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Abstract

The growth rate hypothesis (GRH) proposes that variation in organism C: P and N : P ratios reflects variation in
P content associated with altered alocation to P-rich ribosomal RNA under different growth rates. We tested the
GRH by examining the effects of food quantity and stoichiometric quality (differing carbon: nitrogen : phosphorus
[C:N:P] ratios) on juvenile growth and chemical composition (C:N: P, RNA, and DNA contents) of two species
of Daphnia (D. galeata, D. pulicaria). Daphnia in P-limited experiments were fed saturating and limiting concen-
trations of food (Scenedesmus acutus) of high P (C:P = 110 + 7.3), medium P (456 *= 20.7), and low P (934 =
23.6), and in an N-limited experiment D. pulicaria was fed saturating concentrations of high N (C:N = 6.31 =
0.35), medium 1 and medium 2 (9.0 = 0.42; 15.0 = 0.49, respectively), and low N (18.22 = 0.56) food. In P-
limited experiments, both Daphnia species grew fastest under P-rich, high food conditions and grew slowest under
P-deficient, low food conditions, showing effects of both food quality and quantity. Daphnia body percentage P,
C: P N:P and percentage RNA were tightly correlated with growth rates, and RNA contributed a significant fraction
of total body P (48.8% [+2.0%]). This strong three-way (growth—-RNA-P) set of correlations supports the GRH.
In the N-limited experiment, food C: N had a moderate effect on Daphnia growth. While there was a good linear
correlation between P and RNA, growth rate was uncorrelated with RNA content and P content, suggesting that
the three-way coupling of growth, RNA, and P content is broken under N limitation of growth, but more data for
these conditions are needed. These data help in delineating the physiological conditions under which the GRH holds

and may be useful in interpreting variation in body stoichiometry of zooplankton from field and lab studies.

Growth rate is a critical parameter for most animals, since
it affects age at first reproduction with consequences for re-
productive output, adult body size, predation risk, and other
key aspects of a species life history (Arendt 1997). Indeed,
for the crustacean zooplankter Daphnia, instantaneous so-
matic growth rate of juveniles varies in the same way as
intrinsic rate of population increase (Lampert and Trubet-
skova 1996) and can be used as a direct correlate of overall
fitness (McCauley et al. 1990). This close association occurs
because Daphnia allocates a fixed proportion of its total pro-
duction to reproduction regardless of variations in absolute
growth rate due to environmental conditions. While popu-
lation increase has often been used as a measure of fitness
of genotypes under certain environmental conditions (e.g.,
Weider 1993), field and laboratory measurements of popu-
lation demography are time consuming and laborious. Thus,
development of approaches for reliable estimation of indi-
vidual growth rates would represent a major step forward in
the study of the ecology of Daphnia and alow a better un-
derstanding of how Daphnia growth responds to a variety
of important environmental factors.

Growth of Daphnia is generally determined by the avail-
ability and quality of food, in addition to severa abiotic
factors (such as temperature and pH). Phosphorus (P) is one
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important aspect of food quality for freshwater zooplankton
(Gulati and DeMott 1997) and has been the focus of con-
siderable recent study (Sterner and Elser 2002). In lab and
field studies, Daphnia growth has been shown to correlate
well with algal P content when food P content is below
threshold levels (Urabe and Watanabe 1992; Sterner et al.
1993; Gulati and DeMott 1997). P supplementation experi-
ments have shown that at least some of this growth reduction
isadirect result of dietary P deficiency (DeMott et al. 1998;
Boersma and Kreutzer 2002; Sterner and Elser 2002). In
contrast with P, the role of nitrogen in determining food qual-
ity has received considerably less attention in nutritional
studies of freshwater zooplankton. This is partly because
production in aquatic systems generaly is thought more like-
ly to be limited by P (but see Elser et al. 1990) as opposed
to terrestrial systems, which are thought to be mostly N lim-
ited. However, White (1993) argues that the growth of many
animals is constrained more by dietary protein (N) supply
than by energy intake. In one study of the effects of N nu-
trition on a freshwater zooplankter, Sterner et al. (1993) fed
Daphnia obtusa N- or P-limited algae (with high C:N and
C: P ratios, respectively) and found that Daphnia fed P-lim-
ited food performed more poorly compared to animals re-
ceiving N-limited food with higher P content. Thus, Daphnia
growth was more consistently predicted by the P content of
the food than by protein or N (Sterner and Elser 2002). In
contrast, effects of dietary N status on marine crustacean
zooplankton have been documented (Kigrboe 1989). Given
that phytoplankton N limitation may be more prevalent in
freshwaters than is generally acknowledged (Elser et al.
1990), N deficiency may aso play arolein freshwater food
webs and needs more examination.

