growth to P deficiency at low food levels. But
among species, there was no relationship between homeo-
stasis of P and sensitivity of growth to P deficiency.

Growth rate was positively related to body P content
among species but this relationship significantly varied with
the food level and the resource C : P ratio (Figure 2;
ANCOVA: P content 3 food level interaction F1,54 5 19.2,
p , 0.001; P content 3 C : P ratio interaction F3,54 5 555.4,
p 5 0.003). At high food levels, growth rate increased
greatly with P content of the species (Fig. 2A; slope 5
0.328, p , 0.001) whereas at low food levels the relation-
ship was not significant (slope 5 20.05, p 5 0.44). At low
C : P ratios, growth rate increased with species P content,
although only the lowest C : P ratio gave a slope signifi-
cantly different from zero (Fig. 2B; C : P 5 140, slope 5
0.364, p 5 0.04; C : P 5 250, slope 5 0.279, p 5 0.11). At
higher C : P ratios this relationship disappeared (C : P 5
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450, slope 5 20.018, p 5 0.86; C : P 5 1,000, slope 5
20.073, p 5 0.37).

In the second experiment, animals responded positively
to each food supplement. There was a significant effect of
species (F1,56 5 57.8; p , 0.0001) and treatment (supple-
ment; F3,56 5 67.1; p , 0.0001) and also a significant
interaction between these factors on the growth rate of
cladocerans (F3,56 5 2.98; p 5 0.0389). Algae that were P
deprived showed a moderate degree of P deficiency
(Table 3; C : P,690), which was enough to reduce animal
growth rate when offered as a sole food source. Addition of
inorganic phosphate to P-deficient algae effectively reduced
the C : P ratio to 360, promoting an increase in growth rate
for both cladocerans (Contrast between P2Ank and +PO4;
D. pulex: p 5 0.0035; Moina: p 5 0.0006). Both cladocerans
responded similarly to P limitation, as shown by the P
growth rate differential (Fig. 3). Addition of Synechococcus
(C : P,78) to P-deficient algae caused an even larger
increase in growth rates (Contrast between +PO4 and
+Syn; D. pulex: p 5 0.0005; Moina: p , 0.0001), suggesting

that there was also energy limitation in addition to P
limitation. However, the stronger response to the +Syn
treatment may also have been due to the lower C : P ratio in
that treatment compared with the phosphate addition
treatment. Although D. pulex exhibited about the same
response to energy addition as to phosphate addition,
Moina showed a stronger response to energy limitation
than to P limitation (Fig. 3). The addition of phosphate
and P-sufficient algae, simultaneously, did not cause
significantly increased growth rates relative to +Syn
treatment, suggesting that a fatty acid deficiency was
unlikely to have contributed to the poor growth with the P-
deficient diet. Also, the larger increase in growth rate with
Synechococcus (poor in EFA) by itself and the negative
growth rate differential for ‘‘fatty acids’’ addition shown by
both cladocerans suggest that these biochemicals were not
important in limiting growth with P-deficient diets.

The P content of Moina did not change significantly with
the different food supplements, but P content did change
markedly in D. pulex (F4,5 5 274.5; p , 0.0001; post hoc

Fig. 1. First growth bioassay. (A, B) Growth responses of cladocerans to algal C : P gradient
at low (0.1) and high (1.0 mg C L21) food levels. (C, D) Final P content of cladocerans after
growth on C : P ratio gradient at low (0.1) and high (1.0 mg C L21) food levels. X-axes are in log
scale. Error bars are standard deviation. Mean P-content values of juveniles at beginning of this
experiment were as follows: low food: D. ambigua 1.60%, D. pulex 1.26%, Ceriodaphnia 1.38%,
Moina 1.57%; high food: D. ambigua 1.63%, D. pulex 1.32%, Ceriodaphnia 1.41%, Moina 1.69%.
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Tukey test) (Fig. 4). There was a significant effect of species
(F1,10 5 211.2; p , 0.0001) and treatment (supplement;
F4,10 5 30.8; p , 0.0001) and also a significant interaction
between these factors on the P content of cladocerans (F4,10

5 29.7; p , 0.0001). This result is similar to what was
observed in the first experiment; Moina maintained a higher
P content on average and had much tighter homeostasis
compared with D. pulex.

In the phosphorus assimilation experiments, animals
showed average assimilation efficiencies above 80% in all
treatments, with lower assimilation efficiencies in P2Ank
(F1,24 5 8.95; p 5 0.006) (Fig. 5). However, differences
between treatments were significant only for D. pulex (F1,6

5 7.52; p 5 0.034) and Moina (F1,6 5 3.71; p 5 0.010).