The framework of ecological stoichiometry (Sterner and
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Elser 2002) provides means for understanding the effects of
nutritionally unbalanced foods on herbivorous animals, for
establishing the mechanistic basis of impacts of dietary nu-
trients on animal performance, and for solving the practical
problem of assessing growth rate under various food con-
ditions. These means arise via mechanisms articulated in the
growth rate hypothesis (GRH), which argues that variation
in the P content (percentage of body dry weight) of animals
reflects altered allocation to P-rich RNA associated with dif-
ferences in growth rate, since increased growth requires el-
evated alocation to RNA-rich ribosomes. Thus, foods be-
come nutritionally unbalanced in terms of P content for
herbivorous animals when the animal is no longer able to
acquire sufficient P from its food to construct the P-rich
materials needed for its body. An implication of this chain
of mechanismsis that growth rate, body P content, and body
RNA content should all be tightly correlated when growth
rate is limited by dietary P intake, but when growth rate
varies due to the impacts of some other factor (such as ni-
trogen or protein intake), growth and P content should no
longer be correlated, as is seen in algae when cell quota of
nonlimiting nutrient becomes decoupled from equilibrium
growth rate (Droop 1974). Indeed, DeMott et a. (1998)
showed a close correlation between body growth rate and
body P content in Daphnia magna when grown on foods
with elevated C: P ratio. However, he did not measure RNA,
and so the mechanisms proposed here cannot be directly
evaluated using their data. Finally, the proposed association
of total RNA content and growth rate presents an obvious
practical solution to the assessment of Daphnia growth (and
thus fitness) in various field and laboratory conditions, since
RNA measured as a percent of dry mass or RNA : DNA ratio
has been shown to be correlated with growth rate in various
organisms (algae, Dortch et al. 1983; bacteria, Koch 1970;
invertebrates, Saiz et al. 1998; and fish larvae, Buckley
1984). Observations for Daphnia include those of Vrede et
a. (2002), who argued that, if properly calibrated to species,
stage, and temperature, RNA : DNA ratio can provide a snap-
shot index of zooplankton growth rate under natural condi-
tions, making in situ incubations unnecessary. The prospects
of such applications have now improved given the devel-
opment of highly sensitive and reliable methods of RNA
quantification in small samples (Gorokhova and Kyle 2002;
Vrede et al. 2002).

Thus, the GRH predicts a tripartite set of close correla-
tions among growth rate, RNA content, and P content under
conditions in which growth rate is limited by the overall
level of ribosome alocation and where RNA is an important
sink for P However, these associations should be broken
under conditions under which P is not limiting for growth.
While various observations consistent with the GRH have
appeared (Main et al. 1997; DeMott et a. 1998; Gorokhova
et a. 2002; Vrede et al. 2002), no detailed analyses of the
entire set of correlations among growth, RNA content, and
P content under diverse physiological conditions have yet
been performed. In particular, it is still uncertain whether
close coupling among growth—RNA-P will hold when N/
protein is the limiting factor. We sought to illuminate these
issues via a series of experiments with two species of Daph-
nia (D. pulicaria, D. galeata), measuring growth rate, RNA

content, body nutrient content, and C: N : P ratios at various
food conditions.

Methods

Cultures and chemostats—L aboratory experiments were
conducted using Daphnia galeata and Daphnia pulicaria,
collected at Lake Biwa, Japan, and established in stock cul-
tures at Arizona State University (Tempe, Arizona).

The green alga Scenedesmus acutus was cultured in che-
mostats under four conditions of various P and N supply.
There were three food treatments in the P-limited experi-
ments and four for N-limited experiments in which aga C:
P and C:N ratios differed accordingly. Algae in the P-lim-
ited experiment involved P-rich Scenedesmus (high P)
cultured in an artificial medium (COMBO) developed by
Kilham et al. (1998), modified to contain 1000 umol L-* N
and 50 umol L=t P (molar N: P ratio 20) at a dilution rate
of 1.0 d-*. Scenedesmus with moderate P content (medium
P) were cultured in COMBO with 500 umol L-* N and 12.5
pmol L=t P (N:P 40) at adilution rate of 0.25 d-*. Low-P
Scenedesmus (low P) was cultured in COMBO with 5 umol
L=t P and 500 umol L~* N (N:P 100) at a dilution rate of
0.12 d-*. Chemostats were allowed to equilibrate a minimum
of 2 weeks before the start of the experiments. A fourth type
of chemostat (low N), used for N-limited experiments, was
prepared with 200 umol L=* N and 40 pmol L-* P (molar
N: Pratio 5) and run with slower dilution rates and increased
light intensity to induce N limitation of the Scenedesmus.
From these four cultures food suspensions having different
C:Pand C: N were prepared, sometimes by mixing different
culture outputs to bring food C: Pand C: N to adesired level
(Table 1). The concentrations and C:N:P ratios of algae
from the chemostats and in the mixtures were monitored
every other day throughout the experiment. Algal samples
on filters were dried in an oven at 60°C and held in a des-
iccator until analysis for C and N content (using Perkin—
Elmer model 2400 elemental analyzer) and P content (using
persulfate oxidation followed by the acid molybdate tech-
nique; APHA 1998). Scenedesmus for P-limited experiments
had biomass C: P ratios of approximately 110.2 = 7.3 (high
P, mean +1 SE of values of algae measured every day or
every 2 d depending on the length of the experiment), 456
+ 20.7 (medium P), and 933.7 = 23.6 (low P). Scenedesmus
for N-limited experiments had molar C:N of 6.31 = 0.35
(same as high P) or 18.22 = 0.56 (low N). In addition, two
food suspensions with intermediate C: N values of 9.0 *
0.42 and 15.0 + 0.49 were prepared by mixing the high and
low C:N Scenedesmus in appropriate proportions (Acharya
et a. in press).

Growth experiments—L aboratory experiments were con-
ducted on a large number of neonates of Daphnia galeata
and Daphnia pulicaria of approximately the same age, size,
and condition. To collect a large cohort of individuals, a few
animals from stock cultures were isolated and grown indi-
vidually on high concentration (>1.5 mg C L-%) of high-P
food for several days until they began reproduction. About
80-100 third clutch neonates were separated and grown in-
dividualy in 250-ml jars with sufficient, high-quality food
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Table1l. Average C:N, C:PB and N: P ratios of food (algae; Scenedesmus acutus) at high-, medium-, and low-P conditions for P-limited
and high-N, medium-1, medium-2 and low-N conditions for N-limited experiments.

C:N C:P N:P
Foot type Mean SE Mean SE Mean SE
(molar ratio)

P limited high P 5.64 0.46 103.51 4.15 18.74 1.68
medium P 10.15 0.19 472.15 12.22 46.53 1.13

low P 11.01 0.25 994.97 19.40 90.49 2.70

N limited high N 5.61 0.24 87.00 222 15.49 121
medium N 1 9.00 0.35 130.48 181 14.50 0.86

medium N 2 15.00 0.71 217.47 2.52 17.00 1.34

low N 18.22 0.85 264.25 5.22 18.00 1.37

until they began reproduction. These animals were then
transferred to clean jars at regular intervals and neonates
(within 24 h of birth) from the third and subsequent clutches
of these animals were used for the experiments.

Individual growth—P-limited experiments examined ef-
fects of the three diets (high B medium B, and low P) at two
food levels on the growth rate and chemical composition of
individual Daphnia. Because of practical limitations of the
culturing apparatus, separate sets of experiments were per-
formed using Daphnia galeata and Daphnia pulicaria; for
each species, treatments for low and high food were aso
performed separately. Growth rate was estimated by mea-
suring the rate of change of animal body mass using video
image analysis. The advantage of estimating growth by im-
age analysis is that the growth rate could be measured on
an individual basis while keeping the animals alive for sub-
sequent growth. Thus, growth rate could be assessed for the
same animal. The body area of animals was measured by
taking lateral images of each animal and then calculating the
animal’s projected body area using Image-Pro Express®,
Version 4 (Media Cybernetics) software. After image cap-
ture, animals were then transferred to 70-ml jars (one indi-
vidual per jar) containing the appropriate food suspension
and placed on a plankton wheel; a random subset of animals
was put aside for later determination of initial dry mass and
body C, N, B, and RNA contents (see below). Approximately
90% of the animals were in good condition after image cap-
ture; injured animals were discarded and replaced immedi-
ately. For each species in the P-limited experiments, there
were a total of six treatment combinations: three diet type
treatments (high-B, medium-B, and low-P Scenedesmus) sup-
plied at low (0.25 mg C L~*) and high (1.5 mg C L) food
levels. There were 12 replicates for each treatment combi-
nation. The animals used for weight regressions (see below)
were aso used for final P (four replicates of 15-20 animals
each on GF/F filters), CHN (three replicates of 10-12 ani-
mals each in tin capsules), and RNA-DNA (seven replicates
of one animal each in Eppendorf tubes) analysis. The N-
limited experiments examined effects of the four types of
food (Scenedesmus with low, two intermediate, and high C:
N ratios) at high food concentration only. Growth rates of
the animals in this experiment were determined as in the P-
limited case, and animals were also sampled for CHN, P,
RNA, and DNA analyses. There were atotal of 18 replicate

animals in each treatment: four animals used for determi-
nation of RNA-DNA, four for determination of P, and the
remaining 10 animals were pooled into two replicates of five
animals each for CHN analysis. The samples for CHN were
also used for dry weight measurements in calculating C and
N content.