Discussion

According to stoichiometry models, when carbon is at or
below threshold food levels, energy limitation should
preclude mineral limitation because carbon will be used
only for metabolic maintenance (Sterner 1997). An
assumption in these models is that, in spite of the high
variability in food (algae) stoichiometry, herbivores are
expected to maintain strict element homeostasis (Sterner
and Hessen 1994; Sterner 1997; Sterner and Elser 2002).
Our results support recent studies in demonstrating that
consumer homeostasis is not strict and tightness of
homeostasis varies with species (DeMott et al. 2004b;
DeMott and Pape 2005). Our study species generally

showed decreases in the P content of their tissues with
decreases in the P content of their food in both low and
high food levels, and three of the four species had quite
large declines in P content with increased C : P ratio of their
food. Despite this lack of homeostasis, we do find
substantial support for the prediction that sensitivity to P
limitation is reduced at low food concentrations.

Our data show a clear decrease in sensitivity to P
deficiency when animals are raised at low compared with
high food levels. Further, our low food level was high
enough to produce relatively good growth for at least two
of the four species, and a third showed no effect of P

Table 2. Phosphorus homeostasis coefficients (G) for
cladocerans fed algae differing in P content. G is the inverse of
the slope of the linear regression between the log of %P of animal
and the log of %P of algae in each diet. Larger H values indicate
tighter elemental homeostasis.

Cladoceran Low food High food

Ceriodaphnia 57.7 50.3
D. ambigua 13.9 7.1
D. pulex 16.7 8.1
Moina 313.0 34.6

Fig. 2. Relationship between growth rate and P content of
animals in first growth bioassay, grouped by (A) food level and
(B) C : P ratio of food. Regression lines were fitted to data in each
food level and C : P ratio. Animal’s P contents measured at end of
each experiment.

Table 1. Linear regression coefficients, p values, and
sensitivity (slope) of cladocerans to the C : P ratio gradient in
the first growth bioassay.

Cladoceran n r2 p
Sensitivity

(slope)

Low food

Ceriodaphnia 8 0.364 0.113 0.04
D. ambigua 8 0.927 ,0.001 0.28
D. pulex 8 0.738 0.006 0.15
Moina 8 0.888 ,0.001 0.20

High food

Ceriodaphnia 8 0.761 0.005 0.09
D. ambigua 8 0.951 ,0.001 0.33
D. pulex 8 0.904 ,0.001 0.21
Moina 8 0.834 0.002 0.57
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limitation at low food, in support of the energy limitation
concept. However, Moina was the exception. Although this
species grew at very low rates in the low food treatments, it
displayed a strong negative dependence on C : P ratio. A
reasonable explanation for Moina’s strong response to P at
low food was that the food was still above the threshold
food concentration for this species. However, this species
exhibited a large decrease in sensitivity to P limitation in
low compared with high food, which supports the
stoichiometry theory prediction of a shift to energy
limitation at threshold food conditions. Similarly, Boersma
and Kreutzer (2002) showed that Daphnia decreased
growth rate in P-limited Scenedesmus, but this effect
disappeared when phosphorus was added to P-deficient
algae, even at very low food levels (0.03 to 0.15 mg C L21).
This range includes threshold food levels reported for
several cladocerans species, including tropical ones (Gli-
wicz 1990; Hardy and Duncan 1994; 0.05 mg C L21 for
Moina; 0.08 mg C L21 for Ceriodaphnia, A. S. Ferrão-
Filho unpubl. data). Thus, the shift from elemental to
energy limitation may not be so simply related to food
concentration as currently incorporated in stoichiometric
models.

Our results confirm the findings of others demonstrating
that the assumption of strict consumer homeostasis of the

stoichiometric theory needs to be relaxed. Two of our study
species showed weak homeostasis (low G) in P content along
the C : P ratio gradient, both in low and high food levels.
Interestingly, Ceriodaphnia and Moina, the two smallest
cladocerans, showed relatively tight homeostasis (high G) in
P content along the C : P ratio gradient, despite being quite
different in mean P content and in the sensitivity to P-
deficient diet. DeMott and Pape (2005) also document
striking deviations from strict homeostasis, and further show
that the magnitude of P content decline in P-deficient diet
varied considerably among 10 daphniid taxa. These results
emphasize that animal plasticity in P content and in
sensitivity of growth to P deficiency are highly variable
across taxa. The two most homeostatic species (Ceriodaphnia
and Moina) were the most disparate in growth rates and in
sensitivity of growth to P deficiency. Thus, in agreement with
DeMott and Pape (2005), our results are contrary to the
hypothesis that tightness of homeostasis can be used to
predict sensitivity to element limitation.