Food and media were replenished every 24 h by hand
transferring the Daphnia into fresh media. All growth ex-
periments were conducted at a constant temperature (25°C)
and a light: dark cycle of 14:10 h. Final measurement of
body size was made after 72 h using the same image capture
approach as the initial measurements. To avoid the con-
founding effect of shifts in allocation between growth and
ovary development after the age of 5-6 d (DeMott 2003),
we measured growth rates up to day 4 so that all the food
was spent on growth only, not on reproduction. After the
final image capture, animals were transferred to sample con-
tainers and placed in liquid nitrogen (RNA samples) or dried
(C, N, P samples) for later analysis. Initial and final body
area measurements were converted to body dry mass (see
below) for calculation of growth rate (u: in units of d-%) as

© = In(final weight/initial weight)/3

Weight—area regression—Simultaneous with the experi-
ments just described, a second experiment was performed to
establish the relationship between body area (from image
analysis) and body mass for each treatment for the P-limited
experiment. This was necessary because food quantity and
food quality can affect the mass per unit length (and pre-
sumably area) in Daphnia (Hessen 1989; DeMott et al.
1998). From the large cohort of Daphnia neonates from
which the other animals were collected, 8-10 animals each
were placed in replicate 500-ml jars containing food of the
appropriate quality and quantity combination. A few animals
were randomly removed for initial measurements. These an-
imals were photographed and placed immediately on prew-
eighed filters for dry weight measurement. Animals remain-
ing in the 500-ml jars were transferred to new food and
media every 24 h by filtering each bottle through a cylinder
with Nitex mesh at the bottom. During incubation, jars were
kept gently agitated to prevent settling of food. After 72 h
al the animals were photographed and placed onto prew-
eighed filters. The dry weight of the samples and the body
area measurements were used to create a regression between
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Table 2. Results of analysis of variance (ANOVA) for average growth rates (d—*), carbon content (%), phosphorus content (%), nitrogen
content (%), RNA and DNA contents (%), of D. pulicaria and D. galeata at high and low food concentrations (P-limited experiments) and
D. pulicaria at high food concentrations (N-limited experiment). The symbols **, *, m, and n.s. indicate highly significant (p<0.01),
significant (0.01<p<<0.05), marginally significant (0.05<p<0.10), and nonsignificant (p>0.10) effects, respectively.

p values
Analysis of variance i C P N C:P N:P RNA DNA

P-limited experiments

Species n.s. *x n.s. *x m * ** *x

Food concentration *x n.s. *x *x n.s. n.s. *x *x

Food quality *x m *x n.s. *x n.s. *x *

Species X food quality *x *x n.s. n.s. n.s. n.s. n.s. *x

Species X food concentration * n.s. n.s. n.s. n.s. m n.s. n.s.

Food quality X food concentration m n.s. n.s. n.s. m n.s. n.s. m

Species X food quality X food concentration n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s
N-limited experiments

Food quality *x n.s. * n.s m * *x *x

animal body area and dry weight for each treatment for use
in calculating growth rate and body nutrient and nucleic acid
contents for animals raised in the main part of the experi-
ment. All the weight—area regressions were linear and all
had p < 0.0001 and R? > 0.88. In the N-limited experiment,
the relative differences among the slopes of different rela-
tionships (high, medium 1, medium 2, and low N) were
modest, but in the P-limited case slopes differed significantly
between high and low food concentrations. In general, ani-
mals fed high-P food tended to have more weight per area
than others. Specific parameters for these weight—area rela-
tionships are not presented here because they are specific to
the microscopic apparatus employed in our laboratory and
not useful for application elsewhere.

C, N, P, and RNA analysis—The P contained in individual
animals was determined using colorimetric anaysis after
persulfate digestion (APHA 1998) and converted to P con-
tent (percentage of dry mass) using the body area—dry mass
regression appropriate for the experimental treatment. Ani-
mal C and N content were determined similarly on dried and
reweighed samples using a Perkin—Elmer elemental analyzer.
The RNA and DNA contained in individual animals were
determined using the microfluorometric method of Gorok-
hova and Kyle (2002) modified to more accurately measure
DNA by use of DNase and converted to content measures
(percentage of dry mass) using the appropriate body area—
dry mass regression. The content of P contained in RNA
was calculated from the RNA content data by assuming that
nucleic acids are 9% P by mass (Sterner and Elser 2002).

Results

Food C:P and C:N ratios (Table 1) for P-limited and N-
limited Scenedesmus chemostats remained fairly consistent
throughout the experiments. Bulk C: P ratios in the medium-
P and low-P treatments were above 300, the threshold ele-
mental ratio for P limitation of Daphnia (Urabe and Watan-
abe 1992). Animals in the low-P food treatment suffered
modest (~7%) mortality during the course of the experi-

ment, but in general survivorship was good across all P-
limited treatments. Animals in the N-limited experiment had
100% survivorship.

P-limited experiment—A combined analysis of variance
indicated that growth rate differed for the two species, for
different food types (high B medium P, low P), and for dif-
ferent food concentrations (high vs. low) and that there were
various significant interaction effects (Table 2). In general,
both species grew better when food concentration was high
(Fig. 1A). Similarly, both species did well on P-rich high-P
food but grew more slowly on P-deficient medium- and low-
P food. In addition, Daphnia galeata grew at the same rate
as D. pulicaria at high concentrations of good quality food
but had a higher growth rate on the medium-P and low-P
foods. However, D. pulicaria had generally higher growth
rates than D. galeata at low concentrations of food for all
high-, medium-, and low-P food conditions. Thus, there were
significant two-way interaction effects on growth rate for
species—food concentration and species—food quality and a
marginally significant effect for the interaction of food qual-
ity and quantity (Table 2).

Daphnia percentage C and N as dry mass for both species
were significantly affected by the treatments (Fig. 1B; Table
2), but the effects were relatively modest. Animals fed low-
P food generally had higher percentage C than animals fed
high-P food (Fig. 1B), but these differences were marginally
insignificant (p = 0.06; Table 2). Food quality had no dis-
cernible effect on percentage N. Food concentration had a
significant effect on percentage N but not on percentage C
(Table 2). There were no interaction effects among species,
food quality, and food quantity for percentage N, but there
was a marginal two-way interaction between food quality
and food concentration for body C content. P content did
not differ for the two species (p > 0.47 for effect of species,
Table 2) but there was a significant overall effect of both
food quality and quantity on body P content. Body P con-
tents were higher in animals grown on high-P than on me-
dium- and low-P agae (Fig. 1C; Table 2), and animals fed
abundant food generally had higher P content than animals
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Fig. 1. (A) Average growth rates (d-%), (B) carbon and nitrogen

contents (percentage), (C) phosphorus contents (percentage), (D)
RNA content (percentage), (E) DNA content (percentage), and (F)
C:P and N:P (molar) ratios of Daphnia pulicaria and Daphnia
galeata at high and low food concentrations in the P-limited ex-
periment. Error bars are standard errors.

fed low quantity of food. There were no significant two-way
interaction effects. However, Daphnia RNA content as a per-
cent of dry mass also differed for the two species (Fig. 1D;
Table 2), since D. pulicaria generally had higher percentage
RNA at both high and low food concentrations than D. gal-
eata. Food treatments significantly affected RNA content
(Table 2), since both species generally had higher percentage
RNA when fed good quality food at high concentration (Fig.
1D). DNA content differed for the two Daphnia species (Fig.
1E; Table 2); D. galeata had higher percentage DNA than
D. pulicaria. Food quantity also affected DNA content,
while the effect of food quality was marginally significant

Acharya et al.

(Table 2), but there was a highly significant species—food
quality interaction (Table 2). Finally, there was a marginally
significant (p = 0.07) food quality—food concentration in-
teraction effect on DNA content.

Chemical data were also generated for the neonates used
in the experiments (data not shown). Relative to late juve-
niles (>72 but <96 h old) raised on high concentrations of
high-P food, neonates of both species generally had lower
percentage C (37.8% vs. 40.03%) and higher percentage N
(10.25% vs. 9.08%) and percentage P (1.75% vs. 1.32%).
They aso had considerably higher RNA (7.71% vs. 5.34%)
and DNA (0.72% vs. 0.25%) contents. Within each of the
four combinations of species and food concentration, the
data show close associations of growth with P and RNA
contents and of P content with RNA—P content (Fig. 3 and
Table 3; these data include values for neonates). When all
the data from the P-limited experiment were analyzed to-
gether, they also demonstrated very strong overall relation-
ships of RNA and P contents with growth (RNA vs. u, p <
0.0001, Rz > 0.52; Pvs. u, p < 0.01, Rz > 0.82) and of
total P content with RNA—P content (p < 0.0001, R? >
0.85). It is important to note that the close correlations be-
tween RNA—P content and overall P content are not an out-
come of autocorrelation due to shared variable of body dry
weight. As for other such analyses (Elser et al. 2003), sim-
ilarly strong correlations are observed when paired data for
RNA per individual and P per individual, matched for on-
togenetic and physiological condition, are examined (p <
0.003, R? > 0.85 for the Daphnia data reported here).

Effects on body C:P and N:P ratios (Fig. 1F) generaly
were an inverse pattern relative to effects on body P content.
Food quality and quantity had no effect on Daphnia body
N: P ratios (quality, p > 0.38, and quantity, p > 0.1; Table
2) but did have an effect on body C: P (quality, p < 0.001,
and quantity, p < 0.01; Table 2). Both species of Daphnia
grown on the low-P diet had an average C:P (molar) ratio
of about 120, but on high-P food the C: P ratio decreased to
~75. When we plotted between Daphnia’s body C: nutrient
versus food C: nutrient (log-og: Fig. 5A), we found a pos-
itive linear relationship (slope ~0.18, p < 0.01, Rz = 0.93).