Despite the conflict with this aspect of stoichiometric
theory, the tendency of animals to show tighter P
homeostasis at low food levels is in agreement with the
idea that, at strong P limitation, animals decrease P release
in order to limit decreases in the P content of their tissues.
DeMott et al. (1998) have shown, however, that even at
strong P limitation, Daphnia continues releasing phospho-
rus. Anderson et al. (2005) suggested a mechanistic model
in which animals regulate the excess of C, N and P by what
they called ‘‘postabsorptive process,’’ in order to reach
homeostasis. They demonstrated using P-limited Scenedes-

Fig. 3. Growth differentials for phosphorus (P), energy, and
fatty acids (FA) in supplementation experiment. Growth differen-
tial is difference in mean growth rate between specific treatments.

Fig. 4. Changes in P balance of D. pulex and M. micrura in
supplementation experiment. Error bars are standard deviation.

Table 3. Carbon, nitrogen, and phosphorus concentrations and C : N and C : P ratios
(molar) of all food sources used in the second growth bioassay. Numbers in parentheses are the
calculated C : P ratios after the addition of supplements to P-deficient food.

Food/supplement C (mg L21) N (mg L21) P (mg L21) C : N C : P

P2Ank 371.8 34.9 1.4 12.4 690
+PO4 371.8 34.9 2.7 12.4 360
P+Ank 541.0 49.9 6.8 12.6 204 (260)
Syn 183.2 41.9 6.0 5.1 78 (140)
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mus that P excretion due to P turnover in biomass is
constant and low, and fitted perfectly the data from
DeMott et al. (1998). Thus, the tighter P homeostasis in
Ceriodaphnia and Moina suggests an even more efficient
mechanism of postabsorption of nutrients than Daphnia.
However, studies of P excretion rate of these two species
are needed to solve the paradoxical finding of how species
differing highly in growth rate potential and in sensitivity
to P-limited growth can have such tight P homeostasis.

Our data also provide support for the hypothesis that
animals with higher P content exhibit higher maximal
growth rates. The two highest P content species (D.
ambigua and Moina) were the most sensitive to growth
depression in P deficient food, and also exhibited the
highest maximum growth rates at high food levels and with
P-sufficient food. These results support the GRH (Elser et
al. 2003) and the prediction of Sterner and Hessen (1994)
that sensitivity to P deficiency will vary with P content of
the herbivore. Only a few previous studies have examined
this relationship (DeMott et al. 1998; DeMott 2003).
DeMott and Pape (2005) found no consistent relationship
between consumer’s P content and either maximal growth
rate or sensitivity to P limitation in comparisons among 10
Daphnia taxa. Elser et al. (2003) also showed uncoupling
between P content and growth rate in D. pulex when
animals were grown in very low food levels (0.1 mg C L21)
but they did not test how variation in C : P ratios of food
can influence this relationship. In support of GRH,
Acharya et al. (2004a) found a tight correlation between
growth rate, %RNA and %P under P limitation but not
under N limitation. We provide a more rigorous test of
GRH than these previous studies because we used
a continuous gradient in the C : P ratio and showed how
this relationship between growth rate and P content breaks

down at low food levels and at high C : P ratios by using
quite different cladoceran taxa.

Our second growth experiment revealed differences in
sensitivity of D. pulex and Moina to P-deficient food.
Although D. pulex showed moderate response to both P
and energy, Moina showed a stronger response to energy
(+Syn) addition. However, after PO4 addition the C : P
ratio was still above the C : P threshold ratio (.300; Sterner
and Elser 2002), suggesting that animals could still be
limited by P, and complicating the interpretation of energy
limitation in +Syn, because C : P ratio in this treatment was
even lower than in the +PO4 treatment. On the other hand,
lower assimilation efficiency in P-deficient food may have
reduced carbon availability to animals. In this case, even if
the PO4 addition was enough to reduce C : P ratios below
threshold levels, animals might have been also limited by
energy. However, these interpretations must be viewed with
caution because we are comparing treatments that differ in
the nature of the resources added to P-deficient food.
Although in the +PO4 treatment the resource added is an
inorganic source of phosphorus, in the +Syn treatment,
a second source containing both P and carbon, besides
other biochemicals, was added. Acharya et al. (2004b)
showed that Daphnia growth rates did not differ signifi-
cantly when fed algal mixtures (MIX) or uniform (UNI)
algal diets, both having virtually the same moderately high
C : P ratio (,460). They also showed that this was true for
D. galeata feeding at both low (0.25 mg C L21) and high
(1.5 mg C L21) food levels, but not for D. pulicaria at the
higher food level. One possibility argued by these authors is
that P-limited algae may vary in the abundance of
unsaturated fatty acids and sterols (Brett and Müller-
Navarra 1997; Von Elert 2002) and thus the higher growth
rate of D. pulicaria on the MIX diet may have reflected the
contribution of these biochemicals by the high phosphorus
(C : P,110) cells in the mixture. In our growth experiment
with supplements of P+Ank to P2Ank, however, we found
no evidence that the lack of unsaturated fatty acids limited
the growth of the animals.