N-limited experiment—Relative to responses to food C: P
in the P-limited experiment, D. pulicaria in the N-limited
experiment showed relatively modest (but stetistically sig-
nificant) differences in growth rates for diets with high and
low C: N ratios (Fig. 2A; Table 2, p < 0.0001). Growth rate
of Daphnia was highest when molar C: N ratio was six and
decreased as dietary C: N ratio increased, especially from 9

Table 3. Regression coefficients for relationships between percentage P versus p (d-2), percentage RNA versus w (d-%), and percentage
P versus percentage RNA-P of D. pulicaria and D. galeata at high and low food concentrations (P-limited experiments). All relationships

were statistically significant (p<0.02).

Food %P vs. u (d%) %RNA vs. u %P vs. %RNA-P
level Species Slope vy intercept R? Slope  y-intercept R? Slope vy intercept R?
High D. pulicaria 1.49 0.50 0.99 10.81 1.46 0.97 1.62 0.62 0.98
D. galeata 1.38 0.66 0.99 8.80 1.50 0.99 1.48 0.47 0.99
Low D. pulicaria 1.72 0.76 0.91 10.78 1.06 0.87 1.66 0.58 0.92
D. galeata 133 0.73 0.98 10.04 1.88 0.99 1.60 0.36 0.99
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to 15. However, it is important to note that these responses
are modest when compared to the reduction of growth rate
in response to increased C: P ratio in the P-limited experi-
ment. There were no significant differences in C or N con-
tent (Fig. 2B) of animals from the different N-limited foods
(p > 0.95 for C and p > 0.46 for N; Table 2). Thus, the
relationship between log(body C:N) versus log(food C: N)
was not significant (Fig. 5B; slope ~0.03, p > 0.05). How-
ever, percentage P (Fig. 2C) and percentage RNA (Fig. 2D)
as dry mass increased when C: N increased from 6 to 9 and
peaked at 15 before decreasing at 18 (p < 0.03 for P and p
< 0.001 for RNA, Table 2). Thus, unlike in the P-limited
experiment, Daphnia in N-limited treatments showed an el-
evated percentage P and percentage RNA concomitant with
a decrease in growth rate in these treatments. Indeed, no
significant relationships between growth rate and RNA and
P contents were observed (Fig. 4A,B; R? = 0.13 and 0.05,
and p > 0.57 and 0.05, respectively), but it is important to
note that only a modest range of growth rates was induced
in the N-limited experiment compared to that achieved in
the P-limited experiment. However, P and RNA—P still re-
tained a significant relationship (Fig. 4C; R? = 0.59 and p
< 0.05).

Discussion

Our data from the P-limited experiments are strongly sup-
portive of the growth rate hypothesis; both RNA and P con-
tents were positively and linearly related to growth rate;
overal P content was strongly correlated with RNA—P con-
tent; and RNA itself also contributed a substantial fraction
of overall biomass P As noted by Elser et al. (2003), our
results are consistent with similar cases of growth-dependent
variation in RNA content found in Escherichia coli (Makino
et al. 2003), cyanobacteria (Lepp and Schmidt 1998), yeast
(Aiking and Tempest 1976), agae (Rhee 1978), and other
species of Daphnia (DeMott et al. 1998; Vrede et al. 1998;
Gorokhova et a. 2002) and with cross-species comparisons
of P content and growth rates of crustacean zooplankton
(Main et a. 1997). The linear relationships observed be-
tween Daphnia’s growth rate and P content in our experi-
ments (Fig. 3A; Table 3) are quantitatively similar to those
presented by DeMott et al. (1998) and Vrede et a. (1998).
While the two Daphnia species in our experiments differed
in absolute level of body RNA content, both species had
similar positive linear relationships of RNA and P content
with growth rate (Fig. 3), and the combined relationships for
both species and food treatments put together were also very
close. Furthermore, for both species, the P contained in RNA
comprised a significant proportion of total body P (49% on
average across all observations), and there was a tight re-
lationship between percentage body P and percentage RNA—
P (Fig. 3C; Table 3). Thus, our data for these two species
of Daphnia under conditions of P-limited growth reveal tight
three-way correlations among total P content, RNA content,
and growth rate. These associations represent excellent ex-
amples of a syndrome that seems to be broadly applicable
across diverse biota including crustaceans, insects, and mi-
crobes and involving both cross-species comparisons as well
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as variations due to physiological or ontogenetic status (El-
ser et a. 2003).

There were, however, some discrepancies in these asso-
ciations, since a relatively higher percentage of RNA was
not associated with higher growth rate in every case. For
example, D. pulicaria grown at low food concentration had
a higher RNA content than D. galeata grown on high food,
but D. galeata had a higher growth rate than D. pulicaria in
this pair of treatments (Fig. 1A,D). This suggests that there
may be an interspecific variation in the proportion of ribo-
soma RNA in the pool of total cellular RNA, since ribo-
somal RNA itself is thought to be tightly coupled to growth
rate (Elser et a. 2000).

The N-limited experiment suggests somewhat of a differ-
ent picture with respect to associations among growth rate,
RNA content, and P content. Similar to the response to high
C:P food in the P-limited experiment, Daphnia fed algae
with high C:N ratio grew more slowly (but this response
was modest, see below). However, while growth rate slowed
asfood C: N increased from 6 to 15, body P and RNA con-
tent increased until finally decreasing when food C:N was
highest (18), even though growth rate did not change appre-
ciably. Thus, growth rate seemed to be decoupled from RNA
and P contents in this set of treatments. Indeed, there was
no significant relationship between P content and growth rate
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(Fig. 4A; p > 0.57, Rz = 0.13) nor between RNA content
and growth rate (Fig. 4B; p > 0.70, R? = 0.05). However,
there was still a significant correlation between total body P
content and P content due to RNA (Fig. 4C, p < 0.05, R?
= 0.59), although this relationship’s slope and intercept were
higher than observed for this relationship in the P-limited
experiment. However, the lack of relationship between RNA
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and P contents with growth rate in the N-limited experiment
should be interpreted cautiously, since our N-limited growth
conditions did not induce a very wide range of growth rates
in the animals, especialy when compared to the P-limited
case. Our data on Daphnia in the N-limited experiment have
been placed in a broader context in the analyses of Elser et
a. (2003), who noted a decoupling of growth, RNA, and P
contents in other biota under certain conditions: in bacteria
when substrate C: P ratios are low (Makino et al. 2003),
under very low food conditions in Daphnia (Sterner unpubl.
data), as well asin cyanobacteria and eukaryotic algae (Rhee
1978; Healey 1985). Thus, we hypothesize that under con-
ditions of growth variation when P is in excess, the close
coupling of growth with RNA and P contents is broken and
a greater percentage of total body P should be contained in
pools other than RNA. This is supported by the weak cor-
relations in our N-limited case (but note the caveat above)
and the fact that non-RNA pools comprised ~68% of the
total body P in the N-limited experiment versus ~50% in
the P-limited experiment. However, a more effective test for
this decoupling would require that an equivalent range of
growth rates be imposed, perhaps achieved by offering the
animals more severely N-limited algae with even higher C:
N ratios. For example, algal C:P ratios in the P-limited
experiment ranged ~10-fold, but C:N ratios in the N-lim-
ited experiment varied only by a factor of three.

To the extent that the weak coupling observed in the N-
limited experiment is real, the contrasting patterns of asso-
ciation between growth, P and RNA from the P-limited and
N-limited experiment have implications for application of
RNA measurements to assess growth rates in nature. First,
taken with the data summarized by Elser et a. (2003), it
appears that relatively high RNA content does not necessar-
ily indicate high growth rate if growth rates are constrained
by high food C:N ratio or very low food abundance, but
thereisavery tight association if food C: Pratioisrelatively
high and P is likely limiting. Thus, our results do suggest
that assessment of the RNA content of individual Daphnia
should be areliable way to assess growth rate in lakes where
food abundance and C: P and N : P ratios are relatively high
(that is, P is likely to be limiting). Second, as mentioned in
the introduction, a variety of previous studies have proposed

using the RNA : DNA ratio to assess field growth rates for
various Metazoa as well as other groups. This option is at-
tractive since it only requires nucleic acid assessment and
not dry weight correction, itself challenging given the high
lability of RNA molecules. However, it is important to note
that we observed very close associations of growth rate with
RNA content (percentage of dry mass contributed by RNA)
and not with RNA : DNA ratio (data not shown, but inspect
DNA and RNA data in Fig. 1). Thus, for Daphnia at least,
reliable estimations of growth rate under appropriate con-
ditions likely require steps to determine dry masses of the
individuals involved. Third, our joint data on P and RNA
contents may aso help in further interpreting data from field-
collected animals. That is, the fact that Daphnia growing
more slowly due to high food C:P ratio carried a greater
fraction of their total body P in RNA than when growth was
limited by high food C:N or very low food abundance (El-
ser et al. 2003) suggests that the discrepancy between total
P content and P contributed by RNA for field-collected an-
imals, properly paired for body size, might be used as an
index of stoichiometric limitation due to elevated food C: P
ratio. That is, when a high percentage of body P is contrib-
uted by RNA, one would infer that there is limitation by P,
but when a larger unexplained fraction is observed, some
other factor, such as N or overall food abundance, may be
limiting to growth.