Our 32P isotope method may have underestimated P
assimilation efficiency if the animals excreted the recently
ingested radioactive P during the 48-min trials. However,
our experiment should provide a conservative estimate of
the effect of P-sufficient and P-deficient diets, because
animals feeding on P-sufficient diets are expected to excrete
a higher proportion of ingested P than animals feeding on
P-deficient diets (Anderson et al. 2005). Therefore, even
considering P loss during the experiments, our P assimila-
tion measures can be considered conservative estimates of
the differences in digestibility between the P-deficient and
the P-sufficient green algae. However, in the absence of
measures of P excretion we cannot rule out that the lower P
assimilation in low P food was caused by other mechanisms
than digestion resistance.

Digestion resistance has been documented as a major
food constraint for zooplankton growth in lakes (DeMott
and Tessier 2002; DeMott et al. 2004b, Ferrão-Filho and
Arcifa 2006) and can be accentuated by P deficiency in
algae (Van Donk and Hessen 1993; Van Donk et al. 1997).
Our P2Ank cells appeared bigger and darker, suggestive of

Fig. 5. Assimilation efficiencies of cladocerans feeding on
P+Ank and P2Ank. Cr 5 Ceriodaphnia; Da 5 D. ambigua; Dp 5
D. pulex; Mm 5 Moina. Error bars are standard error. *p , 0.05.
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a thickening of the cell walls. Although overall assimilation
was very high (,80–90%), two of the four cladocerans had
significantly lower assimilation rates when fed P-deficient
algae. Ferrão-Filho et al. (2005) suggested that Moina may
be especially sensitive to digestion resistance in natural
phytoplankton, given its high food requirements. In
contrast, DeMott et al. (1998) found no evidence of
digestion resistance in experiments with a P-limited green
alga and Daphnia magna. Thus, variability in species
response to digestibility of resources suggests yet another
aspect to the issue of adaptation to food quality in nature.

Our results emphasize that stoichiometric theory is too
simplistic to fully explain patterns of mass balance in
cladocerans of different size and life histories. An
alternative framework is the dynamic energy budget
(DEB) model, a more complex approach that describes
the rates at which an organism acquires and utilizes energy
[and elements] from its environment (Kooijman 1995). An
important aspect of DEB theory is that organisms are built
out of permanent (structure) and nonpermanent (reserves)
components, which are considered separated pools. The
reserves are much more dynamic, require no maintenance,
and may differ in composition compared with the structure
of the animal (Kooijman 2001). Consequently, DEB allows
for weak homeostasis of elements because structure and
reserves density may change relative to each other such that
whole body composition changes. The extent to which
organisms maintain homeostasis may reflect different
strategies of species to deal with changing environmental
conditions, e.g. how they manage their internal reserves.
For example, Moina, a small fast-growing species, may
allocate much energy to growth at the juvenile stage, being
very sensitive to energy limitation (Ferrão-Filho et al. 2005;
Ferrão-Filho and Arcifa 2006). This cladoceran fits well the
‘‘bang-bang’’ allocation strategy (Lika and Kooijman 2003)
in which growth of a determinate organism ceases at
maturity and all energy flowing out of the reserves is
allocated to maintenance and reproduction.

In conclusion, our results suggest that the assumption of
strict element homeostasis needs to be relaxed to account for
variation among species. However, we did find good support
for the GRH and its adaptive relevance to high food
quantity and quality environments. Also, the finding that
magnitude of homeostasis in body P contents (H value) is
not coupled with growth sensitivity to low P content food
suggests that different species have different physiological
strategies to cope with changing food environments. Finally,
our findings of lower P assimilation efficiency for some
species when feeding on P-deficient algae suggests that
differences in food digestibility (i.e., food density in the DEB
model) and assimilation efficiency of consumers should be
incorporated in future stoichiometric models.
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———, M. LÜRLING, D. O. HESSEN, AND G. M. LOKHORST. 1997.
Altered cell morphology in nutrient-deficient phytoplankton
and its impact on grazers. Limnol. Oceanogr. 42: 357–364.

VON ELERT, E. 2002. Determination of limiting polyunsaturated
fatty acids in Daphnia galeata using a new method to enrich
food algae with single fatty acids. Limnol. Oceanogr. 47:
1764–1773.

Received: 29 July 2005
Amended: 6 July 2006

Accepted: 2 August 2006

Sensitivity to P deficiency 415