Our data also bear on the issue of stoichiometric homeo-
stasis. To date, stoichiometric theory has operated with the
assumption that consumers maintain fixed body elemental
composition despite variation in the elemental composition
of their food (Andersen 1997; Loladze et a. 2000; Sterner
and Elser 2002). However, previous studies have shown that
Daphnia’s P content declines when raised on food with low
P content (Sterner et al. 1993; DeMott et al. 1998). We ob-
tained similar results, since body P content and C:P ratio
both changed significantly when animals were raised on
foods with different C: P ratios. However, it is important to
point out that this body variation was relatively modest in
comparison with the range of variation presented in the food:
body P content and C: P ratios for animals raised on low C:
P versus high C:P food differed less than twofold even
though food C: P ratio varied tenfold. Following Sterner and
Elser (2002), we calculated the homeostatic regulatory co-
efficient H for C: nutrient ratio based on the log-og regres-
sion of body C:nutrient ratio and food C: nutrient for each
species in the two experiments. In this analysis, H is the
inverse of the slope of the relationship and thus varies from
1 (no homeostasis, if body elemental composition exactly
tracks variation in the food) and infinity, if there is strict
homeostasis and there is no variation in body stoichiometry
in response to variation in the diet. For C: P, estimates of H
for D. galeata at high and low food concentrations were 4.8
and 6.1 (respectively), and for D. pulicaria they were 4.4
and 6.4, relatively high and indicative of strong, but not
strict, homeostasis in body C: P ratio. We performed a sim-
ilar analysis for body C: N ratio in the N-limited experiment.
The H value was very high (~90 for D. pulicaria at high
food concentration), since indeed there was no significant
effect of food C: N ratio on animal C:N. Thus, an assump-
tion of strict homeostasis appears invalid for C: P but not
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C: N ratio in response to variation in the nutrient content of
the diet. However, body C: P ratio responded linearly to var-
iation in food C: P ratio (Fig. 1F), which suggests that mod-
ifications of growth equations in stoichiometrically explicit
food web models (e.g., Andersen 1997; Loladze et al. 2000)
may relax the strict homeostasis assumption in a relatively
simple manner by introducing a linear dependence of body
P content proportional to growth rate when food P content
falls below the threshold elemental ratio.

We also observed that P content in the food still played
an important role in Daphnia growth even at lowered food
abundance. Both species of Daphnia in our experiments had
lower growth rates at low concentrations of P-limited food
than at low concentrations of P-rich food. Similarly, Boers-
ma and Kruetzer (2002) demonstrated effects of dietary P
content at low food concentrations (0.03-0.15 mg C L) for
D. magna, in contrast to Sterner and Robinson’s (1994) ear-
lier report for D. obtusa, where they observed no effect of
P content at low food quantity (0.025-0.3 mg C L-1%). In our
P-limited experiments, juvenile Daphnia fed high-P high
concentration food (1.5 mg C L) had the highest growth
rate, followed by medium- and low-P high concentration
foods. A similar linear growth gradient with food C: P was
observed at low food concentration (0.25 mg C LY. Fur-
thermore, correlations among growth and P content (de-
scribed below) were as strong under subsaturating food as
under high food (Fig. 3) for both species, indicating that P
limitation remained important even in the low food treat-
ment. Thus, while our experiments did not involve food lev-
els close to the starvation threshold, our results do support
the idea that effects of stoichiometric food quality are not
confined to conditions of saturating food abundance. How-
ever, from our data we cannot evaluate whether the effects
of food P content diminish when food concentrations ap-
proach the starvation threshold, as imposed in Sterner and
Robinson’s original study and in the case reported in Elser
et a. (2003), where Daphnia pulex's RNA and P contents
were uncorrelated with growth rate when food levels were
extremely low (0.1 mg C L—9).

Our results build on the foundetion laid by Elser et al.
(1996, 2000) by showing that, in these two species of Daph-
nia at least, there is indeed a very tight association among
growth and P content and that this association is directly the
result of variation in relative allocation to P-rich RNA. Elser
et al. (2003) show that these associations extend to a wide
array of biota. Our work also helps delineate the conditions
under which these mechanisms operate: close associations
are to be expected when growth rate is proportional to the
relative abundance of the ribosome machinery, and ribosom-
a RNA synthesis itself is limited by the acquisition of P
from the diet (in the case of animals) or environment (in the
case of bacteria and algae). However, when growth rate is
constrained by other factors, such as the high dietary C:N
ratio in our N-limited experiment, the close associations are
broken since the rate-limiting step in growth likely shifts
from ribosome production itself to other steps in the growth
process. In the case of N-limited growth, the constraint likely
shifts to a limitation of protein synthesis (translation) itself
due to shortages of amino acids or amino acid precursors.
Delineating the nature and generality of these metabolic re-

sponses as animals shift from P- to N-limited or energy-
limited growth will be important in deciding how (and
whether) to incorporate such biological constraints into stoi-
chiometrically explicit ecological and evolutionary models
that are now emerging.
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